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1. Abbreviations

ABL1
ALL

ALDH4A1

AML

AX

BCL-2

BCR

BCP-ALL

CA1

CDK

CLL

CML

dDSS

FDA

FLT3::ITD

HDAC

HSF-1

HSP

HSP90i

HSR

HTDS

JAK

ABL proto-oncogene 1

Acute lymphoblastic leukemia

Aldehyde dehydrogenase 4 family member A1
Acute myeloid leukemia

Aminoxyrone

B-cell lymphoma 2

Breakpoint cluster region

B-cell precursor acute lymphoblastic leukemia
Coumermycin A1

Cyclin-dependent kinase

Chronic lymphocytic leukemia

Chronic myeloid leukemia

Differential drug sensitivity score

Food and drug administration

FMS-like tyrosine kinase 3 :: internal tandem duplication
Histone deacteylase

Heat shock factor-1

Heat shock protein

HSP9O0 inhibitor

Heat shock response

High throughput drug screening

Janus kinase
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KD

KMT2A

KO

LSCs

Mcl-1

MD

MS

NF-kB

NSG

NTD

PBMC

PDX

Ph+

PROTACs

PTPRC

PUHr

RNAPII

SCID

STAT

TKI

™

PI3K

UPR
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Knockdown

Histone-lysine N-methyltransferase 2A
Knockout

Leukemia stem cells

Myeloid cell leukemia-1

Middle domain

Mass spectrometry

Nuclear factor kappa-light-chain-enhancer of activated B cells
NOD scid gamma

N-terminal domain

Peripheral blood mononuclear cell
Patient-derived xenograft

Philadelphia chrmosome positive

Proteolysis targeting chimeras

Protein tyrosine phosphatase, receptor type, C
PU-H71 resistant

RNA-Polymerase |l

Severe combined immune deficiency

Signal transducer and activator of transcription
Tyrosine kinase inhibitor

Tanespimycin

Phosphoinositide 3-kinases

Unfolded protein response
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2. Introduction

Pediatric acute leukemia is a rapidly progressing blood cancer that originates in the
bone marrow, where immature blood cells, known as blasts, multiply uncontrollably. It
is the most common cancer in children, with acute lymphoblastic leukemia (ALL) being
the most frequent subtype, followed by acute myeloid leukemia (AML). Despite
significant advances in treatment, pediatric acute leukemia remains one of the leading
cause of cancer-related mortality in children.?* Furthermore, the toxicity and quality of
life burden following polychemotherapy protocols are significant, even for pediatric
leukemia patients classified as "low risk." The treatment-related mortality for first-line
therapy ranges from 1-10%, depending on the patient's age and risk group.
Additionally, approximately 20% of patients experience serious adverse events that
substantially influence their quality of life and place a considerable burden of care on
their families.>” Therefore, it is still crucial to find new therapeutic approaches for
patients, especially displaying high-risk features, where typically harsher treatments
are required.?2 Consequently, the goal of future therapies should be to achieve a
sustained molecular response, de-escalation of chemotherapy backbone and reducing

the need for hematopoietic stem cell transplant.

Despite advancements in treatment, the occurrence of relapse continues to pose a
significant challenge to achieving curative outcomes for pediatric leukemia patients, as
existing therapeutic modalities prove insufficient in effectively preventing or
overcoming resistance.>* Drug resistance refers to the reduced effectiveness of
therapeutic agents over time, leading to diminished treatment outcomes. This
phenomenon poses a formidable obstacle to the success of anticancer therapies, as
malignant cells acquire mechanisms to evade the cytotoxic effects of drugs.
Mechanisms of drug resistance involve genetic alterations, epigenetic plasticity,
altered drug metabolism, enhanced DNA repair mechanisms and the presence of
cancer stem cells, among others (Figure 1)." The acquisition of drug resistance in
acute leukemia underscores the dynamic and adaptive nature of cancer cells,
necessitating continuous research efforts to elucidate the intricate molecular

mechanisms underlying this phenomenon. Therefore, understanding the molecular
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basis of drug resistance is crucial for developing new therapeutic strategies to
overcome these obstacles and improve outcomes for acute leukemia patients.
Potential interventions may include developing novel anti-cancer drugs and identifying
effective combination therapies to address multiple resistance mechanisms.
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Figure 1: Schematic overview of the overarching topics addressed in this habilitation thesis, focusing on (i) stress
signaling pathways involved in resisting cell death, and (ii) targeting nonmutational epigenetic reprogramming by
inhibiting histone deacetylases (HDACs). Publications are numbered 1-6, illustrating specific contributions within
these domains. The schematic is adapted from Douglas Hanahan's review, Hallmarks of Cancer: New Dimensions,!
capturing critical pathways and therapeutic interventions. The adaptation was created by S. Bhatia.

The overarching topics of this thesis, illustrated in Figure 1, focus on (i) targeting
stress-signaling related molecular chaperones, especially heat shock proteins (HSPs)
involved in resisting cell death (summarized in Publication 1 - 3) and (ii) targeting
epigenetic modifiers, specifically histone deacetylase (HDAC) enzymes and finding
their combinatorial partners (summarized in Publication 4 - 6) for synergistic targeting
of therapy-resistant leukemia cells. Furthermore, the drug repurposing approach was
applied on the initial or relapse pediatric leukemia samples using ex vivo high
throughput drug screening (HTDS) platform to find new therapeutic vulnerabilities. The
drug repurposing approach is not part of the six publications comprising the cumulative

thesis.
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Targeting stress signaling related molecular chaperones

Cells encounter diverse

environmental stress,

external stressors and pathophysiological state,

Inhibitors (HSP20I)

stimuli, including radiation, -

. HSF1 g cellular protection
heat, hypoxia, and p HsF1)— " “‘_pho?phory_m{gnand @@
infections.>'®  In  such @ @
Cytoplasm \
circumstances, it is crucial \lt
for cellular processes to  nuckus
P
1 1 HSF1 HSP genes
remain functional. Under p HsF1)— p |—’
these circumstances, heat
I—'—I
. HSE
shock proteins (HSPs)

carry out this role, which Figure 2: Schematic representation of the initiation of the heat shock

response including activation of heat shock proteins (HSP90, HSP70,
act as molecular HSP40, and HSP27) due to cellular stressors. The illustration is created

chaperones and assist in using Biorender by S.Bhatia.

protein refolding and stability. These chaperone proteins help malignant cells cope with
cellular stress, prevent apoptosis, and maintain the stability of oncoproteins crucial for
cancer cell survival."* Tumor cells, due to their constant need to reprogram metabolic
pathways, exhibit characteristics of highly stressed cells and thus depend on elevated
HSP expression for survival. This heightened reliance on HSPs contributes to their
increased resistance to cell death mechanisms, whether of natural origin or induced

by therapeutic interventions.

HSPs play a significant role in cancer progression, including in leukemia.'? By
protecting cancer cells from various stressors, including those induced by therapeutic
interventions, HSPs contribute to the development of drug resistance in leukemia. This
makes HSPs potential targets for novel therapeutic approaches in leukemia treatment,
with ongoing research exploring ways to inhibit or modulate HSP function to enhance
the efficacy of existing therapies and overcome treatment resistance. In leukemia,
HSPs are often overexpressed and contribute to the survival and proliferation of
malignant cells.’"12 HSPs are differentiated according to their molecular weight, such
as HSP90, HSP70, HSP40 or HSP27 (Figure 2).
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Among these, HSP9O0 stands out as a

HSP90AA1 expression

ubiquitous molecular chaperone pivotal
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for protein stabilization and folding.'®
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Although HSP90 plays a crucial role in

maintaining normal cellular function,

HSP90AA1 expression
¥

excessive expression of this protein has

10 T

been associated with a range of

<© ‘b\’\{ ‘\’\5\\ ‘\:\\\ @sz
diseases, including cancer. In cancer of @O«V&g? éf .b\&&
cells, HSP9O0 is frequently overexpressed f‘\v Q\@& m,}.\\“’ Q;&é é&q‘@
and protects mutated and overexpressed \f’v j‘i\\ é\@& &\é‘@ é@éq
oncogenes from degradation.™ Such «@»‘@& oﬂ,\\\‘?&' > >

HSP90 client proteins, including kinases

or transcription factors or other mutated Figure 3: HSP90AA1 (HSP90«a) expression in different

oncogenes and translocated proteins leukemia subtypes showing significant increased

(such as BCR:ABL1 kinase, mutant-

expression levels compared to non-leukemia and
healthy bone marrow. Data were taken from R2

TP53, STAT3 and c-MYC), are often
responsible for proliferation, survival and

resistance to apoptosis. Cancer cells are

genomics analysis and visualization platform (Data set:
Mixed Leukemia - MILE - 2004 - MAS5.0 - ul33p2;

http://r2.amc.nl/).
S.Bhatia.

The illustration is created by

more dependent on HSP90 chaperone

activity than normal cells.'>16.17 Besides, elevated HSP90 expression is reported in
solid tumors and several resistant leukemia subtypes such as Philedelphia
chromosome-positive (Ph+) CML/BCP-ALL, FLT3::ITD-driven acute myeloid leukemia
(AML) and Ph-like BCP-ALL (Figure 3).'®2" Therefore, the significant engagement of
HSP90 in multiple oncogenic pathways and its heightened expression in leukemia

subgroups with poor prognoses underscores its importance as a therapeutic target.'®

An appealing approach involves destabilizing the BCR::ABL1 protein (both p210
and p190) and its associated downstream pathways by targeting HSP90.2223 HSP90i
have demonstrated effectiveness against leukemia stem cells (LSCs) resistant to
tyrosine kinase inhibitors (TKls) and leukemia cells carrying the gatekeeper

BCR::ABL1T315 mutation (Figure 4). Consistently, a recent report demonstrated that


http://r2.amc.nl/
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inhibiting HSP90 slows down the
progression of BCR::ABL1* BCP-ALL
when combined with TKI (Imatinib).24

HSP90 is a flexible homodimer, and

each monomer consists of three major

functional domains: N-terminal domain Lo
(NTD), middle domain (MD), and C- |
terminal domain (CTD). In mammalian p-STATS
cells, there are two dominant cytosolic J
isoforms of HSP90, HSP90a, the stress- Survival

inducible isoform (HSPQOAA1 g€ne; rigure 4: Destabilisation of wt-BCR::ABL1 and

located at 14932-33) and HSP90B, the mutated BCR::ABL1™' upon targeting of HSP90.
Figure: Created with BioRender.com. The illustration

constitutively expressed isoform
(HSP90AB1 gene; located at 6p21).2°

These isoforms share a high degree (86%) of amino acid sequence identity. Although

is created using Biorender by S.Bhatia.

HSP90a and HSP90R isoforms exhibit comparable affinities for their client proteins and
can often compensate for each other effectively 2, exceptions have been reported that
indicate distinctive binding tendencies 2-2°. This is emphasized by their different roles
in development and cell survival 2°. For instance, HSP90a-KO mice develop normally
or occasionally with few congenital disabilities 3', while the knockout of HSP90B causes
embryonic lethality in mice, which cannot be compensated by HSP90a 32. In previous
ex vivo studies, cultured HSP90a-KO cells exhibited normal cell morphology and

growth rates, while the generation of HSP90B-KO cells was not achieved 5.

In the past, several HSP90 inhibitors (HSP90i) have been evaluated in over 60
clinical trials, however associated resistance with their use have thus far precluded
clinical approval.®® This is mainly due to the induction of the pro-survival resistance
mechanism, the heat shock response (HSR) and dose-limiting toxicity, such as
hepatotoxicity and retinal dysfunction.®* While the activation of a pro-survival HSR is
now recognized as a most prominent contributor to acquired resistance against
HSP90i,% the precise mechanism driving HSR induction remains poorly elucidated.

Although named for its association with heat, HSR is not solely responsive to changes

9
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in temperature but serves as a conserved cellular defense mechanism maintaining
proteostasis.®® HSR can be induced by stressors like glucose depletion, oxidative
stress, misfolded protein accumulation and HSP90 inhibition (Figure 2).3¢ HSP90's
activity depends on the binding and hydrolysis of ATP at the NTD and on its
dimerization via the CTD. Several HSP90i target the ATP binding site in the NTD of
HSP90, causing the release of a transcription factor called heat shock factor-1 (HSF-
1).'® Upon release, HSF-1 is phosphorylated, trimerized and translocated to the
nucleus. Activated HSF-1 binds to heat shock responsive DNA elements (HSEs) within
the nucleus, thereby inducing the transcription of other heat shock proteins (HSPs),
including HSP90a, HSP70, HSP40, and HSP27 (Figure 2).""3” These HSPs serve as
anti-apoptotic chaperones, protecting oncogenic proteins from degradation, thus
diminishing the cytotoxic effects of HSP90i.3® Therefore, despite showing early clinical
promise, the widespread utilization of HSP90i in the clinic has been Ilimited.
Conversely, modulators that target the CTD of HSP90 have shown not to induce the

HSR, making them a promising strategy for selective HSP90 inhibition.3°

Earlier results have Publication 1
shown that the HSP90 C-

terminal dimer opens and

HSP90 QQ

H f H H H H i W i
GYHb/\]T’ND/Y N.O/YN\O/\\H, N‘O/\Tr M‘O,WM”
o o Q o o o o

closes with fast kinetics.3° Aminoxyrone (AX)
Based on computational ]
predictions and subsequent Lsukemia g8

experimental validation, | No heat shock response ]

le688 (i), Tyr689 (i + 1),
le692 (i + 4), and LeuB96 (i

+ 8) were identified (by our

| Eradication of persisting LSCs I

2<% |Effective in imatinib-resistant CML |

CTD dimerization inhibitor |

Firstin cl
collaborator, Prof. Holger irst in class |

Gohlke) as critical hot spot
Figure 5: Graphical abstract showing the development of first-in-class

amino acid residues in the peptidomimetic inhibitor (aminoxyrone or AX) targeting HSP90 C-
C-terminal dimerization terminal dimerization that is effective against TKl-resistant CML and
. leukemic stem cells without inducing heat shock resistance as a
interface of HSP90.4° resistance mechanism. Use of Illustration is permitted under standard
Starting from the hot spot copyright under ‘Blood’ journal in accordance with 18 USC section 1734.

amino acid residues and the
10
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peptidic dimerization inhibitors,*’ the aminooxypeptide aminoxyrone (AX) was
developed (Publication 1).2? AXis the first-in-class peptidomimetic C-terminal HSP90
dimerization inhibitor (Figure 5). Subsequent functional studies have revealed that AX
is a promising candidate for inducing apoptosis in both the leukemic stem cell fraction
(CD34*CD387) and the leukemic bulk (CD34*CD38") of primary chronic myeloid
leukemia (CML) as well as in TKl-resistant BCR::ABL1* BCP-ALL cells. AX
downregulates the expression of BCR::ABL1 oncoprotein and associated pro-
oncogenic cellular responses. Notably, targeting the HSP90 C-terminus with AX does
not induce the heat shock response (HSR) as a resistance mechanism in vitro or in
vivo. AX may offer a novel therapeutic option for patients with therapy refractory
BCR::ABL1* leukemia due to its low toxicity profile and lack of HSR induction.
However, drawbacks are the complex structure and the difficult chemical synthesis. In
addition, the peptidomimetic structure of AX leads to poor aqueous solubility, which is
commonly associated with low oral bioavailability.*?

Structural simplification

Publication 2

and optimization of AX
towards the first generation

kDa K562

small-molecule C-terminal | —— -
HSP90 inhibitors provided LLRRLL
the optimized hit 5b (or
LSK82), which was the
most active inhibitor within

the first series of seven

tripyrimidonamides _“ - A e ——
' | giiod In vivo
i i 43 y
(Publication  2) Sb, antitumor activity

Hsp90-CTD & 5b

targets the HSP90 C-

terminal  domain (CTD) Figure 6: Graphical abstract showing the development of first-in-class

dimerization interface. This small molecule inhibitor tareting C-terminal dimerization of HSP90
e e . inhibitor (5b or LSK82) that has in vivo anti-leukemic activity in zebrafish
inhibitor is based on a , o .

model without inducing heat shock response as a resistance
tripyrimidonamide scaffold, mechanism. Use of illustration is permitted by ‘ACS Central Science’

journal with open access under a CC BY license.

designed through

structure-based molecular
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design, followed by chemical synthesis, binding mode model prediction, and
assessment of biochemical affinity (Figure 6). Compound 5b (or LSK82) significantly
reduced leukemia burden in the zebrafish xenotransplantation model and triggered
apoptosis in TKl-resistant BCR::ABL173'%! BCR::ABL1E25%K and BCR::ABL1M351T
mutant cells. This effect was achieved by targeting BCR::ABL1 kinase, thereby
disrupting associated downstream signaling pathways, without inducing a heat shock
response (HSR) as a resistance mechanism. However, the clinical application of
compound 5b (or LSK82) is limited by challenges related to its solubility and complex
molecular structure. In particular, the compound's poor thermodynamic aqueous
solubility has hindered its further preclinical evaluation in murine models. Currently,
efforts are being undertaken by our collaborators to optimize the pharmacokinetic and
pharmacodynamic profiles of newly developed analogs of 5b. These efforts aim to
enhance solubility and bioavailability, thereby facilitating more robust preclinical
assessments and advancing the therapeutic potential of these compounds.
Additionally, we have recently developed a HSP90 inhibitor (Geldanamycin) based
proteolysis targeting chimera (PROTAC) or degrader targeting HSP90.44 Our leading
degrader, 3a, effectively reduced HSP90a and HSP90 levels in cells by utilizing the

ubiquitin-proteasome pathway.

Despite the innovative design of HSP90 CTD targeting HSP90i or HSP90-
PROTACS, their poor pharmacological properties limit their further development for
clinical use. Consequently, our focus was shifted towards enhancing the efficacy of
currently available HSP90 (NTD-targeting) inhibitors, which have advanced to clinical
trials.*%46 However, to fully exploit the potential of HSP9O0i for clinical application, it is
crucial to achieve a comprehensive understanding of: (i) the distinct roles of cytosolic
HSP90 isoforms (HSP90a and HSP90) in sustaining malignant cell growth, and (ii)

the mechanisms underlying the acquisition of resistance to HSP9O0i.

Loss of HSP90B leads to the uprequlation of the stress-inducible isoform

HSP90a: First, we aimed to improve the understanding of the impact of the two
cytosolic HSP90 isoforms (HSP90a and HSP90B) and their involvement in the
development of acquired resistance to HSP90i (Publication 3).4” To this end, we
generated CRISPR/CAS9 mediated knockout (KO) and siRNA mediated knockdown

12
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(KD) models of HSP90 isoforms (a and ) in BCR::ABL1* leukemia cell line K562,
established from CML. This cell line displays high levels and strong dependency of
HSP90 inhibition.*® Furthermore, an additional KO model was established using other
the BCR::ABL1* (CML) KCL-22 cell line to corroborate the findings. The loss of
HSP90 in the K562 and KCL-22 cell lines resulted in an upregulation of HSP90a at
the mRNA and protein level investigated via western blot (WB) analysis. Further
investigation of HSR-related proteins also showed upregulation of HSF1, HSP70 and
HSP40. The same effect (upregulation of HSP90a and HSP70) was observed in the
HSP90B-KD cell lines investigated via automated western blot.*” In contrast, the loss
of HSP90a had no effect on the HSP90B level and HSR-related proteins (HSF1,
HSP70, HSP40, and HSP27). Likewise, the expression of clients such as AHA1,
CDC37 and SURVIVIN was not affected. Moreover, examination of alterations in other
non-cytosolic HSP90 paralogues, such as HSP75/TRAP1 (localized in mitochondria),
GRP94 (located in the endoplasmic reticulum), and co-chaperones of HSP90 (AHA1
and CDC37), showed no significant changes in their expression following the loss of
HSP90a/B. Taken together, targeting HSP90B elicits resistance via inducing the
expression of pro-survival HSR-related proteins, including HSP90a and HSP70.

Depletion of HSP90a isolform results in downregulation of PTPRC (or CD45)

expression and suppresses the in vivo engraftment of BCR::ABL1+ leukemia

cells: HSP90 is critically involved in the folding and subcellular localization of the
BCR::ABL1 protein and consistent with findings from a prior study,*® we also noted that
HSP90R interacts with and stabilizes BCR::ABL1 protein with greater efficacy than
HSP90a.4” In our HSP90a-KO cells, where only the HSP90B isoform was expressed,
this led to heightened kinase activity of BCR::ABL1 and its associated downstream
pro-survival signaling pathways. Next, we employed multi-omics methodologies,
incorporating transcriptomics and proteomics analyses, to investigate the potential
effects on specific signaling pathways following the depletion of HSP90a/f isoforms.
Multi-omics analysis, coupled with rescue experiments, consistently revealed a
significant downregulation of PTPRC (CD45) expression following the depletion of the
HSP90a isoform. This downregulation had a notable impact on downstream p-
LCKY505 and LCK expression.4” Additionally, we investigated the transplantation

efficiency of HSP90a/B-KO K562 cells in an immunodeficient NSG mouse model.
13
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Of note, HSP90a-KO cells Results from Publication 3

exhibited a  significantly

day 25

reduced engraftment capacity
compared to HSP90B-KO or
the control group (Fig. 2A).
This finding was supported by
a notable increase in overall
survival of 19 days among the
animals with  HSP90a-KO
leukemia cells when
compared to HSP90a-KO or 100

respective controls (Figure 7
= 604
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204

HSP90a is secreted 0

0102030405060?080

extracellularly (eHSP90a) and oy slapes post kanpiniaton
. i == EV (n=5) == HSP90a-KO (n=5)
plays a critical role in = HSPIOBKO (n=5)

promoting tumor cell invasion

HSP90B-KO HSP90a-KO

p‘O 0015

survival [%]

Figure 7: Images of NSG mice (n=5 mice/group) transplanted with
and metastasis.50-5 To luciferase-GFP+ HSP90a/8-KO or control K562 cells on the days
explore the effects of depicted outside image panel. Below, kaplan-Meier survival curves

_ ) showing significantly prolonged overall survival of NSG mice
HSP90a/B isoform depletion ./qnspianted with HsP90a-kO compared to HSPI0B-KO or EV (K562)

on the secreted protein profile, control cells (n=5 mice/group, p = 0.0015, Log-rank Mantel-Cox

test). Use of illustration is permitted by ‘Cell Death Diesease’ journal
we conducted MS-based

with open access under a CC BY license.
secretome analysis. This
revealed significant alterations in protein expression following the loss of either
HSP90a or HSP90B. Notably, eHSP90a secretion was markedly reduced in HSP90a-
KO cells, while its expression significantly increased in HSP90B-KO cells. This may
likely suppress the in vivo migration and invasion capability of HSP90a-KO cells in

NSG mouse model.

Prolonged exposure to the HSP90i PU-H71 results in genetic alterations of
the HSP90AA1 gene and promotes HSP90a overexpression: Recently, the HSP90i
PU-H71 (Zelavespib) has received orphan drug designation from the FDA for the

14
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treatment of myelofibrosis and was administered for compassionate use for treating
AML.*® To investigate the mechanisms underlying resistance to pharmacological
inhibition of HSP90, we generated HSP90i-resistant cell lines targeting either the NTD
of HSP90 with PU-H71 and 17-AAG (Tanespimycin) or the CTD with Coumermycin A1
(CA1). Clonal selection was achieved through repeated cycles of treatment with
progressively increasing inhibitor concentrations. Notably, PU-H71-resistant (PUHTr)
cells exhibited cross-resistance to Tanespimycin, another HSP90-NTD-targeting
inhibitor. PUHTr cells also showed significant upregulation of HSP90a relative to their

Results from Publication 3

HSP90iresistant clone
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) —_——— N _— b _——— I ‘
{ PU-HT1 (PUH) Recovery Treatment ] g Re:nvuy
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Figure 8: (A) Schematic depiction of the workflow of generating HSP90 inhibitor resistant cells, through chronic
exposure of HSP90-N-terminal domain- (PU-H71 and Tanespimycin or TM) or HSP90-C-terminal domain-
targeting (Coumermycin A1 or CA1) inhibitors in K562 cells. (B) SNP array results of PUHr cells in comparison to
the parental (P) counterpart revealed an acquired 15 Mb copy number gain in 14q32.1q32.3 encompassing the
HSP90AA1 gene locus (C) Structural model of the N-terminal domain of HSP90a bound to PU-H71 (based on
PDB ID 2fwz). The substitution site S164F is highlighted in red. (D) WB analysis of PUHr, CAlr and control
parental (P) cells after re-treatment with CA1 (2 uM), PU-H71 (500 nM) or vehicle (-) for 24 h. GAPDH served
as a loading control. Use of illustration is permitted by ‘Cell Death Diesease’ journal with open access under a
CC BY license.

parental lines, accompanied by an increase in total HSP90, AKT, and SRC protein
levels.. Consistent with the elevated HSP90a levels, SNP array analysis revealed a 15

Mb copy number gain on chromosome 14q32.12932.3 in PUHr cells, encompassing
15
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the HSP90AA1 gene locus. Whole-exome sequencing further identified two single-
nucleotide variants (SNVs) within HSP90AA1, including a missense variant, p.(S164F)
(chr14:102085796G>A). These data indicate that upregulation and genetic alteration
of the HSP90a isoform contribute significantly to resistance against the clinically
relevant HSP9O0 inhibitor PU-H71 (Figure 8). In contrast to resistance acquired against
Tanespimycin and Coumermycin A1 was primarily mediated through amplification of

the ABCB1 locus and MDR1 efflux pump overexpression.*’

Combined CDK7 and HSP90 inhibition exhibit synergistic effects against
TKl-resistant BCR::ABL1* CML and BCP-ALL cells: We next performed ex vivo high

throughput drug screening (HTDS) to identify novel therapeutic vulnerabilities upon

ablation of HSP90a/B isoforms. HSP90a-KO cells showed increased sensitivity toward
the CDKY inhibitor (THZ1) and standard chemotherapeutics. In line, a pronounced
increase in CDK7 expression in HSP90a-KO K562, KCL22, and SUPB15 cells was
observed.*” Therefore, we proceeded to conduct combinatorial drug screenings
utilizing HSP90i PU-H71 together with the CDK7 inhibitor THZ1. The screenings were
performed using BCR::ABL1* CML cell lines and their TKI-resistant counterparts.
Additionally, we included TKI-resistant BCR::ABL1* BCP-ALL cell lines (SUPB15),%2
three relapsed BCR::ABL1* BCP-ALL patient samples. We also employed a murine
BA/F3 cell line model expressing TKI-resistant BCR::ABL1(T315l) mutant cells
resistant to the third-generation TKI Ponatinib.??> Notably, a significant synergistic
interaction was observed in all tested cells. Subsequently, we evaluated the effects of
combining PUH71 and THZ1 on peripheral blood-derived mononuclear cells (PBMCs)
collected from three healthy individuals. Remarkably, healthy PBMCs exhibited
significantly lower sensitivity to the PUH71 + THZ1 combination compared to leukemia
cells (Publication 3).4” Further mechanistic studies revealed suppression of HSR-
related proteins including HSP90a upon combinational treatment of HSP90i with
CDKYi (Fig. 2C/D). CDK7 (TFIIH subunit of RNA polymerase IlI) can activate RNA
polymerase Il (RNAPII) via phosphorylation of the CTD (pS5), and inhibiting CDK7 can
therefore trigger a cascade of abnormalities in the initiation, proximal pausing, and

elongation phases of RNAPII.3® Consistently, decreased RNAPII (pS5) levels were
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Our recent unpublished studies have demonstrated that commonly used
chemotherapeutics and targeted therapies can also activate the expression of stress
signaling-related molecular chaperones. Thus, it may be beneficial to combine
modulators that inhibit the expression of these stress-related molecular chaperones
with these standard therapies. Additionally, we plan to identify and characterize new
modulators capable of overcoming drug resistance beyond CDK7 inhibition. In an
alternative approach to target HSP90, we will continue to develop novel HSP90 CTD
targeting inhibitors with our collaboration partners at the Institute of Pharmaceutical
and Medicinal Chemistry, HHU Dusseldorf.

ll. Targeting epigenetic modifiers: histone deacetylases (HDACs)
Non-genetic modifications encompass a diverse range of cellular and molecular
processes that intricately modulate the responsiveness of cancer cells to therapeutic

agents, all without involving changes in the DNA sequence. The challenges posed by
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these mechanisms are significant in the clinical context, given that existing approaches
predominantly centered on identifying gene mutations to predict treatment outcomes.%¢
In fact, epigenetic dysregulation, considered a commonality in human cancers, is
proposed as a causative mechanism driving various hallmarks of cancer, including
proliferation, evasion of growth suppressors, and resistance to apoptosis.5’%8
Therefore, the intricate landscape of epigenetic dysregulation in cancer cells, including
hematological malignancies, presents a promising target for innovative therapies.
Epigenetic modifications are crucial in regulating the expression of hematopoietic

lineage-specific genes.%?

Histones, essential elements of chromatin structure, are subject to acetylation and
deacetylation processes that regulate gene expression. Two opposing classes of
enzymes, histone deacetylases (HDACs) and histone acetyltransferases (HATSs), play
a central role in this process. HATs promote gene transcription by acetylating lysine
residues on histone tails, resulting in chromatin relaxation and increased accessibility
for transcriptional machinery.®® Conversely, epigenetic modifications play a crucial role
in the development, progression, and treatment of leukemia. Among these
modifications, histone deacetylases (HDACs) have emerged as key players in
leukemogenesis and potential therapeutic targets. Studies have shown that HDACs
are frequently overexpressed in various types cancers,®! including leukemia.®? This
overexpression is associated with poor prognosis and increased resistance to
conventional therapies. HDACs exert a repressive effect on gene expression by
removing acetyl groups from histones, leading to chromatin condensation and
transcriptional silencing. Mammalian HDACs are composed of 18 highly conserved
genes, categorized based on phylogenetic analysis and sequence homology to yeast
factors. These enzymes are classified into five groups: Class | (HDAC1, 2, 3 and 8),
Class lla (HDAC4, 5, 7 and 9), Class IIb (HDAC6 and 10), Class lll (SIRT1-7), and
Class IV (HDAC11).

Role of HDACs in normal and aberrant hematopoiesis: HDACs play a

significant role in the development of multiple hematopoietic lineages, including the
hematopoietic stem cell (HSC)-progenitor lineage, granulocyte-monocyte lineage,

erythropoietic lineage, and lymphoid lineage.®® Throughout the process of
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hematopoiesis, HDACs are integral to the assembly of various transcriptional
complexes. The interaction between HDACs and transcription factors (TFs) or other
cofactors are crucial for modulating histone acetylation levels, influencing TF activity,
and regulating the function of transcriptional complexes.®® These processes
collectively affect the expression of numerous genes associated with hematopoiesis.
For instance, class | HDAC1 and HDAC?2 are critical regulators of hematopoietic stem
cell (HSC) formation and homeostasis. The simultaneous deletion of these two
enzymes leads to the loss of HSCs and, subsequently, early hematopoietic
progenitors.®3 Furthermore, class | HDAC3 has been show to regulate the development
of HSCs by interaction the TFs, such as Ncor2 and GATAZ2.5465 HDACS8, another
member of Class | HDACs, is highly expressed in long-term hematopoietic stem cells
(LT-HSCs), multipotent progenitors (MPPs), and lymphoid-primed multipotent
progenitors (LMPPs). HDACS is crucial for maintaining the functional integrity of LT-
HSCs through the deacetylation of p53.

HDAC inhibitors and acute myeloid leukemia (AML): AML is a

heterogeneous disease, albeit its incidence is more common in adults, AML accounts

for around 20% of childhood leukemias. While polychemotherapy regimens have
increased the overall survival of childhood ALL to around 90%, still the 5-year survival
rates of children with AML is comparatively lower (65 - 70%). Furthermore, in case of
relapse (seen in 30-40% patients), prognosis is generally worse.*%6 The therapy
regimen of AML also known as “7+3” consists of 7 days of treatment with cytarabine,
and 3 days with an anthracycline has been used for more than four decades. However,
it is poorly tolerated. In cases where the patients are not suitable for this intensive
therapy, combinations with different drugs (e.g. BCL-2 inhibitors and IDH1 and 2
inhibitors) and/or lower dosages of the cytarabine and anthracycline must be
employed. A great part of recurring mutations in AML involves the epigenetic
machinery, which form a strong argument for the use of epigenetic therapies. As a
consequence, numerous epigenetic drugs are currently under investigation in clinical

studies for treating AML.67:68

Single-agent therapies against AML have shown limited efficacy, so the most

promising results with epigenetic drugs are achieved through combination therapies.
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These include combinations of epigenetic drugs with other epigenetic agents (e.g.,
azacitidine plus an HDAC inhibitor), immunotherapies (e.g., checkpoint inhibitors), and
targeted therapies (e.g., NEDDS8 inhibitors, FLT3 inhibitors), which are actively being
evaluated in clinical trials.67-6%70 At present, HDAC inhibitor (HDACI)-based
combinations are the focus of six active or recruiting clinical trials (ClinicalTrials.gov).
In three of these trials, vorinostat is combined either with azacitidine alone
(NCT03843528, NCT00392353) or with azacitidine, fludarabine, and cytarabine
(NCT03263936). The combination of azacitidine with chidamide is also under study
(NCT03031262). Another promising regimen involves the NEDDS8 inhibitor
pevonedistat with the HDAC inhibitor belinostat (NCT03772925), while a phase lll trial
is evaluating the role of panobinostat in maintenance therapy following stem cell
transplantation (NCT04326764).

Development of HDAC class specific inhibitors and PROTACs: The
currently approved HDAC inhibitors (HDACis) are pan-HDACis, meaning they non-

selectively target multiple HDAC isoforms, which are involved in normal cellular
functions. This lack of specificity contributes to a broad range of side effects, some of
which can be severe or life threatening, including myelosuppression, cardiac toxicity,
and gastrointestinal disturbances.”’”®> These adverse effects often necessitate
discontinuation of HDACi-based therapies to prevent serious complications. Targeting
specific isoforms could limit the inhibition to select cellular functions, potentially
reducing the occurrence and severity of side effects, thereby improving tolerability.
HDACSG, in particular, is an attractive target due to its involvement in key cellular
processes relevant to cancer.”* HDACSG is a distinct member of the family of HDAC
class llb, primarily localized in the cytoplasm, where it regulates a variety of cellular
functions. It deacetylates a range of substrates, including a-tubulin, cortactin, and heat
shock protein HSP90q, thereby influencing numerous cellular processes.”® Recent
studies have shown that inhibiting HDACG6 reduces the expansion of leukemia stem
cells, potentially by modulating the Hedgehog signaling pathway.”® Besides, HDACG is
overexpressed and plays a significant role in the progression of various cancers,
including several subtypes of leukemia such as chronic lymphocytic leukemia (CLL),
acute myeloid leukemia (AML), and ALL.”” Furthermore, analysis of the TARGET AML

dataset indicates that high levels of HDACG6 are associated with poor survival in AML
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patients. Therefore, targeting HDACG specifically holds considerable potential for

clinical application in the treatment of in hematological malignancies.’®

In collaborative research attempts with Prof. Thomas Kurz from the University
of Dusseldorf and Prof. Finn K. Hansen from the University of Bonn, we have
developed a spectrum of HDAC inhibitors, spanning from specific, preferential, to pan-
HDAC inhibitory profiles.”®8 For combination therapy, the most thoroughly studied
synergy involving HDAC inhibitors (HDACi) is with proteasome inhibitors (Pls).8 In our
previous work, this combination achieves dual inhibition of proteasome and aggresome
pathways, leading to the accumulation of misfolded proteins and triggering apoptosis.”®
In recent years, multitarget drugs have emerged as a promising alternative to
combination chemotherapy. Although several multitarget drugs based on HDAC
inhibitors (HDACi) have been developed, no dual HDAC-proteasome inhibitor had
been reported until now. In this study, we designed and synthesized RTS-V5 as the
first dual inhibitor targeting both HDAC and proteasome activity (Figure 10). Our
findings demonstrate that RTS-V5 effectively inhibits HDAC6 and chymotrypsin-like
proteasome activity at submicromolar concentrations. In the KMT2A-rearranged BCP-

ALL SEM cell line, RTS-V5 induces apoptosis, activates the heat shock response

Publication 4

HO RTS-V5
84 QZ 2
HDAC6-RTS-V5 complex first-in-class dual HDAC-proteasome inhibitor yCP-RTS-V5 complex

Figure 10: Visual abstract showing the development of a first-in-class dual inhibitor, RTS-V5, which targets both
HDAC and proteasome pathways. RTS-V5’s engagement with these targets was confirmed through biochemical
assays, cellular studies, and X-ray crystal structures of the 20S proteasome and HDAC6. Use of illustration is
permitted by ‘Journal of Medicinal Chemistry’ journal with open access under a CC BY license.

(HSR), initiates the unfolded protein response (UPR), and promotes autophagy.
Additionally, RTS-V5 inhibits cell cycle progression, colony formation, and aggresome
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accumulation. Significantly, RTS-V5 displayed potent anticancer activity across a
range of chemosensitive and chemoresistant leukemic and multiple myeloma cell lines,
as well as in therapy-refractory primary leukemia cells derived from patients, all without
showing toxicity toward peripheral blood mononuclear cells (PBMCs) from healthy
donors. This promising efficacy profile suggests RTS-V5 as a valuable candidate for
further development in cancer therapy (Publication 4).8” Over the years, we have
developed highly selective HDACG6 inhibitors and demonstrated their synergistic
interaction with DNA methyltransferase inhibitors, such as decitabine, with differential

activity against AML cells.80-81.88

In a distinctive approach to target HDACG, we generated proteolysis targeting
chimeras (PROTACSs) or degraders which selectively target HDACG6 without affecting
other HDAC isoforms (Publication 5),8° such as HDAC1 (class |) and HDAC4 (class
lla). Quantitative analysis via automated capillary Western blotting confirmed high
degradation efficiency for the leading HDACG6 degraders, with DCso values in the low
nanomolar range and Dmax values exceeding 80% (Figure 11). Pretreatment with an
HDAC inhibitor, a CRBN ligand, or the proteasome inhibitor MG132 prevented HDAC6
degradation, suggesting that degradation occurs through a ternary complex formation
and the ubiquitin-proteasome pathway. To assess degradation kinetics, HDACG6 in
K562 cells was CRISPR-tagged and monitored over 24 hours using HiBiT+LgBiT
complementation technology, which allowed real-time tracking of HDACG6 level
reduction. Furthermore, quantitative mass spectrometry (MS) data showed no
significant changes in the overall cellular proteome profile after treating K562 cells with
1 uM of PROTACSs (A6 or B4). Subsequently, HDACG6 degradation and the intracellular
localization of a fluorescein-labeled PROTAC (A7) were examined using fluorescence
microscopy. This analysis revealed that PROTAC (A7) predominantly localized within
the cytoplasm and at the nuclear-cytoplasmic interface. PROTAC (A6) demonstrated
promising anti-proliferative activity in three AML cell lines and induced apoptosis in
MOLM13 cells through Caspase 3/7 activation by arresting cells in the sub-G1 phase.
Overall, given their potent ability to degrade HDACG6, these PROTACs represent
valuable tools for studying HDACG6 biology.
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Figure 21: Quantitative simple western immunoassay shows dose-dependent degradation of HDAC6 with
subsequent increased levels of acetyl-a-tubulin. HL-60 cells were treated with the indicated concentrations
of PROTACs (A6 and B4) and the resulting lysates were analysed utilizing simple western immunoassay
technology (BioTechne). DC50 and Dmax were calculated using nonlinear regression (log(inhibitor) vs
response (three hree independent simple western immunoassay runs on the treated samples from two
independent biological replicates. Use of illustration is permitted by ‘Journal of Medicinal Chemistry’ journal
with open access under a CC BY license.

In our recently published study, we aimed to design and synthesize HDAC
inhibitors with a specific focus on their efficacy against therapy-resistant leukemia cells,
while minimizing toxicity (Publication 6).°° Through structural optimization, we
developed HDACi compounds with nanomolar inhibitory activity against class | and IIb
HDAC enzymes. The novel HDAC inhibitors (4d and 4m) demonstrated significantly
enhanced anti-leukemic efficacy compared to several clinically approved HDAC
inhibitors across (n = 35) leukemia cell lines and patient-derived leukemia samples
originated from different subgroups including from the myeloid and lymphoid lineage.
Notably, both HDAC inhibitors exhibited selective activity against leukemia cells, with
minimal impact on healthy human cells, providing a safety advantage over commonly

used HDAC inhibitors like vorinostat, romidepsin and ricolinostat (Figure 12).
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Results from Publication 6
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Figure 32: Unsupervised clustered heatmap displaying differential drug sensitivity score (dDSS) of A) leukemia
cell lines and B) patient derived xenografts (PDX) grown leukemia cells. The statistical analysis was conducted
using one way ANOVA, n=1. ALL = acute lymphoblastic leukemia, AML = acute myeloid leukemia, B-ALL = B-
cell acute lymphoblastic leukemia, CML = chronic myeloid leukemia, MLLr = MLL rearranged leukemia, T-ALL
= T-cell acute lymphoblastic leukemia, na = not applicable, ns= not significant, * = p(adj) > 0.05, **= p(adj) >
0.01, ***= p(adj) > 0.001, ****= p(adj) > 0.0001. Use of illustration is permitted by ‘Journal of Medicinal
Chemistry’ journal with open access under a CC BY license.

Additionally, 4d and 4m showed strong synergistic effects when combined with
standard chemotherapeutics, including decitabine and clofarabine, indicating their
potential for use in combination therapy to overcome resistance and improve treatment
outcomes. In vitro pharmacokinetic analyses revealed that 4d had the most favorable
profile, with intermediate microsomal stability, excellent plasma stability and
concentration-independent plasma protein binding. Following our in vitro

pharmacokinetic findings, an in vivo pharmacokinetic study of 4d was conducted in
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three C57BL/6 mice. Notably, the dose-adjusted overall exposure of 4d was higher in
mice than that of vorinostat, measuring (47 vs. 12 h*kg*ng/ml/mg). Similar to vorinostat
(t2 = 0.75 hours), 4d demonstrated a short elimination half-life of 0.35 hours,
suggesting substantial metabolism and elimination of 4d in mice. The strong cytotoxic

effect of 4d on leukemia cells, along with its promising pharmacokinetic profile in both
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Figure 43: (A) Dose-response curve with IC50 value showing the inhibitory effect of vorinostat and compound
4d on the proliferation of C1498 cell line. B) Schematic timeline of the experimental design. Each mouse
received 0.5 x 10° C1498 luc-GFP+ murine leukemic cells. C) IVIS images of treated mice were taken on day
5 and 17. (D) ROI values at various time points, representing the measurement of leukemia cell growth.
Statistical analysis was performed using a Two-way mixed ANOVA with Greenhouse-Geisser correction. E)
Changes in body weight of each mouse from the three treatment groups before and after the treatment
course. Use of illustration is permitted by ‘Journal of Medicinal Chemistry’ journal with open access under a

CC BY license.
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in vitro and in vivo settings, motivated us to assess its efficacy in a preclinical leukemic
xenograft model using human AML cells (MV4-11) in NSG mice. In this model, 4d
significantly inhibited the proliferation of MV4-11 leukemia cells in vivo without inducing
toxicity. Given the emerging immunomodulatory effects of HDAC inhibitors in cancer
therapy,®' we further evaluated 4d in an allograft leukemia model. In this model,
leukemia was established by intravenous injection of murine AML (C1498) cells
(derived from C57BL/6 mice) into immunocompetent wild-type C57BL/6 mice (Figure
13). Compared to the vehicle control group, both the vorinostat-treated (p = 0.0249)
and 4d-treated (p = 0.0326) groups showed a significantly reduced leukemia burden
after the second treatment cycle, with the difference becoming even more pronounced
by day 19. These findings support 4d as novel lead candidate for further preclinical
development (Figure 14). Compound 4d not only exhibit a favorable therapeutic
window but also show promising anti-leukemic effects, particularly in combination with

established anti-leukemic agents.®®
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Figure 54: Illustration of the lead compound 4d, highlighting it’s in vitro antileukemic effects and synergistic
potential with the hypomethylating agent Decitabine. The visual abstract also depicts the in vivo anti-
leukemic activity of 4d, alongside its binding mode with the target. Use of illustration is permitted by ‘Journal
of Medicinal Chemistry’ journal with open access under a CC BY license.
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lll. Drug repurposing via high throughput drug screening platform

Targeted therapy has revolutionized the standard care of some leukemia subtypes.
However, the clinical response to the targeted anticancer agents is rather
heterogeneous. Predicting more accurately the drug responses before the treatment
will not only improve the response rates but would also reduce redundant medication,
lower side effects related to organ toxicity and also would be more economical for the
patients. In our previous efforts, we mapped the dependencies on various signaling
pathways using our ex vivo high throughput drug screening (HTDS) platform (Figure
15). The compound library includes FDA or EMA approved chemotherapeutics and
kinase inhibitors, routinely used for the treatment of leukemia, inhibitors in early to late
clinical phase and new promising compounds waiting to enter clinical trials (e.g.
PI3K/AKT-, HDAC-, NF-kB-, JAK/STAT-, Aurora kinase-, Raf-MEK-ERK-, BCL-2-,
MYC-, B-catenin etc. targeting inhibitors). The drugs and the cells are dispensed in a
semi-automated fashion, allowing us to work with fewer cell numbers, which is very
useful when analyzing primary patient samples and decreasing the possibility of
human errors. Utilizing an industry standard (miniaturized) 384/1536-well plate format
approach, essential due to the inherent scarcity of primary patient samples. Our efforts
have encompassed the screening of over 150 diagnostic, relapsed leukemia or

lymphoma or in vivo xenograft amplified patient samples.9>-%

For instance, in a recent investigation, we utilized drug screening platform to
pinpoint potentially efficacious hits for pediatric BCP-ALL patients exhibiting
unfavorable prognosis, notably those with Dwn Syndrome or harboring
rearrangements in the PAX5 or KMT2A/MLL genes.%” Furthermore, we have recently
identified that trametinib (MEKIi) or venetoclax (BCL2i) synergize effectively with the
HDAC: inhibitor givinostat (ITF2357) in CRLF2-rearranged pediatric BCP-ALL.% This
high-risk subtype, often found in children with Down Syndrome, is associated with poor

outcomes and increased susceptibility to treatment-related toxicity.
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Figure 65: Schematic representation of a high-throughput drug screening (HTDS) platform. (A) Overview of

the experimental workflow, showing the stages of drug screening from initial assay setup to data analysis.

(B) Categorization of drugs within the screening library, with classification by therapeutic area or target

specificity. (C) Approval status breakdown of the custom drug library, highlighting the proportion of

FDA/EMA-approved, investigational, and experimental compounds. Use of illustration is permitted by

‘Biochemical Pharmacology’ journal with open access under a CC BY license.
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3. Discussion
The cumulative work presented in this habilitation thesis explores the development
of novel therapeutic strategies for pediatric acute leukemia. Firstly, a key focus of the
research was the targeting of molecular chaperone proteins, specifically heat shock
protein 90 (HSP90), which activate in response to stress signaling. The client proteins
of HSP9O fulfill essential roles in cellular processes, such as signal transduction, cell
cycle progression and transcriptional regulation. Among HSP90 clients are
transcription factors, various kinases, steroid receptors, and several cell cycle
regulators.%-1%0 Notably, several of these HSP90 clients are associated with the six
hallmarks of cancer: self-sufficiency in growth signaling, insensitivity to antigrowth
signals, evasion of apoptosis, sustained angiogenesis, limitless replicative potential,
tissue invasion and metastasis.'® Hence, inhibiting the activity of HSP90 is a promising
strategy for the development of novel anti-cancer drugs. Furthermore, overexpression
of HSP90 is associated with poor prognosis in multiple cancers, including
hematological malignancies, positioning it as a promising therapeutic target.'8-2' Most
HSP90 inhibitors that have advanced to clinical trials target N-terminal domain (NTD)
of HSP90,33:35101 however the clinical application of these inhibitors is primarily limited
due to the induction of pro-survival HSR mechanism and the associated toxicity.'6:33.34
In contrast, modulators targeting the C-terminal domain (CTD) of HSP90 do not elicit
HSR, making them a promising alternative for HSP90 inhibition.3®> Previous findings
have shown that the C-terminal dimer of HSP90 undergoes rapid conformational
changes.®®* Based on computational predictions and subsequent experimental
validation, key amino acid residues at the C-terminal dimerization interface of HSP90
were identified, leading to the development of aminoxyrone (AX), a first-in-class
protein-protein interaction peptidomimetic inhibitor (Publication 1).?2 Functional
studies demonstrated that AX can effectively target multi-tyrosine kinase inhibitor-
resistant leukemia cells, including the leukemia stem cell fraction. Additionally, in vivo
experiments showed that AX inhibits leukemia cell engraftment without inducing a pro-
survival heat shock response as a resistance mechanism, offering a potential
therapeutic option for patients with TKl-resistant leukemia. However, AX's complex
structure poses challenges for chemical synthesis, and its peptidomimetic nature
results in poor aqueous solubility, limiting oral bioavailability.
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Subsequently, we initiated an optimization process for AX to develop a first-
generation small-molecule inhibitor targeting HSP90 C-terminal dimerization. This
effort yielded an optimized candidate, designated as compound 5b or LSK82
(Publication 2).“3 Compound 5b significantly reduced leukemia burden in a zebrafish
xenotransplantation model and induced apoptosis in TKl-resistant BCR::ABL1
mutants, specifically BCR::ABL17315!, BCR::ABL1E25K and BCR::ABL1M351T_ This anti-
leukemic effect was achieved through destabilization of the BCR::ABL1 protein, which
in turn disrupted its downstream signaling pathways, notably without activating the heat
shock response (HSR). However, clinical application of compound 5b was also
hindered by poor thermodynamic aqueous solubility and structural complexity, which
posed challenges for preclinical studies, particularly in mouse models. Collaborative
efforts are currently underway to improve the pharmacokinetic (PK) and
pharmacodynamic (PD) profiles of these novel class of inhibitors targeting HSP90 C-
terminal dimerization. Specifically, these modifications aim to enhance solubility and
bioavailability, thereby supporting more comprehensive preclinical evaluations and
increasing the therapeutic potential of these compounds. In parallel, we have recently
developed a HSP90 inhibitor (Geldanamycin) based proteolysis targeting chimeras
(PROTACSs), which are designed to degrade HSP90. Our lead PROTAC candidate,
3a, effectively reduces cellular levels of HSP90a and HSP90 through the ubiquitin-
proteasome pathway, offering a novel approach to HSP90-targeted therapy.**

Despite the innovative design of HSP90 C-terminal domain-targeting inhibitors
and HSP90-PROTACs, poor pharmacological properties hinder their clinical
development. Therefore, we shifted our focused on enhancing the efficacy of existing
HSP90 inhibitors that have advanced to clinical trials. For instance, the HSP90i PU-
H71 (Zelavespib) has been granted orphan drug status by the US Food and Drug
Association (FDA) to treat myelofibrosis and was administered for compassionate use
to treat AML.*5 Nevertheless, the induction of HSR is acknowledged as one of the most
prominent causes of acquired resistance toward using N-terminal targeting HSP90i,
such as PU-H71.223% Therefore, understanding the specific roles (cytosolic) HSP90
isoforms (HSP90a and HSP90B) in supporting malignant cell growth and the
mechanisms driving resistance to HSP90 inhibitors (HSP90i) is essential to harness

full clinical potential of HSP9O0 inhibitors. Through multi-omics analyses, we identified
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that loss of (consitituvely expressing isoform) HSP90B induces compensatory
overexpression of (stress induced isoform) HSP90a and extracellular HSP90a
(eHSP90a). However Notably, depletion of HSP90a led to downregulation of CD45
(PTPRC) expression, restricting the in vivo growth of BCR::ABL1* leukemia cells.
Additionally, chronic exposure to the advanced HSP90i PU-H71 (Zelavespib) resulted
in copy number gain and mutation (p.S164F) in the HSP90AA1 gene, along with
elevated HSP90a levels. In contrast, resistance to other HSP90i, such as
Tanespimycin and Coumermycin A1, was associated with overexpression of the MDR1
efflux pump. Notably, combined inhibition of CDK7 and HSP90 demonstrated
synergistic effects against therapy-resistant BCR::ABL 1* leukemia cells from patients.
This combination mitigates the stress signaling linked to HSR by inhibiting RNA
polymerase I, thereby enhancing the efficacy of HSP90-targeted therapies
(Publication 3).#” Our recent (unpublished) data have demonstrated that commonly
used chemotherapeutics and targeted therapies can also activate the expression of
stress signaling-related molecular chaperones like HSP90 N-terminal targeting
inhibitors. Thus, it may be beneficial to combine modulators (such as CDK?7 inhibitors)
that inhibit the transcription of these stress-related molecular chaperones (involved in
drug resistance) with the standard therapies. Additionally, we plan to identify and

characterize new modulators capable beyond CDK7 inhibition.

Another critical research area included in this thesis involves targeting
epigenetic modifications, particularly histone deacetylases (HDACs). In leukemia,
aberrant HDAC activity contributes to the dysregulation of genes involved in cell
proliferation, differentiation, and apoptosis.’2193 The established clinical success of
HDACI in the treatment of hematological malignancies instigated their investigation
against different types of leukemia, including acute myeloid leukemia (AML).1%4
Currently approved HDAC inhibitors (HDACis) are non-selective, or pan-HDACIs,
targeting multiple HDAC isoforms that play essential roles in normal cellular functions.
Although HDAC inhibitors demonstrate promising therapeutic efficacy, their lack of
specificity is linked to a wide range of side effects, which can range from
gastrointestinal disturbances to severe, potentially life-threatening toxicities such as
cardiac complications and myelosuppression.”’”® These adverse effects frequently

require the discontinuation of HDACi-based therapies to mitigate the risk of serious
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complications. Additionally, HDACis are rarely used as monotherapy and are typically
administered in combination with other drugs,%®7° further complicating treatment.
Given the severity of the side effects associated with pan-HDACis, the development of
isoform-specific HDAC inhibitors would represent a significant therapeutic

advancement.

Therefore, we have focused on targeting isoform-specific HDAC inhibitors. Of
the different HDACs, class IIb related HDACEG is an attractive molecular target as it is
widely expressed across leukemia cells.”*’” HDACG6 is primarily localized in the
cytoplasm of the cells, making it more accessible for inhibitors, whereas most of the
other HDAC isoforms are localized in nucleus. HDACG6 has two catalytic domains (CD1
and CD2), and confirmed substrates of CD2 include a-tubulin, cortactin, tau, and the
chaperone protein HSP90. Furthermore, HDACG is unique by possessing an ubiquitin-
binding domain that is involved in the regulation of the aggresome-autophagy pathway,
an important protein degradation mechanism next to the 26S proteasome.'% Thus, the
dual inhibition of the proteasome and aggresome pathways through combinations of
HDACG6 and proteasome inhibitors leads to the accumulation of misfolded proteins,
thereby promoting apoptosis, which is an effective mechanism against cancer cells
that are resistant to conventional treatments. However, despite these advances, the
limitations of combination therapy, such as potential drug-drug interactions and
increased toxicity, have fueled the development of multi-target drugs that consolidate
multiple inhibitory functions into a single molecule. We developed RTS-V5 as a
pioneering dual HDAC-proteasome inhibitor, effectively combining HDACi activity with
proteasome inhibition (Publication 4).87 RTS-V5 was found to simultaneously inhibit
HDACG6 and chymotrypsin-like proteasome activity at submicromolar concentrations,
thus inducing apoptosis, unfolded protein response (UPR) and autophagy in leukemia
cells, particularly in the KMT2A-rearranged BCP-ALL SEM cell line. Importantly, RTS-
V5 demonstrated significant efficacy across chemosensitive and chemoresistant
leukemia and multiple myeloma cell lines, while maintaining selectivity against healthy
peripheral blood mononuclear cells (PBMCs). These results underscore RTS-V5's

potential as a therapeutic candidate for resistant hematological cancers.
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Expanding on this approach, PROTACs (proteolysis-targeting chimeras) were
developed to target HDAC6 selectively, without impacting other HDAC isoforms
(Publication 5).%° In this study, PROTACs (A6 and B4) effectively degraded HDAC6
with minimal effects on the cellular proteome, showing selective intracellular
localization. PROTAC A6, in particular, displayed potent anti-proliferative effects in
multiple AML cell lines and induced apoptosis in MOLM13 cells via caspase 3/7
activation. Given the specificity of these HDACG6-targeting PROTACSs, they present
valuable tools for studying HDACG'’s unique roles in cancer biology and offer a selective
strategy for targeting HDACG in cancer therapy.

In parallel, in our recent study novel HDAC inhibitors (4d and 4m) were
synthesized with a focus on targeting therapy-resistant leukemia cells while minimizing
toxicity (Publication 6).%° These inhibitors exhibited nanomolar inhibitory activity
against class | and Ilb HDAC enzymes and surpassed clinically approved HDAC
inhibitors such as vorinostat, romidepsin, and ricolinostat in anti-leukemic activity.
Notably, 4d and 4m maintained selectivity for leukemia cells, sparing healthy cells,
which highlights their therapeutic potential for reducing off-target effects. When
combined with standard chemotherapeutics, 4d and 4m showed strong synergy,
particularly with decitabine and clofarabine, supporting their application in combination
therapies for enhanced efficacy against resistant leukemia. In vitro pharmacokinetic
analyses further substantiated the potential of 4d, revealing favorable plasma stability
and concentration-independent plasma protein binding. In vivo studies in C57BL/6
mice confirmed rapid absorption, with a t_max of 0.25 hours and a high dose-adjusted
exposure compared to vorinostat. Although 4d exhibited a short half-life, it effectively
reduced leukemia proliferation in a preclinical NSG mouse model with MV4-11 AML
cells, without inducing toxicity. Considering the immunomodulatory effects of HDAC
inhibitors, additional investigations in an immunocompetent allograft leukemia model
demonstrated that both 4d and vorinostat significantly reduced leukemia burden by the
second treatment cycle, further validating the anti-leukemic potential of 4d. These
findings position 4d as a promising lead structure for clinical development. Moving
forward, optimizing the in vivo pharmacokinetics of 4d through a lead optimization

program will be essential to maximize their therapeutic potential and to address current
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limitations, ultimately advancing them as viable candidates for therapy-resistant AML

treatment.

Additionally, using CRISPR/Cas9-edited HDACG-knockout models, we have
identified an immunomodulatory role for HDAC6 (manuscript in preparation).
Considering the critical role of immunotherapy in oncology, we plan to investigate the
effects of combining HDAC inhibitors with immunotherapy in the future. With strong
collaboration partners in HHU Dusseldorf, we will continue to develop novel selective
HDAC inhibitors, with the aim to mitigate the side effects and resistance associated

with the currently available HDAC inhibitors.

A key challenge in pediatric cancer treatment is minimizing harmful side effects,
addressing difficult-to-treat subtypes, and overcoming drug resistance. In the ever-
evolving landscape of cancer treatment, the intersection of high-throughput drug
sensitivity and resistance profiles with holistic genetic, transcriptomic, and epigenetic
data offers a refined stratification for uncovering under-recognized biomarkers and
novel therapeutic targets. In our drug repurposing approach, we explored the
interdependencies of signaling pathways by correlating drug sensitivity and resistance
patterns with a curated drug library, ranging from FDA-approved cancer treatments
(such as chemotherapeutics and targeted inhibitors) to emerging compounds currently
in clinical trials. Utilizing an industry standard essential due to the inherent scarcity of
primary patient samples; our efforts have encompassed the screening of over 150
diagnostic, relapsed leukemia or lymphoma or in vivo xenograft amplified patient
samples.92-94.96.97 For instance, in pediatric BCP-ALL patients with high-risk profiles,
such as those with CRLF2/PAX5/KMT2A rearrangements, we identified promising
compounds that selectively targeted leukemic cells with minimal toxicity to healthy
cells.®” This approach highlights potential therapeutic candidates and underscores the
utility of tailored drug screening for personalized leukemia treatment.
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4. Summary — English

Pediatric acute leukemia continues to present significant challenges despite
therapeutic advancements, with polychemotherapy and immunotherapy regimens
contributing to considerable toxicity and impairing the quality of life for patients.
Relapse rates remain around 15-20%, which complicates outcomes, particularly for
high-risk cases. Future strategies should focus on achieving sustained molecular
responses, reducing chemotherapy intensity, and minimizing the reliance on

hematopoietic stem cell transplantation.

. HSP90 as a Therapeutic Target in Leukemia: HSP90, a molecular chaperone, is
often overexpressed in leukemia, stabilizing mutated or overexpressed oncogenes by
preventing their degradation. Critical HSP90 client proteins in leukemia include mutant-
BCR::ABL1, TP53, FLT3:ITD and MYC. While HSP90 inhibition has therapeutic
potential, conventional HSP90 inhibitors often activate a pro-survival heat shock
response (HSR) as a resistance mechanism, limiting their clinical efficacy. To
circumvent this, we developed two novel HSP90 inhibitors targeting the C-terminal
dimerization: Aminoxyrone (AX) and 5b. These inhibitors target BCR::ABL1* leukemia
cells of myeloid or lymphoid origin that exhibit resistance to multiple tyrosine kinase
inhibitors, including BCR::ABL1(T315l)-driven disease. They achieve this by disrupting
BCR::ABL1 kinase-associated signaling pathways and can also induce apoptosis in
leukemia stem cell fraction, importantly, without inducing a HSR. Though limitations in
pharmacokinetics currently restrict their clinical applicability. As an alternative
approach, our recent findings emphasize the pivotal role of the stress-inducible
HSP90a isoform in driving resistance to HSP90 inhibitors. We have developed a novel
combination strategy with CDK?7 inhibitors, which suppresses the transcription of HSR-

related genes, thus enhancing the efficacy of HSP90-targeted therapies.

Il. Targeting epigenetic modifiers: Another research focus examines epigenetic
modifiers, particularly histone deacetylase (HDAC) enzymes. Due to the severity of
side effects associated with pan-HDAC inhibitors, developing isoform-specific HDAC
inhibitors would be a substantial therapeutic advancement. HDACG inhibitors exhibit
synergy with proteasome inhibitors, which led us (i) to the development of novel dual

HDACG6-proteasome inhibitor (RTS-V5), with a potent anti-leukemia activity, especially
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against KMT2A-r BCP-ALL cells. (ii) In a different approach, highly selective PROTACs
(A6 and B4) that degrade HDACG6 were developed, providing an alternative strategy
for precise HDACG targeting. (iii) Recently, we introduced novel isoform specific HDAC
inhibitors (4d and 4m), especially designed to address therapy resistance in leukemia
cells with reduced off-target toxicity. Notably, these inhibitors exhibited superior anti-
leukemic efficacy compared to clinically approved pan-HDAC inhibitors. Inhibitor 4d
displayed a strong synergy with standard chemotherapeutics, showed favorable
pharmacokinetic properties and notable leukemia suppression in preclinical models.

lll. High throughput drug screening: Through tailored drug repurposing screens, we
identified hits that selectively targeting high-risk pediatric BCP-ALL cells, particularly
with PAX5/KMT2A/CRLF2 rearrangements, underscoring the potential of personalized

drug screening to reveal novel therapeutic options.

Together, these strategies offer new avenues for enhancing pediatric leukemia

treatment.

5. Summary — Deutsch

Akute Leukamien im Kindesalter stellen trotz therapeutischer Fortschritte weiterhin
eine erhebliche Herausforderung dar, da Polychemotherapie- und Immuntherapie-
Regime erhebliche Toxizitaten verursachen und die Lebensqualitat der Patienten
beeintrachtigen. Die Rezidivrate liegt bei etwa 15-20 %, was die Prognose
insbesondere bei Hochrisikopatienten erschwert. Zuklnftige Strategien sollten darauf
abzielen, nachhaltige molekulare Remissionen zu erreichen, die Chemotherapie-
Intensitat zu reduzieren und die Abhangigkeit von hamatopoetischen

Stammzelltransplantationen zu minimieren.

I. HSP90 als therapeutisches Ziel bei Leukamie: HSP90, ein molekulares
Chaperon, ist bei Leukamie haufig Uberexprimiert und stabilisiert mutierte oder
Uberexprimierte Onkogene, indem es deren Abbau verhindert. Zu den entscheidenden
HSP90-Klientenproteinen in der Leukamie gehdren mutiertes BCR::ABL1, TP53,
FLT3::ITD und MYC. Wahrend die Hemmung von HSP90 ein therapeutisches

Potenzial hat, aktivieren herkdmmliche HSP90-Inhibitoren oft eine pro-survival
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Hitzeschockreaktion (HSR) als Resistenzmechanismus, was ihre klinische
Wirksamkeit einschrankt. Um dies zu umgehen, entwickelten wir zwei neuartige
HSP90-Inhibitoren, die die C-terminale Dimerisierung anvisieren: Aminoxyrone (AX)
und 5b. Diese Inhibitoren zielen auf BCR::ABL1* Leukamiezellen myeloischer oder
lymphatischer Herkunft ab, die eine Resistenz gegenuber mehreren Tyrosinkinase-
Inhibitoren aufweisen, einschlieBlich der BCR::ABL1(T315l)-getriebenen Krankheit.
Sie erreichen dies durch die Storung der mit der BCR::ABL1-Kinase assoziierten
Signalwege und kénnen zudem Apoptose in der leukamischen Stammzellfraktion
induzieren — ohne jedoch eine HSR auszulésen. Einschrankungen in der
Pharmakokinetik begrenzen jedoch derzeit ihre klinische Anwendbarkeit. Alternativ
dazu zeigen unsere neuesten Ergebnisse, dass die stressinduzierbare HSP90a-
Isoform eine entscheidende Rolle bei der Resistenz gegenuber HSP90-Inhibitoren
spielt. Wir haben eine neuartige Kombination mit CDK7-Inhibitoren entwickelt, die die
Transkription von HSR-bezogenen Genen unterdrickt und die Wirksamkeit der auf

HSP90 abzielenden Therapien verbessert.

Il Zielgerichtete epigenetische Modifikatoren: Ein weiterer
Forschungsschwerpunkt untersucht epigenetische Modifikatoren, insbesondere
Histondeacetylase (HDAC)-Enzyme. Angesichts der schweren Nebenwirkungen, die
mit  pan-HDAC-Inhibitoren verbunden sind, wirde die Entwicklung von
isoformspezifischen HDAC-Inhibitoren einen erheblichen therapeutischen Fortschritt
darstellen. HDACG6-Inhibitoren zeigen Synergien mit Proteasominhibitoren, was uns
dazu veranlasste, (i) den dualen HDACG6-Proteasominhibitor RTS-V5 zu entwickeln,
der eine starke Anti-Leukamie-Aktivitat insbesondere gegen KMT2A-r BCP-ALL-Zellen
aufweist. (ii) In einem anderen Ansatz wurden hochselektive PROTACs (A6 und B4)
entwickelt, die HDAC6 abbauen und eine prazise Ansteuerung von HDACG6
ermdglichen. (iii) Kurzlich fihrten wir neuartige isoformspezifische HDAC-Inhibitoren
(4d und 4m) ein, die speziell entwickelt wurden, um Therapieresistenz in
Leukamiezellen mit reduzierter Off-Target-Toxizitat zu adressieren.
Bemerkenswerterweise zeigten diese Inhibitoren eine Uberlegene anti-leukamische
Wirksamkeit im Vergleich zu klinisch zugelassenen pan-HDAC-Inhibitoren. Inhibitor 4d

zeigte eine starke Synergie mit Standard-Chemotherapeutika und gunstige
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pharmakokinetische Eigenschaften sowie eine signifikante Leukamieunterdriickung in

praklinischen Modellen.

lll. Hochdurchsatz-Drogenscreening: Durch  Drug-Repurposing-Screenings
identifizierten wir Wirkstoffe, die gezielt hochriskante padiatrische BCP-ALL-Zellen mit
PAX5-, KMT2A- oder CRLF2-Rearrangements angreifen. Dies unterstreicht das
Potenzial personalisierter Medikamentenscreenings zur Entdeckung neuer
Therapieoptionen.

Zusammen bieten diese Strategien vielversprechende Ansatze zur Verbesserung

der Behandlung akuter Leukamien im Kindesalter.
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KEY POINTS

® We have developed
a first-in-class
C-terminal HSP90
inhibitor (AX) that is
effective against TKI-
resistant CML and
leukemic stem cells.

Heat shock protein 90 (HSP90) stabilizes many client proteins, including the BCR-ABL1
oncoprotein. BCR-ABL1 is the hallmark of chronic myeloid leukemia (CML) in which
treatment-free remission (TFR) is limited, with clinical and economic consequences. Thus,
there is an urgent need for novel therapeutics that synergize with current treatment
approaches. Several inhibitors targeting the N-terminal domain of HSP90 are under in-
vestigation, but side effects such as induction of the heat shock response (HSR) and toxicity
have so far precluded their US Food and Drug Administration approval. We have de-
veloped a novel inhibitor (aminoxyrone [AX]) of HSP90 function by targeting HSP90 di-

® Unlike the majority of merization via the C-terminal domain. This was achieved by structure-based molecular

HSP90 inhibitors, AX
does not induce the
HSR as a resistance
mechanism.

design, chemical synthesis, and functional preclinical in vitro and in vivo validation using
CML cell lines and patient-derived CML cells. AX is a promising potential candidate that

) induces apoptosis in the leukemic stem cell fraction (CD34+CD38") as well as the leukemic
bulk (CD34+*CD38") of primary CML and in tyrosine kinase inhibitor (TKI)-resistant cells.
Furthermore, BCR-ABL1 oncoprotein and related pro-oncogenic cellular responses are downregulated, and tar-
geting the HSP90 C terminus by AX does not induce the HSR in vitro and in vivo. We also probed the potential of AX
in other therapy-refractory leukemias. Therefore, AX is the first peptidomimetic C-terminal HSP90 inhibitor with the
potential to increase TFR in TKl-sensitive and refractory CML patients and also offers a novel therapeutic option for
patients with other types of therapy-refractory leukemia because of its low toxicity profile and lack of HSR. (Blood.
2018;132(3):307-320)

Introduction

Heat shock protein 90 (HSP90) acts as a molecular chaperone,
thereby ensuring correct protein folding of several oncogenic
proteins involved in leukemia such as BCR-ABL1 and its down-
stream signaling partners.’> HSP90 expression is also enriched in
several leukemia subtypes, making HSP90 a promising therapeutic
approach in the treatment of therapy-refractory leukemia, such as

© 2018 by The American Society of Hematology

BCR-ABL1+ leukemia,"¢® FLT3-ITD+ acute myeloid leukemia
(AML)?"" and Philadelphia chromosome (Ph)-like B-cell precursor
acute lymphoblastic leukemia (BCP-ALL)."2"® Several HSP90 in-
hibitors have been developed, but none have been clinically
approved by the US Food and Drug Association (supplemental
Table 1, available on the Blood Web site).8'* The majority of the
HSP90 inhibitors target the adenosine triphosphate binding pocket
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Figure 1. Design and synthesis of HSP90 CTD dimerization inhibitors. (A) Crystal structure of the HSP90 dimer from Saccharomyces cerevisiae (Protein Data Bank [PDB]
accession number 2CG9%), shown as a transparent surface with cartoon representation. One monomer is colored in white and one in red, with 3 domains (N terminal, middle, and
C terminal) colored in different shades of red. (B) Dimeric CTD from human HSP90 (PDB accession number 3Q46M¥). Both subunits are colored differently. Helices H4, H4", and H5,
H5' form the CTD dimerization interface. Dashed lines show where the middle domains would be located. (C) Overlay of a hexameric a-aminoxy peptide with all-methyl side chains
(blue sticks) onto Cg atoms of hot spot amino acids 1688, Y689, 1692, and L696* (gray sticks) on helix H5' (sequence Pé81 to D699) shown in transparent cartoon representation, with
backbone atoms shown as black lines. The right panel shows the structures rotated by 90° such that the helix C terminus is oriented toward the viewer. Cg reference atoms of hot spot
amino acids are depicted as magenta spheres and C atoms of the a-aminoxy peptide as orange spheres. (D) Solid-phase synthesis of a-aminoxy hexapeptides 1 (AX) and 2. Reagents
and conditions: a), (i) 20% piperidine in N,N-dimethylformamide (DMF), room temperature, 2 X 15 min; (i) Phth-N°Leu-N®Leu-OH, BOP, HOBt, N-ethylmorpholine (NEM) in DMF,
room temperature, 24 hours; b) 5% hydrazine hydrate in MeOH, 2 X 15 min; (ii) Phth-N®lle-N°lle-OH, BOP, HOBt, NEM in DMF, room temperature, 24 hours; c) (i) 5% hydrazine hydrate
in MeOH, 2 X 15 min; (i) Cbz-N°Phe-N°Phe-OH, BOP, HOBt, NEM in DMF, room temperature, 24 hours; (iii) trifluoroacetic acid/triethylsilane (98:2, v:v), room temperature, 1.5 hours; d)
(i) 5% hydrazine hydrate in MeOH, 2 X 15 min; (i) Phth-N°Phe-OH, BOP, HOBt, NEM in DMF, room temperature, 24 hours; €) 5% hydrazine hydrate in MeOH, 2 X 15 min; (i) Cbz-N®Tyr
(t-Bu)-OH, BOP, HOBt, NEM in DMF, room temperature, 24 hours; (iii) trifluoroacetic acid/triethylsilane (98:2, v:v), room temperature, 1.5 hours. PEG AM resin, polyethylene glycol

aminomethyl-polystyrene resin.

in the HSP0 N terminus,'*'® leading to dissociation of heat shock
factor-1 (HSF-1), which gets subsequently phosphorylated, tri-
merized, and translocated to the nucleus.’® Here, HSF-1 induces
the transcription of other HSPs, such as HSP70, HSP40, or HSP27,
that act as antiapoptotic chaperones and protect proteins from
degradation, thereby inducing a resistance mechanism called the
heat shock response (HSR),"” which potentially weakens the cy-
totoxic effect of HSP90 inhibitors.'*1%18-22 C-terminal inhibitors of
HSP90, such as novobiocin and its analogs, do not trigger an
HSR.232% The reason for the induction of the HSR by classical HSP90
inhibitors is not well understood. It has been hypothesized that
inhibition of HSP90 might trigger cellular effects through mecha-
nisms that involve targets other than HSP90 (off-target effects). %2
The off-target effects hypothesis is further supported by the sig-
nificant difference (100-fold) between the efficiency of N-terminal
inhibitors in killing cancer cells and their binding affinity to HSP90
in biochemical assays.?® For instance, the well-known N-terminal

308 @ blood® 19 JULY 2018 | VOLUME 132, NUMBER 3

HSP90 inhibitor AUY922 induces cell death at low nanomolar
concentrations but binds to HSP?0 with micromolar affinity.?® In
contrast, C-terminal HSP90 inhibitors are likely selective for HSP90
given that their cytotoxicity against cancer cells correlates with
their binding affinity for HSP90.232* Thus, targeting the HSP90
C-terminal domain may ultimately be the most promising route
to discover safe and efficacious HSP?0 inhibitors.

In the present study, we evaluated a novel HSP?0 inhibitor ami-
noxyrone (AX) in chronic myeloid leukemia (CML), a stem cell dis-
ease that can in most cases be controlled by tyrosine kinase inhibitor
(TKI) treatment, but treatment-free remission (TFR) is still not satis-
factory. Approximately 40% to 60% of patients who discontinue TKI
treatment develop molecular relapse and need to restart them.?
TKIs target proliferating leukemic clones but are unable to eradicate
persisting leukemia stem cells (LSCs).2”-% This implicates long-term
dependence on them with consequences for patients’ quality-of-life
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Figure 2. Selective binding of compound 1 (AX) and
2 to the HSP90 C terminus. (A) Scheme of the HSP90
dimerization assay using Autodisplay. HSP90 is dis-
played on the surface of E coli cells via the Autodisplay
technique. The motility of the anchoring domain within
the outer membrane of E coli facilitates the dimeriza-
tion of Hsp90. Dimerized HSP90 on the surface of E coli
is capable of binding to fluorescein isothiocyanate
(FITC)-labeled p53. This leads to an increase of cellular
fluorescence, which can then be detected via flow
cytometry. Blocking the dimerization of surface dis-
played Hsp90 inhibits the binding of FITC-labeled p53
to HSP90 and thus leads to a decrease of cellular
fluorescence.®® (B) Inhibition of dimerization of on E coli
cells displayed HSP90 measured via flow cytometry.
Experiments were performed 3 times independently
(n = 3), and error bars denote the standard deviation.
Incubation of E coli BL21 (DE3) cells displaying HSP90
with 1 uM FITC-labeled p53 leads to a high cellular
fluorescence, indicating dimerization of HSP90, whereas
no cellular fluorescence was detectable in E coli cells
without displaying HSP90 (control cells). Preincubation
of cells with surface displayed HSP90 with 50 uM of
1 (AX) and 2, respectively, leads to a loss in cellular
fluorescence, indicating a lowered binding affinity of
FITC-labeled p53 to surface-displayed HSP90. (C) De-
termination of the apparent Ky value of the NT-647-
labeled C-terminal domain of HSP90 and 1 (AX) via MST.
A constant amount of the 50 nM-labeled C-terminal
domain of HSP90 was used (n = 3). The resulting mean
values were determined and used in the Ky fit formula.
This yielded an apparent Ky of 27.39 uM for 1 (AX). (D) A
cell-based HSP90-dependent luciferase assay was per-
formed on stably expressing K562-luciferase cells. The
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and economic resources. Patients feel chronically ill, which is not value to sustained TFR. In addition, inhibition of the HSP90
related to their CML but due to the moderate to severe TKI side C terminus is effective in high-risk BCR-ABL1+ BCP-ALL, FLT3-
effects, which ~30% of patients experience.?® For instance, acute ITD+ AML, and Ph-like BCP-ALL, comprising a relevant pro-
side effects of imatinib (IM) are impaired physical and mental health | portion of therapy-resistant leukemia in adults and children.

status in patients <60 years of age,*® whereas dasatinib can cause

pleural effusion and arterial hypertension,®' and nilotinib causes Methods

vascular events.® The use of TKls is especially controversially dis- Chemical synthesis and 2-dimensional nuclear
cussed in young adults and children, because none of the TKis are magnetic resonance spectroscopy

recommended during pregnancy and/or lactation, and their effects
on fertility and skeletal growth have not been systematically
analyzed. Hence, the development and characterization of novel
therapeutic agents that specifically target CML LSCs and are
capable of inducing sustained TFR are of enormous clinical and

economic value.

See supplemental Note 1 for general methods, synthetic pro-
tocols, compound characterization, and spectral data.

Circular dichroism (CD) spectroscopy
CD spectra in trifluoroethanol (50 uM, 1 mm path length) and
sodium phosphate buffer (10 M, 5 mm path length) were

We show that AX targets LSCs in CML patients and is effective in recorded on a J-810 Spectropolarimeter (Jasco) at 20°C and
TKl-resistant CML subtypes and therefore promising in adding background corrected by solvent subtraction.
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Figure 3. Results of MD simulations of free diffusion of AX. (A) Relative frequencies of ligand pose (see color scale) as a function of the relative distance between the center
of mass of AX and helix H4 (AD) and computed effective energies of binding (AGeffective)- (B) Locations of the center of mass of AX (spheres) after 60 MD simulations of 400
nanosecond length each, with each simulation result colored differently. The black dashed line highlights all conformations that are bound to dimerization interface 1 with ADyyin
=0A, andthe green dashed line highlights those with AD,,;, < 4 A The protein structure is shown as surface representation with the middle domain (not present during MD
simulations) in orange and the CTD in white. In the panel, the structure is rotated by 180° around the y-axis. (C) Frequency of occupation of binding sites 1 (yellow), close to 1
(green; see definition in the main text), 2 (red), or 3 (blue) by AX across 60 MD simulations. (D) Binding mode model of AX. A representative conformation of AX bound to the CTD,
extracted from the MD trajectory. Residues 1688, 1692, and Mé91 (gray spheres) bind to the side chain that distinguishes AX from 2. (E) An overlay of AX onto helix H5’ (Figure 1B-C)
extracted from the crystal structure (PDB accession number 3Q6M¥). In panels D and E, AX is depicted as blue sticks; hot spot amino acids 1688, Y689, 1692, and L696* as gray sticks
with Cg atoms as magenta spheres; helix H5' as a white cartoon with black backbone atoms; and the CTD in the left panel as surface representation, with all residues within 3 Aof AX

colored in red. In panels A-C, 1, 2, and 3 denote the binding sites of AX, where 3 represents all binding sites besides 1 and 2.

Autodisplay dimerization assay

Surface display of HSP90 on Escherichia coliBL21 (DE3) cells was
performed as described before.®* See supplemental Note 2 for
further details.

Microscale thermophoresis (MST)

The HSP?0 CTD was purified as described before34 and labeled
with the Monolith NT Protein Labeling Kit RED-NHS (Amine-
reactive; NanoTemper Technologies GmbH, Munich, Germany)
according to the manufacturer’s protocol. See supplemental note
2 for further details.

Analytical ultracentrifugation

Sedimentation velocity experiments were carried out using a
Beckman Proteome Laboratory XL-A ultracentrifuge (Beckman
Coulter, Indianapolis, IN) equipped with an absorbance de-
tection system and an 8-hole rotor. See supplemental Note 2 for
further details.

310 & blood® 19 JULY 2018 | VOLUME 132, NUMBER 3

Luciferase refolding assay

The luciferase assay was performed with K562 cells stably
expressing luciferase transgene, as described previously,?*
with some modifications. See supplemental Note 2 for further
details.

Drug-affinity responsive target stability (DARTS)
The DARTS assay was carried to evaluate the protease pro-
tection of AX from thermolysin, as described previously.?* See
supplemental Note 2 for further details.

Western blot (WB) and Blue-native gel

Cell lysates were generated after 48-hour treatment of leukemic
cells with AX, IM, novobiocin (NB), or AUY922. Blue-native
gels were performed following the manufacturer’s instructions
(Invitrogen) and as described previously.?* See supplemental
Note 2 for further details.
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Table 1. IC5o values after treament with AX

Cell line

Growth inhibition (ICsp), pM

K562 and K562 IMr CML (BCR-ABL1+) 5.72 £ 0.31 and 6.24 + 0.52
KCL22 and KCL22 IMr CML (BCR-ABL1+) 2.74 = 0.52 and 2.86 + 0.63
BA/F3 Murine pro B cell line 3.12 = 0.09
BA/F3 (T315I) Murine pro-B-cell line (BCR-ABL1+) 3.02 = 0.22
BA/F3 (T315l) PNr Murine pro-B-cell line (BCR-ABL1+) 4.02 = 0.22
BA/F3 (M351T) Murine pro-B-cell line (BCR-ABL1+) 3.11 = 0.12
BA/F3 (E255K) Murine pro-B-cell line (BCR-ABL1+) 3.02 = 0.41

SUP-B15 and SUP-B15 IMr

BCP-ALL (BCR-ABL1+)

2.9 = 0.67 and 3.97 = 0.47

HL60 AML 717 £1.7

Mutz-2 AML 10.10 = 0.46
Kasumi AML 6.0 = 0.03
SEM BCP-ALL 5.9 +0.07
697 BCP-ALL 3.9 +0.10

IM-sensitive/resistant human- and murine-derived pro-B-cell lines expressing clinically relevant BCR-ABL1 mutant isoforms (T3151, T3151 (PNr), M351T, and E255K) were treated with AX at
different concentrations for 72 hours, and the average ICso was then determined by CellTiter-Glo assay (n = 3).

IMr, IM resistant; PNr, ponatinib resistant.

Molecular dynamics (MD) simulations and
computation of effective binding energies

To provide a structural model of the binding mode of AX at
the HSP90 CTD, we performed 60 MD simulations of at least 400
nanosecond length of free diffusion® of AX in the presence of
the CTD. During the MD simulations, AX was not biased by any
guiding force. Resulting MD trajectories were analyzed with
respect to potential binding sites of AX and its binding mode.
Furthermore, effective binding energy calculations of AX binding
to the CTD were performed.® See supplemental Note 3 for
further details.

Cell culture

K562, KCL22, HL60, Kasumi, 697, SEM, and Mutz-2 leukemic cell
lines were cultured in RPMI 1640 supplemented with 10% fetal
calf serum (FCS) and maintained at 37°C with 5% CO,, except for
the Mutz-237 and SUP-B15 (BCR-ABL1) BCP-ALL cell lines, which
were cultured in McCoy 5A supplemented with 20% FCS (DSMZ,
Braunschweig, Germany). Normal Ba/F3 (murine pro-B cell line)
or expressing BCR-ABL1T315!: M351T, and E255K mytants3® were
cultured in RPMI 1640 (10% FCS) supplemented with or
withoutinterleukin-3 (IL-3) (10 ng/mL), respectively. The BA/F3T3'¥
ponatinib-resistant cell line was generated as described pre-
viously®? and is referred to as BA/F3T3'S! "N |n addition, the
IM-resistant K562 (1 uM), KCL22 (2.5 uM), and SUP-B15 (2 uM)
lines were generated as described previously*® and are referred
to as K562 IMr, KCL22 IMr, and SUP-B15 IMr, respectively. In
IM-resistant cell line models, ABL1 kinase domain was sequenced
for BCR-ABL1 point mutation using Sanger sequencing, including
K562 and K562 IMr, KCL22 (T315l, F317L) and KCL22 IMr (T315I
and F317L), SUP-B15 (T315l) and SUP-B15 IMr (T315I), BA/F3™3™S!
(T3151 and Y272H), and BA/F3™3'5! PN (T315] and Y272H).

NOVEL HSP90 INHIBITOR IN TKI-RESISTANT CML

Primary cell culture

Fresh cord blood (CB) samples were obtained from the Institute
for Transplantation Diagnostics and Cell Therapeutics (Heinrich
Heine University, Duesseldorf) after informed consent approval
of the local ethical committee. Mononuclear cells (MNCs)
were isolated by Ficoll density gradient centrifugation using
standard procedures and later cultured in Mononuclear Cell
Medium (PromoCell, Heidelberg, Germany). CD34* cells were
later sorted from these MNCs using magnetic-activated cell
sorting (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany).?”
Primary T (CD3*), natural killer (NK) (CD56%), and B (CD197) cells
were isolated from PB MNCs from healthy individuals after using
MACS (Miltenyi Biotec). Cytokine profiling was performed on
supernatant recovered from primary T, NK, and B cells after
48-hour treatment with respective compounds using Cytokine
25-Plex Human ProcartaPlex Panel 1B (Thermo Fisher Scientific)
following the supplier's guidelines.

Primary patient samples were obtained from newly diagnosed
or relapsed patients (supplemental Table 2) after informed consent
approval of the local ethics committee and were cultured either in
Stemline Il Hematopoietic Stem Cell Expansion Medium (Sigma-
Aldrich) or in Mononuclear Cell Medium (PromoCell). CML and
BCR-ABL1+ BCP-ALL samples were sorted for CD34*CD38"/~
using the CD34*CD38~ Cell Isolation Kit, human (Miltenyi
Biotec).

Viability assay

Inhibitors were printed on white 96-well or 384-well plates
(Thermo Fisher Scientific) with their increasing concentration
(50 nM to 25 wM) along with respective controls by using a digital
dispenser (D300e; Tecan, Mannedorf, Switzerland). Cell viability
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Figure 4. AX is a potent inhibitor in leukemic cell lines without inducing any HSR. (A) K562, KCL22, and HL60 were treated with the indicated (cytotoxic) concentration of AX,
NB and AUY922 for 48 hours, and protein lysates were later subjected to immunoblot analysis. AX and NB (C-terminal HSP90 inhibitors) do not induce expression of HSP70,
HSP40, and HSP27, whereas AUY922 (an N-terminal HSP90 inhibitor) demonstrates HSR induction by triggering their expression. HSP&0 (primarily present in mitochondria) and
PDI (primarily present in endoplasmic reticulum) served as controls for the HSR in the cytoplasm, in response to inhibition of HSP90 dimerization via the CTD. (B) K562, KCL22, and
HL60 (Mutz-2; data not shown) were treated with AX for 48 hours, and enzymatic activity of caspase-3/7 was later examined by caspase-3/7-dependent Glo assay (absorbance at
405 nm). (C) K562, HL60, KCL22 cells were seeded in methylcellulose medium containing respective compounds at indicated concentration after treatment in liquid medium for
24 hours. Colonies were counted after 14 days. (D) 5 X 10° luciferase-expressing K562 cells were subcutaneously transplanted into NSG mice. Starting the day after
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was monitored after 72 hours using CellTitre-Glo luminescent
assay (Promega, Madison, WI) using a microplate reader (Spark,
Tecan). The 50% inhibitory concentration (ICsg) for compounds
(all inhibitors were bought from MedChemExpress) were de-
termined by plotting raw data (normalized to controls) using
sigmoid dose curve and nonlinear regression (GraphPad Prism,
San Diego, CA).

Proliferation assay

Cell proliferation was examined after treatment with respective
compounds using an automated cell counter, which uses trypan
exclusion method (Vi-CELL XR, Beckman Coulter). Proliferation
was measured after every 24-hour interval.

Cell cycle assay

AX- or NB-treated cells (48 hours) were fixed with chilled (70%)
ethanol for 24 hours to allow the access of propidium iodide (Pl)
to the DNA. Fixed cells were treated with ribonuclease to digest
RNA and later incubated with 200 pL Pl (50 pwg/mL stock) for
10 minutes at 37°C and immediately subjected to fluorescence-
activated cell sorter (FACS) analysis.

Annexin V staining

To evaluate apoptosis, cells treated with respective compounds
or control for 48 hours were stained with Annexin V and Pl and
later subjected to FACS following the supplier's guidelines
(Invitrogen, Carlsbad, CA).

Caspase-3/7-Glo assay

Cells were treated with respective compounds or control in white
96-well or 384-well plates. Enzymatic activity of caspase-3/7 was
then examined by caspase-3/7-dependent Glo assay (absor-
bance at 405 nm) following the manufacturer’s instructions (Promega)
using a microplate reader (Spark, Tecan).

FACS

FACS was performed on FACSCalibur (Becton Dickinson, Hei-
delberg, Germany) using fluorochrome-coupled monoclonal
antibodies along with the following matched isotype controls:
anti-CD34 (8G12; BD Biosciences), anti-CD11b (Bear1), anti-
CD14 (RMO52), anti-CD13 (Beckman Coulter), and anti-CD33
(Miltenyi Biotec)

Colony-forming unit assay

Colony-forming unit assays were performed initially by treating
cells in the liquid medium for 24 hour. Later, treated cells were
seeded in a semisolid methylcellulose-based medium contain-
ing respective compounds or control.3” Colonies were counted
after 14 days.

In vivo xenograft tumor model
A total of 5 X 10° K-562-luciferase—expressing (stably trans-
duced) cells mixed with Matrigel matrix (Corning) were injected

subcutaneously in the dorsal flank of NSG (B6 NOD.Cg-Prkdcs
[12rgtm"W! /SzJ) mice (005557; The Jackson Laboratory, Bar Harbor,
ME). Engraftment was monitored by measuring luminescence 3 or
4 days after intraperitoneal injection of 150 wg/100 pL D-Luciferin
Firefly sodium salt monohydrate (Biosynth, Staad, Switzerland)
using the Caliper IVIS Lumina Il Multispectral Imaging System
(Perkin EImer, Rodgau, Germany) and Living Image Software. AX
(0.5 mg/kg dose) or vehicle (dimethyl sulfoxide [DMSQO]) was
administered starting from the day after the transplantation by
peritumoral injection for 17 days (n = 5 per group). Mice were
sacrificed on day 17, and excised tumors were weighed and
subjected to WB analysis. No blinding experiment was performed.
Animal husbandry and experiments were conducted in accor-
dance with the German Animal Welfare Act at the Institute for
Tumor Biology and Experimental Therapy, Georg-Speyer-Haus,
Frankfurt, Germany.

Results

Design and synthesis of HSP90 CTD

dimerization inhibitors

HSP90 is a homodimer, with each monomer consisting of three
major functional domains, of which the C-terminal domain (CTD)
mediates HSP90 dimerization (Figure 1A). The CTD dimerization
interface is formed by a characteristic 4-helix bundle (Figure 1B).#'
We recently resolved hot spots in the HSP90 CTD dimerization
interface (1688, Y689, 1692, and L696; Figure 1C) and identified
the first peptidic inhibitors shown to bind to the CTD.**** Sub-
sequently, we demonstrated that a-aminoxy peptides, a novel
class of peptidomimetic foldamers, can fold into a unique
2g-helical conformation.?? Molecular modeling studies revealed
that this 2g-helix can mimic the spatial arrangement of peptide
side chains in a-helices.*? Herein, we found that side chains of
an a-aminoxy hexapeptide can accurately mimic the HSP90
dimerization hot spots (Figure 1C). Based on this knowledge, we
designed 2 tailor-made potential HSP?0 CTD dimerization in-
hibitors (a-aminoxy hexapeptides 1 (later referred to as AX) and
2, Figure 1D). A combination of solution- and solid-phase sup-
ported methods was used to synthesize 1 (AX) and 2 (Figure 1D;
supplemental Note 1). Our investigation of the conformational
properties by 2-dimensional nuclear magnetic resonance spec-
troscopy (supplemental Figures 1 and 2) and CD spectroscopy
(supplemental Figure 3) confirmed that 1 (AX) and 2 are able to
fold into the desired 2g-helical conformation indicating that they
can adopt the required secondary structure to mimic the HSP90
CTD dimerization hot spots.

AX inhibits HSP90 dimer formation and specifically
binds to the CTD of HSP90

To elucidate the biological properties of 1 (AX) and 2, we first
showed by means of a dimerization assay based on the auto-
display technology?®® that 1 (AX) and 2 inhibit HSP90 dimer
formation (Figure 2A-B). Furthermore, binding of 1 (AX) and 2 to
the CTD of HSP90 was revealed by MST measurements with the

Figure 4 (continued) transplantation, animals were treated by peritumoral injection (15 ng) of compound AX (0.5 mg/kg dose) or solvent only (DMSO). One control DMSO-
treated mouse was sacrificed earlier (on day 16) because of large tumor size. Luminescence was monitored every 3 or 4 days after intraperitoneal injection of 100 pL luciferin, and
the final analysis was performed on day 17 (n = 5 mice per group). (E) AX reduced tumor burden with respect to tumor weight 0.24 + 0.01 g vs vehicle 1.6 = 0.6 g (P = .04; 1-tailed
t test). (F) Immunoblot analysis of tumor samples derived from mice treated with AX revealed downregulation of BCR-ABL1 kinase activity and its associated downstream
signaling pathways involving Stat5a and Crkl. (G) Immunoblot analysis of tumor samples derived from mice after treatment with AX. Samples displayed no HSR, as evaluated by
expression of HSF-1, HSP70, and HSP27; PDI and HSP60 were used as controls. Columns depict the mean of 3 independent experiments (n = 3). Significance analyses of normally
distributed data with variance similar between groups used paired, 2-tailed Student t test. *P < .05, **P < .005, ***P < .001.
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purified, recombinant, NT-647 labeled CTD of HSP?0 (1 (AX):
Ky = 27.4 pM; 2: Ky = 44.2 uM; Figure 2C; supplemental
Figure 4A).

A cell-based luciferase refolding assay?* using K562 cells
revealed a dose-dependent reduction in the luciferase activity
after application of 1 (AX) or 2 comparable to NB (CTD HSP90
inhibitor) and AUY922 (NTD HSP90 inhibitor) (Figure 2D; sup-
plemental Figure 4B). Hence, 1 (AX) (ICso: 5.72 = 0.31 pM
[K562]; 7.1 = 1.7 uM [HL60]) was selected for further experi-
ments due to the higher efficacy in autodisplay, MST, the lu-
ciferase refolding assay, and the viability assay compared with 2
(1Cso: 16.8 = 0.11 wM [K562]; 17.4 = 0.4 uM [HL6Q]) (supple-
mental Figure 4C). We proved specific binding of AX to HSP90
complexes by native gel analysis, resulting in a more potent
disruption of HSP90a and HSP90B (also HSP40 and HSP27)
complexes (including their monomers/dimers) at cytotoxic
concentrations (supplemental Figure 5A) than NB and AUY922.
In contrast, treatment with AUY922 resulted in an elevated
expression of HSR-associated protein complexes (including their
monomers/dimers) of HSP40 and HSP27 (supplemental Figure 5A).
AX protected recombinant HSP?0a protein from degradation
against thermolysin digestion, an assay commonly used to
quantify DARTS?* (supplemental Figure 5B). Immunoblotting
was performed under reducing (+dithiothreitol) and non-
reducing (—dithiothreitol) conditions, which revealed that AX
acts on HSP90 oligomers, in contrast to NB but in concordance
with AUY922 (supplemental Figure 5C). Sedimentation velocity
analysis revealed that AX influences the size distribution of
HSP90 CTD, in that AX is able to either dissociate oligomeric
species of or suppress HSP90 CTD oligomerization (Figure 2E;
supplemental Note 2).

In summary, these results reveal that AX specifically binds to the
CTD of HSP90 and inhibits its dimerization.

AX is predicted to bind to the HSP90 CTD
dimerization interface and mimic hot spot residues
on helix H5’

To provide a binding mode model of AX at the HSP90 CTD, we
performed 60 MD simulations of at least 400 nanosecond length
of free diffusion of AX in the presence of the CTD (supplemental
Figure 7 and supplemental Note 3). In 22 simulations, AX binds
between helices H4 and H5 in the dimerization interface (site 1 in
Figure 3A; supplemental Figure 7). In the remaining cases, AX
either binds to a hydrophobic site occupied by the middle
domain in full-length HSP90 (site 2 in Figure 3A-B; supplemental
Figures 7 and 8) or gets trapped in locations scattered across
the CTD (site 3 in Figure 3B-C; supplemental Figures 7 and 9).
Effective binding energy calculations corroborate these results
in that the most favorable energies are found for AX at site 1
(Figure 3A; supplemental Figures 10 and 11). The conforma-
tions of AX at site 1 revealed side chains partially aligned with
side chains of hot spot residues of helix H5" (Figure 3D-E). The
side chain that distinguishes AX from 2 (Figure 1D) binds to a
hydrophobic groove formed by 1688, 1692, and M691 (Figure 3D),
where the additional polar hydroxyl group in 2 would be dis-
favorable, which may explain the lower apparent Ky of 2. Taken
together, the computational results suggest that AX binds to the
HSP90 CTD dimerization interface and mimics hot spot residues
on helix H5'.3
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AX destabilizes BCR-ABL1 without inducing HSR in
vitro and in vivo

HSP90 expression is high in BCR-ABL1*/~ leukemia cell lines
such as HL60, K562, and Mutz-2 (supplemental Figure 12A).
Later, we determined the average ICso for AX in selected
leukemic cell lines (Table 1). Upon 48-hour exposure to AX,
K562 and KCL22 cells downregulated BCR-ABL1 levels as
well as downstream signaling pathways such as STAT5a and
CRKL, as evaluated by WB analysis (supplemental Figure 12B).
AX additionally reduced pAKT-S473, pSé expression, and ex-
pression of client proteins associated with HSP90 chaperone
activity, involving t-AKT, t-STAT5a, t-CRKL, cMYC, and BCL2
(supplemental Figure 12B).

Furthermore, AX triggered the degradation of HSP90 client
proteins without elevating the expression of HSPs (HSP70,
HSP40, and HSP27) involved in the HSR, in contrast to AUY922
(Figure 4A; supplemental Figure 5A). We observed inhibition
of cell proliferation (supplemental Figure 12C) and induction of
both late apoptotic (Annexin®PI*) and necrotic (Annexin~PI*)
cells after the exposure to AX at its ICsq concentration (Table 1) in
K562, HL60, and KCL22 cell lines (supplemental Figure 12D).
Caspase-3/7 enzyme-dependent apoptosis assays with an in-
duction of approximately three- to fivefold of apoptotic cells in
K562, HL60, Mutz-2 (data not shown), and KCL22 corroborated
the observations from cell proliferation studies, similarly to ex-
posure with NB (Figure 4B). K562 cells were dose-dependently
arrested in G1 phase, and we observed a reduction in G2/M
phase after exposure to AX (supplemental Figure 12E). Fur-
thermore, AX facilitated early differentiation in a liquid medium,
as measured by expression of myelomonocytic antigens markers
involving CD13 and CD38 in K562 cells and CD11b in HL&0 cells
(supplemental Figure 12F). Moreover, 48-hour exposure of AX to
K562, HL60, Mutz-2 (data not shown), and KCL22 significantly
reduced their colony-forming capacity (Figure 4C) in accordance
to NB, whereas AX was effective at micromolar concentra-
tions ~100-fold below those of NB in the millimolar range. We
additionally transplanted K562-Luc (stably expressing the lu-
ciferase reporter gene) in an in vivo xenograft model and treated
the tumor locally with AX (0.5 mg/kg dose) for 17 days. We
obtained a significant reduction in tumor weight (Figure 4D-E),
indicating that AX has an antioncogenic potential in vivo. BCR-
ABL1 protein and its downstream signaling pathways (STAT5a
and CRKL) (Figure 4F) were downregulated, and HSR was not
initiated in the excised tumors (Figure 4G).

In summary, these data confirm a potent anti-BCR-ABL1 effect
of AX in the absence of HSR induction and at low cytotoxic
concentrations in vitro and in vivo.

AX is effective in TKl-resistant leukemic cell

line models

BCR-ABL1T315! E255K, and M351T grg the clinically relevant mutations
leading to constitutive ABL1 kinase activity and a severe TKl-resistance
profile. The effect of AX is superior to that of IM and other second-
and third-generation TKls (including PN) in murine BA/F3 cell line
models eﬂcompaSSIng BCR_ABL’IT315I, T3151 (PNr), E255K, and M351T
mutants (supplemental Figure 13A; Figure 5A). In these cell line
models, AX reduced cell viability (ICsqg ~3-4 wM) (Table 1) and
proliferation (supplemental Figure 13B) and induced apoptosis
(Figure 5B) in a manner similar to NB (0.3 mM). Additionally, after
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Figure 5. Efficacy of AX in TKl-resistant leukemic cell line models. (A) IM-resistant K562, KCL22, SUP-B15, and BA/F3-expressing BCR-ABL1T313! T3151 ®N0 glong with their
respective normal cell lines were treated with second- and third-generation TKls (dasatinib, nilotinib, radotinib, bosutinib, befetinib, and ponatinib) at 7 different concentrations
(ranging from 50 nM to 25 wM) for 72 hours. Later, the average ICso was determined and plotted on a heat map. (B) BA/F3 cells expressing BCR-ABL1T315l T3151 (PN, M3STT, and E255K
mutants, K562 IMr, KCL22 IMr, and SUP-B15 IMr cells were treated with the indicated concentration of AX (48 hours) and later enzymatic activity of caspase-3/7 were examined by
caspase-3/7 dependent-Glo assay (absorbance at 405 nm). (C) Likewise, in human leukemia cell lines, AX causes downregulation of BCR-ABL1 and subsequently its associated
downstream signaling pathways, including Stat5a, Akt, and Bcl-2 in BA/F3 cells expressing BCR-ABL1T3'5! T3151 (PNn, M3STT, and E255K mytants. (D) Normal BA/F3 cells, BA/F3-
expressing BCR-ABL1T315! and T3151 PN0 mytants, and K562 IMr cells were seeded in methylcellulose medium containing respective compounds at indicated concentration after
treatment in liquid medium for 24 hours. Colonies were counted after 14 days. Significance analysis of normally distributed data with variance similar between groups used
paired, 2-tailed Student t test. *P < .05, **P < .005, ***P < .001.

application of AX, BCR-ABL1 oncoprotein was destabilized, and AUY922, and PN, which were taken as controls (Figure 5D).
downstream signaling pathways (AKT, STAT5a, and BCL-2) were Furthermore, we have generated human BCR-ABL1+ M resis-
blocked with increasing concentrations of AX, which is com- tant cell lines, including K562 IMr, KCL22 IMr, and SUP-B15
parable to the results from TKl-sensitive leukemic cell lines and IMr.%° These cell lines were also found to be resistant to second-
in vivo xenograft model (Figure 5C). To evaluate the effect of AX and third-generation TKls when compared with their normal
in combination with IM, colony-forming assays were performed counterparts (Figure 5A). In analogy to murine BA/F3 cell line
in which AX was administered alone or coadministered (at models and respective sensitive cell lines, AX reduced the
lower doses) with IM. Coadministration of AX with IM further viability of human IM-resistant cell lines at nearly similar ICsq
reduced the colony-forming capacity of BCR-ABL1T315! and T3151 (PNn concentrations (Table 1) and in addition inhibited proliferation,
cells when compared with treatment with AX alone, NB, induced apoptosis, destabilized BCR-ABL1 oncoproteins,
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Figure 6. (Continued).
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blocked downstream signaling, and further reduced colony-
forming ability when used in combination with IM as com-
pared with AX treatment alone (Figure 5D; supplemental Figures
14-16).

CD38" counterparts, where IM, NB, and AUY922 were used as
a control (Figure 6A-B; supplemental Figure 17A-B). The
clinical value of AX depends on its therapeutic window. In this
regard, we have evaluated the average ICsq (20.94 = 3.07 uM)
(supplemental Figure 18A) similar to leukemic cell lines and
assessed the cell viability using trypan exclusion method in
healthy-CB MNCs (supplemental Figure 18B) after exposure to
AX. The cytotoxic effect of AX was significantly less pro-

AX suppresses human LSCs and acts in areasonable
therapeutic window

The major challenge in treating CML and other stem cell
diseases is the elimination of LSCs to establish sustained . . g
TFR.4244 We therefore have cell sorted 2 patient-derived CML nounced on heal?hy fractloh than~on Ieuker‘r?la cellilme models
samples taken from diagnosis without prior treatment (clinical (Table 1)_' U.nhke in leukemic cell ||n§s, ’_AXAd'd not-mduce early
data provided in supplemental Table 2) and 1 relapse BCR- differentiation of CB-CD34" cells in liquid medium (supple-
ABL1+ BCP-ALL sample for CD34*CD38~ as markers for mental Figure 18C) and did not affect the cell proliferation of
CML/BCP-ALL LSCs. AX did not differentiate between CD34+CD38* different healthy blood fractions, including, T, NK, and B cells
and CD34+CD38~ subpopulations and significantly inhibited (Figure éb). Cytokine profiling (25 cytokines) was performed
cell growth and induced apoptosis in these leukemic fractions from the supernatants obtained from these healthy blood cell
as compared with healthy-CB-derived CD34*CD38" or CD34* fractions after treatment with AX (Figure 6C; supplemental

Figure 6. AX suppresses human LSCs and acts in a reasonable therapeutic window. (A) One BCR-ABL1+ CML patient sample and a relapse BCP-ALL patient sample, along
with a healthy human-CB-derived CD34"CD38*/~ (sorted by MACS) sample, were treated with increasing concentrations of AX or controls (NB, AUY922, or IM). Later, the
enzymatic activity of caspase-3/7 was examined using a caspase-3/7-dependent Glo assay after 5 days of treatment. (B) Primary patient samples along with healthy control cells
(including primary B, T, and NK cells) were treated with the indicated concentration of AX or controls (NB, AUY922, or IM), and viable cells were counted after every 24-hour
interval for 5 days. AX specifically targets leukemic samples (both the leukemic bulk and leukemic stem cell fractions) contrary to healthy control cells. (C) Supernatants were
collected from primary T, NK, and B cells after 48-hour treatment with respective compound and then evaluated for the detection of 25 different human cytokines. Heat maps
depict the fold difference relative to the control (DMSO) in picograms per milliliter. Some cytokines were omitted from the analysis because their concentration was below the
detection limit. (D) CD34*CD38*/~ cells from 2 BCR-ABL1* CML (CML-1 and CML-2) patient samples and 1 TKl-resistant BCR-ABL1* BCR-ALL patient sample, along with healthy
CB controls, were seeded in methylcellulose medium containing respective compounds at the indicated concentration after treatment in liquid medium for 24 hours. Colonies
were counted after 14 days (n = 5). Significance analysis of normally distributed data with variance similar between groups used a paired, 2-tailed Student t test. *P < .05,
**P < 005, ***P < .001. IFNa, interferon a; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNFa, tumor necrosis factor a.
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Table 3). As compared with AUY922, there was a modest
change in the cytokine profile with AX, especially in T cells, with
the exception for IL-17a in NK cells and IL-6 in B cells
(Figure 6C; supplemental Table 3). Moreover, AX specifically
inhibited the colony-forming capacity of the CML (n = 3) and
BCP-ALL (n = 1) patient-derived CD34"CD38* and CD34*
CD38" fraction as compared with their healthy-CB-derived
counterparts (Figure 6D; supplemental Figure 17C). The co-
administration of AX along with IM further blocked the colony
formation of both CD34*CD38* and CD34*CD38" leukemic
fractions (Figure 6D). Like in leukemic cell lines, AX did not
inflict any HSR (supplemental Figure 19A) and induced early
differentiation in CML®P34* in liquid medium (supplemental
Figure 19B).

As HSP90 is involved in chaperoning several other oncoproteins
besides BCR-ABL1,*4> which is involved in several other leu-
kemia subtypes, we evaluated the effect of AX on BCR-ABL1—
leukemia involving, FLT3 ITD+ AML (n = 2), Ph-like ALL (n = 1),
and CLL (n = 1) clinical samples. Likewise, in BCR-ABL1+ CML
samples, AX inhibited growth and induced apoptosis in FLT3-
ITD+ AML and reduced colony formation in all 4 patient samples
(Figure 6D; supplemental Figures 20 and 21).

Discussion

The involvement in a plethora of oncogenic pathways has po-
sitioned HSP90 as a prominent therapeutic target. Malignant
cells are particularly sensitive to HSP90 inhibition.'4¢ Over the
last decade, ~15 different inhibitors targeting the adenosine
triphosphate binding pocket in HSP90's N terminus have been
assessed in >40 different clinical trials; however, the entire class
of these inhibitors instigates an HSR.814.15.18-222447-49 Qcylar
toxicity is a major concern with HSP90 inhibitors; for instance, in
a phase 1 clinical trial, the maximum tolerated dose of AUY922
induced night blindness in 20% of patients, and ~7% of the
patients developed grade =3 eye disorders (supplemental
Table 1).45%° These reports suggest that the nonselectivity of
N-terminal HSP90 inhibitors leads to toxicity and to induction
of the HSR, which could be why N-terminal HSP90 inhibitors fail
in advanced clinical trials.®'44> Functional assays have shown
that the silencing of HSF-1, HSP70, and HSP27 in addition to
HSP90 considerably enhances the cytotoxic effect of HSP90
inhibitors against malignant cells.’®202" Accordingly, some
HSP90 C-terminal inhibitors have been developed that appear
not to induce any HSR; however, they have not yet entered
clinical trials.'>23:245152 None of these inhibitors have been
reported to act as protein—protein interaction inhibitors that
interfere with CTD dimerization.?**'35% Here, we developed
the a-aminoxy hexapeptide AX, which blocks HSP90 function
by specifically binding to the CTD of HSP90 and then either
dissociating oligomeric species or suppressing HSP?0 CTD
oligomerization, which ultimately leads to inhibition of HSP90
dimer formation.

The CTD is essential for the dimerization of HSP90 and therefore
crucial for HSP90 function.*' Targeting protein—protein inter-
actions is generally considered challenging due to the size,
hydrophobicity, and lack of deep binding pockets at the
protein—protein interfaces.>® Based on our MD simulation, AX
binds to the HSP90 CTD dimerization interface and mimics hot
spot residues on helix H5". Thus, the mode of action of AX differs
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from all other known HSP90 inhibitors, which makes AX the first-
in-class HSP90 C-terminal dimerization inhibitor. The absence of
HSR upon administration of AX is in agreement with previous
reports that the modulation of HSP90 function via the C terminus
does not trigger an HSR response.>2324.51.52

We evaluated AX in CML and showed that it targets BCR-
ABL1-expressing precursor cells, which are dependent on
BCR-ABL1 expression, and CML LSCs, which are independent
of BCR-ABL1 expression and therefore not targetable by TKis.
We showed that this mechanism also applies to highly resistant
BCP-ALL, including BCR-ABL1+ BCP-ALL, in which AXis equally
effective. Especially in Ph-like BCP-ALL, inhibition of HSP?0 by
AX is of major importance because of its poor response to
TKI treatment and its 3-times-higher frequency compared with
BCR-ABL1+ BCP-ALL, especially in young adults. Thus, in the
future, AX or its analogs might also be applied to other leukemia
entities that still have an intolerably poor prognosis, such as
BCR-ABL1+ BCP-ALL, Ph-like BCP-ALL, and FLT3-ITD+ AML.
Moreover, AX constitutes a promising compound in many solid
tumor entities, which are characterized by expression of HSP90
client proteins (eg, AKT, HER2, BRAF, and EGFR) with key func-
tions in multiple myelomas and solid carcinomas (supplemental
Table 4).
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ABSTRACT: Heat shock proteins 90 (Hsp90) are promising therapeutic
targets due to their involvement in stabilizing several aberrantly expressed
oncoproteins. In cancerous cells, Hsp90 expression is elevated, thereby
exerting antiapoptotic effects, which is essential for the malignant
transformation and tumor progression. Most of the Hsp90 inhibitors
(Hsp90i) under investigation target the ATP binding site in the N-terminal
domain of Hsp90. However, adverse effects, including induction of the
prosurvival resistance mechanism (heat shock response or HSR) and
associated dose-limiting toxicity, have so far precluded their clinical
approval. In contrast, modulators that interfere with the C-terminal
domain (CTD) of Hsp90 do not inflict HSR. Since the CTD dimerization
of Hsp90 is essential for its chaperone activity, interfering with the
dimerization process by small-molecule protein—protein interaction

inhibitors is a promising strategy for anticancer drug research. We have developed a first-in-class small-molecule inhibitor (5b)
targeting the Hsp90 CTD dimerization interface, based on a tripyrimidonamide scaffold through structure-based molecular design,
chemical synthesis, binding mode model prediction, assessment of the biochemical affinity, and efficacy against therapy-resistant
leukemia cells. Sb reduces xenotransplantation of leukemia cells in zebrafish models and induces apoptosis in BCR-ABL1* (T31SI)
tyrosine kinase inhibitor-resistant leukemia cells, without inducing HSR.

B INTRODUCTION

The heat shock proteins of 90 kDa (Hsp90) are abundant,
molecular chaperones that modulate the folding, stabilization,
and maturation of over 400 client proteins in eukaryotes that are
involved in essential processes such as signal transduction, cell
cycle progression, and transcription regulation.' In cancer cells,
Hsp90 is overexpressed and involved in uncontrolled prolifer-
ation and antiapoptotic effects and, in that way, is essential for
the malignant transformation and progression of several cancer
types, including in acute and chronic myeloid leukemia (AML
and CML).”~* Thus, cancer cells are more dependent on Hsp90
activity than normal cells.”® Multiple signal transduction-
promoting oncoproteins are client proteins of Hsp90, including
BCR-ABL1 fusion kinase, which is a molecular hallmark of
CML.” Hence, inhibiting the activity of Hsp90 is a promising
strategy for the development of anticancer therapy. Several
Hsp90 inhibitors (Hsp90i) have been developed so far, for
instance, targeting Hsp90 N- or C-terminal domain (NTD or
CTD) or with isoform selectivity, whereas most of the inhibitors
studied in clinical trials target the Hsp90 NTD ATP binding site

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

and with a pan-inhibitory profile.”*~*° However, adverse events
including dose-limiting ocular and cardiac toxicity and poor
patient stratification have precluded their clinical approval.’
Another clinical challenge with the use of Hsp90 NTD-targeting
inhibitors is the induction of the prosurvival heat shock response
(HSR).”® The HSR is a stress response mechanism mediated by
heat shock factor 1 (HSF-1), which leads to the expression of
other heat shock proteins (HSPs) including Hsp27, Hsp40, and
Hsp70, as a rescue mechanism upon Hsp90 inhibition that
eventually weakens the cytotoxic effects of Hsp90i.”*"*~'¢ In
addition, Hsp90 NTD-targeting inhibitors potentially inflict
cytotoxicity through mechanisms that involve targets other than
Hsp90 (off-target effects).”*" The off-target effect hypothesis is
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Figure 1. Rational design and synthesis of tripyrimidonamides. (a) Cryo-EM structure of the dimer of human Hsp90 (PDB ID SFWK),*” shown in
surface and cartoon representations. For one of the Hsp90 monomers, the N-terminal domain (NTD) is colored in red, the middle domain in beige,
and the C-terminal domain (CTD) in blue. Above and below the protein structure, the structures of Hsp90i and their potential binding sites (see refs
40—44, color-coded according to the domains) are shown. (b) Dimeric CTD of human Hsp90/3 with the two monomers in blue and white. Helices H4,
H4', HS, and HS' of the CTDs form the dimerization interface. (c) Residues forming the CTD dimerization interface in human Hsp90a are primarily
located on helices H4, H4', HS, and H5'.>* (d) Tripyrimidones can adopt conformations resembling the side chain orientation of an a-helix in i, i + 4,
andi+ 7positions.3'8 (e) Synthesis of tripyrimidonamides: (a) COMU, DMF, r.t., 18 h; (b) NaOH, MeOH, 80 °C, 6 h; (a) 2a—2d, COMU, DMF, r.t.,
18 h; (c) 6 via 5b, BBr;, DCM, —78 °C, 1 h, r.t., 1 h; (d) via 7a via 5c and 7b via 5d, H,, Pd(C), MeOH, DCM, r.t, 1 h.
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Figure 2. Selection of Sb as a lead candidate. (a) Schematic view of the Hsp90 dimerization assay using Autodisplay. (b) Flow cytometry
measurements of the inhibition of dimerized Hsp90a displayed on E. coli cells.* E. coli BL21 (DE3) cells displaying Hsp90« incubated with 1 4M
FITC-labeled pS3 lead to a high cellular fluorescence indicating dimerization of Hsp90a. The value obtained was set as 0% inhibition. In contrast, E.
coli cells without displaying Hsp90a (control cells) show no cellular fluorescence. The value obtained here was set as 100% inhibition. Preincubation of
E. coli cells with surface-displayed Hsp90a with 50 4M of the respective substance leads to a lowered cellular fluorescence intensity indicating a lowered
binding affinity of FITC-labeled pS3 to surface-displayed Hsp90a. These values were set in relation to obtain the relative inhibition of dimerization. (c)
Apparent Kp, values of the purified CTD of Hsp90a and the respective substance measured via the MST method. A constant amount of 50 nM labeled
CTD of Hsp90 was used, and three independent measurements were performed. The resulting mean values were determined and used in the Kj, fit
formula. (d) Cellular viability assessment of a leukemic cell line (KS62) measured by incubating with the indicated inhibitors for 72 h, followed by a
viability measurement using an ATP-based Celltiter Glo assay. (e) Selection of Sb as a lead candidate on the basis of high inhibition of Hsp90a

dimerization, low apparent Kp, and low ICy, (uM) in a tested leukemic cell line.

also supported by the significant differences between cytotox-
icity concentrations of Hsp90 NTD-targeting inhibitors vs their
binding affinity to Hsp90.21 Furthermore, there are two major
cytosolic isoforms of Hsp90 (Hsp90a and Hsp90/3) expressed in
humans. Hsp90a is an inducible isoform, overexpressed in
several cancer types, whereas the Hsp90f isoform is expressed
constitutively. Thus, targeting Hsp90 with isoform-specific
inhibitors can afford a therapeutic window.”””* However, the
Hsp90a and Hsp90f isoforms share a high degree of similarity
(Figure S21), making it challenging to develop isoform-selective
inhibitors.””

Hsp90 is a flexible homodimer, and each monomer consists of
three major functional domains: NTD, middle domain, and
CTD. The activity of Hsp90s depends on the binding and
hydrolysis of ATP at the NTD and on its dimerization via the
CTD.” The middle domain (MD) that connects the NTD and
the CTD mediates the binding of clients and cochaperones. The
CTD is connected to the MEEVD motif, which interacts with
the subset of tetratricopeptide repeat (TPR) domain-containing
cochaperones.2 To our knowledge, inhibiting Hsp90 dimer

formation by targeting the CTD dimerization interface
constitutes a so far unexplored mode of action (MOA) of
small-molecule Hsp90i. In contrast to Hsp90i targeting the N-
terminal ATP binding site, C-terminal inhibitors do not
generally induce HSR."*"**"*> The most important classes of
C-terminal inhibitors are (1) inhibitors binding to the C-
terminal nucleotide binding site (e.g, novobiocin and
analogues), (2) modulators of the Hsp90-CDC37 interaction
(e.g, celastrol, induces HSR*®), (3) modulators of the Hsp90—
p23 interaction (e.g., gedunin), (4) modulators of the Hsp90—
HOP interaction (e.g, LB76), (5) modulators addressing an
allosteric binding site between CTD and MD, and (6)
aminoxyrone (AX), the first nonpeptidic inhibitor of the C-
terminal dimerization of Hsp90.”"*" !

Following a strategy recently introduced by us to identify
protein—protein interaction (PPI) inhibitors,”** we initially
identified hot spot residues in the CTD dimerization interface
that accounted for most of the binding affinity’* and identified
the first peptidic inhibitors shown to bind to the CTD of
Hsp90.35 Furthermore, we developed AX, the first peptidomi-
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Figure 3. Specificity of Sb against Hsp90 CTD and its cochaperone function. (a) Recombinant (full-length) Hsp90«a (1 pg) was incubated with Sb at
indicated concentrations, followed by digestion with thermolysin. Treated protein samples were electrophoresed (SDS-PAGE) and immunoblotted
with anti-Hsp90« for detecting the protection of Hsp90a protein by Sb (the upper band is protected from proteolysis). (b) A cell-free thermal shift
assay was performed by incubating recombinant Hsp90a CTD protein with Sb at an increasing temperature (up to 95 °C). The melting temperature
(T,,) without inhibitors (DMSO) was used as a control. (c) Dose-dependent intracellular (K562 cells) thermal stabilization (CETSA;pgg) of Hsp90
after Sb incubation (24 h) at its increasing concentration (1.25—5 uM). (d) Sb inhibits the Hsp90a chaperone function, comparable to TM and GM,
in the cell-free luciferase refolding assay, where the incubation of the inhibitors prevented the rabbit reticulocyte lysate (a source of Hsp90)-assisted
refolding of denatured luciferase. (e) Incubation of Sb blocked the binding of Hsp90 CTD-interacting cochaperone (PPID) in TR-FRET
measurements. (f) Sb did not reduce the amount of Hsp90-bound FITC-labeled GM and, therefore, does not compete for the GM binding pocket of
full-length Hsp90a. Unlabeled GM, GP, PUH71, and TM served as positive controls and NB and CALl as negative controls.

metic Hsp90 CTD dimerization inhibitor,*® which is a B RESULTS

promising lead candidate effective against BCR-ABL1* TKI- Design of Tripyrimidonamides as CTD Hsp90 Inhib-
resistant leukemic cells.>® Based on these experiences, here, we itors. Based on computational predictions and subsequent
report the rational design, chemical synthesis, binding mode experimental validation, we identified the spatially clustered hot
model, biochemical affinity, and biological in vitro evaluation of a spot residues 1688, Y689, 1692, and L696 in the Hsp90 CTD
first-in-class small-molecule inhibitor (Sb) of Hsp90 CTD interface, which are located on a-helix HS, form a functional
dimerization based on a tripyrimidonamide scaffold. epitope, and account for most of the protein dimerization
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energy.*}’4 Furthermore, conformational analysis by 2D NMR
and MD simulations revealed for the recently introduced
tripyrimidonamide scaffold that it can act as a potential a-helix
mimetic, mimicking side chains at positions i, i + 4 (dimeric
compound) or i, i + 4, i + 8 (trimeric compound).””*® This side
chain pattern is concordant with the succession of the hot spot
residues in the Hsp90 CTD interface.

Together, this provided the incentive for us to design and
synthesize the tripyrimidonamide Sa, which mimics the hot
spots 1688,1692, and L696. In compound Sa, the side chain of V
was used instead of I to avoid diastereomers. 6, which lacks the
isopropyl side chain, was also designed to probe the influence of
the absence of the third side chain in a tripyrimidonamide. Next,
we aimed to design compounds that can also form polar
interactions, as these should confer specificity of binding.>* In
addition, the binding to a well-defined cleft or groove in a PPI
region has been described to yield a particularly effective PPI
inhibitor.”* The Y689 side chain of 7a should be accommodated
in an indentation in the binding epitope of helix H4’ (Figure
1);** we also designed the homologue 7b with a prolonged (4-
hydroxy-phenyl)-ethyl side chain. Although both compounds
mimic the three hot spots Y689, 1692, and L696, with the longer
side chain in 7b, we intended to accommodate for the apparent
mismatch between the preferred side chain orientations in
tripyrimidonamides and the side chain pattern of the hot spots
(i, i + 3, i + 4). The side chain patterns of 5b and 7a are almost
identical to that of the a-aminoxy-peptide AX, which was shown
to bind to the CTD.*

Further analysis of the physicochemical properties of the
CTD dimerization interface revealed a particular hydrophobic
patch there (Figure 1). Interestingly, the 4-methoxy-benzyl side
chain of 5b should act as a (weak) hydrogen bond acceptor for
S673" and T669’ on helix H4' but, at the same time, decrease the
side chain’s hydrophilicity for a more favorable burial in the
overall hydrophobic interface. To probe this with a larger
substituent, we also designed the benzyloxy derivatives Sc and
Sd, which are also precursors of 7a and 7b, respectively.

Synthesis of Tripyrimidonamides. The monomeric
building blocks 1 and 2a—2e were prepared according to our
previously published protocol.>® Subsequently, the designed
tripyrimidonamides Sa—5d were synthesized using a modular
approach. Briefly, a COMU-mediated amide coupling of the
lithium carboxylate 2e with S-aminopyrimidone 1 afforded the
benzoyl-protected dimer 3 in 75% yield. Deprotection of the
benzoyl-group by treatment of 3 with sodium hydroxide in
methanol at 80 °C afforded the unprotected dimer 4 (77%
yield). Additional coupling reactions of 4 with the respective
lithium salts 2a—2d in the presence of COMU furnished the
tripyrimidonamides Sa—5d in 39—76% yield. Compound 6 with
an N-unsubstituted N-terminal pyrimidone ring was synthesized
by treating the corresponding 4-methoxybenzyl-substituted
derivative Sb with BBry in DCM (Scheme S1). Finally, the
tripyrimidonamides 7a and 7b with free phenolic groups were
prepared by catalytic hydrogenation of their respective O-
benzyl-protected precursors 5c and 5d (40% and 87% yield).

Selection of 5b as a Lead Candidate. To evaluate the
inhibition of Hsp90 dimerization, Escherichia coli BL21 (DE3)
pETSH-3 cells were used to display Hsp90a on their surface
(Figure 2a).% Passenger-driven dimer formation of Hsp90a« is
facilitated through the motility of the -barrel domain within the
outer membrane of E. coli, as reported for other proteins.4° To
demonstrate the functionality of dimerized Hsp90 on the surface
of E. coli, the transcription factor p53, a natural client protein of

Hsp90, was labeled with fluorescein isothiocyanate (FITC) and
added to cells displaying Hsp90 on their surface. A subsequent
flow cytometer analysis revealed a high green fluorescence for
cells displaying Hsp90, indicating dimerized and functional
Hsp90 (Figure 2b). Compounds Sa, 6, and 7a showed only weak
inhibition of 3.27%, 14.65%, and 24.35%, respectively. In
contrast, Sb—5d and 7b showed moderate inhibition of 39.92%,
41.83%, 55.23%, and 31.33%, respectively (Figure 2b).

Later, the binding affinity of the compounds was determined
with microscale thermophoresis (MST) measurements using
the NT-647-labeled recombinant CTD of the Hsp90a
protein.’® A nonlinear regression curve was fitted with the KD
formula, and as expected, substances showing weak inhibition
have high dissociation constants (6, 249 uM; 7a, 286 uM; Figure
2¢,e). The lowest KD value was observed for 5b (3.42 + 1.0 uM)
and the second lowest for 5d (11.74 + 1.0 uM) (Figure 2ce).
These findings are paralleled by the in vitro cytotoxicity
assessment of compounds Sa—5d, 6, 7a, and 7b, which also
revealed 5b as the most promising candidate (with low ICgy: 1.3
+ 0.3 uM) in a BCR-ABL1" tested leukemia cell line K562
(Figure 2d,e).

Based on the inhibition of Hsp90a CTD dimerization, the low
apparent Kp value for the Hsp90a CTD, and the potent
antileukemic activity, Sb was selected for further detailed affinity
and efficacy assessments.

5b Binds Specifically to CTD of Hsp90a and Blocks Its
Cochaperone Function. One of the major limitations of
NTD-targeting inhibitors is their off-target activity.””' Hence, it
is important that the selected hit Sb has a high degree of
selectivity against its target, the CTD of Hsp90. To assess the
selectivity of Sb, biochemical cell-free and cellular assays were
performed. First, we evaluated the affinity of 5b against Hsp90 in
a cell-free assay, where Sb protected recombinant (full-length)
Hsp90a protein in a dose-dependent fashion from degradation
against thermolysin enzyme digestion, an assay commonly used
to quantify drug affinity-responsive target stability
(DARTS)***® (Figure 3a). Next, we performed the cell-free
thermal shift assay'’ to determine the potential binding affinity
of Sb to recombinant Hsp90a CTD and NTD protein. Sb
specifically destabilized the CTD of Hsp90a protein Hsp90
CTD (AT,: —8.4S + 0.55 °C), whereas reference CTD-
targeting Hsp90i coumermycin Al (CAl) stabilized Hsp90a
CTD protein (Figure 3b, Figure S22 and Table S1). NTD-
targeting Hsp90i tanespimycin (TM) and PUH-71 served as a
positive (Hsp90a NTD) or negative (Hsp90a CTD) control in
this assay. The thermostabilizing effect of Sb to its target (total
Hsp90) was also assessed in a cellular setup, termed the cellular
thermal shift assay (CETSA),"”~*" a biophysical method based
on the ligand-induced thermal stabilization of the protein to
directly probe the target engagement in the living cells (Table S1
and Figure S23). The protein quantification for CETSA was
performed using a digital Western blotter for a sensitive and
quantitative evaluation of the ligand-protected intracellular
Hsp90, whereas TM and PU-H71 served as controls. Next, the
thermal stability of intracellular Hsp90 in an increasing
concentration of 5b (at a fixed temperature) was determined,
a method termed isothermal dose—response fingerprint
ITDRF grsa. " Sb induced the thermal stability of Hsp90 in a
dose-dependent fashion, confirming its intracellular and specific
target engagement (Figure 3c, Table S1).

Next, to assess the ability of Sb to inhibit the H_sop90
chaperone function, a cell-free luciferase-refolding assay™ >
was performed using rabbit reticulocyte lysates as a source of
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Figure 4. MD simulations of Sb diffusion and effective binding energy calculations to predict the binding mode. (a) The relative densities of the bound
poses of Sb after S00 ns are mapped on the Hsp90a monomer fragment used in the simulations (PDB ID 3q6m). The missing NTD is shown in red,
based on the Hsp90 structure (PDB ID Sfwk). Particularly high densities are observed in the region between H4 and HS (green circle). A second, less
preferred site is in the cleft between the CTD and middle domain (blue circles). (b) Effective binding energy calculations over a single trajectory that
resulted in Sb binding in the C-terminal helix interface as a function of the center-of-mass distance between Sb and H4 and the simulation time (see the
color scale). The dashed line at 12.1 A corresponds to the H4—HS’ distance in the crystal structure of PDB ID 3q6m. (c) Possible binding mode of Sb
in the helix interface, where Sb mimics HS'. (d) Blow-up of the possible binding mode of Sb showing how its side chains mimic side chains of HS'.

Hsp90. Exposure of Sb decreased the luciferase refolding
capacity in a dose-dependent manner by blocking the chaperone
function of Hsp90 (Figure 3d). The known Hsp90 NTD
inhibitors geldanamycin (GM) and TM served as positive
controls. In addition, to assess the specific effect of Sb in
obstructing Hsp90 CTD-interacting cochaperones, a time-
resolved fluorescence resonance energy transfer (TR-FRET)
assay was conducted.” Sb blocked the binding of PPID (or
cyclophilin D, an Hsp90 CTD-interacting chaperone) to
recombinant Hsp90a or Hsp90# CTD protein comparable to
the CAl treatment, whereas PU-H71, TM, and GM served as
negative controls (Figure 3e, Table S1). To rule out the possible
interaction of Sb with the NTD of Hsp90a, a fluorescence
polarization (FP) competitive assay was carried out using FITC-
labeled GM™° (Figure 3f, Table S1). As expected, Sb did not
show any interaction with the NTD of Hsp90, whereas
unlabeled Hsp90 NTD-targeting inhibitors GM, ganetespib
(GP), TM, and PU-H71 served as positive controls.

Binding Mode Prediction of 5b at Hsp90a. To provide
structural insights into how Sb binds to the CTD of human
Hsp90, we performed 40 independent molecular dynamics
(MD) simulations of free diffusion of Sb in the presence of
truncated monomeric Hsp90a (aa 294—699) using the Amber

18 suite of molecular simulation programs* and the f14SB>°
and a modified GAFF***° force field for protein and ligand.
Initially, we generated 40 individual starting configurations by
randomly placing 5b and the CTD structure, leaving at least
10 A between atoms in Sb and the CTD structure. After
minimization, thermalization, and density adaptation, we
performed MD simulations of 500 ns length, in which the Sb
molecule diffused freely. To counter the high flexibility of the C-
terminal helix interface, we introduced positional restraints on
the backbone atoms, adjusting the reference coordinates every
100 ns to allow for moderate protein movements.

From the trajectories, first, we extracted all frames where 5b is
bound to Hsp90 (no-fit RMSD of 5b <1.5 A to the previous
frame after superimposing Hsp90). Mapping the probability
density of occurrence of Sb onto the surface of Hsp90 (Figure
4a) revealed two main binding regions: one in the C-terminal
helix interface (Figure 4a, green), where binding occurred in 10
out of the 40 replicas, and another in a cleft between the CTD
and middle domain (Figure 4a, blue), where binding occurred in
6 out of 40 replicas. In the latter case, an area of high density with
the shape of Sb is observed (Figure 4a, light blue), which
resulted from a single trajectory. This indicates that the ligand
was kinetically trapped in this one case, although the position is
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Figure 5. Effect of 5b on Hsp90 oligomeric species and CTD-mediated dimerization. (a) Recombinant Hsp90a CTD was incubated with 63 uM BS®
cross-linker with (at the indicated concentration) or without Sb, followed by immunoblotting with the anti-Hsp90 (AC88) antibody. (b) The
scattering data of Hsp90ar CTD is shown in black dots, with gray error bars. The ab initio DAMMIF model fit is shown as a red lme The intensity is
displayed as a function of momentum transfer s. (c) The volumetric envelope, calculated from the scattering data using DAMMIF,* is shown as a blue
surface. The monomers of the predicted Hsp90 CTD dimer model are shown in green and cyan. Superimposing was performed using SUPCOMB.
(d) The radius of gyration (R,) of the different Hsp90ar CTD protein samples was calculated using the Guinier approximation.®® The theoretical R, of
the tetramer was calculated using CRYSOL based on the structure PDB ID 3q6m. 7 (e) Native Hsp90 complexes in K-562 (24 h administration of Sb)
were identified by running blue native (BN) gels followed by immunoblotting analysis. The cytotoxic concentration of Sb resulted in the potent
disruption of Hsp90a, Hsp90p3, Hsp40, and Hsp27 complexes and monomers/dimers. AUY922 exposure elevated the expression of HSR associated
protein complexes and monomers/dimers (Hsp40 and Hsp27), whereas Hsp60 served as loading controls.
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thermodynamically not favorable. By contrast, the densities in
the C-terminal interface are more ambiguously shaped,
indicating that, while binding there is favorable, the ligand can
still explore multiple binding modes, which are also seen to
interchange.

To further study these binding modes, we clustered the bound
frames of Sb mapped on the protein surface with respect to their
RMSD after superimposing Hsp90. Among the binding modes
were several that form interactions to the C-terminal helix
interface, with Sb positioned such that it mimics interactions
formed by HS' in the dimer (Figure 4c,d). To corroborate that
this binding mode is favorable, we computed the effective
binding free energies by the MM-GB/SA approach for the
trajectory that led to it. The first transient interactions with the
protein already resulted in effective energies down to
~—30 kcal mol™". The effective energies decreased further to
~—45 kcal mol™" once the ligand was bound in the C-terminal
interface, thereby forming interactions with Hsp90 that
remained stable even when the trajectory was extended to 1
us, indicating that such poses are particularly favorable (Figure
4b). Regarding the magnitude of the effective energies, note that
configurational entropy contributions were not considered,
since estimating such contributions by a normal-mode analysis
may introduce additional uncertainties.””*

Overall, the probability density of bound Sb poses, the
proportion of replicas, and the results of the MM-GB/SA
computations indicate that Sb preferentially binds to the C-
terminal helix interface, where it can adopt poses that mimic
HS".

Comparison to 5b Binding at Hsp90f. We then set out to
study whether there is an isoform specificity for the binding of
Sb because the helical interface regions differ in three positions:
a, S641; f, P633; a, S658; f, A650; a, A68S; 3, S677 (Figure
S21). Using the same setup as before, we performed MD
simulations of free ligand diffusion around Hsp90p3. The
probability density of bound Sb again revealed that the C-
terminal helix interface is the most preferred region, followed by
the cleft between the CTD and middle domain (Figure S24).
Notably, no high density in this cleft was then found, in contrast
to Hsp90a, confirming that the observation there resulted from
kinetic trapping. Hence, despite the few sequence variations in
the C-terminal helix interface between Hsp90a and Hsp90p, the
same preferred binding region of 5b was found in both cases.

5b Interferes with Hsp90a CTD Dimers and Disrupts
Intracellular Hsp90 Multiprotein Complexes. CTD
dimerization of Hsp90 is necessary for its function.””*" To
study the effect of Sb exposure on the dissociation of Hsp90
dimers in a cell-free assay, we used Hsp90a CTD protein after
incubation with amine-reactive cross-linker BS®, as previously
described.”>>® A dose-dependent reduction of Hsp90a CTD
dimers along with an increase in the high-order oligomeric
species was noticed upon incubation with Sb (Figure Sa). Next,
we performed small-angle X-ray scattering (SAXS) with the
Hsp90a CTD protein, which was coupled to a size exclusion
chromatography column (SEC-SAXS) at the ESRF beamline
BM29 in Grenoble.®®* In the absence of Sb, a clear dimeric
profile of the Hsp90a CTD protein was visible on the
chromatogram, with an additionally minor tetrameric species
(Figure S25). We used the program CHROMIXS® to merge the
frames containing the dimer from this SEC-SAXS profile. Buffer
frames were then subtracted using PRIMUS.** From the SAXS
data, a radius of gyration (R,) of 3.23 nm was calculated, which
describes the average particle dimension in solution. The ab

initio model fit from DAMMIF®® shows a y* of 1.127, indicating
good agreement with the experimental data (Figure Sb and
Table S2). The corresponding dimeric envelope is highlighted in
Figure Sc, superimposed with the calculated dimeric model of
Hsp90a CTD. Further, we tested the effect of Sb on the Hsp90
CTD dimer using SAXS (Figure 5d). Due to the low solubility of
Sb, we needed to measure the sample as an ensemble of species
in solution. First, we tested Hsp90a CTD without Sb on Xeuss
2.0 with the Q-Xoom system and observed an increase of R, to
3.40 nm. This increase is likely due to the small amount of
tetramer in solution in the ensemble. Theoretically, the R, of a
tetrameric Hsp90a CTD species is 3.78 nm, using CRYSOL,
indicating that, even in batch mode SAXS measurements, the
Hsp90a CTD protein is predominantly in a dimeric state. We
added Sb with an equimolar concentration to Hsp90a CTD
protein, and the R, value slightly increased from 3.40 to 3.46 nm.
However, with an increasing concentration of Sb to 1 mM, the
R, value increased to 4.11 nm. Compared to the theoretical R,
value of 3.78 nm for the tetramer, we observed that Sb induces
oligomerization of Hsp90a CTD to species even larger than the
tetrameric form (Figure Se). It is unclear, however, if the
oligomers are formed from Hsp90a CTD monomers or dimers,
as the single species could not be resolved in the ensemble
measurement.

In a cellular context, Hsp90 acts in multiprotein complexes.”
Therefore, interfering with Hsp90 function may lead to the
disruption of these complexes. In a cellular assay, Western
blotting was performed under reducing (+dithiothreitol or
+DTT) and nonreducing (—DTT) conditions after Sb
incubation of the K562 cells.* Similarly to AX,*® §b inhibited
the formation of Hsp90 higher-order multimeric species, in
contrast to novobiocin (NB) but in concordance with AUY922
(Figure S26). Next, to study the effect of Sb exposure on Hsp90
native multiprotein complexes, blue native (BN) PAGE analysis
was carried out with K562 cell lysates after Sb incubation.”>*° At
cytotoxic concentrations of Sb, Hsp90a and Hsp904 multi-
protein complexes were disrupted, including monomers/dimers
of Hsp40 and Hsp27; Hsp60 (primarily in mitochondria)
multiprotein complexes, serving as a loading control, were not
affected (Figure Se). The extent of Hsp90a or f# complex/
monomer/dimer disruption by Sb was comparable to the
controls (NB and AUY922). Moreover, the expression of
detected Hsp90a monomeric/dimeric species was prominently
lower than the Hsp90f monomeric/dimeric species in the blue
native PAGE analysis, which makes it difficult to conclude
whether 5b had any intracellular isoform selectivity, especially in
disrupting Hsp90 dimerization.

Taken together, these results confirm that Sb interferes with
the Hsp90a CTD dimerization, induces oligomerization, and
disrupts intracellular Hsp90 multiprotein complexes.

Basic Physicochemical Properties and Microsomal
Stability of 5b. Next, we assessed the aqueous solubility,
chemical stability, and in vitro metabolic stability of Sb
(Supporting Information). The thermodynamic solubility of
Sb was determined in phosphate-buffered saline (PBS, 25 °C,
pH 7.4) after 4 and 24 h of incubation. Ondansetron was used as
a reference compound with a high solubility of 95 yM. The
thermodynamic solubility of Sb was low, ranging from 5 uM
after 4 h to 8 uM after 24 h (n = 2). To study the chemical
stability of Sb at physiological pH, the compound was dissolved
in a mixture of Tween20/ethanol/phosphate buffer pH 7.5 (7/
3/90) and monitored over 24 h. After 24 h, almost no
decomposition was detected (0.7% drug decomposition, n = 2).
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Figure 6. 5b is effective against human leukemic cell lines without inducing any HSR. (a) Comparative cytotoxicity assessment of different subgroups
of leukemic cell lines (K562, KCL22, SUPB15, HL60, MOLT4, DND41, TALL1, and HPBALL), imatinib-resistant cell lines (K562-IMr, KCL22-IMr,
SUPB15-IMr), and the bortezomib-resistant cell line (HL60-BTZr) after 72 h of exposure to Sb. The ICg, data was plotted as a clustered heat map,
followed by unsupervised hierarchical clustering. The vertical axis of the dendrogram exemplifies the dissimilarity between clusters, whereas the color
of the individual cell is related to its position along a log ICs, (#M) gradient. (b) The treatment of KS62 cells with Sb and respective controls (AUY922
and NB) for 48 h resulted in the downregulation of BCR-ABL1" and subsequent downstream signaling pathways including phosphorylated and
unphosphorylated StatSa, Crkl, Akt, S6 (mTOR), and cMyec. (c) K562 cells were treated with the indicated (cytotoxic) concentration of 5b, NB, and
AUY922 for 48 h, and later, protein lysates were subjected to immunoblot analysis. As expected, Sb and NB did not induce expression of Hsp70,
Hsp40, and Hsp27, whereas AUY922 led to HSR induction. Hsp60 (primarily present in mitochondria) and PDI (endoplasmic reticulum) served as a
control. (d) (upper) description of the experimental rationale; (middle) representative image of a xenotransplanted zebrafish embryo at 32 hpf [scale
bar, 250 ym; note that human T-ALL cells (green) were distributed in the yolk, brain, and hematopoietic tissue (arrows)]; (lower) fold-change of
labeled cells normalized to the average percentage of labeled cells in the DMSO-treated group. Each dot represents three embryos pooled as one
biological sample. Data are mean =+ standard deviation. The p-values were calculated with the Mann—Whitney test.

The chemical stability of Sb at acidic pH was determined by
dissolving Sb in a mixture of Tween20/ethanol/phosphate
buffer pH 2 (7/3/90) and monitoring over 24 h. After 24 h, only
slight decomposition was detected (1.3% drug decomposition, n
=2).

A metabolic stability screening of Sb in human liver
microsomes revealed 91% stability after a 40 min incubation
at 37 °C. Propanolol], a reference drug with medium to high

metabolic stability, showed 74% of the parent compound
remaining and therefore demonstrated slightly decreased
stability compared with $b. Calculated results for the intrinsic
clearance suggest that Sb [6 yL/(min mg)] is a low-clearance
compound with an estimated long half-life (n = 2).

5b Is Effective against Resistant Leukemia Cells and in
the Zebrafish Xenotransplantation Model. Elevated
Hsp90 expression is reported in several resistant leukemia
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Figure 7. 5b as a potent inhibitor against the TKI-resistant BCR-ABL1 mutant and a primary patient sample. (a) BA/F3 cells expressing BCR-ABL1
mutants (T315], M351T, and E255K) were treated with the indicated concentration of Sb, and later, viable cells were counted after every 24 h interval
for 3 days. (b) Apoptosis induction of the same cells after 48 h of incubation of the compounds at the indicated concentration, determined by a caspase
3/7 dependent Glo assay. (c) Exposure of Sb to these cells destabilizes BCR-ABL1 and, subsequently, its associated downstream signaling pathways.
(d) BA/F3 BCR-ABL1 mutant-expressing cells were seeded in methylcellulose-based semisolid medium after 24 h of treatment with Sb. Colonies were
counted after 14 days. (e) KS62-IMr cells were treated with the indicated concentration of Sb for 48 h, later dually stained with annexin V/PI, and
subsequently measured by FACS. (f) Primary CML P*** patient cells were treated with the indicated concentration of 5b or IM alone or in
combination, and later, viable cells were counted after every 24 h interval for 6 days. (g) Apoptosis induction in primary CML P3** patient cells after
exposure of 5b or IB alone or in combination. (g) Primary CML P*** patient cells were seeded in methylcellulose medium after 24 h of treatment with
Sb, IM alone, or both in combination. Colonies were counted after 14 days. Columns depict the mean of three independent experiments (n = 3).
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subtypes such as BCR-ABL1* CML/BCP-ALL, FLT3-ITD-
driven AML, and Ph-like BCP-ALL.®*~"" In addition, client
proteins of Hsp90 include several kinases (e.g., AKT, BCR-
ABLI, BRAF, EGFR2, HER2, and JAK1/2), growth and steroid
receptors, and apoptotic factors (e.g., BCL-2 and mutant p53),
which are often aberrantly regulated in several malignancies.””*
Therefore, we determined the efficacy of Sb on therapy-resistant
cell lines obtained from different leukemia subtypes (B-ALL, T-
ALL, CML, and AML), including imatinib (IM) and multi-TKI-
resistant and bortezomib (BTZ)-resistant leukemic cell lines.*®
Average ICg, values of Sb in these cell lines were determined
using an ATP-based viability assay and were plotted in a
clustered heat map, indicating the superior efficacy against BCR-
ABL1* and AML leukemic cell lines when compared to T-ALL
cell lines (Figure 6a).

As previously performed with AX,*® we next determined the
destabilizing effect of Sb on BCR-ABL1 expression and
associated downstream signaling. In K562 cells, 48 h of exposure
of Sb downregulated the phospho-BCR-ABL1 and total-BCR-
ABL1 levels as well as the related downstream signaling
pathways, as evaluated by an immunoblot analysis (Figure
6b). 5b additionally reduced the expression of client proteins
associated with Hsp90 chaperone activity, involving Akt, StatS,
and c-Myc (Figure 6b). In contrast to AUY922, the exposure of
Sb on the K562 cells did not induce the expression of Hsp70,
Hsp40, and Hsp27 involved in HSR (Figure 6¢). Exposure of Sb
to the leukemic cell lines (K$62, KCL22, and HL60) inhibited
their proliferation (Figure S27) and induced apoptosis in a
caspase 3/7 enzyme-dependent assay, with an induction of an
approximately 2- to 8-fold increase of apoptotic cells, in
accordance to the reference Hsp90 CTD-targeting inhibitor,
novobiocin (NB) (Figure S28). In addition, 5b facilitated early
differentiation measured by the expression of differentiation
markers involving CD14 vs CD11b in HL60 cells and CD133 vs
CD11b in Mutz-2 cells (Figure $29). In this line, a 48 h exposure
of Sb to K562 cells significantly reduced the colony-forming
capacity (Figure S30). To further evaluate the efficacy of Sb on
leukemic cells, we used the zebrafish xenotransplantation
model” (Figure 6d). MOLT-4 cells were transplanted into
zebrafish embryos at 32 h postfertilization (hpf). At this stage,
the adaptive immune system is not yet developed; therefore,
human cells can be tolerated by the host. The transparency of
zebrafish embryos also enabled us to monitor the distribution of
human cells, which were stained with a vital fluorescent dye.
Xenotransplanted embryos were treated with AUY922 (500
nM) and 5b (500 nM) for 48 h, whereas DMSO was used as a
negative control. No toxicity of drugs at the given concentration
was noticed on the development of xenotransplanted embryos.
We then determined the number of MOLT4 cells in each treated
group using flow cytometry. Compared to the DMSO-treated
group, the number of transplanted cells was significantly reduced
in AUY922- and Sb-treated embryos.

To conclude, this data confirms the antileukemic effect of Sb
without inducing HSR.

5b Acts on TKI-Resistant BCR-ABL1* Leukemic Cells.
The integration of specific tyrosine kinase inhibitors (TKI) such
as imatinib (Gleevec) into polychemotherapy treatment
protocols has significantly improved the response rate in BCR-
ABL1" leukemia patients (initial remission went from 35% to
88%).”* However, stable remission cannot be sustained in many
cases as the leukemic cells pursue several escape mechanisms
against TKI treatment; one of them is the occurrence of
mutations in the ABL1 kinase domain. In particular, in the BCR-

ABLI1™3! mutant, only ponatinib (TKI) is effective,” albeit
with severe cardiovascular side effects.”® As Hsp90 facilitates the
correct folding of several oncogenic newly synthesized or
denatured proteins, among them BCR-ABL1,”~"’ targeting
Hsp90 with small-molecule inhibitors would destabilize BCR-
ABLI and can serve as a therapeutic target.s’12 Therefore, we
next tested the efficiency of Sb in a murine BA/F3 cell line stably
expressing clinically relevant mutants (BCR-ABL1™*"*!, BCR-
ABL1%2%K and BCR-ABLIM**'T) with prominent TKI
resistance profiles.’® As expected, similar to K562 cells, exposure
of Sb significantly reduced proliferation (Figure 7a) and induced
apoptosis (Figure 7b) at 6 and 12 M, comparable to NB (at 0.3
mM) in BA/F3 cells expressing BCR-ABL1™"! BCR-
ABL1E2K or BCR-ABL1M*!T mutants. Additionally, after the
application of Sb, BCR-ABL1 oncoprotein was destabilized, and
downstream signaling pathways (Akt and StatS) were blocked
with increasing concentrations of Sb, comparable to the human
leukemic cell lines (Figure 7c). Furthermore, 24 h of exposure of
5b on BCR-ABL1T3%L BCR-ABL15%%, or BCR-ABL1M3!T
mutant-expressing BA/F3 cells significantly inhibited the colony
formation ability (Figure 7d). In addition, in our generated
human BCR-ABL1* IM-resistant cell line models (KS62-IMr
and KCL22-IMr),*® 5b did not differentiate in inducing
apoptosis between IM-resistant vs IM-sensitive clones, propos-
ing a superior effect of 5b in human IM-resistant BCR-ABL1-
positive cells (Figure 7e and Figure S31). Encouraged by these
results, we next tested Sb on three primary CMLP** IM-
resistant patient samples in the range of cytotoxic concentrations
(5—10 uM) obtained from leukemic cell lines. Similar to BCR-
ABL1" leukemic cell lines, the exposure of Sb reduced the
proliferation, induced apoptosis, and reduced the colony-
forming ability of CML®"**" IM-resistant patient cells and
also revealed a potent combinatorial inhibitory effect when used
in combination with IM (Figure 7f—h).

B DISCUSSION

The CTD of Hsp90 contains several binding areas: the C-
terminal ATP binding site, the MEEVD motif at the end of the
CTD, the region at the border between the MD and the CTD
(located ~60 A away from the NTD ATP binding site, which has
been indicated to host a druggable allosteric binding site), and
the primary dimerization interface of Hsp90.”**”*' The C-
terminal nucleotide binding site is only available upon
occupation of the N-terminal ATP binding pocket and binds
purine and pyrimidine nucleotides, while the N-terminal ATP
binding site (NTD) is more specific for adenine derivatives.®”
The MEEVD motif binds the TRP-domain of cochaperones
such as Hop and immunophilins, which is formed by a four-helix
bundle and is crucial for Hsp90 dimerization.” For the
mitochondrial Hsp90 paralog TRAP1, small-molecule inhibitors
were rationally found that target the allosteric site,”’ and found
Hsp90 activators were indicated to also act via this site.”’
Protein—protein interactions in the interface of the four-helix
bundle maintain the dimeric state of Hsp90.>”

In this study, we present the development of a first-in-class
small-molecule inhibitor of Hsp90, Sb, which was rationally
designed to target the C-terminal dimerization interface. Based
on our prior hotspot prediction”* and the prototype compound
AX,*® we successfully performed scaffold-hopping from the
aminoxy peptide-backbone toward more druglike tripyrimi-
dones. Sb mimics a-helical side-chains that form hotspot
residues located on HS in the dimerization interface. A 3-fold
difference in the Kp, between Sb and 5d was reported, which is
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likely because of the larger 4-benzyloxyphenylethyl substituent
compared to 4-methoxybenzyl (Figure le) that sterically
interferes when binding to the H4/HS interface. In contrast to
the 4-methoxy-benzyl side chain of Sb, the 4-benzyloxypheny-
lethyl substituent of 5d cannot mimic the Y689 hot spot, and
the 4-methoxy-benzyl side chain of Sb does mimic it and should
also act as a (weak) hydrogen bond acceptor for $673’ and
T669’. To independently predict the binding site and mode of
Sb, we performed extensive MD simulations, in which the
inhibitor was allowed to diffuse freely around an MD-CTD
construct of Hsp90a, similar to our analysis on AX binding*®

83785 The results revealed the C-terminal

and related studies.
dimerization interface as the most likely binding region of Sb,
which was confirmed by effective binding energy computations,
corroborating the hypothesis underlying the design of Sb.
Following the high sequence-identity in the interface region,
similar results were obtained for Hsp90p, suggesting that Sb
does not exhibit isoform specificity. Furthermore, in the TR-
FRET assay by taking Hsp90a and f CTD recombinant
proteins, Sb did not display any Hsp90 isoform selectivity in
blocking the binding of a CTD interacting chaperone (PPID).

Next, the selective binding of 5b to Hsp90 was validated in a
variety of biochemical and cellular assays, including DARTS,
thermal, and isothermal shift assays, whereas intracellular Hsp90
engagement and disruption of Hsp90 multiprotein complexes
were established via CETSA and ITDRFiprsy assays and
immunoblotting under reducing conditions (+DTT) and
nondenaturing (BN-PAGE) conditions. Moreover, a cross-
linker and autodisplay dimerization assay, as well as SEC-SAXS
measurements, repeatedly confirmed the destabilization of
Hsp90a CTD dimers upon Sb incubation, whereas no
unspecific binding of Sb was reported on the Hsp90a NTD
protein in an FP-based competitive assay. However, during
SAXS measurements, which were performed on an ensemble of
species in solution, we were unable to determine whether 5b-
induced oligomers originated from Hsp90a CTD monomeric or
dimeric species. In addition, Sb blocks the chaperone function of
Hsp90, as determined by the TR-FRET assay and in the cell-free
luciferase refolding assay. Markedly, even though there are
differences in the inhibitory concentrations against tested
leukemia cells between Sb (ICs, in a sub-micromolar range)
and reference Hsp90 NTD control inhibitors (ICg, in sub-
nanomolar range), a comparative selectivity profile (in cell-free
or cell-based biochemical assays) toward Hsp90 was observed
between Sb and Hsp90 NTD reference inhibitors. This data
indicates that the conventional Hsp90 N'TD inhibitors induce
cellular inhibitory effects through their off-target activity, in
addition to targeting Hsp90.”*"

Moreover, Sb exhibited potent in vitro anticancer activity
against a broad spectrum of therapy-resistant leukemia cell lines
(including TKI and proteasome inhibitor-resistant) and primary
TKl-resistant (BCR-ABL1") leukemia patient cells. Sb signifi-
cantly reduced the leukemia burden in the zebrafish
xenotransplantation model and induced apoptosis in TKI-
resistant BCR-ABL173"%, BCR-ABL15%°X or BCR-ABL1M3!T
mutant cells by destabilizing the BCR-ABL1 expression and,
thereby, hampering related downstream signaling cascades
without HSR induction. This data collectively established Sb
as a first-in-class small-molecule inhibitor that targets the C-
terminal dimerization interface.

B CONCLUSION

Through structure-based molecular design, chemical synthesis, a
molecular simulations-based prediction of the binding mode,
and an evaluation of biochemical affinity, we have developed the
first low-molecular-weight compound interfering with the
Hsp90 CTD dimerization. The C-terminal Hsp90 inhibitor Sb
contains a tripyrimidonamide scaffold and is active against
therapy-resistant leukemia cells as well as in a zebrafish
xenotransplantation model without exhibiting the prosurvival
resistance mechanism HSR.

B METHODS

Chemical Synthesis. See the Supporting Information for
general methods, synthetic protocols, compound character-
ization, and spectral data (Figures S1—S20).

Expression and Purification of Recombinant Hsp90.
Human Hsp90a CTD (563—732 amino acids) recombinant
protein purification was performed as previously described.”
Human Hsp90a NTD (amino acids 9—236; Addgene 22481)
protein was expressed in E. coli BL21-DE3 cells.”® BL21-DE3
expression strains were grown overnight and used to inoculate
LB medium at 37 °C supplemented with 100 yg/mL ampicillin
to an ODgyy = 0.5-0.8, followed by overnight induction of
protein expression with 0.5 mM isopropyl -p-1-thiogalactopyr-
anoside (IPTG) at 25 °C. After induction, cells were harvested
by centrifugation at 5000g and lysed using B-PER bacterial
protein extraction reagent (ThermoFisher Scientific, Wesel,
Germany). GST-tagged Hsp90 CTD and NTD proteins were
affinity purified using spin columns (ThermoFisher Scientific)
and eluted using glutathione elution buffer. Protein aliquots
were made and supplemented with 5% glycerol and stored at
—80 °C.

Microscale Thermophoresis (MST). The labeling of the
CTD of Hsp90 (Hsp90 CTD) has been described before.’**
For a determination of the apparent KD value of Hsp90 CTD
and the respective inhibitor, 10 uL of 50 nM labeled Hsp90
CTD in PBS containing 0.5% BSA and 0.1% Tween-20 was
mixed with 10 uL of the respective inhibitor in different
concentrations ranging from 15 nM to 500 M and incubated
for 1S min at room temperature (RT) in the dark.
Thermophoresis of each mixture was induced at 1475 + 15
nm and measured using a Monolith NT.115 instrument
(NanoTemper Technologies GmbH, Miinchen, Germany).®’
The measurement was repeated three times independently for
each sample, and each measurement was performed at 25 °C for
25 s at 70% LED power and 40% infrared laser power. The
resulting fluorescence values were plotted against the concen-
tration of the titrant, and the apparent KD was calculated using
the KD fitformulaY=E+ (A—E)/2 X (T +x+ KD — sqrt((T +
x+KD)?— 4 X T X x)) by GraphPad Prism software (GraphPad
Software, Inc. La Jolla, CA). T, the concentration value for the
labeled Hsp90 CTD, was set to S0 nM.

Autodisplay Dimerization Assay. E. coli strain BL21
(DE3) [B, F—, dcm, ompT, lon, hsdS (rB—mB—), gal, A(DE3)]
pETSH-3 Hsp90 encoding CtxB signal peptide, AIDA-I
autotransporter, and Hsp90 was used for the surface display of
Hsp90.>>*° E. coli strain BL21 (DE3) [B, F—, dem, ompT, lon,
hsdS (rB—mB-), gal, A(DE3)] pETSH-3 SDHO08 encoding
CtxB signal peptide, AIDA-I autotransporter, and sorbitol
dehydrogenase was used as a control.”> Recombinant bacteria
were routinely grown at 37 °C in lysogeny broth (LB)
containing carbenicillin (100 pg/mL). Cells were grown to
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the mid-log phase (ODgg, = 0.5), and the protein expression was
induced by adding 1 mM IPTG for 16 h at 30 °C. Cells were
then washed three times and suspended in PBS to an ODg, =
0.35 in a final volume of 100 yL. Prior to pS3-FITC incubation
at a final concentration of 1 M for 1 h at RT in the dark, cells
were incubated for 15 min either with or without inhibitor.
Subsequently, cells were washed three times with PBS
containing 0.1% Tween-20 to avoid unspecific binding. The
cellular fluorescence was measured with a FACS Aria III
instrument (BD, Heidelberg, Germany) using 488 nm as the
excitation wavelength and 530 nm for detection, and a mean
fluorescence value of at least 50 000 events for each measure-
ment was determined.

Drug Affinity Responsive Target Stability (DARTS). A
DARTS assay was performed to assess protease protection of
Hsp90 protein from thermolysin di§estion after incubation of
Hsp90i, as described previously.”*° Briefly, 1 ug of recombi-
nant Hsp90a was incubated on ice for 15 min with 25, 50, and
100 uM Sb, NB, AUY922, and DMSO. After incubation, the
samples were treated with thermolysin (1:50 of protein) for §
min. The reaction was halted by the addition of 50 mM EDTA
and later examined by immunoblot analysis.

Luciferase Refolding Assay. A luciferase refolding assay
was performed using recombinant firefly luciferase from
Photinus pyralis (Sigma-Aldrich, St. Louis, MO; 10 X 10"
units/mg), which was diluted (1:100) in denaturation buffer
(25 mM Tricine, pH 7.8, 8 mM MgSO,, 0.1 mM EDTA, 1%
Triton X-100, 10% glycerol, and 10 mg/mL BSA) at 38 °C for 8
min.”"~>*" Rabbit reticulocyte lysate (Promega, Madison, WI)
was diluted 1:1 by the addition of cold mix buffer (100 mM Tris,
pH 7.7, 75 mM Mg(OAc),, 375 mM KCl, and 15 mM ATP),
creatine phosphate (10 mM), and creatine phosphokinase (16
U/mL) and was preincubated at 30 °C with the respective
inhibitors and controls for 1 h. Afterward, 1 uL of denatured
luciferase or active luciferase (as a control) was added to 20 uL
of a rabbit reticulocyte mixture. As a control, denatured or active
luciferase was incubated without reticulocyte lysate in buffer
containing 20 mM Tris, pH 7.5, 150 mM NaCl, 1% hemoglobin,
and 4% BSA. At desired time points, 1.5 L samples were
removed and added to 40 L of assay buffer (25 mM Tricine, pH
7.8, 8 mM MgSO,, 0.1 mM EDTA, 33 uM DTT, 0.5 mM ATP,
and 0.5 mM luciferin), and the luminescence was read using a
Spark microplate reader (Tecan). Percent luciferase refolding
was determined using luminescence of DMSO at 120 min as
100% and comparing all samples to this value.

Thermal Shift Assay. CTD or NTD of r-Hsp90a (5 M)
protein and inhibitors at the indicated concentrations were
mixed together in the assay buffer (1x PBS, pH = 7.5) and were
incubated for 2 h. Then, 6X SYPRO orange dye (Sigma-Aldrich)
was added to the mixture (20 yL), which binds to the exposed
hydrophobic residues of unfolded protein (during thermal
exposure) thereby showing an increase in fluorescence.””*” 96-
well polymerase chain reaction (PCR) plates and a PCR system
(BioRad, CFX Connect real-time system) were used to heat the
samples from room temperature to 95 °C in increments of 0.5
°C for 10 s, with the excitation wavelength at 470 nm and
emission wavelength at 570 nm. For a determination of protein
melting temperature values (T,,), the melting curve for each data
set was analyzed by GraphPad Prism 8.0.2 and fitted with the
sigmoidal Boltzmann fit. Melting temperatures without the
inhibitors were used as a control.

An isothermal shift assay was performed following a
procedure similar to that for the thermal shift assay. However,

increasing indicated concentrations of the inhibitors (98 nM to
200 uM) were used and were incubated with either C-terminal
or N-terminal Hsp90 (5 4M) in the assay buffer (1x PBS, pH =
7.5) for 2 h. The samples were heated to 46 °C after the addition
of 6X SYPRO orange dye (Sigma-Aldrich). Percent unfolding
was calculated by normalizing to 100% unfolding and comparing
to the vehicle control (DMSO).

Cellular Thermal Shift Assay (CETSA). A CETSA assay
was performed as described previously,"””~* with minor
modifications. K562 cells were incubated with the indicated
inhibitors (or DMSO) for 24 h. Cells were harvested by
centrifugation (400g for S min at RT) and washed three times
with PBS. The pellets were dissolved in PBS and later equally
divided into 200 uL PCR tubes. Solutions were heated at the
indicated temperature gradient for 3 min (T-Gradient Cycler,
Biometra). Aliquots were then snap-frozen in liquid nitrogen
and thawed at 25 °C in a thermal cycler (GeneAMP PCR
System2700, Applied Biosystems) three times, followed by
centrifugation at 10 000g for 20 min at 4 °C. The supernatants
were harvested, and protein levels were measured by a
quantitative simple western immunoassay (JESS, BioTechne,
Minneapolis, MN). Protein levels represented by the area under
the curve of the electropherograms were normalized to the
lowest temperature set as 0% degradation. AT,, values for
compounds were determined by plotting normalized data using
a sigmoid dose curve and nonlinear regression (GraphPad Prism
8.0.2).

Isothermal Dose-Dependent Fingerprint (ITDRF)
CETSA. Based on the previously determined ICg, values,
K562 cells were treated with the indicated dilution range of
inhibitor for 24 h. Then, cells were harvested by centrifugation
(400g for S min at RT) and washed three times with PBS. The
pellets were dissolved in 200 uL of PBS and transferred into
PCR tubes (Eppendorf). Results of prior CETSA runs were
utilized to determine the optimal melting temperature of 54.1
°C for Hsp90. Samples were heated once at 54.1 °C for 3 min
(T-Gradient Cycler, Biometra) and then snap-frozen in liquid
nitrogen and thawed at 25 °C in a thermal cycler (GeneAMP
PCR System2700, Applied Biosystems) three times, followed by
centrifugation at 10 000g for 20 min at 4 °C. The supernatants
were harvested, and protein levels were measured by a
quantitative simple western immunoassay (JESS, BioTechne,
Minneapolis MN). Protein levels are calculated by the area
under the curve of the electropherograms.

Simple Western Immunoassay. Fluorescent (5X) master
mix, DTT, and biotinylated ladder were prepared following the
manufacturer’s instructions (BioTechne). Lysates were diluted
with 0.1X sample buffer and mixed 5:1 with fluorescent 5X
master mix to obtain a target sample concentration of 0.40 ug/
uL per well. Samples were then denatured for S min at 95 °Cina
PCR cycler (GeneAMP PCR System2700, Applied Biosystems).
The assay plate was loaded following the manufacturer’s
instructions and centrifuged for S min at 1000g at RT. The
immunoassay was performed using a 12—230 kDaA separation
module with 25 cartridges (SM-W004, BioTechne). Lysates
were separated for 25 min at 375 V, blocked for 5 min with
antibody diluent 2, and incubated for 30 min with primary
antibody and for 30 min with secondary antibody, subsequently.
Primary antibody multiplex mix consisted of 1:100 anti-Hsp90
(48778, Cell Signaling Technology, Danvers, MA) and 1:50
anti-f-actin (MAB8929, R&D) diluted in antibody diluent 2.
Signals were detected using a JESS antirabbit detection module
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(DM-001, BioTechne) multiplexed with an antimouse secon-
dary NIR antibody (043-821, BioTechne).

Time-Resolved Fluorescence Resonance Energy
Transfer (TR-FRET). An evaluation of the Hsp90 binding
affinity to PPID (cyclophilin D) was performed using the Hsp90
CTD TR-FRET assay kit (50289, BPS Bioscience, San Diego,
CA). Terbium (Tb)-labeled donor and dye-labeled acceptor
were diluted 100-fold in (1x) Hsp90 assay buffer 2. A 10 uL
portion of diluted Tb-labeled donor and 10 uL of diluted dye-
labeled acceptor were mixed with 4 uL of inhibitor (at the
indicated concentration), 10 uL of 3 ng/uL PPID-GST-tag
(BPS Bioscience), and 6 uL of 2 ng/uL biotin-labeled CTD of
Hsp90 (BPS Biosciences). For the positive control, the inhibitor
was substituted for DMSO, and for the negative control, PPID-
GST-tag was substituted for 1X Hsp90 assay buffer. Samples
were incubated for 2 h at RT protected from light and measured
with a microplate-reader (SPARK10M, Tecan). Fluorescence
was measured using a time-resolved reading mode with two
subsequent measurements: The first measurement was
performed using a 340 nm/620 nm (excitation/emission)
wavelength with a lag time of 60 ys and integration time of 500
ps. The second measurement was performed using a 340 nm/
665 nm (excitation/emission) wavelength with a lag time of 60
ps and integration time of 500 ys. A data analysis was performed
using the TR-FRET ratio (665 nm emission/620 nm emission).
The TR-FRET ratios are normalized to % activity by setting the
negative control as 0% activity and the positive control as 100%
activity
[(FRET,,,. — FRET,,,)/(FRET,,, — FRET,..) X 100%]

Fluorescence Polarization (FP) Measurements. An
evaluation of the binding affinity of compounds toward the
ATP pocket of Hsp90 NTD was determined by a competitive
binding assay against FITC-labeled geldanamycin (GM) using
the Hsp90 NTD assay kit (50293, BPS Bioscience).”’ The
inhibitor sample wells were filled with 15 uL of 1X Hsp90 assay
buffer, S yuL of 40 mM DTT, S uL of 2 mg/mL BSA, 40 uL of
H,0, 5 uL of FITC-labeled GM (100 nM), and 10 uL of
inhibitor (at the indicated concentration). The reaction was
initiated by adding 20 uL of Hsp90 (17 ng/uL) and incubating
atroom temperature for 3 h with slow shaking. Background wells
(master mix only), negative controls (FITC-labeled GM, buffer,
and DMSO), and positive controls (FITC-labeled GM, buffer,
DMSO, and Hsp90) were also included within the assay plate.
Fluorescence was measured at a 470 nm excitation wavelength
and 525 nm emission wavelength in a microtiter-plate reader
(Infinite M1000pro by Tecan). Polarization was calculated
using (Iy — G(I,)/(Iy + G(I,)) X 1000 and a g-factor of 1.187.
The percentage of Hsp90-bound FITC-labeled GM was
calculated using

Pnorm = (PInhjbitor - Pneg)/(Ppos - Pneg) X 100

Molecular Dynamics (MD) Simulations. The structures
of Hsp90a and 8 (PDB IDs 3q6m and Sfwk, respectively) were
prepared using Schrédinger Maestro.”® For each of the isoforms,
40 individual MD simulations were performed. The initial
random placement of 5b and solvation in TIP3P water’' was
done using PACKMOL,”” neutralizing the system by the
addition of sodium ions. ff14SB was used as the force field for the
protein and a modified GAFF version 1.5 for $b.***° All
simulations were carried out using the Amberl8 software
package.”* To treat long-range electrostatics, the particle mesh

Ewald method”® was used with a cutoff of 9.0 A for equilibration
and 10.0 A for production. The SHAKE algorithm™ and
hydrogen mass repartitioning’> were used to allow for
simulation steps of 2 fs in the equilibration and 4 fs in the
production.

Initially, the systems were energy-minimized using the
steepest descent (SO0 steps) and conjugate gradient (2000
steps) methods and placing positional restraints with a force
constant of § kcal mol™" A~ on all protein atoms; the restraints
were reduced in a second energy minimization to a force
constant of 1 kcal mol™ A™2 (for 2000 steps of steepest descent
followed by 8000 steps of conjugate gradient) and removed in a
third one (for 1000 steps of steepest descent followed by 4000
steps of conjugate gradient). Placing positional restraints with a
force constant of 1 kcal mol™ A~2 on the backbone atoms, first,
the system was heated to 100 Kin 50 ps of NVT MD and further
heated to 300 Kin 5 ps of NPT MD. A further 65 ps of NPT MD
was performed for density equilibration, still applying the
backbone restraints. Afterward, over the course of a further 300
ps of NPT MD, the backbone restraints were gradually reduced
to a force constant of 0.2 kcal mol™ A%

After the thermalization, 500 ns of NPT MD simulation was
carried out with positional restraints with a force constant of 0.1
kcal mol™" A™* on the backbone atoms. The Langevin
thermostat with a collision frequency of 1 ps~' and the Monte
Carlo barostat with a pressure relaxation time of 1 ps were used.
The reference coordinates for these restraints were readjusted
every 100 ns to allow for moderate protein flexibility. For
Hsp90a, these simulations were later extended to 1 us. The
trajectories were postprocessed and analyzed with CPPTRAJ,”
and results were visualized with PyMol.*°

MM-GB/SA Computations. Effective binding energies
were computed over one MD trajectory that resulted in binding
of 5b in the CTD dimerization interface and led to a binding
mode in which 5b mimics H5'. In the computations, the single
trajectory approach was used, where complex, protein, and
ligand configurations were extracted from the complex
trajectory.”” After removing water molecules and counterions,
gas-phase energies (van der Waals and electrostatic contribu-
tions) were evaluated on every frame sampled at an interval of
200 ps using MMPBSA.py;98 the polar contribution to the
solvation free energy was calculated using the “OBC II”
generalized Born model,”’ together with mbondi2 radii and a
dielectric constant of 1 for the solute and 80 for the solvent. The
ionic strength was set to 150 mM of a 1:1 salt. The nonpolar
contribution to the solvation free energy was calculated as a
function of the solvent-accessible surface area using 0.0050 kcal
mol™" A7 as the surface tension. No absolute binding free
energies can be derived from this approach since configurational
entropy contributions are not considered here to reduce the
uncertainty in the computations.‘w’58 However, the sum of gas-
phase energies and solvation free energies, the effective energy, is
suitable to estimate relative differences in binding free energies
for differential binding poses.*®

WB and Blue Native Gels. Cells were treated with the
indicated concentration of the compound or vehicle (DMSO)
for 48 h. An immunoblot analysis was performed by following a
standard protocol using antibodies: anti-Hsp90 (4877), anti-
Hsp70 (4872), anti-Hsp40 (4871), anti-Hsp27 (2402), anti-
HSF-1 (4356), anti-Hsp60 (12165), anti-PDI (2446), anti-
Hsp90a (8165), anti-Hsp90f (5087), anti-c-Abl (2862),
antiphospho-c-Abl (2865), anti-StatS (9363), antiphospho-
Stat5 (9351), anti-CrkL (3182), antiphospho-Crkl (3181),
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anti-Akt (2920), antiphospho-Akt (4060), anti-S6 ribosomal
protein (2217), antiphospho-S6 ribosomal protein (4858), and
anti-c-Myc (13987) from Cell Signaling Technology and anti-f-
actin (Sigma-Aldrich). Blue native (BN) gels were performed
following the manufacturer’s instructions (Invitrogen) and as
performed previously.’ Briefly, lysates were generated from the
K562 cell line after 48 h of treatment with inhibitors (at the
indicated concentration) using a NativePAGE Sample Prep kit
(Invitrogen) by 2—3 freezing—thawing cycles followed by
centrifugation at 20 000g for 25—30 min at 4 °C.

Dimerization Assay. Hsp90 CTD dimerization was
evaluated using an amine-reactive chemical cross-linker bis-
(sulfosuccinimidyl) suberate (BS®) (Pierce).””** Hsp90a CTD
protein (2 uM) was diluted in Na,HPO,, (25 mM; pH 7.4) and
treated with different concentrations of the inhibitor to make a
final volume of 25 uL. The reaction mixture was incubated at RT
for 1 h. The amine-reactive cross-linker BS® was added to a final
concentration of 63 M, and the samples were incubated for 1 h
at RT. Cross-linking was quenched by the addition of SDS
sample buffer and subsequent heating for S min at 95 °C.
Samples were run in 12% SDS-PAGE gels followed by Western
blotting. Blots were probed with anti-Hsp90 (AC88, Abcam)
antibody.

SEC-SAXS. We collected the SEC-SAXS data on beamline
BM29 at the ESRF Grenoble.®”®> The BM29 beamline was
equipped with a PILATUS 2M detector (Dectris) at a fixed
distance of 2.827 m. The measurement of Hsp90 CTD (18 mg/
mL) was performed at 20 °C on a Superdex 200 increase 3.2/
300 column (Buffer SO mM TRIS pH 7.5, 100 mM NaCl) with a
flow rate of 0.075 mL/min, collecting one frame every two
seconds. The data was scaled to absolute intensity against water.
Further, we collected SAXS data on our Xeuss 2.0 Q-Xoom
system from Xenocs, equipped with a PILATUS 3 R 300 K
detector (Dectris) and a GENIX 3D CU ultralow divergence X-
ray beam delivery system. The chosen sample to detector
distance for the experiment was 0.55 m, resulting in an
achievable g-range of 0.10—6 nm™'. All measurements were
performed at 20 °C with protein concentrations of 9.7 and 10.8
mg/mL. Compound 5b was added and incubated for 30 min at
20 °C. Samples were injected in the low-noise flow cell (Xenocs)
via an autosampler. For each sample, 18 frames with an exposure
time of 10 min were collected. Data were scaled to absolute
intensity against water. All programs used for data processin%
were part of the ATSAS software package (version 3.0.3)."
Primary data reduction was performed with the programs
CHROMIXS and PRIMUS.®*** With the Guinier approxima-
tion,”® we determine the forward scattering I(0) and the radius
of gyration (Rg). The program GNOM """ was used to estimate
the maximum particle dimension (D,,,) with the pair-
distribution function p(r). Low-resolution ab initio models
were calculated with DAMMIE.®® A superimposition of the
predicted model was done with the program SUPCOMB.'”

Physicochemical Properties of 5b (See the Supporting
Information for More Details). Aqueous Solubility of 5b.
The aqueous thermodynamic solubility of Sb was determined in
phosphate-buffered saline (PBS, pH 7.4) after 4 and 24 h of
incubation time at 25 °C. Ondansetron was used as a reference
compound with high solubility of 95 yM. The thermodynamic
solubility of Sb was ranging from 4 M after 4 h to 8 uM after 24
h (n = 2). For detailed information, see Bienta, Enamie
Biological Services study reports.

Chemical Stability of 5b. Drug decomposition was
determined by high-performance liquid chromatography

(HPLC, Method 1): instrument, Knauer HPLC system in
combination with a Knauer UV Detector Azura UVD 2.1L;
column, KNAUER Eurospher II 100-5 C18, 150 X 4 mm;
mobile phase 1, linear gradient (90—0%) of water with 0.1%
trifluoroacetic acid; mobile phase 2, linear gradient (10—100%)
of acetonitrile with 0.1% of trifluoroacetic acid; run time, 20 min,
followed by an isocratic elution with 100% acetonitrile for 10
min; flow rate, 1 mL/min; detection, 254 nm.

Sb was dissolved in a mixture of Tween20/ethanol/
phosphate buffer pH 7.4 (7/3/90) and the stability monitored
over a period of 24 h at 37 °C. After 24 h, almost no
decomposition was detected (0.7% drug decomposition, n =2).

The stability of 5b at acidic pH was determined by dissolving
Sb in a mixture of Tween20/ethanol/phosphate buffer pH 2 (7/
3/90), and the stability was monitored over a period of 24 h at
37 °C. After 24 h, only slight decomposition was detected (1.3%
drug decomposition, n = 2).

In Vitro Metabolic Stability of 5b in Human Liver
Microsomes. The metabolic stability screening of Sb in
human liver microsomes revealed 91% stability after a 40 min
incubation at 37 °C. Propanolol, a reference drug with medium
to high metabolic stability showed 74% of the parent compound
remaining and therefore demonstrated slightly decreased
stability compared with Sb. Calculated results for the intrinsic
clearance suggest that Sb (6 xL/(min mg)) is a low-clearance
compound with an estimated long half-life (n = 2). For detailed
information, see Bienta, Enamie Biological Services study
reports.

Cell Culture. K562, KCL22, SUPB15 (BCR-ABL1* CML/
BCP-ALL), Mutz-2 (50 ng/mL SCF), HL-60 (AML), DND41,
HPBALL, TALL1, and MOLT4 (T-ALL) leukemic cell lines
(DSMZ, Braunschweig, Germany) were cultured in RPMI11640
GlutaMAX (ThermoFisher Scinetific) supplemented with 10—
20% FCS (Sigma-Aldrich, St. Louis, MO) and penicillin/
streptomycin (Invitrogen, Carlsbad, CA) and maintained at 37
°C with 5% CO,. Normal BA/F3 and BA/F3 cells expressing
BCR-ABL1 mutants (T315I, M351T, and E255K) (murine pro
B cell line) were cultured in RPMI1640 GlutaMAX (10% FCS)
supplemented with or without IL-3 (10 ng/mL), respectively.
BA/F3 cells expressing BCR-ABL1 mutants were resistant
against imatinib (IM) until ~10 4M.*® IM-resistant BCR-ABL1*
K562 (KS$62-IMr), KCL22 (KCL22-IMr), and SUPBIS
(SUPB1S-IMr) were generated by a gradual increase (1—2.5
#M) in the concentration of IM (Sigma-Aldrich, St. Louis, MO)
over a period of 3 months.**'”* Bortezomib (BTZ)-resistant
clones (80 nM) of HL60 (HL60-BTZr) were established
following a protocol similar to that described to pick IM resistant
clones. Primary patient derived CML™*** blast cells were
cultured in mononuclear cell medium (PromoCell, Heidelberg,
Germany).

Hsp90 CTD/NTD-Targeting Reference Inhibitors. Cou-
mermycin Al (CAl) and novobiocin (NB) were purchased
from Sigma-Aldrich, and Hsp90 NTD-targeting reference
control inhibitors, geldanamycin (GM), tanespimycin (TM),
and PUH-71, were purchased from Selleckchem.

Viability Assay. Cells were seeded in a white 96-well plate
(Corning, NY) with an increasing concentration (50 nM to 25
uM) of inhibitors and respective controls for 48 h. Cell viability
was monitored using a Celltiter Glo luminescent assay (based on
the ATP quantification), following the manufacturer’s guide-
lines (Promega).36 ICs values for compounds were determined
by plotting raw data (normalized to controls) using a sigmoid
dose curve and nonlinear regression (GraphPad Prism).
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Proliferation Assay. Cell proliferation was examined after
treatment with the compounds at their indicated concentration
with the trypan exclusion method using an automated cell
counter (Vi-CELL XR-Beckman Coulter, Fullerton, CA) after
every 24 h interval.

Annexin V Staining. For evaluating apoptosis, cells treated
with inhibitor for 48 h were stained with annexin V and
propidium iodide (PI), following the supplier’s guidelines
(Invitrogen, Carlsbad, CA), and later, the stained cells were
subjected to FACS (Cytoflex, Beckman Coulter).

Caspase 3/7 Glo Assay. Cells were incubated with the
respective inhibitors or control for 48 h, and later, the enzymatic
activity of caspase 3/7 was examined (SPARK10M, Tecan) by
using a caspase 3/7-dependent Glo assay (absorbance at 405
nm), following the manufacturer’s instructions (Promega).36

Zebrafish. A Zebrafish wild-type TE strain was maintained
according to standard protocols and handled in accordance with
European Union animal protection directive 2010/63/EU and
the local government (Tierschutzgesetz §11, Abs. 1, Nr. 1,
husbandry permit 35/9185.46/Uni TU). All experiments
described in this study were conducted on embryos younger
than S days postfertilization (dpf), prior to the legal onset of
animal life.

Xenotransplantation in Zebrafish Embryos. A xeno-
transplantation experiment was performed as described
previously.”” Briefly, MOLT-4 cells were labeled with a Vybrant
CFDA SE cell tracer kit (Invitrogen) following the manufac-
turer’s instructions and were then suspended in PBS at a density
of 1 X 10° cells/mL. An approximately 1 nL portion of cell
suspension (around 200 cells) was injected into the perivitelline
space of embryos at 32 hpf. Injected embryos were first
incubated at 28 °C for 1 h. Only embryos with good engraftment
were selected for treatment with DMSO (control group),
AUY922 (500 nM), or 5b (500 nM) for 48 h at 35 °C. This
temperature enables the maintenance of embryos with grafted
cells without compromising zebrafish development. Drug-
treated embryos were dissociated by passing through a 40 ym
cell strainer (Greiner Bio-One) and then analyzed using a BD
LSR II flow cytometer. The fold change of engrafted MOLT4
cells was calculated using the mean of DMSO-treated embryos.
GraphPad Prism software (version 7) was used for graphing and
statistical analysis.

Differentiation Assay. FACS measurements were per-
formed after incubating the respective inhibitors at the indicated
concentration for 48 h using fluorochrome-coupled monoclonal
antibodies (mAbs) along with matched isotype controls: anti-
CD11b (Bearl; Beckman Coulter), anti-CD14 (RMOS2;
Beckman Coulter), and anti-CD133 (AC133; MiltenyiBiotec,
Gladbach, Germany).*

Colony Forming Unit (CFU) Assay. A CFU assay was
performed by plating inhibitor treated cells (48 h) in
methylcellulose medium (Methocult H4100, StemCell Tech-
nologies, Vancouver, BC, Canada) supplemented with 50 ng/
mL SCF, 10 ng/mL IL-3, 10 ng/mL GM-CSF (Peprotech,
Hamburg, Germany), and 3 U/mL erythropoietin (eBioscience,
San Diego, CA).*® Colonies were counted after 14 days (1 = 3).

Significance analyses of normally distributed data with
variances similar between groups used a paired, two-tailed
Student’s t test: ¥, p < 0.05; **, p < 0.005; and *** p < 0.001,
unless stated otherwise.
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Co-targeting HSP90 alpha and CDK7 overcomes resistance
against HSP90 inhibitors in BCR-ABL1+ leukemia cells
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HSP90 has emerged as an appealing anti-cancer target. However, HSP90 inhibitors (HSP90i) are characterized by limited clinical
utility, primarily due to the resistance acquisition via heat shock response (HSR) induction. Understanding the roles of abundantly
expressed cytosolic HSP90 isoforms (a and f) in sustaining malignant cells’ growth and the mechanisms of resistance to HSP9O0i is
crucial for exploiting their clinical potential. Utilizing multi-omics approaches, we identified that ablation of the HSP90B isoform
induces the overexpression of HSP90a and extracellular-secreted HSP90a (eHSP90a). Notably, we found that the absence of HSP90a
causes downregulation of PTPRC (or CD45) expression and restricts in vivo growth of BCR-ABL1+ leukemia cells. Subsequently,
chronic long-term exposure to the clinically advanced HSP90i PU-H71 (Zelavespib) led to copy number gain and mutation (p.S164F)
of the HSP90AAT gene, and HSP90a overexpression. In contrast, acquired resistance toward other tested HSP90i (Tanespimycin and
Coumermycin A1) was attained by MDR1 efflux pump overexpression. Remarkably, combined CDK7 and HSP90 inhibition display
synergistic activity against therapy-resistant BCR-ABL1+ patient leukemia cells via blocking pro-survival HSR and HSP90a
overexpression, providing a novel strategy to avoid the emergence of resistance against treatment with HSP90i alone.
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INTRODUCTION

Cancer cells are widely known to hijack normal cytoprotective
processes mediated by chaperone proteins to promote their
survival and growth [1]. Among the chaperone proteins, HSP90
has been extensively studied due to their critical ATP-dependent
chaperone activity, required by various oncoproteins implicated in
malignant transformation [2, 3]. HSP90 facilitates the correct
folding of newly synthesized and denatured oncoproteins, such as
BCR-ABL1 [4, 5]. Consistently, in a recent report, inhibition of
HSP90 delays the progression of BCR-ABL1+ leukemia in
combination with tyrosine kinase inhibitor (TKI) [6]. Of note,
HSP90i are effective against TKl-resistant BCR-ABL1+ leukemia
stem cells and BCR-ABL1™"®' mutant cells [4, 7-9]. Furthermore,
HSP90 expression is found enriched in other therapy refractory
leukemia subtypes, including acute or chronic myeloid leukemia
(AML or CML) [10-13] and BCR-ABL1-like BCP-ALL [14, 15]. The
critical involvement of HSP90 in numerous oncogenic pathways

and its overexpression in poor prognostic leukemia subgroups
positioned it as an important therapeutic target [2]. Numerous
pan-HSP90i or isoform-specific HSP90i have been developed over
the past few years, exhibiting different binding modes [16, 17].
However, despite the early clinical promise, adverse events,
including resistance-acquisition and dose-limiting toxicity in
patients, have mostly barred widespread use of HSP90i in the
clinic [2]. Recently, the HSP90i PU-H71 (Zelavespib) has been
granted orphan drug status by the US Food and Drug Association
(FDA) to treat myelofibrosis and was administered for compassio-
nate use to treat AML [18]. Nevertheless, the induction of HSR is
acknowledged as one of the most prominent causes of acquired
resistance toward using HSP90i [4, 19].

In mammalian cells, there are two cytosolic isoforms of HSP90,
i.e., a stress-inducible HSP90a isoform (encoded by the HSP90AAT
gene located on chromosome 14g32-33) and a constitutively
expressed HSP90B isoform (HSP90AB1 gene; located on
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chromosome 6p21) [20]. These isoforms share a high degree tendencies [22-24]. This is emphasized by their different roles in
(86%) of amino acid sequence identity. Although HSP90a and development and cell survival [20]. For instance, HSP90a-KO mice
HSP90B isoforms exhibit comparable affinities for their client develop normally or occasionally with few congenital disabilities
proteins and can often compensate for each other effectively [21], [25], while the knockout of HSP90B causes embryonic lethality in
exceptions have been reported that indicate distinctive binding mice, which cannot be compensated by HSP90a [26]. In previous
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Fig. 1 HSP90f ablation causes HSP90a and HSP70 upregulation, whereas HSP90a loss suppresses in vivo growth of BCR-ABL1+
leukemia cells and prolongs survival. Western Blot (WB) analysis of the stable CRISPR-Cas9 mediated knockout (KO) of HSP90x and HSP90f
isoforms in K562 (A) and in KCL22 (B) cells. Clone (C), empty vector (EV), wild type (WT) and non-targeting (NT) control. Beta-actin ($-actin)
served as a loading control. Representative immunoblots are shown from three independent repeats. C Expression of other non-cytosolic
HSP90 paralogues (GRP94 and TRAP1), HSR-related proteins (HSP70, HSP40 and HSP27) and HSP90 co-chaperones (AHA1 and CDC37) in
HSP90B-KO K562 cells. p-actin served as a loading control. D Expression of HSP70, HSP40 and HSP90a upon siRNA mediated HSP90f
knockdown (KD) in K562 cells, analyzed by automated WB (JESS). B-actin served as a loading control. E Bars show average protein
quantification measurements of HSP90a, HSP70 and HSP40 levels in HSP90B-KD cells compared to NT control cells. Error bars = SD of three
independent replicates; p-values were calculated by unpaired two-tailed student’s t-test. F Images of NSG mice (n=5 mice/group)
transplanted with luciferase-GFP + HSP90a/p-KO or EV K562 cells on the days depicted outside image panel. G Graph show mean+SD (n=5
mice/group) of the bioluminescence measurements of region of interest (radiance; p/s/cm2/sr) at day 35. Significant reduction in the
transplantation of HSP90a-KO as compared to EV control K562 cells, determined by unpaired two-tailed student’s t-test, p = 0.0002.
H Kaplan-Meier survival curves showing significantly prolonged overall survival of NSG mice transplanted with HSP90a-KO compared to

:SP906—KO or EV (K562) control cells (n =5 mice/group, p =0.0015, Log-rank Mantel-Cox test).

ex vivo studies, cultured HSP90a-KO cells exhibited normal cell
morphology and growth rates, while the generation of HSP90B-KO
cells was not achieved [21].

In this study, we employed genetic KO and knockdown (KD)
models of HSP90 isoforms (a and ) for extensive multi-omics-
based in vitro and in vivo characterization and identified HSP90a
as the primary driver of malignancy of the two isoforms in BCR-
ABL1+ leukemia cells. Moreover, acquired resistance toward
distinct HSP90i (exhibiting different binding modes) was studied
in BCR-ABL1+ leukemia cells, highlighting the involvement of
heightened HSP90a or MDR1 levels in mitigating the efficacy of
HSP90 inhibition. Importantly, combinatorial ex vivo drug
sensitivity screenings identified CDK7 inhibitors (CDK7i) as drugs
synergizing with HSP90a inhibition. Thus our findings can
augment HSP90i-based therapy and indicate a new therapeutic
vulnerability, especially in cases of BCR-ABL1+ leukemia with
reduced treatment response.

RESULTS

HSP90g loss induces overexpression of the stress-inducible
HSP90a isoform in BCR-ABL1+ cell lines (K562 and KCL22)
To understand the precise role of HSP90 cytosolic isoforms (a and
B), we generated CRISPR-Cas9 mediated knockout (KO), si- or
inducible shRNA mediated knockdown (KD) models. Strikingly, the
loss of HSP90R isoform in BCR-ABL1+ leukemia cell lines (K562
and KCL22) resulted in the upregulation of the HSP90a isoform
both at protein and mRNA levels (Fig. 1A, B, Supplemental Fig.
1A-D). We next asked whether the observed high HSP90a
expression upon loss of the HSP90B isoform was caused by
genetic alterations of the HSP90AAT gene, as a long-term
compensatory adaption carried out by HSP90B-KO cells. For that
we performed SNP array analysis on the HSP90B-KO (K562) cells;
however, no alterations were observed in the HSP90AAT locus
(Supplemental Fig. 1E). Of note, HSP90a-KO did not induce the
expression of HSR-related proteins (e.g., HSP70, HSP40, or HSP40),
while HSP90B-KO resulted in the upregulation HSP70 and HSP40
(Fig. 1C, Supplemental Fig. 1F). Furthermore, analyzing changes in
other non-cytosolic HSP90 paralogues, such as HSP75/TRAP1
(mitochondria), GRP94 (endoplasmic reticulum) and co-
chaperones of HSP90 (AHA1 and CDC37) revealed no significant
changes in their expression upon HSP90o/f loss (Fig. 1C,
Supplemental Fig. 1F).

To corroborate the observed HSP90a overexpression in
HSP90B-KO cells and to eliminate any potential off-target effects
attributed to CRISPR-mediated targeting, we proceeded to employ
a siRNA-mediated knockdown (KD) strategy using K562 cells. We
observed that even a short-term KD of HSP90B, lasting either 96 or
192 h, induces a significant (p < 0.05) increase in HSP90a expres-
sion (Fig. 1D, E). However, a significant (p < 0.05) elevation in
HSP70 expression following HSP90B-KD was only evident at a later
time point (192 h). Conversely, HSP90B-KD did not affect the
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expression of HSP40 as seen in case of HSP90B-KO (Fig. 1D, E). In
alternative models utilizing doxycycline-inducible shRNA to
induce HSP90B-KD in K562 cells, we again validated increase in
the HSP90a and HSP70 mRNA transcripts upon targeting of the
HSP90p isoform (Supplemental Fig. 1G, H).

Following previous reports [22, 27-30], the binding preferences
of specific client proteins (CDK4, CDK6, and SURVIVIN) toward
distinct HSP90a/B isoforms were next analyzed. However, no
changes were observed in the expression of these client proteins
upon ablation of HSP90a/B isoforms (Supplemental Fig. 11, J). On
the other hand, the levels of other HSP90 client proteins, such as
pan-AKT and FKBP5 [31, 32], were found enriched in both HSP90a-
and HSP90B-KO cells (Supplemental Fig. 11-K). Our subsequent
focus was directed towards exploring the influence on the BCR-
ABL1 oncoprotein following the depletion of HSP90a/B isoforms,
considering the involvement of HSP90 in ensuring the accurate
folding and subcellular positioning of the BCR-ABL1 protein [4, 51.
Relatively higher BCR-ABL1 activity (p-BCR-ABL'*'?) along with
heightened downstream pro-survival signaling (p-STAT5a"®** and
p—CRKLY2°7) were noticed in HSP90a-KO cells compared to
respective controls (Supplemental Fig. 1K, L). Moreover, immuno-
fluorescence imaging of the HSP90a- and HSP90B-KO cells
identified a comparatively higher abundance of BCR-ABL1-foci
(in the cytoplasmic/nucleocytoplasmic region) in HSP90a-KO cells
compared to HSP90B-KO and control cells (Supplemental Fig. TM).
These results are in agreement with a previous study [5], where
HSP90B was shown to interact and stabilize BCR-ABL1 kinase with
comparatively better potency than HSP90a. As in the case of our
HSP90a-KO model, the exclusive expression of the HSP90B
isoform resulted in the hyperactivation of BCR-ABL1 and the
subsequent activation of downstream pro-survival signaling
pathways.

Taken together, the loss of HSP90 isoform in BCR-ABL1 + CML
cell lines (K562 and KCL22) leads to an increase in the HSP90a
isoform, while loss of HSP90a doesn’t induce changes in HSP90B
levels.

Loss of HSP90a represses in vivo growth of BCR-

ABL1 + (K562) leukemia cells

To test possible functional implications on the BCR-ABL1+
leukemia cells’ growth upon loss of either HSP90a/B, we next
performed in vitro and in vivo functional assays. CDK4 and CDK6
are well-recognized clients of HSP90PB [27] and play a crucial role
in cell cycle progression. In line with unchanged CDK4/6
expression (Supplemental Fig. 11, J), no changes in the cell cycle
progression was determined upon HSP90a/B-KO K562 cells
(Supplemental Fig. 1N). Next, we performed colony forming unit
(CFU) assays in the semi-solid medium (Supplemental Fig. 10, P).
HSP90B-KO (K562 and KCL22) cells formed fewer (p <0.05) and
morphologically smaller colonies in comparison to control and
HSP90a-KO cells. In comparison, the colonies of HSP90a-KO (K562
and KCL22) cells had a dispersed and atypical phenotype, with
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slightly higher (not significant) total colony numbers than the
respective control cells. Further, the in vivo transplantation
efficiency of HSP90a/B-KO (K562) cells in an immunodeficient
NSG mouse model was examined. Interestingly, the engraftment
capacity of HSP90a-KO cells was significantly (p = 0.0002) reduced
in comparison to HSP90B-KO or the control group, which was
corroborated by the significant (p = 0.0015) increase in the overall
survival (19 days) of the animals (Fig. 1F-H). The differences
between in vitro CFU assay and in vivo growth of HSP90a-KO cells
likely appeared due to the absence of eHSP90a upon HSP90a-KO,
which is known for promoting invasiveness and metastasis of the
malignant cells [33-37], a function not relevant for ex vivo growth.

HSP90a loss causes downregulation of PTPRC (or CD45)
expression in BCR-ABL1 + (K562 and KCL22) cells

We next utilized multi-omics approaches (including Transcrip-
tomics, Proteomics and Secretomics) to evaluate the potential
implications on the distinctive signaling pathways upon loss of
HSP90a/f isoforms in K562 cells. Firstly, differential RNA expres-
sion analysis using RNA-sequencing (RNA-seq) was performed,
which revealed 2095 genes (1090 up- and 1005 down-regulated)
with consistent and significant (FDR < 0.05; log2(FC) < —1 or
log2(FC) > 1) altered expression in HSP90a-KO cells in comparison
to control cells (Fig. 2A, Supplemental Fig. 2A). In contrast, 903
genes (368 up- and 535 down-regulated) were altered in
HSP90B-KO cells in comparison to control cells (Supplemental
Fig. 2A, B). Fast gene set enrichment analysis (fGSEA) and
clusterProfiler revealed significant enrichment in gene sets
associated with the leukemic stem cell downregulation, MAPK/
ERK signaling and immune cell development and activation in
HSP90a-KO cells (Supplemental Fig. 2C, D). Strikingly, enrichment
of a gene signature related to visual loss was found enriched in
HSP90B-KO cells (Fig. 2B), which can be seen in line with ocular
toxicity, a common side effect reported during clinical use of
HSP90i [2, 38, 39].

Next, differential protein expression analysis using quantitative
mass spectrometry (MS) based proteomic data revealed 375
proteins (180 up- and 195 down-regulated) with consistent and
significant (p-value < 0.05; log2(FC) < —1 or log2(FC) > 1) altered
expression in HSP90a-KO cells (Fig. 2C, Supplemental Fig. 2E),
whereas 213 proteins (103 up- and 110 down-regulated) were
found in HSP90B-KO cells in comparison to control (Supplemental
Fig. 2E, F). Aligned with the previous WB results (Fig. 1C), higher
levels of HSP90OAA1 (HSP90a) and HSPA1A (HSP70) were identified
in the MS data of HSP90B-KO cells (Supplemental Fig. 2F). f{GSEA
from the MS data identified enrichment in the gene sets involved
in the cell cycle, chromosomal and cytoskeleton organization in
HSP90a-KO cells (Supplemental Fig. 2G). Notably, both fGSEA and
clusterProfiler identified significant downregulation in the oxida-
tive phosphorylation-, cellular respiration- and energy
metabolism-related gene signature in the HSP90a-KO cells
(Fig. 2D, Supplemental Fig. 2G). The importance of HSP90 in
coordinating and supporting a multitude of metabolic pathways
necessary for energy generation and efficient cellular respiration
has been shown in a previous study [40]. In contrast, there was no
enrichment in the gene sets identified (in any of the biological
processes) in HSP90B-KO cells compared to control. We then
compared the overlap of genes between HSP90a- and HSP903-KO
cells on the mRNA and protein level and found 210 genes (100 up-
and 110 down-regulated) shared between HSP90o- and
HSP90B-KO cells (Supplemental Fig. 2H). Subsequently, we
examined the overlap of some top differentially up- or down-
regulated genes from RNA-seq and MS data in the KO cells
(Fig. 2E, F).

HSP90a is secreted extracellularly (eHSP90a), which acts as
mediator of tumor cell invasion and metastasis [33-36]. Therefore,
we next performed MS-based secretome analysis to evaluate
changes in the secreted protein profile in the extracellular space
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upon loss of HSP90a/B isoform. To identify and quantify the
peptides/proteins, the human sequence database from Uni-ProtkB
was used, and a total of 2051 protein groups were identified in the
K562 cells (FDR=0.01). Differential protein expression analysis
revealed 149 proteins (87 up- and 62 down-regulated) with
altered expression in the HSP90a-KO cells compared to the control
cells (Fig. 3A). In contrast, 124 proteins (57 up- and 49 down-
regulated) were found to be altered in the HSP90B-KO cells in
comparison to the control cells (Supplemental Fig. 3A). As
expected, secretion of HSP90a was found most significantly
downregulated in HSP90a-KO cells, while eHSP90a expression
went significantly up in HSP90B-KO cells (Fig. 3B).

Further, we validated some of the top hits shared in the
proteogenomic characterization, such as TOP2A, LCP2 (SLP76) and
PTPRC (CD45). A consistent upregulation of LCP2 and TOP2A upon
HSP90a loss was validated in BCR-ABL1 + CML cell lines (K562 and
KLC22) and in BCR-ABL1 + BCP-ALL cell line (SUP-B15) (Supple-
mental Fig. 3B). Next, as a functional validation step based on high
TOP2A levels detected (at proteome and secretome levels) upon
HSP90a loss, pharmacological drug screenings were performed by
combining TOP2A and HSP90 inhibitors [41, 42]. Indeed, the
combination of PU-H71 (HSP90i) along with Mitoxantrone (TOP2i)
displayed a significant (ZIP Synergy score > 20) synergistic
interaction against two BCR-ABL1 + BCP-ALL (relapsed) patient
derived xenograft (PDX) cells and BCR-ABL1 + CML leukemia cell
lines (K562 and KCL22) (Fig. 3C, Supplemental Fig. 3C). Notably, in
all multi-omics approaches we detected a consistent down-
regulation of PTPRC (or CD45) expression and secretion upon
HSP90a loss. These results were corroborated in HSP90-KO K562
or KCL22 models (Fig. 3D-F). In addition, we evaluated the
expression of downstream signaling partners of CD45, specifically
LCK and LYN. Notably, there were no discernible changes in LYN
and p-LYN"” expression, whereas the expression of LCK and
p-LCKY*%® (phosphorylation site known to negatively influence LCK
catalytic activity) [43], exhibited an increase following HSP90a-KO.
However, no statistical difference in the p-LCK'*°*/LCK ratio was
determined (Supplemental Fig. 3D), suggesting that the elevation
in p-LCKY>%> expression is due to an overall increase in the LCK
expression upon HSP90a-KO. We next performed recovery
experiments, where transient re-expression of HSP90a in the
HSP90a-KO cells restored CD45 expression (Fig. 3G and Supple-
mental Fig. 3E).

Enhanced CD45 expression is associated with the increased risk
of relapse in B- or T-ALL [44], and the dependency of CD45
expression on HSP90a could serve as a predictive biomarker for
evaluating the effectiveness of HSP90a inhibition [45].

Chronic exposure to HSP90 inhibitor PU-H71 promotes
HSP90a overexpression in K562 cells

To better understand resistance mechanisms evoked during
pharmacological inhibition of HSP90, we generated HSP90i
resistant (K562) cells against the HSP90-N-terminal domain (NTD)
targeting inhibitor (PU-H71 and 17-AAG or Tanespimycin) or
against HSP90-C-terminal domain (CTD) targeting inhibitor
(Coumermycin A1 or CA1). Briefly, the clonal selection was carried
out by repetitive treatment cycles using increasing inhibitor
concentrations (Fig. 4A). Dose-response curves of PU-H71
resistant (PUHr), Tanespimycin (TM) resistant (TMr) and CA1
resistant (CATr) clones displayed significant shifts in ICso (4.5,
17.6, and 4.4 fold, respectively) as compared to the parental cells
(Fig. 4B, Supplemental Fig. 4A). PUHr, TMr, or CA1r cells also
displayed cross-resistance toward other HSP90i with different
modes of action (Fig. 4C, Supplemental Fig. 4B). Of note, upon re-
treatment with the respective inhibitors, only PUHTr cells displayed
a strong upregulation of HSP90a in comparison to the parental
counterpart (Fig. 4D, Supplemental Fig. 4C). Consequently, the
total-HSP90 levels were also found higher in PUHr cells, whereas
no changes in the HSR induction was noticed in the PUHr cells

Cell Death and Disease (2023)14:799
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Fig. 2 Transcriptomic (RNA-sequencing) and quantitative mass spectrometry (MS)-based proteomic analysis of HSP90a/B-KO cells.
A Volcano plot showing significantly (FDR <0.05; log2(FC) < —1 or log2(FC) > 1, calculated using edgeR (F-Test & Benjamini-Hochberg
correction) up- or down-regulated genes from RNA-sequencing data (obtained from three independent replicates) of HSP90a-KO compared
to empty vector (EV) control K562 cells. Black dots represent genes that are not significantly regulated, while gray dots represent significantly
regulated genes, but below log2(FC) threshold. Blue and red dots represent significantly downregulated and upregulated genes, respectively.
B fGSEA on the RNA-seq data of HSP90B-KO cells, displaying significantly (FDR = 0.05) regulated ontology gene set signatures in comparison
to EV control. € Volcano plot obtained from five independent replicates of HSP90a-KO compared to EV control K562 cells showing up- or
down-regulated proteins based on MS-based proteomics data applying p-value <0.05 and log2(FC) < —1 or log2(FC) > 1 as the specificity
cutoff criteria. D Gene clusters obtained using clusterProfiler on the MS data of HSP90a-KO cells revealed significant downregulation
(FDR = 0.05) of energy metabolism signature. Normalized enrichment scores (NES). Tables showing consistently up- or down-regulated genes
in HSP90a-KO (E) or in HSP90P-KO (F) K562 cells from the RNA-seq and MS-based proteomics analysis.

Cell Death and Disease (2023)14:799 SPRINGER NATURE
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compared to respective parental cells. The resistance escape -SRC levels, implying an overall stabilization of these proteins by
mechanisms against HSP90i are additionally facilitated through high HSP90a levels (Supplemental Fig. 4D). The elevated total-AKT
the activation of numerous kinases [46]. HSP90 inhibition can lead levels later protected mTOR signaling from PU-H71 re-treatment,

to the destabilization of the SRC-AKT-ERK kinase axis [47, 48]. In confirmed by recovery of the hallmark phosphorylation at the
agreement, we also observed upregulation in the total-AKT or T389 site of the p70S6 kinase (p70S6K), maintaining the

SPRINGER NATURE Cell Death and Disease (2023)14:799
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Fig. 3 Quantitative MS-based secretome analysis validated PTPRC (CD45) as differentially regulated hit in HSP90a-knockout cells.
A Volcano plot obtained from five independent replicates of HSP90a-KO compared to EV control K562 cells showing up- or down-regulated
proteins based on MS-based secretomics data applying p-value < 0.05 and log2(FC) < —1 or log2(FC) > 1 as the specificity cutoff criteria. The
third replicate of the EV control in the secretome data was omitted from the statistical analysis due to its significant deviation from the other
four replicates. B Table showing consistently up- or down-regulated proteins from the MS-based proteomic and secretomic analysis in
HSP90a-KO cells (upper panel) and HSP90B-KO K562 cells (lower panel). € Synergy maps of PU-H71 and Mitoxantrone combination matrix for
two BCR-ABL1 + BCP-ALL patient derived xenograft (PDX) cells, using zero interaction potency (ZIP) method [79]. Visualization was done using
SynergyFinder package. WB analysis of CD45 (intracellular domain) and respective inactivating phosphorylation levels of downstream
effectors (p-LCK"%° and p-LYNY>%?) in HSP90u-KO K562 (D) and KCL22 (E) cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served
as a loading control. F Fluorescence antibody staining (using FACS) validated downregulation of PTPRC (CD45) on the surface of K562 HSP90a-
KO cells. G Rescue experiment was performed, in which HSP90a-KO KCL22 cells were transiently transfected with HSP90a-overexpression (OE)
construct to re-express the HSP90« isoform.

Fig. 4 Resistance against HSP90i PU-H71 is attained by HSP90a overexpression. A Schematic depiction of the workflow of generating
HSP90 inhibitor (HSP90i) resistant cells, through chronic exposure of HSP90-N-terminal domain- (PU-H71 and Tanespimycin or TM) or HSP90-
C-terminal domain-targeting (Coumermycin A1 or CA1) inhibitors in K562 cells. B Dose-response curves from three independent experiments
showing significant (***p < 0.001, unpaired two-tailed student’s t-test) increase in ICsy values for PU-H71-resistant (PUHr) and CA1-resistant
(CA1r) cells in comparison to their parental (P) counterparts. C Cross-resistance of PUHr and CA1r cells to other HSP90i with similar or different
modes of action (MoA). The numbers in the heat map indicate the normalized fold-change of the IC5y values of the resistant cell lines to the
parental counterpart. The red color depicts an increase in ICsy value whereas green indicates a decrease in 1Csq value in comparison to the
parental control. D WB analysis of PUHr, CA1r and control parental (P) cells after re-treatment with CA1 (2 uM), PU-H71 (500 nM) or vehicle (-)
for 24 h. GAPDH served as a loading control.

phosphorylation of ribosomal protein S6 (RPS6) at position S235/ in the phosphorylation of RPS6 at the $S240/244 site upon CAT1 re-
236 (Supplemental Fig. 4D). However, the reported dependency treatment (Supplemental Fig. 4D).

on the p90 RSK and ERK signaling cascade to confer resistance In general, these findings indicate that leukemia cells resistant
against the HSP90-NTD targeting inhibitor was not verified in our to HSP90i employ specific adaptations to develop resistance
PUHr cells [46]. In contrast, CATr cells exhibited a notable increase against NTD- or CTD-targeting HSP90i (Supplemental Fig. 4E).
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Prolonged treatment with PUH71 causes genetic alterations in
the HSP90AA1 (HSP90a) gene in K562 cells

To identify whether these changes mentioned above were solely
short-term adaptive changes or if there was any underlying
genetic cause, we subjected PUHr and CA1r cells to SNP array
analysis (Fig. 5A, B). In accordance with elevated HSP90a level,
PUHTr cells harbored a 15 Mb copy number gain on 14g32.12g32.3,
in which the HSP90AAT gene is located (Fig. 5A). Moreover, to
identify single nucleotide variations (SNVs) and insertion/deletions
(indels) during resistance acquirement toward HSP90i (PU-H71
and CA1), whole exome sequencing (WES) of PUHr and CA1r cells
was next performed. WES identified 100 and 59 acquired variants
in PUHr and CA1r cells, respectively, of which 6 were shared
between each. Strikingly, we identified two distinct SNVs in the
HSP90AAT gene. PUHr cells acquired the missense variant
p.(S164F) (chr14:102085796 G > A), whereas the CATr cells har-
bored the p.(L29F) (chr14:102086292 C > A) (Supplemental Table
1). Interestingly, both resistant cell lines also acquired distinct
variants in the CLMN gene, with PUHr harboring a p.(S217N) and
CA1r a p.(E588Q) (ENST00000298912.9) missense variant (Supple-
mental Table 1). Moreover, in CAlr cells SNP array identified
1.9 Mb copy number gain on 7q21.12921.13, in which the ABCB1
gene (encoding MDR1) is located (Fig. 5B).

To understand how the S164F substitution affects PU-H71
binding and HSP90a in general, we next modeled the S164F
variant in silico and compared it to the wildtype structure (Fig. 5C).
The substitution site is located in a solvent-exposed loop which is
~0.9 nm away from the PU-H71 binding site. Thus, the substitution
is unlikely to interfere with the binding of the inhibitor directly.
However, S164 forms multiple hydrogen bonds including to Y142,
such that the substitution may lead to conformational changes in
the NTD. To explore this possibility, we performed unbiased
molecular dynamics (MD) simulations (1 ps length each) of the
wildtype and the S164F protein to which PU-H71 is bound. We
observed no difference in the binding mode of PU-H71, i.e, the
ligand remained stably bound in both simulations (Supplemental
Fig. 5A). Moreover, we did not observe major conformational
changes in the variant with respect to the crystal structure. In fact,
the S164F variant remained more stable throughout the simula-
tion than the wildtype structure (Fig. 5D). This is likely due to the
phenylalanine sidechain forming a hydrophobic core, thereby
stabilizing the adjacent loop. While these changes do not affect
the stability of bound PU-H71, they supposedly interfere with the
binding pathway by introducing additional conformational
constraints.

To determine the changes at a transcriptomic level in PUHr cells
compared to the parental cells, we next performed RNA-seq
analysis. A significant increase in the ALDH1A at mRNA and at
protein level was determined in the PUHr cells as compared to
CA1r and TMr cells (Fig. 5E, F). Further, fGSEA revealed enrichment
in the WNT signaling and growth factor response related gene
signatures and downregulation of immune related signatures in
the PUHTr cells (Supplemental Fig. 5B). In contrast, consistent with
earlier studies [49-52] and supported by our SNP array findings (in
CA1r cells), both CA1r and TMr cells exhibited elevated MDR1
expression (Fig. 5F).

These findings demonstrate that the HSP90a isoform is a
prominent cause of resistance against clinically advanced HSP90i
PU-H71. Therefore targeting HSP90a and identifying therapeutic
combinations can effectively avert the development of resistance
to treatment with HSP90 inhibitors alone.

CDK7 and HSP90 inhibitors act synergistically against BCR-
ABL1+ leukemia cells by reducing heat shock response
induction and HSP90a overexpression

In order to elucidate the actionable therapeutic targets in BCR-
ABL1+ leukemia, we next screened HSP90a/3-KO (K562) models
on the ex vivo high throughput drug screening platform,
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consisting of conventional chemotherapeutics and targeted
inhibitors (Supplemental Table 2). Of note, HSP90a-KO cells were
found hypersensitive toward CDK7i (THZ-1) and standard che-
motherapeutics (Cytarabine and Clofarabine) (Fig. 6A). In line, a
high CDK7 expression was observed upon loss of HSP90a isoform
(Supplemental Fig. 6A). Moreover, in agreement, HSP90[ isoform
specific inhibitor (KUNB31) [27] was found differentially potent
against HSP90a-KO cells. Conversely, HSP90B-KO cells (expressing
high levels of HSP90a) displayed hypersensitivity toward several
HSP90i (PU-H71, AUY922, BIIB021, and Ganetespib) (Supplemental
Fig. 6B). Based on these differential vulnerabilities noticed in
HSP90a-KO cells, we next performed combinatorial drug screen-
ings using clinically advanced HSP90i (PU-H71) along with a CDK7i
(THZ1). These screenings were carried out utilizing BCR-
ABL1 + CML leukemia cell lines (K562 and KCL22) and their
TKl-resistant counterparts [4], referred to as K562r, KCL22r,
respectively (Supplemental Fig. 6D, E). Furthermore, TKl-resistant
BCR-ABL1 + BCP-ALL cells designated as SUPB15r and three
(relapsed) PDX cells were included, along with a murine BA/F3
cell line model expressing TKI-resistant BCR-ABL1™>">' mutant cells
(made resistant to third generation TKI Ponatinib or PN) [4],
referred to as BA/F3 BCR-ABL1™">""N" cells (Fig. 6B, Supplemental
Fig. 6F-H). Notably, in all cases, the combination of PU-H71 along
with THZ1 exhibited significant (Synergy score > 15) synergistic
interaction. Next, we tested the combination of PUH71 and THZ1
on peripheral blood derived mononuclear cells (PBMCs) obtained
from three healthy individuals. Strikingly, we found out that
healthy PBMCs are significantly less sensitive to the PUH71 4 THZ1
combination in comparison leukemia K562 cells (Supplemental
Fig. 6l).

The inhibition of CDK7 (TFIIH subunit of RNA polymerase Il or
RNAPII) can initiate a series of defects in the initiation, proximal
pausing and elongation of RNAPII [53]. Consequently, we noticed
a strong synergistic interaction between HSP90- and CDK7-
inhibitors, which acted via impeding RNAPII-mediated transcrip-
tion of pro-survival heat shock response (HSR)-related genes
(Fig. 6C-G and Supplemental Fig. 6J). Of note, combined inhibition
of both HSP90 and CDK7 also led to the restoration of HSP90a
levels to their basal state, in contrast to the use of HSP90i (PU-H71)
alone, demonstrating a promising approach for augmenting
HSP90i-based therapy in the future.

DISCUSSION

The clinical response in BCR-ABL1 + BCP-ALL is only short lived,
with relapses being driven by mutations in the BCR-ABL1 kinase or
activation of independent circuitries [54]. TKIs are unable to
eradicate persisting leukemic stem cells and the frequent
development of reduced sensitivity to TKls is also prevalent,
thereby amplifying the risk of relapse [55-57]. Novel treatment
approaches are therefore needed with the potential to increase
treatment-free remission. One attractive strategy is via destabiliza-
tion of BCR-ABL1 kinase and its related downstream circuitries by
targeting HSP90 [4, 7-9]. However, the adverse events such as
acquired resistance (through HSR induction) and toxicity asso-
ciated with the clinical use of HSP90i have thus far halted their
widespread clinical approval [2, 16, 58]. To our knowledge, we
have shown here for the first time that the loss of HSP90@ isoform
induces high expression and secretion of HSP90a isoform
(eHSP90a) and pro-survival HSR related protein (HSP70), while
the converse outcome was not observed upon loss of HSP90a.
Interestingly, HSP90a/B-KO cells displayed no changes in the
expression of previously reported HSP90-isoform specific client
proteins [22, 27-30], which is however in line with a recent study
[21], suggesting a compensatory behavior among these cytosolic
isoforms. However, our multi-omics profiling of HSP90a- vs.
HSP90B-KO cells revealed overall prominent differences in the
regulated signaling pathways, likely due to the diverse adaptions
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acquired by the cells to compensate for the loss [20, 24]. The long-term cellular adaptation and early embryonic development,
tendency of HSP90a isoform to dimerize more frequently than whereas HSP90a is a fast-reactive and stress-inducible isoform
HSP90B, which is required for the proper functioning of HSP90 [20]. In line, we observed fewer genes and respective pathways
[59], additionally outlines the differences observed in the altered upon HSP90B-KO than HSP90a-KO [20, 24]. Our multi-
regulated pathways. The HSP90 isoform is generally linked with omics analysis and rescue experiments consistently identified a
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Fig. 5 PU-H71 resistant cells acquire copy number gain and mutation (S164F) in the HSP90AA1 gene and overexpress ALDH1A1. A SNP
array results of PUHr cells in comparison to the parental (P) counterpart revealed an acquired 15Mb copy number gain in 14932.1932.3
encompassing the HSP90AAT gene locus (highlighted in red). The upper panel depicts the log2 ratio and the B-allele frequency (BAF) of the
parental cells (K562 P), whereas the lower panel depicts the log2 ratio and the BAF of the resistant PUHTr cells. B SNP array analysis of CA1r cells
revealed an acquired copy number gain in 7921.12921.13 encompassing the ABCBT gene locus (highlighted in red), which is not present in
the K562 parental (P) cells. C Structural model of the N-terminal domain of HSP90a bound to PU-H71 (based on PDB ID 2fwz). The substitution
site S164F is highlighted in red. D Upper panel: Alpha carbon-root mean square deviation (C,-RMSD) of wild type and variant (S164F) HSP90«x
over the course of the simulation. The wildtype HSP90« structure exhibits stronger conformational changes than the variant S164F, and these
changes are reversible. Bottom panel: Alpha carbon-root-mean-square fluctuation (C,-RMSF) of HSP90« identifies two major regions, which
lead to the stronger fluctuations in RMSD observed in the wildtype HSP90a structure. One of these regions is directly adjacent to the mutation
site S164F. Above the plot, a schematic representation of the secondary structure is given. E Volcano plot of the significantly (FDR<0.05;
—1>log2(FC) > 1, calculated using edgeR (F-Test & Benjamini-Hochberg correction) up- or down-regulated genes in the mRNA expression
profile (from RNA-sequencing data) of PUHr vs. parental K562 cells (from three independent replicates). F WB analysis of PUHr and CA1r cells
(upper panel), Tanespimycin resistant (TMr) cells (lower panel) in comparison to control parental (or P) cells after re-treatment with respective
inhibitors or vehicle (-) for 24 h. GAPDH served as a loading control.

strong downregulation of PTPRC (CD45) expression upon loss of
HSP90a isoform, affecting downstream p-LCK"™® and LCK
expression [43, 48]. Interestingly, CD45 expression correlates
positively with BCR-ABL1-induced malignant transformation and
negatively with the efficacy of TKI treatment in individuals with
CML [60]. In agreement, we noticed a reduction in the in vivo
engraftment of BCR-ABL1+ leukemia cells upon HSP90a-KO.
Elevated levels of HSP90 have been linked to a dismal prognosis
in AML [12], whereas notably, heightened expression of HSP90a
isoform is reported in acute leukemia cells and among untreated
samples from leukemia patients [61-63]. Our secretome analysis
revealed a significant decrease in eHSP90a expression in the
HSP90a-KO cells, potentially leading to the suppression of in vivo
migration and invasion capabilities of these leukemia cells [33-37].

As previously shown [51], we also observed that the resistance
toward PU-H71 conferred cross-resistance only toward TM but not
against other tested HSP90i. In our MD simulation analysis, the
S164F substitution did not directly affect bound PU-H71; but
changed the conformational dynamics of the HSP90-NTD, which
may hinder the binding pathway. Interestingly, a missense variant
at Y142, which is the hydrogen-bond interaction partner of S164,
as well as a CN gain of HSP90AAT has been reported in PU-H71-
resistant lung cancer cells [51]. Moreover, upregulation of
ALDHTA1 was also detected in PUHr cells. Elevated ALDH1A1
levels are often associated with reduced responsiveness to
therapy in other malignancies [64, 65]. In contrast, resistance
acquired against HSP90i TM and CA1 is primarily mediated
through amplification of the ABCB1 locus and MDR1 efflux pump
overexpression [49-52].

Heat shock causes an overall reduction of RNA polymerase |l
(RNAPII) occupancy across several genes, whereas its occupancy
increases at specific pro-survival genes to minimize cellular stress
during heat shock [66]. Of these pro-survival genes, HSP70 genes
are actively transcribed utilizing a transcriptional mechanism
called RNAPII promoter-proximal pausing [67]. In most cases, the
exposure of pan- or HSP90-NTD targeting HSP90 inhibitors
induces the expression of HSR related proteins (e.g., HSP70),
which eventually weakens their cytotoxic effects [2, 4, 8, 16].
Employing high throughput and combinatorial drug screenings,
we observed a strong synergism between HSP90 and CDK7
inhibitors, which acts via impeding RNAPII-assisted transcription
[53] of pro-survival HSR-related genes and HSP90a. Interestingly,
inhibitors of RNAPII has been shown to specifically target dormant
leukemia cells [68]. What's more, we observed a robust synergistic
effect between PU-H71 (HSP90 inhibitor) and Mitoxantrone (TOP2
inhibitor) (TOP2i), presumably also operated by inhibition of
RNAPIl-assisted transcription of pro-survival HSR-related genes
and HSP90a by Mitoxantrone [69]. Altogether, combining HSP90
and CDK7 targeting inhibitors can serve as a promising
therapeutic combination by mitigating HSP90i-related resistance
against therapy refractory leukemia.

SPRINGER NATURE

MATERIALS AND METHODS

Cell culture

BCR-ABL1+ chronic myeloid leukemia (CML) cell lines K562, KCL22 and
B-cell precursor acute lymphoblastic leukemia (BCP-ALL) cell line SUPB15
(DSMZ, Braunschweig, Germany) were cultured in RPMI1640 GlutaMAX
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10-15% FCS and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO,
USA). A regular cell line authentication by short tandem repeat (STR)
profiling and mycoplasma testing was performed.

si- or shRNA-mediated knockdown (KD) and CRISPR-Cas9
mediated knockout (KO) of HSP90a/B isoforms

siRNA pools (Accell SMARTPOOL) or tetracycline (Tet)-inducible microRNA-
based lentiviral shRNA vectors (Horizon Discovery, Waterbeach, UK) were
used for conditional knockdown of HSP90a/B isoforms. Guide RNAs
(gRNAs) targeting HSP90AAT (HSP90a) or HSP90ABT (HSP90B) were either
cloned into the lentiviral expression plasmid (in case of K562) or
transfected using Alt-R CRISPR-Cas9 nuclease based system in case of
KCL22 and SUP-B15 cells (IDT, Coralville, 1A, USA). See supplemental
methods for sequences and more details.

Immunofluorescence (IF) staining

IF stainings were performed as described earlier [70]. Briefly, the Lab-Tek Il
chamber slides (Thermo Fisher Scientific) were coated with a 50 pg/ml
solution of Poly-D-Lysine or PDL (Thermo Fisher Scientific) and incubated
for 24h at 37°C. For permeabilization, 0.1% Triton X-100 was used,
followed by blocking with 10% goat serum (Sigma-Aldrich). Primary
antibodies including, anti-BCR-ABL1 (#ab187831, 1:200, Abcam), anti-
HSP70 (#4872, 1:200, Cell Signaling Technology Danvers, MA, USA) or anti-
total HSP90 (#sc-69703, 1:100, Santa Cruz Biotechnology, Dallas, TX, USA)
were used, followed by labeling with Alexa Flour 488 or 594 conjugated
secondary antibody (Thermo Fisher Scientific). Antibody stained cells were
embedded in ProLong Gold Antifade Mountant (Thermo Fisher Scientific)
with DAPI (hydrochloride) (StemCell Technologies, Vancouver, Canada).
Confocal laser scanning microscope (Fluoview3000, Olympus) with super
apochromatic UPLSAPO 60X objective (Olympus) was used for imaging (at
room temperature). FV31S-SW (Ver. 2.6.1.243) viewer software, along with
the Omero image server were used to process and develop confocal
images. Maximum intensity projections of data were generated directly
within the Omero-figure plugin. Signal quantification was performed using
Fiji software. The process involved loading images, splitting composite
images into individual channels, and creating a Z-projection from all slices
with maximum intensity. Subsequently, the images were converted to
grayscale by changing the current look-up table (LUT) to grayscale. Square
regions were then placed around the cells, and the mean gray values were
measured. To ensure accuracy, background values were subtracted from all
measurements.

Murine xenograft transplantation

Luciferase-GFP-positive control, HSP90a- or HSP90B-KO K562 (2.5x 10°
cells) cells were transplanted via intravenous (i.v.) tail injection in 8-12-
week-old female NOD.Cg-Prkdc*™ 112rg"™"™/5z) (NSG) mice (n=5 mice/
group) (The Jackson Laboratory) [4]. Mice were be housed in sterile
conditions using high-efficiency particulate arrestance filtered micro-
isolators and fed with irradiated food and acidified water. The engraftment
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of the leukemia cells in the animals was monitored by measuring
luminescence after i.p. injection of 150 ug per 100 pl D-Luciferin firefly
sodium salt monohydrate (Biosynth, Staad, Switzerland), using the Caliper
IVIS Lumina Il Multispectral Imaging System and the Living Image Software
(Perkin Elmer, Waltham, MA, USA). No blinding or randomization was
performed.
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In house BCR-ABL1 + BCP-ALL cells derived from the peripheral blood
(PB) or bone marrow (BM) of three relapsed (TKl-resistant) patients after
obtaining informed consent in accordance with the Declaration of Helsinki.
The experiments were approved by the ethics committee of the medical
faculty of the Heinrich Heine University (Study Nr.. 2019-566). Patient
samples were transplanted intravenously in 8-12-week-old female NSG
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Fig. 6 Combinatorial targeting of CDK7 and HSP90a acts synergistically against BCR-ABL1+ leukemia cells via blocking heat shock
response induction. A Comparative cell viability was measured by luminescent-based ATP-Glo assay after screening HSP90a-KO K562 cells on
an ex vivo high throughput drug screening platform, including 93 inhibitors. Average ICso values from three independent replicates are
depicted in the volcano plots compared to the empty vector (EV) control. Significance was calculated using unpaired t-test. B Synergy map of
PU-H71 and THZ1 (CDK7i) combination matrix in a BCR-ABL1 + BCP-ALL PDX sample was generated using Zero Interaction Potency (ZIP)
method. Visualization was performed using SynergyFinder package. The experiments were reproduced three times and representative
synergy map is shown. WB analysis of K562 (C) and KCL22 (D) cells following (24 h) treatment with PU-H71, THZ1 alone, or in combination (at
depicted concentrations). GAPDH served as a loading control. E Immunofluorescence imaging also confirmed a reduction in the HSP90 and
HSP70 levels (in PDX1 cells) upon treatment with a combination of PU-H71 (200 nM) and THZ1 (100 nM), in contrast to the effects of PU-H71
(200 nM) treatment alone. F WB analysis of BCR-ABL1 + BCP-ALL PDX cells after treatment with PU-H71 and THZ1 alone or in combination (at
depicted concentrations). GAPDH was used as a loading control. G Schematic depiction of CDK?7 inhibition via THZ1 on the expression of HSR-

related genes.

mice. The transplanted (=90% human) leukemia cells obtained from BM
and spleen of the mice were used to perform short-term ex vivo drug
sensitivity assay. All animal experiments were conducted in accordance
with the regulatory guidelines of the official committee at LANUV (Akt. 81-
02.04.2017.A441), under the authorization of the animal research institute
(ZETT) at the Heinrich Heine University Disseldorf.

RNA-sequencing (RNA-seq)

RNA-seq was performed as described previously [71]. Briefly, RNA was
isolated utilizing the Maxwell® RSC simplyRNA cells kit (Promega, Madison,
WI, USA, #AS1390). Library preparation was carried out following supplier’s
guidelines, using the VAHTs Stranded mRNA-Seq Library Prep Kit (lllumina,
San Diego, CA, USA). Total RNA (500 ng) was used for capturing of mRNA,
fragmentation, cDNA synthesis, ligation of the adapters and library
amplification. Purified libraries were normalized and sequenced on the
NextSeg550 (lllumina) with 1x76bp read setup. Followed by using
bcl2fastq2 tool to convert the bcl files to fastq files.The raw sequencing
data was uploaded to galaxy and an initial quality control was performed
by FastQC and aggregated via MultiQC. After cutting the adapters with
FASTQ Trimmer, the reads were aligned to the reference genome GRCh38
with RNA STAR. FastQC determined that at least 85% of all reads were
uniquely mapped. In order to quantify the gene expression featureCounts
was used, followed by edgeR to normalize the data to the sequencing
depth. Differentially expressed genes were determined by an absolute log2
fold change of >1/<—1 and a FDR < 0.05. Differentially expressed genes
with a low log2CPM (normalized 10g2CPM < —1) were treated preferentially.

Mass spectrometry (MS) based proteome and secretome
analysis

Quantitative MS based proteome analysis was essentially performed as
described previously [70]. For secretome analysis, K562 cells (EV, HSP90a-
KO (C1), or HSP90B-KO (C1); five biological replicates) were washed three
times with PBS and FCS-free medium. Later the cells were incubated for
24 h in FCS-free medium at a density of 1 million cells/mL. The conditioned
medium was collected by centrifugation (5 min, 800 x g, 4 °C) and filtering
through a 0.2 pm membrane (Acrodisc 32 mm Syringe Filter with 0.2 um
Supor Membrane; Pall, #4652). Aliquots were shock frozen in liquid
nitrogen and stored at —80 °C. See supplemental methods for more details.

Gene set enrichment analysis (GSEA)

Volcano plots were generated with ggplot2. GSEA was performed with the
fGSEA package and all nine major gene set collections of the molecular
signature database. The gene ontology GSEA and the enrichment maps
were generated by clusterProfiler.

Cell cycle

Nicoletti method (with Propidium lodide staining) was used to measure
the cell cycle of HSP90a/B-KO K562 cells. To this end, cells (500,000 cells/
mL) were seeded onto a 6-well plate and treated with Vorinostat (3 uM) or
DMSO. Cells were incubated for 48 h, counted and centrifuged. The pellet
was resolved in Nicoletti buffer and cells were transferred to a 96-well
plate, incubated for 15 min at room temperature and the DNA content was
measure via flow cytometry.

Colony forming unit (CFU) assay
HSP90a/B-KO cells (K562 or KCL22) were seeded (50 cells/mL) in
methylcellulose based medium (#H4100, STEMCELL Technologies). After
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8 days, the colonies (n=5) were counted and pictures were taken, as
described previously [4].

Caspase 3/7 Glo assay

To measure the Caspase 3/7 activity, the luminescent Caspase-Glo® assay
system (Promega, #G8090) was used. Peripheral blood derived mono-
nuclear cells (PBMCs) (100.000 cells/mL) were seeded into a white 96-well
plate and treated with PU-H71, THZ1 and with both inhibitors together
with the indicated concentrations. Cells were incubated for 24h and
diluted with Caspase-Glo® 3/7 Reagent 1:1 (Caspase-Glo® 3/7 Substrate +
Caspase-Glo® buffer was previously mixed according to manufacturer’s
instructions). The plate was incubated for 30 min at room temperature and
luminescence was measured with the Tecan Spark.

Generation of HSP90 inhibitor-resistant cells

K562 cells were long-term treated with half of the ICsq concentration of PU-
H71, Coumermycin A1 (CA1) and Tanespimycin (TM). The clonal evolution
was reiterated with 10% increased inhibitor concentration over the course
of 12-14 months (Fig. 4A). The individual resistant clones were picked
using methylcellulose based medium (#H4100, STEMCELL Technologies).
To account for the effect of long-term culture and solvent (DMSO)
exposure, parental (P) clone was also treated with same concentration of
DMSO and grown in parallel.

Single nucleotide polymorphism (SNP) array

Copy number analyses were performed using DNA from PUHr and CA1r
cells using the CytoSNP-12 v2.1 array (lllumina) encompassing 299,140 SNP
markers and were compared to the parental (P) K562 cells. Beeline
2.0.3.3 software was used to convert idat to gct files. Data were processed
and analyzed using the BlueFuse Multi 4.5 software from Illumina. Partek
Flow was used to identify chromosomal imbalances in resistant cells
compared to parental cells. The human reference genome was GRCh38/
hg38.

Whole exome sequencing (WES)

WES of PUHr and CA1r cells along with parental K562 cells was carried out
as described before [72], with some modifications. Next-generation WES
was performed using the Sure Select Human All Exon V7 kit (Agilent, Santa
Clara, CA, USA). The library was paired-end sequenced on an lllumina
NextSeq550 (2 x 150 bp) sequencer to yield an average on-target coverage
of a minimum 100x. Sanger sequencing was performed to validate the
herein-reported variants. See supplemental methods for more details.

Molecular dynamics (MD) simulation

The protein structure of human HSP90a bound to PU-H71 (2FWZ) was
obtained from Protein Data Bank (PDB ID: 2fwz) [73, 74]. Missing atoms
were added using the ‘build’ function in the PyMOL Molecular Graphics
System (Version 2.1.0: Schrodinger, LLC) [75]. To generate the variant
structure, the S164F substitution was introduced with the mutagenesis
wizard in PyMOL, selecting the highest probability rotamer. See supple-
mental methods for more details.

Western blotting (WB)

Conventional WB and capillary based immunoassay (JESS, Bio-Techne,
Minneaspolis, MN, USA) was performed as previously described [4, 70].
Refer supplemental methods for more details, including list of the
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antibodies and their concentrations used in conventional WB or during
JESS. See supplementary material for uncropped western blot images.

Ex vivo high throughput drug screening (HTDS)

A library containing 93 compounds was created for ex vivo HTDS of
leukemic cell lines and patient samples [76]. DMSO dissolved compound
library was purchased from Selleck Chemicals and MedChem Express. The
compound selection involved the majority of FDA/EMA-approved routinely
used chemotherapeutics and targeted drugs involved in the leukemia
treatment protocols and inhibitors in the early to late clinical trial phase
(see Supplemental Table S2 for the detailed list of drugs). Briefly, the DMSO
dissolved compound library was dispensed with increasing concentrations
of the inhibitors in 6 dilution steps (0.008-25 uM) on a white 384-well plate
(Corning, New York, USA) using digital dispenser (D300e, Tecan,
Maennedorf, Switzerland), ensuring precise and robotic compound
application in randomized fashion. The cells (=90% viability) were seeded
on the thawed pre-dispensed inhibitor plates using an automated
Multidrop Combi Reagent Dispenser (Thermo Fisher Scientific). Differential
responses were monitored with ATP-dependent CellTiter-Glo Luminescent
viability assay (Promega) after 72h of inhibitor exposure using a
microplate reader Spark 10 M (Tecan). Dose-response curves for the
inhibitors were determined by plotting raw data (normalized to controls)
with non-linear regression (log(inhibitor) vs. normalized response) variable
slope function (n=3 replicates). For combinatorial drug screening,
respective inhibitors were printed on white 384-well plates with increasing
concentrations in dose-response 8x8 matrices. The synergy score
calculations were based on the ZIP reference model [77].

Replicates and statistical analysis

The experiments were reproduced a minimum of three times and
representative data are shown. Error bar represent standard deviation
(SD). Statistical analyses were conducted using Prism v8.0.2 (GraphPad
Software, La Jolla, CA, USA) or using R. Statistical significance was
considered for p values < 0.05 (*p < 0.05), < 0.01 (**p <0.01), and <0.001
(***p < 0.001).

DATA AVAILABILITY

RNA-seq data have been deposited in the NCBI GEO database with the accession ID:
GSE208005. The mass spectrometry based proteomics or secretomics raw and
expression data have been deposited to the ProteomeXchange Consortium via the
PRIDE [78] partner repository with the dataset identifier PXD041871. SNP array and
WES data have been deposited in the EGA database with accession ID
EGAS00001006385 and EGAS00001006381, respectively.
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ABSTRACT: Dual- or multitarget drugs have emerged as a promising alternative to combination therapies. Proteasome
inhibitors (PIs) possess synergistic activity with histone deacetylase (HDAC) inhibitors due to the simultaneous blockage of the
ubiquitin degradation and aggresome pathways. Here, we present the design, synthesis, binding modes, and anticancer
properties of RTS-VS as the first-in-class dual HDAC-proteasome ligand. The inhibition of both targets was confirmed by
biochemical and cellular assays as well as X-ray crystal structures of the 20S proteasome and HDAC6 complexed with RTS-VS.
Cytotoxicity assays with leukemia and multiple myeloma cell lines as well as therapy refractory primary patient-derived leukemia
cells demonstrated that RTS-VS5 possesses potent and selective anticancer activity. Our results will thus guide the structure-
based optimization of dual HDAC—proteasome inhibitors for the treatment of hematological malignancies.

B INTRODUCTION

The approach “one drug multiple targets” or “multitarget
drugs” is gaining major consideration in drug discovery and has
been termed polypharmacology.' Despite the highly significant
therapeutic relevance of combination therapies, potential
advantages of a targeted therapy based on a single drug acting
through two or more independent modes of action include (a)
a more predictable pharmacokinetic profile, (b) increased
patient compliance, and (c) the simultaneous presence of the
molecule in tissues where the active principles are intended to
work.'

Histone deacetylases (HDACs) are clinically validated
cancer targets, and four inhibitors thereof (HDACi) have

-4 ACS Publications  © xxxx American Chemical Society

been approved by the FDA for cancer therapy.” HDACi are
characterized by a cap—linker—zinc-binding group pharmaco-
phore model (Figure 1).” Fortunately, the HDACi pharmaco-
phore tolerates a variety of cap groups which allows scope for
hybridization approaches.” Consequently, the incorporation of
a second pharmacophore in the cap region has been used to
engineer several HDACi-based multitarget drugs.” Notably, the
dual kinase-HDAC inhibitors CUDC-101 and CUDC-907, the
nitrogen mustard-HDACi hybrid tinostamustine, as well as the
dual LSDI-HDAC inhibitor 4SC-202, are currently being
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Figure 1. HDACi-based multitarget drugs in clinical trials.

Figure 2. Design of RTS-VS as the first-in-class dual HDAC-proteasome inhibitor.

investigated in clinical trials (Figure 1).*° In regard to
combination therapy, the best investigated synergism of
HDAC:i has been identified with proteasome inhibitors (PIs),
leading to dual proteasome and aggresome blockage and
apoptosis induction due to the accumulation of misfolded
proteins.6 However, to the best of our knowledge, no dual
HDAC-proteasome inhibitor has been reported so far.

Herein, we present the design, synthesis, biological
evaluation, and binding modes of RTS-VS as the first-in-class
dual HDAC—proteasome inhibitor.

B RESULTS

Design and Synthesis of RTS-V5. PIs can be divided into
covalent and noncovalent binders.” We decided to focus on
noncovalent scaffolds to suppress several drawbacks such as
excessive reactivity, lack of specificity, and/or stability.®
Moreover, highly reactive electrophilic warheads might cause
chemical incompatibilities with the typical HDACi zinc-

binding groups (ZBGs) such as hydroxamic acids, amino-
anilides, or thioles. The first noncovalent PI was identified in
the crystal structure of the yeast proteasome in complex with
the natural product TMC-95A.” In the following years, binding
modes of TMC-95A derivatives'* as well as noncovalent linear
peptide mimetics have been reported.'' In particular, a
promising PI turned out to be compound ML16 (Figure 2)
obtained from an elaborate study published by Blackburn and
colleagues.''* The high affinity of ML16 and several analogues
is primarily achieved by a P3-neopentyl-Asn residue (Figure
2). The comparison of currently available crystal structures of
the proteasome in complex with peptidic ligands'* revealed
that this bulky residue indeed represents a superb side chain to
occupy the entire S3 specificity pocket of the chymotrypsin-
like site of the 20S core particle. We, therefore, decided to use
ML16 as a starting point for the design of dual HDAC—
proteasome inhibitors. The S4 binding site does not resemble a
pocket-like structure and a careful inspection of a series of X-
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Scheme 1. Synthesis of RTS-VS§“
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“Reagents and conditions: (a) HATU, DIPEA, DMF, rt, 16 h; (b) TFA, CH,CL, rt, 4 h; (c) 4-((benzyloxy)carbamoyl)benzoic acid, HATU,
DIPEA, DMF, rt, 24 h; (d) Pd/C, H,, rt, 4 h.

Figure 3. Functional specificity of RTS-VS against HDAC6 and the proteasome. (A) Inhibitory activities of compounds RTS-VS against HDAC
isoforms 1, 2, 3, 6, and 8. (B) HL-60, SEM, and SUP-B15r cells were exposed to bortezomib, vorinostat, ricolinostat, and RTS-VS at the indicated
concentration for 24 h, after which lysates were immunoblotted with antiacetyl-a-tubulin, antiacetyl-histone H3, poly(ADP-ribose) polymerase
(PARP), and antiglycerinaldehyd-3-phosphat-dehydrogenase (GAPDH) antibodies. (C) HL-60, SEM, and SUP-B15r cells were treated for 2 h
with bortezomib, vorinostat, ricolinostat, and RTS-V5 at concentrations ranging from 4 nM to 25 yM. The proteasomal activity was measured after
2 h using the cell-based Proteasome-Glo chymotrypsin-like assay by taking Suc-LLVY-aminoluciferin (succinyl-leucine-leucine-valine-tyrosine-
aminoluciferin) as a substrate. The compounds were printed on a 384-well plate using a randomization feature (n = 3).
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Figure 4. Stereoview of the Polder omit map of RTS-VS bound to monomer A of HDAC6 (contoured at 3.0 6) (PDB 6CW8). Atoms are color-
coded as follows: C = orange (RTS-VS) or light blue (protein), N = blue, O = red, Zn®* = gray sphere, and solvent = red spheres. Metal
coordination and hydrogen bond interactions are indicated by solid and dashed black lines, respectively. The Zn** coordination geometry is

pentacoordinate square pyramidal.

ray structures of ML16 and its analogues indicated that the P4
residue is solvent exposed.”''* As a result, we aimed at the
design of a HDAC—proteasome hybrid inhibitor by incorpo-
rating the HDACi part at the P4 position (Figure 2). The most
obvious synergy between PIs and HDAC: is derived from the
inhibition of HDAC6.%"* Thus, we chose an N-hydroxybenza-
mide scaffold as HDACi part as this moiety provides HDAC6
selectivity."*

Compound I (Figure 2) is a representative example of a
selective HDAC6 inhibitor based on an N-hydroxybenzamide
group. Furthermore, the solvent-exposed 4-picolyl group in the
P2 position was replaced by a methyl group in order to reduce
the molecular weight of the hybrid compound. Our hybrid-
ization strategy thus yielded the prototype HDAC—protea-
some hybrid inhibitor RTS-VS (Figure 2).

RTS-VS was synthesized as outlined in Scheme 1. The
readily available building blocks 1 and 2 were combined by
HATU-mediated coupling to generate dipeptide 3. Next, the
deprotection of 3, followed by introduction of 4-((benzyloxy)-
carbamoyl)benzoic acid via another amide coupling reaction,
afforded the protected hydroxamic acid S. Finally, catalytic
hydrogenolysis of 5 provided the target compound RTS-VS.

RTS-V5 Inhibits Histone Deacetylase and Proteaso-
mal Activity. RTS-VS was evaluated for its ability to inhibit
both histone deacetylase and proteasomal activity. First, we
tested the compound in a biochemical assay for activity against
recombinant HDAC6. The screening demonstrated potent
submicromolar activity with an ICs, value of 0.27 uM (Figure
3a). To assess the selectivity of RTS-VS for HDACS, it was
further tested for activity against all class I isoforms (HDAC:s 1,
2, 3, and 8, Figure 3a). Our analysis revealed that RTS-VS has
low activity against HDAC:s 1, 2, and 3. However, HDACS8 was
blocked at submicromolar concentrations as well (HDACS
ICqy: 0.53 M), which can be explained by the lowered rim of
the catalytic channels of HDAC6 and HDACS."”

In the following, we aimed to evaluate the inhibition of RTS-
VS against HDACG in a cellular environment. Therefore, we
treated the acute myeloid leukemia (AML) cell line HL-60 as
well as the B-cell precursor acute lymphoblastic leukemia
(BCP-ALL) cell lines SEM and SUP-B1Sr (tyrosine kinase

inhibitor (TKI) - resistant)'® with RTS-VS, the preferential
HDACG6 inhibitor ricolinostat, and the FDA-approved
proteasome inhibitor bortezomib for 24 h. Next, the cell
lysates were immunoblotted with antiacetyl-a-tubulin and
acetyl-histone H3 antibodies (Figure 3b). Compared to
bortezomib, the treatment with RTS-V5 enhanced the
expression of acetyl-a tubulin and acetyl-histone H3 in
accordance with ricolinostat. Furthermore, RTS-VS upregu-
lated the expression of cleaved PARP, a marker of apoptosis,
corresponding to ricolinostat and bortezomib (Figure 3b). The
inhibition of proteasome activity by RTS-VS was evaluated
using a cell-based chymotrypsin-like Glo assay (Promega) by
taking bortezomib as a positive control and ricolinostat
(HDACS6i) or vorinostat (pan-HDACi) as a negative marker
(Figure 3c). In all selected leukemic cell lines (HL-60, SEM,
and SUP-B15r), RTS-VS blocked the chymotrypsin-like
proteasome activity while vorinostat and ricolinostat were
unable to inhibit the protease. Furthermore, it was shown that
RTS-VS acts specifically on the chymotrypsin-like activity, i.e.,
RTS-VS was unable to inhibit the trypsin- and caspase-like
proteasome activities (Figure Sla, S1b, Supporting Informa-
tion). Thus, these results demonstrate that RTS-VS is the first-
in-class dual HDAC—proteasome inhibitor.

Cocrystal Structures of RTS-V5 in Complex with
HDAC6 and the 20S Proteasome. Encouraged by the
functional specificity of RTS-VS against HDAC6 and the
proteasome, we set out to elucidate its binding modes in the
vastly differing targets. First, the crystal structure of catalytic
domain 2 (CD2) of Danio rerio (zebrafish) HDAC6
complexed with RTS-VS was determined at 1.90 A resolution
(Rgee = 0.190, PDB 6CWS8, Table S1, Supporting Information).
The crystal structures of zebrafish and human CD2 enzymes
are essentially identical,'”* so zebrafish HDAC6 CD2 (hence-
forth simply “HDACG6”) serves as a more readily studied
surrogate of the human enzyme. The crystal structure of the
enzyme—inhibitor complex depicts no major conformational
changes between the inhibitor-bound and unliganded states of
the enzyme, and the root-mean-square (rms) deviation is 0.14
A for 287 Ca atoms (unliganded HDAC6, PDB SEEM).
Notably, there are two independent and essentially identical
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Figure S. Yeast 20S proteasome in complex with RTS-VS. (a) Cartoon representation of the yeast 20S proteasome core particle (yCP) in complex
with RTS-VS (PDB 6H39). The decarboxylated ligand is presented as a sphere model, which is located at the intersection of the f—f’ rings. The
molecule solely binds to the nonprimed substrate binding channel of the chymotrypsin-like active site, which is composed of subunits 5 (gold)
and f6 (cyan), respectively. (b) The 2F, — F electron density map of the noncovalent inhibitor is illustrated as blue mesh and contoured to 16.
Hydrogen bonds forming the antiparallel S-sheet between ligand and protein main chain residues are indicated by black dashed lines. RTS-V5

intensely interacts with the S1 and S3 sites, whereas the P2-Ala side chain is solvent exposed. Amino acid numbering is according to Lowe et a
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and Groll et al."” (c) Structural superposition of RTS-V5 with the covalently acting aldehyde inhibitor MG132 (PDB 4NNN)*° depicts a uniform

arrangement. The hemiacetal bond is highlighted in gold.

monomers in this crystal form (rms deviation = 0.15 A for 299
Ca atoms). Electron density for RTS-VS is generally well-
defined in both monomers (monomer A, Figure 4; monomer
B, Figure S2, Supporting Information). Enzyme—inhibitor
interactions are quite similar in both monomers, except for
alternative interactions resulting from individual conformations
of the benzyl-L-alanyl moiety in monomers A and B,
respectively (Figure S3, Supporting Information).

In both monomers, the hydroxamate moiety of RTS-VS
coordinates to the active site Zn** ion in monodentate fashion,
in a similar manner to that observed in complexes with other
bulky phenylhydroxamate inhibitors such as HPOB, HPB, and
ACY-1083."" This binding mode is characterized by the
coordination of the ionized hydroxamate hydroxyl group to
Zn*" (average Zn**---O separation = 2.0 A), while the
hydroxamate carbonyl group accepts a hydrogen bond from
a Zn**-bound water molecule (average O---O separation = 2.8
A). The Zn**-bound N—O~ group also accepts a hydrogen
bond from Y745 (average O---O separation = 2.6 A).

Beyond the Zn>* coordination polyhedron, intermolecular
interactions observed for RTS-VS in both monomers
contribute to inhibitor affinity and selectivity. The aromatic
ring of the phenylhydroxamate is sandwiched between two
fully conserved residues, F583 and F643. The para-substituted
amide NH group forms a hydrogen bond with S531 on the L2
loop (average N---O separation = 3.0 A). Notably, SS31 is
unique to HDACG6 and plays an important role in substrate
binding.'”* Thus, hydrogen bonds with $331 presumably
contribute to HDAC6 inhibitor selectivity.

In monomer A, the carbonyl group of the neopentylamide
moiety accepts a hydrogen bond from H463 in the L1 loop
with an O---N separation of 2.9 A; in monomer B, the O--N
separation is 3.3 A, which is slightly too long for, but perhaps
within experimental error of, a hydrogen bond. Interestingly,
H463 is unique to vertebrate HDAC6 isozymes, so this
interaction may confer additional selectivity toward HDACS.

Next, the crystal structure of the yeast 20S proteasome core
particle (yCP) in complex with RTS-VS was determined to 2.5
A resolution (Rg,, = 0.217, PDB 6H39, Table S2, Supporting
Information). Intriguingly, the 2F, — F electron density map
displays the entire inhibitor molecule only bound to the
chymotrypsin-like active site by adopting an antiparallel f-
sheet structure (Figure Sa,b). Importantly, the HDACi
hydroxamic acid ZBG of RTS-VS is solvent exposed and,
thus, not in contact with protein residues. In agreement with
our predictions, the complex structure depicts that the ligand
acts noncovalently on the proteasome. Compared to standard
inhibitors bound to the CP, such as the tripeptide aldehyde
MG132,” our study revealed that RTS-V5 is solely stabilized
by van der Waals interactions with its P1 benzene ring to
Val31, Ala49, and predominantly Met4S of subunit S, while
its P3-neopentyl-Asn-moiety forms elaborate interactions with
yp5-Ala49 as well as Aspll4, Valll6, and Serll8 of yp6
(Figure Sb,c). Notably, the electron density map uncovered
the presence of an N-morpholino-ethane-sulfonic acid
molecule (MES) in proximity to the inhibitor, which is
derived from the crystallization buffer. Hereby, the sulfonate
moiety of MES interacts with ASGly47NH and, hence,
occupies the oxyanion hole, an area normally populated by
the active residue of ligands such as (i) the oxygen anion of the
scissile peptide bond in its tetrahedral intermediate”’ or (ii)
functional groups of covalently bound inhibitors.”” Taken
together, the crystallographic insights at the molecular
resolution confirmed our structure—activity relationships,
demonstrating that the noncovalent proteasome inhibitor
RTS-VS fulfils elaborate interactions with the distinct
specificity pockets of the chymotrypsin-like substrate binding
channel, hereby generating target specificity.

Specific Cytotoxic Activity of RTS-V5 against Cancer-
ous Cells. To investigate the anticancer properties of our dual
HDAC-proteasome inhibitor, RTS-VS was screened for
cytotoxicity against a panel of leukemia and multiple myeloma
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cell lines using ricolinostat as a positive control (Table 1).
Hereby, RTS-V5 showed comparable or higher cytotoxicity

Table 1. Cytotoxicity of RTS-VS5 and Ricolinostat against
Selected Leukemia and Multiple Myeloma Cell Lines As
Well As Patient-Derived BCP-ALL Cells

cell line characteristic ~ RTS-VS ICg, [uM] ricolinostat ICs, [uM]
HL60 AML” 1.55 + 0.02 2.36 + 0.07
SEM BCP-ALL” 0.89 + 0.01 161 + 0.02
SUP-B15 BCP-ALL" 1.77 + 0.02 1.92 + 0.07
KCL-22 CMLS 3.14 + 0.03 3.75 £ 0.09
SUP-B15r BCP-ALL" 1.83 + 0.03 3.54 + 0.02
KCL-22r CML 2.58 + 0.04 3.38 + 0.03
RPMI-8226 MM° 1.75 + 0.32 1.97 + 0.12
U266 MM°® 2.04 + 037 3.52 + 038
patient 1 BCP-ALL® 2.06 + 0.16 0.29 + 0.01
patient 2 BCP-ALL” 1.84 + 0.07 0.58 + 0.04
patient 3 BCP-ALL” 523 +0.13 445 + 0.14
patient 4 BCP-ALL? 151 + 0.05 0.54 + 0.01

“Acute myeloid leukemia. ”B-cell precursor acute lymphoblastic
leukemia. “Chronic myeloid leukemia. “Imatinib resistant. “Multiple
myeloma.

than ricolinostat with ICs, values in the single-digit micromolar
to submicromolar concentration range. The highest activity of
RTS-VS was observed against the BCP-ALL cell line SEM
(ICs: 0.89 uM). Our dual inhibitor was also active against
TKl-resistant SUP-B15r and KCL-22r cells,'® with ICs, values
of 1.83 and 2.58 uM, respectively (Table 1). Because of its
encouraging activity against chemosensitive and chemo-
resistant BCP-ALL cell lines, RTS-VS was further tested for
activity against primary BCP-ALL cells derived from four
therapy refractory patients (patients 1 and 2 from initial
diagnosis and patients 3 and 4 from the relapse cohort)
revealing ICj, values ranging from 1.51 to 5.23 uM (Table 1).

Next, we evaluated the cell viability in peripheral blood
derived mononuclear cells (PBMCs) from healthy individuals.
Strikingly, RTS-VS showed only marginal toxicity against
PBMCs (ICs, > 25 uM, Figure S4, Supporting Information).
In contrast, the reference compounds ricolinostat, vorinostat,
and bortezomib caused significant cytotoxicity against PBMCs,
with ICg, values in the single-digit micromolar (ricolinostat,
vorinostat) or even submicromolar concentration range
(bortezomib) (Figure S4, Supporting Information). These
data emphasize that RTS-V5 possesses promising anticancer
properties against several leukemic and multiple myeloma cell
lines as well as patient-derived BCP-ALL cells. Intriguingly,
RTS-VS acts in an encouraging therapeutic window.

On the basis of these promising results, the biological
properties of RTS-VS were analyzed in more detail using the
BCP-ALL cell line SEM. RTS-VS significantly inhibited the
proliferation of SEM cells at its ICy, or 2X ICs, concentrations,
comparable to ricolinostat (Figure SS, Supporting Informa-
tion). RTS-VS induced apoptosis in SEM cells as illustrated by
Annexin V and PI staining with ~S-fold increase in the
apoptotic (annexin*PI*) cells upon 48 h treatment (Figure 6a).
Comparable results were observed in a caspase 3/7 enzyme-
dependent apoptosis assay with an induction of ~6-fold of
apoptotic cells at its ICs, concentration (Figure 6b). SEM cells
were dose dependently arrested in S phase, and a reduction in
G2/M phase was observed after exposure to RTS-VS for 48 h

(Figure 6c). The exposure of RTS-VS induced early differ-
entiation of SEM cells in the liquid medium marked by the
expression of (CD14 and CD11b) myeloid markers (Figure
S6, Supporting Information), and moreover, 48 h exposure of
RTS-VS to SEM cells significantly reduced their colony
forming capacity (Figure 6d). In addition, exposure of RTS-
VS to SEM cells induces the heat shock response (HSR;
marked by the overexpression of Grp94, HSP70, HSP40, and
HSP27 proteins), and unfolded protein response (UPR;
marked by the overexpression of BIP, ATF4, ATF6, and
pJNK proteins) to combat the proteotoxic stress and
autophagy (marked by the overexpression of LC3B and p62
proteins) (Figure 6e).

Aggresomes are inclusion bodies produced in response to
inhibition of the ubiquitin—proteasome machinery. HDAC6
together with the motor protein dynein is required to recruit
cytotoxic, ubiquitylated proteins to aggresomes. The effect of
RTS-VS on the aggresome accumulation was studied using
fluorescence microscopy and FACS upon staining with an
aggresome dye (Figure 7a,b). The well-known proteasome
inhibitors MG132 and bortezomib were used as positive
controls, whereas ricolinostat served as negative control. RTS-
VS significantly blocked aggresome accumulation at its
inhibitory concentration as opposed to bortezomib and
MG132 but in accordance with ricolinostat.

These results led us to conclude that RTS-VS5 induces
apoptosis and blocks proliferation, cell cycle, colony formation,
and aggresome accumulation in the SEM cell line.
Furthermore, the exposure of RTS-VS leads to the activation
of HSR and UPR. Hence, our findings together with the
crystallographic and biochemical data demonstrate that RTS-
VS eradicates cancer cells by dual blockage of the aggresome-
proteasome pathway.

B DISCUSSION AND CONCLUSIONS

The “one-disease-one-drug” paradigm has dominated drug
development strategies for decades. * However, the so-called
magic bullets, molecules that exhibit high selectivity and
potency for one target, are often not effective to treat
multifactorial diseases such as cancer or neurological dis-
orders.* Consequently, combination therapy is a cornerstone
of cancer therapy: the combination of anticancer drugs
enhances efficacy compared to the monotherapy approach
because it modulates key pathways in an additive or even
synergistic manner.”* Bortezomib is often given in combina-
tion with the pan-HDACi panobinostat. The combination of
HDACG6i and proteasome inhibitors leads to increased a-
tubulin acetylation as well as to accumulation of misfolded
proteins.”> Misfolded proteins accumulate because both
clearance routes, the proteasome and the aggresome pathway,
are blocked; in turn, this leads to apoptosis of the cell.?° Thus,
the simultaneous inhibition of both pathways could be of high
clinical importance to combat hematological malignancies.

A phase I/II trial conducted for patients with relapsed or
refractory multiple myeloma showed that therapy with
ricolinostat as a single agent resulted in neither significant
toxicity nor clinical responses.”” However, combination
therapy with the proteasome inhibitor bortezomib and
dexamethasone achieved a response rate of 37%.”” Similar
results were reported in a study using a combination therapy
including the proteasome inhibitor MG132 and vorinostat,
which induced synergistic cytotoxicity in leukemia cells by
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Figure 6. RTS-VS as a potent inhibitor in a leukemic cell line. (a) SEM cells were treated with RTS-VS and ricolinostat at ICq, or at 2X ICq,
concentration for 48 h. Subsequently, dual staining was performed with annexin V/PI and measured by FACS. Viable cells (—ve for annexin V/PI)
were analyzed if they are necrotic (+ve for PI) and are either in an early (+ve for annexin V) or in a late (+ve for both annexin/PI) apoptotic stage.
The bar graph is depicting the percentage of living, apoptotic, and necrotic cells after 48 h exposure to RTS-VS or ricolinostat. (b) SEM cells were
treated with RTS-VS for 48 h followed by determining the enzymatic activity of caspase 3/7 by applying a Glo assay (absorbance at 405 nm) to
record the induction of apoptosis. (c) SEM cells were treated with RTS-VS for 48 h, and after propidium iodide staining cell cycle analysis was
carried out by FACS. (d) SEM cells were seeded in a semisolid methylcellulose-based medium after 48 h treatment with RTS-VS or controls. Next,
the impact of RTS-VS on the differentiation ability of leukemic cells was evaluated. The bar graphs depict the colonies counted after 14 days. (e)
SEM cells were treated with bortezomib, ricolinostat, and RTS-VS at the indicated concentration for 18 h, after which the expression of proteins
involved in the HSR, UPR, and autophagy were analyzed by Western blot analyses. The achieved values depicted in the Figure 6 are plotted as a bar
graph. Columns depict the mean of three independent experiments (1 = 3). Significance analyses of normally distributed data with variance similar

between groups used paired, two-tailed Student’s t test. * p < 0.05, ** p < 0.00S, *** p < 0.001.

downregulating BCR-ABL1 expression and by inducing
intracellular ROS levels.”®

In recent years, multitarget drugs have emerged as a
powerful alternative to combination chemotherapy. Although
several HDACi-based multitarget drugs have been described
before, no dual HDAC—proteasome inhibitor was reported to
date. In this work, we have designed and synthesized RTS-VS§
as a first-in-class dual HDAC—proteasome inhibitor. We have
shown that this compound inhibits both HDAC6 and the
chymotrypsin-like proteasome activity in the submicromolar
range. RTS-VS induces apoptosis, HSR, UPR, and autophagy
in the SEM cell line. Furthermore, it blocks cell cycle, colony
formation, and aggresome accumulation. It is an encouraging
finding that RTS-VS displayed potent anticancer activity
against a panel of chemosensitive, chemoresistant leukemic
and multiple myeloma cell lines, as well as against therapy
refractory primary patient-derived leukemia cells without
imposing toxicity against PBMC cells from healthy volunteers.

In future studies, the efficacy and toxicity of RTS-VS or
improved analogues will be investigated in in vivo models in
comparison to a combination treatment with a HDAC6
inhibitor and a proteasome inhibitor (e.g, ricolinostat
combined with bortezomib) in order to further evaluate the
therapeutic potential of this promising new class of multitarget
ligands.

To the best of our knowledge, this is also the first report of a
dual target binder with accompanying cocrystal structures of
complexes with both protein targets. The X-ray structures
confirmed several important features that might lead to fewer
side effects. The noncovalent and selective inhibition of
chymotrypsin-like proteasome activity may explain the
selective toxicity profile of RTS-VS compared to covalent
proteasome inhibitors such as bortezomib.'” Selective HDAC6
inhibition is clinically preferable because there is growing
evidence that there are intrinsic toxic side effects associated
with inhibition of HDAC1-3.”’ The monodentate zinc-
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Figure 7. Effect of RTS-VS on the aggresome accumulation. (a) SEM cells were treated with the respective compounds at their indicated
concentration for 18 h. In the following, the Enzo proteostat aggresome detection kit was used to stain the cells along with their DNA. Pictures
were taken with a 63X objective using fluorescence microscopy. Scale = 10 yum. (b) Treated SEM cells were analyzed by FACS upon staining with
aggresome dye to determine the aggresome propensity factor according to the relative mean fluorescence intensity (MFI).

binding observed for RTS-V5 can be exploited by bulky
phenylhydroxamate-based HDACi. However, binding of these
inhibitors in the sterically constricted active site of HDAC1—-3
would be disfavored.'”” Thus, the monodentate zinc-binding
mode is believed to contribute to the significantly reduced
inhibition of HDAC1—3 and low toxicity of RTS-VS compared
to the pan-inhibitor vorinostat. Hence, our determined crystal
structures of RTS-VS in complex with HDAC6 and the 20S
proteasome will ultimately pave the way for the structure-based
optimization of dual HDAC-—proteasome inhibitors for
advanced preclinical studies.

B EXPERIMENTAL SECTION

Chemistry. General. All reagents and solvents were purchased
from commercial sources and used without further purification. Thin
layer chromatography was carried out using Macherey-Nagel
precoated aluminum foil sheets which were visualized using UV
light (254 nm) and, in the case of hydroxamic acids, stained with a 1%
solution of iron(IIT) chloride in methanol. '"H NMR and *C NMR
spectra were recorded at room temperature on Bruker Avance III HD
(400 MHz), Bruker Avance III (600 MHz), Bruker Avance DRX (500
MHz), and Varian/Agilent Mercury-Plus (300 MHz) spectrometers.
Chemical shifts (§) are quoted in parts per million (ppm). All spectra
were standardized in accordance with the signals of the deuterated
solvent (DMSO-dg: 8y = 2.50 ppm, 8¢ = 39.5 ppm). Coupling
constants (J) are reported in hertz (Hz). Mass spectra were measured
by the Leipzig University Mass Spectrometry Service, using
electrospray ionization (ESI) on a Bruker Daltonics ESI-TOF
micrOTOF. The uncorrected melting points were determined using
a Barnstead Electrothermal 9100 apparatus. Analytical HPLC analysis
were carried out using a Knauer Azura P 6.1L system equipped with P
6.1L (pumps), a Smartline UV detector 2600, and a Phenomenex
Luna S pu C18(2) 1.8 um particle (250 mm X 4.6 mm) column,
supported by Phenomenex Security Guard Cartridge Kit C18 (4.0
mm X 3.0 mm). UV absorption was detected at 254 nm with a linear
gradient of 10% B to 100% B within 20 min. HPLC-grade water
(solvent A) and HPLC-grade acetonitrile (solvent B) were used for

elution at a flow rate of 1 mL/min. Both solvents were enriched with
0.1% TFA. The purity of the final compound was at least 95%. The
synthesis of 4-((benzyloxy)carbamoyl)benzoic acid is described in the
Supporting Information.

tert-Butyl ((S)-1-(((S)-1-(Benzylamino)-1-oxopropan-2-yl)-
amino)-4-(neopentylamino)-1,4-dioxobutan-2-yl)carbamate (3).
tert-Butyl (S)-(1-benzylamino)-1-oxopropan-2-yl)carbamate (6.64 g,
23.85 mmol, 1 equiv) was dissolved in a mixture of trifluoroacetic
acid/CH,Cl, (1:2, 30 mL) and stirred at room temperature for 4 h.
After completion of the reaction, the solution was basified (pH =~ 9)
using satd sodium carbonate solution. The mixture was extracted with
CH,Cl, (3 x 20 mL) and washed with 1 M sodium hydroxide
solution (3 X 20 mL) and brine (3 X 20 mL). Subsequently, the
collected organics were dried over sodium sulfate and the solvent was
removed under reduced pressure to yield compound 2 as a crude
product. The crude product 2 (1.9 g 10.66 mmol, 1.1 equiv) was
added to a mixture of 1 (2.93 g 9.69 mmol, 1 equiv),
diisopropylethylamine (1.65 mL, 9.69 mmol, 1 equiv), and HATU
(3.68 g, 9.69 mmol, 1 equiv) in 10 mL of DMF and stirred at room
temperature for 16 h. The mixture was extracted with CH,Cl, (3 X 1§
mL) and washed with H,0 (3 X 15 mL), citric acid (3 X 15 mL), and
satd sodium carbonate solution (3 X 15 mL). The combined organics
were dried over sodium sulfate, and the solvent was removed under
reduced pressure. Product 3 was crystallized from n-hexane and ethyl
acetate. White solid; 73% yield; mp 143—145 °C. 'H NMR (400
MHz, DMSO-d¢) 6 8.45 (t, ] = 5.4 Hz, 1H, NH), 8.02 (d, ] = 7.4 Hz,
1H, NH), 7.83-7.67 (t, ] = 5.4 Hz, 1H, NH), 7.37—7.22 (m, SH,
arom H), 691 (d, J = 6.9 Hz, NH), 4.36—4.19 (m, 4H, CH, CH,
CH,), 2.93-2.76 (m, 2H, CH,), 2.75—2.57(m, 2H, CH,), 1.36 (s,
9H, ‘Bu), 1.24 (d, ] = 7.0 Hz, 3H, CHj,), 0.80 (s, 9H, ‘Bu) ppm. *C
NMR (101 MHz, DMSO-d;) § 172.0, 171.0, 169.6, 155.0, 139.3,
128.2, 127.0, 126.7, 78.2, 51.5, 49.7, 48.4, 42.0, 37.7, 31.9, 28.1, 27.2,
18.2 ppm. HRMS (m/z): M~ calcd for C,,H;,N,O5 461.2769, found
461.2758S.

(S)-2-Amino-N'-((S)-1-(benzylamino)- 1-oxopropan-2-yl)-N*-neo-
pentylsuccinamide (4). Compound 3 (340 mg, 0.73 mmol, 1 equiv)
was dissolved in a mixture of trifluoroacetic acid/CH,Cl, (1:2.25, 13
mL) and stirred at room temperature for 4 h. After completion of the
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reaction, the mixture was basified (pH =~ 9) using satd sodium
carbonate solution. The resulting solution was extracted with CH,Cl,
(3 X 20 mL) and washed with brine (1 X 10 mL). The collected
organics were dried over magnesium sulfate, and the solvent was
removed under reduced pressure. The crude product was recrystal-
lized from methanol and diethyl ether to yield compound 4. White
solid; 75% yield; mp 160—163 °C. 'H NMR (400 MHz, DMSO-dy) &
8.49 (t,] = 5.8 Hz, 1H, NH), 8.32 (d, ] = 6.5 Hz, 1H, NH), 7.97 (t, ]
= 5.6 Hz, 1H, NH), 7.36—7.15 (m, SH, arom H), 4.35—4.11 (m, 3H,
CH, CH,), 3.70-3.61 (m, 1H, CH), 2.84 (d, ] = 6.2 Hz, 2H, CH,),
2.68—2.53 (m, 2H, CH,), 1.26 (d, ] = 7.1 Hz, 3H, CH,), 0.81 (s, 9H,
Bu) ppm. ®C NMR (75 MHz, DMSO-d¢) § 172.0, 171.9, 170.1,
169.9, 139.3, 1282, 127.0, 1267, 51.1, 49.7, 48.3, 42.0, 31.8, 27.2,
18.3 ppm. HRMS (m/z): MNa* calcd for C,sH;,N,NaO; 385.2210,
found 385.2210.

N'-((S)-1-(((S)-1-(Benzylamino)-1-oxopropan-2-yl)amino)-4-
(neopentylamino)-1,4-dioxobutan-2-yl)-N*-(benzyloxy)-
terephthalamide (5). A mixture of compound 4 (95 mg, 0.26 mmol,
1 equiv), ((benzyloxy)carbamoyl)benzoic acid (84 mg, 0.31 mmol,
12 equiv), and HATU (118 mg, 0.31 mmol, 1.2 equiv) was
suspended in DMF (3 mL), and diisopropylethylamine (53 uL, 0.31
mmol, 1.2 equiv) was added. The resulting solution was stirred at
room temperature for 24 h. After completion of the reaction, the
solvent was removed under reduced pressure and the remaining solid
was washed with satd sodium bicarbonate solution (2 X 15 mL), 10%
HCI (2 X 15 mL), water (2 X 15 mL), and diethyl ether (2 X 15 mL).
The crude product was recrystallized from methanol and diethyl ether
to yield compound 5. White solid; 65% yield; mp 232—236 °C. 'H
NMR (400 MHz, DMSO-d;) 5 11.90 (s, 1H, NH), 8.70 (d, J = 7.6
Hz, 1H, NH), 8.43 (t, ] = 6.1 Hz, 1H, NH), 8.25 (d, ] = 7.4 Hz, 1H,
NH), 7.94—7.87 (m, 2H, arom H), 7.84—7.78 (m, 2H, arom H),
7.48—7.17 (m, 10H, arom H), 4.94 (s, 1H, OCH,), 4.82—4.73 (m,
1H, CH), 4.34—4.19 (m, 3H, CH,, CH), 2.89—2.63 (m, 4H, CH,,
CH,), 126 (d, J = 7.1 Hz, 3H, CH;), 0.78 (s, 9H, 'Bu) ppm. C
NMR (101 MHz, DMSO-d,) & 172.0, 170.7, 169.7, 165.4, 163.7,
139.4, 136.5, 135.8, 134.7, 129.0, 128.4, 128.2, 127.6, 127.1, 127.0,
126.7, 77.1, 50.9, 49.7, 48.6, 42.0, 37.5, 31.9, 27.2, 18.0 ppm. HRMS
(m/z): M~ caled for C3,H,oNOg 614.2984, found 614.2979.

N'-((S)-1-(((S)-1-(Benzylamino)-1-oxopropan-2-yl)Jamino)-4-
(neopentylamino)-1,4-dioxobutan-2-yl)-N*-hydroxyterephthala-
mide (RTS-V5). Compound § (50 mg, 0.08 mmol, 1 equiv) was
dissolved in S mL of MeOH, and Pd(C) (5 mg, 10 wt %, 4.70 pmol,
0.06 equiv) was added. The mixture was stirred under hydrogen
atmosphere at room temperature for 4 h. After completion of the
reaction, the mixture was filtered over Celite. The solvent was
removed under reduced pressure, and the product RTS-VS was
crystallized from n-hexane and ethyl acetate. White solid; 98% yield;
mp 220 °C (decomp); tz 10.67 min; purity 95%. "H NMR (500 MHz,
DMSO-d,) 6 11.31 (bs, 1H, OH), 9.10 (bs, 1H, NH), 8.67 (d, ] = 7.6
Hz, 1H, NH), 8.40 (t, ] = 5.8 Hz, 1H, NH), 8.20 (d, ] = 7.3 Hz, 1H,
NH), 7.91-7.87 (m, 2H, arom H), 7.84—7.80 (m, 2H, arom H),
7.32—7.19 (m, 5H, arom H), 4.83—4.72 (m, 1H, CH), 4.34—4.21 (m,
3H, CH,, CH), 2.91-2.79 (m, 2H, CH,), 2.77—-2.63 (m, 2H, CH,),
1.26 (d, ] = 7.1 Hz, 3H, CH;), 0.78 (s, 9H, ‘Bu) ppm. *C NMR (126
MHz, DMSO-d,) & 171.9, 170.5, 169.6, 165.5, 139.2, 136.0, 135.2,
128.1, 127.3, 126.9, 126.7, 126.6, 50.9, 49.7, 48.5, 42.0, 37.4, 31.7,
27.1,17.9 ppm. HRMS (m/z): MH" calcd for C,,H;(N;O¢ 526.2660,
found 526.2669.

Biological Evaluation. Cell Culture. SEM, HL60, KCL22, and
K562 leukemic cell lines were cultured in RPMI1640 supplemented
with 10% FCS and maintained at 37 °C with 5% CO,, except for
SUP-B15 (BCR-ABL1) BCP-ALL cell line, which was cultured in
McCoy’s SA supplemented with 20% of FCS (DSMZ, Braunschweig,
Germany). Mononuclear cells (MNC) were isolated by Ficoll density
gradient centrifugation using standard procedures and later cultured
in Mononuclear Cell Medium (PromoCell, Heidelberg, Germany).
CD34+ cells were later sorted from these MNC using MACS
(Miltenyi Biotec, Bergisch Gladbach, Germany). Primary patient
samples were obtained from newly diagnosed patients or from relapse
after informed consent approval of the local ethics committee and

were cultured either in Stemline IT hematopoietic stem cell expansion
medium (Sigma-Aldrich) or in Mononuclear Cell Medium
(PromoCell)

CellTiter-Glo Luminescent Cell Viability Assay. CellTiter-Glo
luminescent cell viability assay (Promega, Madison, USA) was
performed to determine the ICs, values for every cell line. Inhibitors
were printed on white 384-well plates (Thermo Fisher Scientific,
Waltham, USA) with increasing concentrations (50 nM-25 yM) by
using a digital dispenser (D300e, Tecan, Mannedorf, Switzerland).
Cell viability was monitored after 72 h using CellTiter-Glo
luminescent assay using a microplate reader (Spark, Tecan). ICq,
for the compounds were determined by plotting raw data (normalized
to controls) using sigmoid dose curve and nonlinear regression
(GraphPad Prism Inc., San Diego, CA).

Proteasome Activity Assay. To analyze if treatment with RTS-V5
leads to decreased proteasome activity, chymotrypsin-like, trypsin-like,
and caspase-like protease activities associated with the proteasome
complex were measured. Therefore, cell-based Proteasome-Glo assay
kits (Promega, Madison, USA) were used which contain luminogenic
substrates that are recognized and cleaved by the proteasome into
aminoluciferin. Aminoluciferin is consumed by Ultra-Glo luciferase,
producing a luminescent signal correlating to proteasome activity.
Luminescence was measured afterward using a microplate reader
(Spark, Tecan).

Caspase Assay. Caspase-Glo 3/7 assay was used to show the
impact of the inhibitors on the activity of caspase-3 and -7 in the cells.
Caspase-3 and -7 are key players in apoptosis. The kit contains a
luminogenic substrate of caspase-3 and -7 with a DEVD sequence.
This sequence can be recognized and cleaved by caspase-3 and -7.
The cleavage results in a luminescent signal which is proportional to
the amount of caspase activity. Cells were seeded and treated with the
ICs, or 2X ICs, concentrations of the inhibitors for 48 h, and later the
luminescence was measured with a microplate reader (Spark, Tecan).

Proliferation Assay. To investigate the influence of the inhibitors
on the proliferation, cells were counted after every 24 h interval
through trypan exclusion method using automated cell counter (Vi-
CELL XR, Beckman Coulter).

Annexin V Staining. For evaluating apoptosis, cells treated with
respective compounds or control for 48 h were stained with annexin V
and PI and later subjected to FACS, following supplier’s guidelines
(Invitrogen, Carlsbad, CA, USA).

Cell Cycle Analysis. To investigate if cells treated with the
inhibitors show differences in the cell cycle progression as compared
to untreated cells, cell cycle analysis was performed. Therefore, cells
were permeabilized and DNA was stained with PI which binds
stoichiometric, i.e., proportional to the amount of DNA present in the
cell. Fluorescence was measured by flow cytometry with FACSCalibur
(Becton Dickinson, Heidelberg, Germany).

Western Blotting. Cell lysates were generated after 24 h treatment
with the respective inhibitors and later immunoblotted using anti-
PARP (no. 9542), anti-acetyl-a-tubulin (no. 5335), anti-histone H3
(no. 9677), anti-HSP90 (no. 4877), anti-Grp94 (no. 2104), anti-HSF-
1 (no. 4356), anti-HSP70 (no. 4872), anti-PDI (no. 2446), anti-
HSP60 (no. 12165), anti-HSP40 (no. 4871), anti-pHSP27 (no.
9709), anti-HSP27 (no. 2402), anti-BIP (no. 3177), anti-ATF6 (no.
65880), anti-ATF4 (no. 11815), anti-pMAPK (no. 4370), anti- MAPK
(no. 4695), anti-pJNK (no. 4668), anti-JNK (no. 9252), anti-p62 (no.
5114), anti-LC3B (no. 3868), and anti-GAPDH (no. 2118) (Cell
Signaling Technology, Danvers, MA).

Differentiation Assay. Healthy cells differentiate into specialized
cells when they mature. In contrast, cancer cells remain undiffer-
entiated or poorly differentiated to maintain their ability of fast
replication. Differentiation assay was performed to analyze if
treatment with the inhibitors leads to increased differentiation of
the cells. Therefore, antibodies against specific surface molecules that
cells express depending on their stage of differentiation were used as
differentiation markers. FACS was performed on FACSCalibur
(Becton Dickinson, Heidelberg, Germany) by using fluorochrome
coupled monoclonal antibodies (mAbs) along with matched isotype
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controls: anti-CD11b (Bearl) and anti-CD14 (RMOS2) (Beckman
Coulter).

CFU Assay. Colony forming unit assays (CFU) were performed by
initially treating the cells in the liquid medium for 24 h, and later the
treated cells were seeded in the semisolid methylcellulose-based
medium containing respective compounds or control. Colonies were
counted after 14 days.

Aggresome Detection Assay. As RTS-VS simultaneously blocks
the 20S proteasome and HDACS6, we planned to evaluate its effect on
aggresome production using a proteostat aggresome detection kit
(Enzo Life Sciences). Cells were labeled using an aggresome detection
kit following the manufacturer’s guidelines. After 18 h treatment with
the respective compounds, the aggresomes were detected using either
fluorescence microscopy or FACS.

HDAC ICs, Profiling. The in vitro inhibitory activity of RTS-VS
against five human HDAC isoforms (1, 2, 3, 6, and 8) were
determined at Reaction Biology Corporation (Malvern, PA) with a
fluorescence-based assay according to the company’s standard
operating procedure using RHKK(Ac)AMC (HDACs 1, 2, 3, and
6) or RHK(Ac)K(Ac)AMC (HDACS) as substrates. The ICs, values
were determined in duplicate using 10 different concentrations with
3-fold serial dilution starting at 100 uM. TSA (HDAC1 ICgp, 9.4 nM;
HDAC2 ICy,, 26.7 nM; HDAC, ICq, 12.7 nM; HDAC6 ICq,, 8.5
nM; HDACS ICg,, 609 nM) was used as a reference compound.

X-ray Crystallography. Experimental details for the X-ray crystal
structure determination of HDACG6 and the yeast 20S proteasome in
complex with RTS-VS can be found in the Supporting Information.
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ABSTRACT: In this work, we utilized the proteolysis targeting
chimera (PROTAC) technology to achieve the chemical knock-
down of histone deacetylase 6 (HDAC6). Two series of cereblon-
recruiting PROTACs were synthesized via a solid-phase parallel
synthesis approach, which allowed the rapid preparation of two
HDAC6 degrader mini libraries. The PROTACs were either based
on an unselective vorinostat-like HDAC ligand or derived from a
selective HDACG6 inhibitor. Notably, both PROTAC series
demonstrated selective degradation of HDACG6 in leukemia cell
lines. The best degraders from each series (denoted A6 and B4)
were capable of degrading HDAC6 via ternary complex formation
and the ubiquitin—proteasome pathway, with DCs, values of 3.5

and 19.4 nM, respectively. PROTAC A6 demonstrated promising antiproliferative activity via inducing apoptosis in myeloid
leukemia cell lines. These findings highlight the potential of this series of degraders as effective pharmacological tools for the targeted

degradation of HDACS.

B INTRODUCTION

The emerging technology of proteolysis targeting chimeras
(PROTACS) opens new paths to modulate and study proteins
for potential therapeutic approaches. PROTACs are molecules
of bifunctional nature, incorporating two ligands, one for E3
ubiquitin ligase binding and one for the protein of interest
(POI) binding, connected through a linker with variable length
and chemical properties.' ~> Once the chimeric molecule binds
to the E3 ligase and the POI, an E3 ligase:PROTAC:POI
ternary complex is formed, thereby inducing polyubiquitina-
tion of the POI and its subsequent degradation via the
proteasome (Figure 1A). In recent years many efforts have
been undertaken to drug new targets by targeted protein
degradation and to develop new E3 ligase recruiting ligands.4_6
In 2019, the first PROTAC entered clinical trials and the most
advanced PROTACs bavdegalutamide (ARV-110, an androgen
receptor degrader) and ARV-471 (an estrogen receptor
degrader) have already reached phase II trials and showed
promising early data in terms of tolerability, safety, and
efficacy.”® More than 10 targeted protein degraders had
reached the clinic by the end of 2021 which underscores the

© XXXX American Chemical Society
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vast potential of PROTACs and other targeted protein
degraders as new therapeutic modalities.

Histone deacetylases (HDACs) are key players in the
epigenetic network regulating the transcription of numerous
proteins and many processes by removing acetyl and other acyl
groups from histones as well as nonhistone proteins.'”'" To
date, 18 human HDAC isoforms have been identified: The
Zn“—dependent HDACSs, subdivided into three classes,
including class I (HDACI, -2, -3, -8), II (class Ila: HDAC4,
-5, -7, -9; class IIb: HDACS6, -10), and IV (HDAC11) and the
NAD*-dependent class III enzymes (sirtuins 1—7)."> Class I
HDACs, mostly localized in the nucleus, are ubiquitously
expressed and play a crucial role in cell survival and
proliferation, whereas class II HDACs are expressed more
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Figure 1. A. Schematic representation of the POI degradation mediated by a PROTAC. B. Solution-phase synthesis of the HDAC®6i building block
4: (a) Cs,CO; (2.0 equiv), DMF, 80 °C, 2 h, 44%. (b) H,, 10% Pd/C, MeOH/CH,Cl, (5:1), rt, 4 h. (c) NaOH,, (4.0 equiv), THF/MeOH (5:1),
rt, 2 h. (d) Fmoc-Cl (1.5 equiv), 5% Na,COj; ,o/1,4-dioxane (3:2), 0 °C to rt, 18 h, 82% over three steps. C. Solid-phase synthesis of the first (A1—
6) and second (B1—4) series of PROTACs: (a) i. 5% N,H,-H,0 in MeOH, rt, 2 X 1S min, ii. Fmoc-7-aminoheptanoic acid (2.0 equiv) HATU
(2.0 equiv), HOBt-H,O (2.0 equiv), DIPEA (3.0 equiv) DMF, rt, 20 h, loading determined: 0.77—0.97 mmol/g. (b) i. 20% piperidine, DMF, 2 X §
min, ii. Fmoc-4-aminobenzoic acid (3.0 equiv), HATU (3.0 equiv), DIPEA (4.0 equiv), DMF, rt, 20 h. (c) i. 20% piperidine, DMF, 2 X S min, ii.
Fmoc-spacer-COOH (3.0 equiv), HATU (3.0 equiv), DIPEA (4.0 equiv), DMF, rt, 4 h. (d) i. 20% piperidine, DMF, 2 X S min, ii. thalidomide-X-
CH,COOH building block (2.0 equiv), HATU (2.2 equiv), DIPEA (3.5 equiv), DMF, rt, 4 h, (&) 5% TFA, CH,Cl,, rt, 1 h, 27—71% over all solid-
phase steps. (f) i. $% N,H,-H,O in MeOH, rt, 2 X 15 min, ii. 4 (2.0 equiv), HATU (2.0 equiv), HOBt-H,O (2.0 equiv), DIPEA (3.0 equiv), DMF,

rt, 20 h, loading determined: 0.60—0.62 mmol/g.

tissue specifically and can shuttle between the nucleus and
cytoplasm.”® An overexpression of HDACs is linked to various
diseases including solid and hematological malignancies.'* The
efficacy of HDAC inhibitors (HDACi), especially of non-
selective inhibitors, as anticancer agents has been widely
proved.ls_18 However, pan-HDACi often possess serious
adverse effects. Consequently, the development of selective
HDAC;, particularly HDAC6 selective inhibitors, is increas-
ingly of interest to optimize the risk—benefit profile of
HDACi."” However, besides the crucial catalytic functions
mediated via the HDAC6 catalytic domain (CD2), HDAC6
can also influence cellular processes via the more enigmatic
first catalytic domain (CD1) and the unique zinc-finger
ubiquitin binding domain (ZnF-UBP), both of which are not
inhibited by classical HDACG selective inhibitors.””*' Hence,
the targeted degradation of HDAC6 may be advantageous over
the well-established selective HDAC6 CD2 inhibition, because
this approach eliminates both catalytic domains as well as the
ubiquitin binding domain.”

The development of HDAC degraders is of emerging
interest, and a few HDAC degraders were disclosed in recent
years.”> ">’ In 2017, Schiedel et al. described the first degraders
of sirtuin 2 (Sirt2).”” The first degraders of a Zn**-dependent
HDAC were reported in 2018 by Yang et al. by utilizing
pomalidomide as a recruiter for the E3 ligase cereblon
(CRBN) and the unselective HDACi crebinostat as POI

ligand.”> Somewhat surprisingly, despite the unselective
HDAC: scaffold, the PROTAC:s achieved selective degradation
of HDACG6. Subsequently, additional selective HDAC6
degraders were discovered based on the selective HDAC6i
nexturastat A.>°"*** These findings raise the intriguing
question, whether a selective or unselective HDACG6 ligand is
superior to develop highly efficient and selective HDAC6
degraders. Even though most work on HDAC PROTAC:S has
focused on HDAC6,*® the first degraders of HDAC1, HDAC2,
and/or HDAC3 utilizing a hydrazide or aminoanilide zinc-
binding group were recently disclosed.”******” Furthermore,
in 2022, the first selective HDAC4* and HDAC8>"*%*
PROTACs were reported. Interestingly, a chemoproteomics
study by Xiong et al. demonstrated that HDAC6 and HDAC3
are most amenable for targeted protein degradation.”®
Degradation efficiency of PROTACs depends on multiple
factors. One critical factor is the formation of the ternary
complex, which still remains empirical and difficult to predict
by rational design.*’ Thus, efficient synthesis protocols
allowing the rapid preparation of different PROTACs with
altered linker types and E3 ligase as well as POI ligands are an
urgent need for hit optimization. Here we report a facile and
straightforward synthetic gateway toward HDAC6 PROTACs
using a combination of solution- and solid-phase chemistry.
The synthesized PROTACs induced significant and selective
degradation of HDACG in leukemia cells. The degradation
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Table 1. In Vitro Inhibition of HDAC1 and -6 by the PROTACs A1-7 and B1—4

efficiency and kinetics of the most promising degraders were
further analyzed by automated capillary Western blot,
fluorescence microscopy, and endogenously tagged HiBiT-
HDAC6 K562 cells. The biological evaluation of the best
degrader included viability, apoptosis, and caspase 3/7 assays
as well as cell cycle analysis.

B RESULTS AND DISCUSSION

Design and Synthesis of HDAC6 Degraders. To
investigate whether a selective or an unselective HDAC ligand
is superior for efficient and selective HDACG6 degradation, we
designed two series of HDACG6 degraders. In the first series
(A1—6), we utilized a vorinostat-like HDAC ligand based on
an alkyl linker. In the second series (B1—4), we chose a
selective benzimidazole-based HDAC6 ligand, which was
derived from a selective HDACS6i reported by Shen et al.*’
For HDACG6i building block synthesis (Figure 1B), 2-methyl-6-
nitro-1H-benzo[d]imidazole (1) was alkylated with methyl 4-
(bromomethyl)-3-fluorobenzoate (2), yielding the intermedi-
ate 3, which was separated from its minor regioisomer
featuring the nitro group in the 6-position. The major isomer
3 was further treated in a reaction sequence including
reduction of the nitro group, saponification of the ester, and
Fmoc-protection without any purification steps in between to
afford the Fmoc-protected building block 4.

The designed PROTACs were synthesized following our
previously published approach using hydroxamic acids
immobilized on resins (HAIRs).”* In detail, the preloaded
resins were prepared by immobilization of hydroxylamine on
commercially available 2-chlorotrityl chloride (2-CTC) resin,
followed by coupling of the Fmoc-protected HDACi moieties.
The synthesis of the first series (A1—6) was completely carried
out on resin. To this end, the readily available phthaloyl-

protected resin § was deprotected by treatment with hydrazine
hydrate followed by an amide coupling with Fmoc-7-
aminoheptanoic acid. The subsequent Fmoc deprotection
and amide coupling with Fmoc-4-aminobenzoic acid afforded
the preloaded resin 6 (Figure 1C). In contrast, the resin-bound
benzimidazole-based HDAC6 ligand 7, used for the synthesis
of the second series of PROTACs (B1—4), was generated by
immobilization of the previously synthesized building block 4.
Library synthesis of the desired PROTACs A1—6 and B1—4
was carried out starting from 6 or 7 using a solid-phase
supported parallel synthesis approach. In the first step, we
introduced different PEG-based linkers or 8-aminooctanoic
acid as spacer moiety into both series (Figure 1C). For the E3
ligase-recruiting part, we chose the CRBN ligands hydrox-
ythalidomide and pomalidomide, which were synthesized using
modified literature known procedures, carrying an additional
acetic acid residue for the following solid-phase approach.***
Coupling of the E3 ligase component completed the PROTAC
synthesis. The cleavage from the resin under gentle conditions
generated the hydroxamic acids A1—6 and B1—4 in excellent
crude purities of up to 91%. Before the biological evaluation,
the compounds were further purified by preparative RP-HPLC
to >95% purity, yielding the final PROTAC:S in total yields of
27—71%. Taken together, this synthetic strategy enabled
PROTAC library generation in a highly time eflicient fashion.

In Vitro HDAC Inhibition Assays. The synthesized
PROTACs were first screened in biochemical assays to
investigate their inhibition of HDACI and -6. The results
are summarized in Table 1. All compounds from both series
demonstrated potent inhibition of HDAC6 with ICs, values in
double- or even single-digit nanomolar concentration range. As
expected, the vorinostat-like derivatives of type A1—6 turned
out to be unselective inhibitors and also showed potent
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Figure 2. A. Structures of compounds A6 and B4, which were selected for further biological evaluation. B. HL-60 cells were treated with 100 nM, 1
UM, 10 uM of A2, A6, B4 for 6 h. Afterward, cell lysates were immunoblotted with anti-HDAC6, HDAC4, HDAC]1, acetyl-a-tubulin, acetyl-histone
H3, total a-tubulin, and total histone H3 antibodies. GAPDH was used as a loading control. C. Kinetic degradation of HDACG6 levels upon
incubation with A6 or B4 (1 uM) in HiBit-tagged KS62 cells, whereas tubastatin (1 M) and DMSO served as a negative control. The
luminescence was measured using Nano-Glo HiBit lytic detection system (n = 3).

inhibition of HDACI, leading to selective indices (S1/9)
ranging from 6 to 20. In contrast, the compounds from the
benzimidazole series (B1—4) displayed high selectivity for
HDAC6 (SIV¢ = 100—129).

Selection and In Vitro Functional Evaluation of
PROTAGs. In the next step, al PROTACs were analyzed
regarding their potential to degrade HDACG6 in the cellular
context. To this end, HL-60 leukemia cells were treated for 6
or 24 h with different concentrations (0.1, 1, and 10 uM) of
each PROTAC and subsequently investigated by Western blot
in regards to degradation of HDACI and HDAC6 as well as
hyperacetylation of a-tubulin (Figures S1—4, Supporting
Information). Independent of the concentration used and the
incubation time, there was no change observed in the protein
level of HDACI. In contrast, all PROTACs were able to
reduce the HDACG6 levels although with different efficiency.
Interestingly, in both series the PROTACs containing 8-
aminooctanoic acid as linker moiety (A6 and B4) demon-
strated the most potent degradation of HDACG6 and the
strongest hyperacetylation of a-tubulin, which is a marker of
decreased HDACG6 activity. Consequently, both degraders
were selected for a detailed biological investigation (Figure
2A).

In the first step, we compared the degradation efficiency of
A6 with our previously published prototypic HDAC6 degrader
A2°* A2 and A6 are identical in terms of the HDAC warhead
and E3 ligase ligand as well as chain length of the PROTAC
linker. However, they differ in the linker type. Western blot
experiments demonstrated that the HDAC6 degradation
efficiency was clearly improved when the PEG-based linker
present in A2 (see Table S1) was replaced by the 8-
aminooctanoic acid linker, as utilized in the case of A6. We
calculated the physiochemical properties of PROTACs A1—6
and B1—4 using SwissADME (Table S1, Supporting
Information). A6 (log P: 2.37) displayed a significantly higher
calculated log P value than A2 (log P: 0.63) which makes it
reasonable to assume that the improved degradation of
HDAC6 arises from improved permeability due to a higher
lipophilicity. When A6 was analyzed head to head with the
most potent PROTAC from the benzimidazole series (B4), A6
turned out to be the slightly more efficient HDAC6 degrader
(Figure 2B). Of note, no reduction of HDACI (as a
representative class I isoform) and HDAC4 (as a representa-
tive class Ila isoform) protein levels was observed, demonstrat-
ing that A6 and B4 are potent and selective HDAC6
PROTACs (Figure 2B). On the other hand, while both
compounds were capable of inducing hyperacetylation of a-
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Figure 3. A. Quantitative simple western immunoassay shows dose-dependent degradation of HDACG6 with subsequent increased levels of acetyl-a-
tubulin. HL-60 cells were treated with the indicated concentrations of A6 or B4 for 6 h, and the resulting lysates (0.40 pg/sample) were analyzed
utilizing simple western immunoassay technology (BioTechne). Samples were quantified by normalizing the area under the curve (AUC) values of
the electropherogram from the vehicle control. DCs, and Dy, were calculated using nonlinear regression (log(inhibitor) vs response (three
parameters)). ECg, for a-tubulin hyperacetylation was calculated using nonlinear regression (log(agonist) vs normalized response—variable slope).
Average DCy, D,,,,,, and ECs, values were calculated from three independent simple western immunoassay runs on the treated samples from two
independent biological replicates. A representative immunoblot is depicted here. B. HL-60 cells were pretreated with vehicle (DMSO), MG132,
vorinostat, or nexturastat A (1 gM) for 1 h, followed by treatment with A6, B4 (1 uM), or DMSO for 6 h. Afterward, cell lysates were
immunoblotted with anti-HDAC6, HDACI, acetyl-a-tubulin, and acetyl-histone H3 antibodies. GAPDH was used as a loading control. C. HL-60
cells were pretreated with pomalidomide (0.5 uM or 1 uM) or vehicle (DMSO) for 1 h, followed by treatment with A6, B4 (1 yM), or vehicle
(DMSO) for 6 h. Afterward, cell lysates were immunoblotted with anti-HDAC6, HDACI, acetyl-a-tubulin, and acetyl-histone H3 antibodies.
GAPDH was used as a loading control.
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tubulin in HL-60 cells, only A6, but not B4, caused
hyperacetylation of histone H3. Because A6 did not degrade
HDACI (Figure 2B) but displayed submicromolar inhibitory
activity toward HDAC1 (ICgq: 0.100 M, Table 1), we assume
that the observed hyperacetylation of histone H3 originates
from unselective HDAC inhibition and not from degradation.
These results indicate that the selectivity for increasing the
level of acetylated tubulin over acetylated histone H3 can be
improved by replacing an unselective HDACi by a selective
HDACG6i as the HDAC6 ligand in PROTACs. These findings
are in excellent agreement with the report of Tang and co-
workers who showed that PROTACs based on the pan-
HDACi crebinostat caused hyperacetylation of a-tubulin and
histone H3, whereas PROTACs based on the HDAC6-
selective inhibitor nexturastat A demonstrated selective
hyperacetylation of a-tubulin.* Next, we evaluated the kinetics
of HDAC6 degradation by generating (endogenous) HDACG6-
fused HiBit" K362 cells and measured the degradation
efficiency after incubation with A6 or B4 with a luminescent-
based assay. The degradation profiles of both degraders were
similar with comparable D, values, and the most pronounced
reduction of HDACG6 levels was observed in both cases
between 5.5 and 7.5 h after treatment (Figure 2C).
Furthermore, A6 and B4 (at 100 nM and 1000 nM)
demonstrated potent HDAC6 degradation as well as hyper-
acetylation of a-tubulin in a multiple myeloma cell line U266,
thereby confirming that the activity of these degrader is not
restricted to leukemia cell lines (Figure SS, Supporting
Information). Next, we performed a quantitative mass
spectrometry (MS) analysis to determine the effects of
PROTACs on the global cellular proteome. Overall, we
found no significant changes in protein expression pattern
(4331 proteins identified with two or more Razor + unique
peptides) after 6 h PROTAC treatment (A6 or B4 at 1 uM,
Figure S6A,B, Supporting Information). In line with the
immunoblot analysis (Figure 2B), HDACG6 was identified only
in the cells that were not treated with the PROTACs (Table
S2, Supporting Information). However, because of the small
number of observations (one MS/MS count, respectively, in
three of the five untreated replicates; three unique peptides in
total), we did not perform a quantitative interpretation of
HDAC6’s MS data (Figure S6C and Table S3, Supporting
Information). With regard to other HDAC related proteins
(HDAC1-11, SIRT1-7, and HDRP), HDAC1/2/3/6/7/10
and SIRT1/2/3/5/6 were identified, of which HDAC1/2 and
SIRTS were reliably quantifiable but were not affected by the
PROTACs (Table S2, Supporting Information).

Next, the degradation efficiency of A6 and B4 was quantified
by automated capillary Western blot utilizing the simple
western immunoassay technology (Figure 3A and Figure S7,
Supporting Information). Both PROTACs revealed DCj,
values for HDACG6 in the low nanomolar range and D,
values of over 80%. Degrader A6 (DCy: 3.5 nM) was slightly
more efficient compared to B4 (DC:19.4 nM). In addition,
HDAC6 degradation was accompanied with dose-dependent
a-tubulin hyperacetylation with an ECy, of 0.4 M and 5.5 uM
for A6 and B4, respectively. Interestingly, B4 required a higher
concentration to induce a-tubulin hyperacetylation than A6.
However, both HDAC6 inhibition and HDAC6 degradation
contribute to the a-tubulin hyperacetylation. Keeping in mind
that both compounds reduced HDACG6 levels to ~10—15%,
there is still HDACG6 available which can be inhibited.
Differences in the intracellular target engagement of HDAC6

by A6 and B4 might explain the observed differences in the a-
tubulin hyperacetylation in the quantitative simple western
immunoassays (Figure 3A), which were also confirmed by
classical Western blot experiments (Figure 2B).

Additional Western blot experiments were performed to
confirm that the ubiquitin—proteasome system is involved in
the decrease of HDAC6 protein levels. The pretreatment of
HL-60 cells with the proteasome inhibitor MG132 for 1 h
followed by the addition of PROTACs A6 or B4 inhibited the
degradation of HDAC6 (Figure 3B). Moreover, pretreatment
of HL-60 cells for 1 h with either the pan-HDACi vorinostat or
the selective HDAC6i nexturastat A before treatment with A6
or B4 also rescued HDAC6 from degradation (Figure 3B).
These results indicate that the formation of the CRBN:PRO-
TAC:HDACG6 ternary complex, which was blocked by the
respective. HDACI, is crucial for HDAC6 degradation.
Similarly, degradation of HDACG6 was rescued by pretreatment
with the CRBN ligand pomalidomide (Figure 3C). Taken
together, these data demonstrate that the degradation of
HDAC6 occurs via the ternary complex formation and
ubiquitin—proteasome pathway.

Fluorescence Microscopy. The degradation efficiency of
the most potent degrader A6 was further investigated by
fluorescence microscopy (Figure 4). HL-60 cells were treated
with either 100 nM or 1 M A6 for 3 and 6 h, after which they

Figure 4. HDACG is degraded in HL-60 cells treated with 100 nM
and 1 yM A6 for 3 and 6 h. Row A/D: HL-60 cells treated control.
Row B,C,E,F: HL-60 cells were treated with either 100 nM and 1 uM
concentrations of A6 for 3 or 6 h. All samples were stained with an
anti-HDACG6 antibody (white), as well as DAPI nuclear stain (blue).
HDACS is visibly reduced when treated with A6 for both 3 and 6 h.
Brightness and contrast were adjusted equally for all images. Scale bar
=10 pym.

https://doi.org/10.1021/acs.jmedchem.2c01659
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01659?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01659?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01659?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01659?fig=fig4&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry pubs.acs.org/jmc

Figure S. A. Comparative cellular viability (log ICs, (nM)) of different subgroups of leukemic cell lines (697, HL-60, KASUMI-1, MV4-11, REH,
THP-1, SKNO-1, MOLM-13) after exposure to A6 or B4 for 72 h (n = 3). The ICy, data are plotted as a clustered heat map, followed by
unsupervised hierarchical clustering. The vertical axis of the dendogram exemplifies the dissimilarity between clusters, whereas the color of the cell
is related to its position along a log ICs, (nM) gradient. The boxplot shows the median ICs, (log ICs, (nM)) of the respective degrader across all
tested leukemic cell lines. B. ICs, values of A6 and B4 in leukemia cell lines used in clustered heat map were calculated using nonlinear regression
(log(antagonist) vs normalized response—variable slope). Representative example of MOLM13 regression curves shown here. C. MOLM-13 cells
were treated with indicated concentrations of A6, vorinostat, or vehicle (DMSO) for 48 h. Treated cells were incubated with caspase-Glo 3/7
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Figure 5. continued

substrate, and the enzymatic activity of caspase 3/7 was then examined by using a microplate reader (n = 3). D. MOLM-13-treated (48 h) cells
with indicated concentrations of A6, vorinostat, or vehicle (DMSO) were stained with annexin V and propidium iodide (PI), and the apoptosis
induced by these treatments was then assessed by flow cytometry analysis (n = 3). E. MOLM-13-treated (48 h) cells with indicated concentrations
of A6, vorinostat, or vehicle (DMSO) were stained with PL The effect of these treatments on the cell cycle were then assessed by flow cytometry
analysis (n = 3). Significance analyses of normally distributed data with variance similar between groups, using paired, two-tailed Student’s ¢ test

(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

were fixed and stained with anti-HDAC6 antibody to measure
changes in HDACG6 signal intensity. We recorded z-stacks for
all images with a conserved z-step size to create maximum
intensity projections of each cell, which enabled us to display
HDACG6 signals from the entire cell volume. Of note,
acquisition settings were conserved between all the conditions.
We observed that 3 h treatment with A6 at 100 nM was
sufficient to degrade HDACG6 as seen by the reduction in
fluorescence intensity (Figure 4A—C). Extending the incuba-
tion period from 3 to 6 h appears to have a marginal effect on
the HDAC6 signal (Figure 4A—C vs D—F). Furthermore,
smaller differences in HDACG signals were visible when HL-60
cells were treated with 1 yM of A6 (i.e., 10-fold higher). In line
with the Western blot results, no change in the levels of
HDACI1 was observed by fluorescence microscopy after 3 or 6
h treatment with either 100 nM or 1 yuM A6 (Figure S8,
Supporting Information).

Next, to study the intracellular localization of our HDAC
degraders, we synthesized the fluorescently tagged PROTAC
A7 (Figure S6, Supporting Information) by incorporating a
fluorescein-labeled lysine in the middle of the PROTAC linker.
HL-60 cells were treated with either 1, 10, or 50 nM
concentrations of A7 for 6 h. The signal intensity of HDAC6
did not change significantly when HL-60 cells were treated
with 1 or 10 nM A7, whereas, 50 nM A7 significantly reduced
HDACG6 levels (Figure S6D, Supporting Information).
However, the localization of HDAC6 was changed even at
lower concentrations of A7 (i.e., 1, 10, and 50 nM), as the dot-
like signals for HDAC6 were more detached from the nuclear—
cytoplasmic interface, when compared to the DMSO control
(Figure S9, Supporting Information). We also paid close
attention to the localization of our fluorescent compound A7.
However, in contrast to changes in the HDAC6 intracellular
localization, the colocalization of A7 was not detected
conclusively in the nucleus (Figure S9, Supporting Informa-
tion).

Efficacy of A6 and B4 against Leukemia Cell Lines.
After identifying A6 and B4 as the lead PROTACs that
effectively reduced the HDACS levels, we further investigated
their antileukemic activity. At first, we investigated the effect of
A6 and B4 exposure on the cell viability of leukemia cell lines
originated from different therapy refractory subgroups of acute
myeloid leukemia or AML (HL-60, Kasumi, THP-1, HL-60,
SKNO1, and MOLM13) and B-cell acute lymphoblastic
leukemia or B-ALL (REH and 697), using an ATP-Glo
based assay (Figure SA,B and Table S4, Supporting
Information). Exposure to B4 did not display any inhibitory
effects on the cellular viability of any tested leukemia cell line
in the 0.5—50 yM concentration range, whereas A6 revealed
ICs values in the double-digit micromolar range in three of the
AML cell lines (MV4—11, SKNO-1, and MOLM13). The low
effects of B4 (a selective HDAC6 degrader and selective
HDACS6 inhibitor) on the cellular viability is in agreement with
recent reports that selective HDACG6 inhibitors do not show

antiproliferative activities when used at selective concen-
trations.””** The reduced cytotoxicity of A6 (a selective
HDACS6 degrader and unselective HDAC inhibitor) compared
to vorinostat and nexturastat A is somewhat surprising, because
its inhibitory properties against class I isoforms (similar
HDACI inhibitory activity as vorinostat, see Table 1) should
lead to more pronounced antiproliferative properties. For
assessing the nuclear permeability A6 vs vorinostat, HL60 cells
were treated with vorinostat or A6 at 1 uM for 24 h.
Interestingly, a significantly higher H3 hyperacetylation was
noticed upon incubation with vorinostat in comparison to A6.
These results hint that the differences seen between the IC,
values of A6 (double-digit micromolar) and vorinostat
(submicromolar) likely arise due to reduced nuclear
permeability of A6 (Figure S10, Supporting Information).

Out of these three AML cell lines, A6 displayed the lowest
ICs, in the MOLM13 cell line (17.4 + 3.1 uM), and therefore
this cell line was selected for further validation studies,
involving apoptosis induction and cell cycle progression.
Exposure of MOLM13 to A6 induced caspase 3/7-dependent
apoptosis in dose-dependent fashion, which was further
validated by annexin V and PI staining, whereas vorinostat at
its IC,5 and IC, concentrations in MOLM13 cells was taken a
positive control in both assays (Figure SC,D). Next, the effect
of A6 on the cell cycle progression of MOLMI13 cells was
evaluated using flow cytometry (Figure SE). A dose-dependent
increase in the sub-G1 fraction (DNA fragmentation as a
marker of apoptosis) with a concomitant reduction of cell
population in G2/M phase was reported after 48 h exposure to
A6 (8, 16, and 24 uM), whereas vorinostat was taken as a
control (Figure SE). The proportions of the cells with the
fragmented DNA (sub-G1 population) in the vehicle-treated
group was 4.9%, which increased up to 7.5%, 9.9%, and 13.4%
upon treatment with 8, 16, and 24 uM A6. These results
specify that A6 inhibits the cell cycle progression of MOLM13
cells, which explains the effect of A6 exposure on cell viability
and apoptosis induction.

Taken together, these results indicate that PROTAC A6
reduces the cell viability in three AML cell lines in the double-
digit micromolar range and also induces apoptosis of
MOLMI13 cells in a caspase 3/7-dependent fashion through
arresting the cells in sub-G1 phase.

B CONCLUSION

Using a combination of solution- and solid-phase protocols, we
synthesized a series of HDAC6 degraders based on non-
selective (A1—7) and HDAC6-selective (B1—4) ligands. Our
protocols enabled the fast and eflicient synthesis of the desired
PROTAC: in total yields of up to 71%. In both series, Western
blotting experiments revealed that the PROTACs containing
an 8-aminooctanoic acid-based spacer (A6 and B4) demon-
strated the most potent degradation of HDAC6. Although A6
exhibited rather unselective HDAC6 inhibition, both A6 as
well as the selective HDACG6i B4 displayed selective HDAC6
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degradation. Of note, both degraders did not reduce the
protein levels of the control HDAC isoforms HDAC1 (class I)
and -4 (class IIa). In addition, automated capillary Western
blotting was performed to quantify the degradation efficiency
of the best HDACG6 degraders. Both A6 and B4 demonstrated
DCq, values in the low nanomolar range (A6: 3.4 nM and B4:
19.3 nM) and comparable D, values over 80%. Furthermore,
we showed that pretreatment of the HL-60 cells with either a
HDACI, a CRBN ligand, or the proteasome inhibitor MG132
rescued HDAC6 from degradation, suggesting that the
degradation of HDAC6 occurs via the formation of a ternary
complex and through the ubiquitin—proteasome system.
Subsequently, to analyze the degradation kinetics of A6 and
B4, we performed a CRISPR-mediated HiBiT-tagging of
HDAC6 in K562 cells and utilized the HiBiT+LgBiT
complementation technology to monitor the reduction of
HDACG6 levels over 24 h. Both PROTACs demonstrated
similar degradation profiles, and the maximum degradation was
observed between 5.5 and 7.5 h. Moreover, quantitative MS
data did not reveal any significant changes in the overall
cellular proteome profile after 6 h treatment of K562 cells with
PROTACs A6 or B4 at 1 yuM. Next, HDAC6 degradation of
A6 and intracellular localization of a fluorescein-labeled
PROTAC (A7) were determined by fluorescence microscopy,
which showed subcellular localization of the PROTAC A7 in
the cytoplasm/nuclear—cytoplasmic interphase. In contrast to
An et al,,** we noticed a shift in the intracellular localization of
HDACS6 from the cytoplasm/nuclear—cytoplasmic interphase
into the nucleus upon A6 (Figure 4) or A7 (Figure S9,
Supporting Information) exposure. HDAC6 is primarily
located in the cytoplasm, but a fraction of HDACG6 can enter
the nucleus in response to certain stimuli, where it can act as a
transcription factor.*” This is likely due to increased shuttling
of HDACSG into the nucleus in addition to its degradation,
upon HDACG6-PROTAC exposure. In fact, high nuclear
HDAC6 protein levels are associated with anticancer activity.*’
Notably, PROTAC A6 exhibited encouraging antiproliferative
activity in three AML cell lines, and A6 induced apoptosis of
MOLMI13 cells in a caspase 3/7-dependent fashion through
arresting the cells in sub-G1 phase.

Taken together, considering the powerful ability to degrade
HDACS6, promising antileukemic activity, and the synthetic
accessibility by a rapid and straightforward solid-phase
protocol, A6 can be considered as a promising starting point
to develop new therapeutic modalities for HDAC6-driven
diseases, while the selective HDACG inhibitor and degrader B4
is a new effective pharmacological tool to study HDACG6
biology.

B EXPERIMENTAL SECTION

Chemistry. General Remarks. For all solid-phase reactions, a 2-
chlorotrityl chloride resin (200—400 mesh, 1.1—1.8 mmol/g)
supplied by Iris Biotech was used. The manual solid-phase synthesis
was carried out in a PP-reactor equipped with a PE frit (sizes: 2/10/
20 mL, pore size 25 um, MultiSynTech GmbH). Syntheses were
carried out after the modification of the resin, and determination of
the loading capacity of the preloaded resin followed the standard
Fmoc-solid-phase method. After resin swelling for 30 min in DMF,
the standard procedure was performed by repeating the Fmoc-
deprotection and amide coupling steps. Completion of each coupling
step was monitored via the TNBS-test using a TNBS test kit supplied
by TCI After the last coupling cycle, the PROTACs were cleaved
from the resin using the standard cleavage cocktail (5% TFA in
CH,Cl, (v/v), treatment for 1 h at rt) and the compounds were

purified by preparative RP-HPLC. Fractions containing the desired
final compounds were collected and lyophilized, yielding the HDAC
PROTACs A1—A6 and B1—4 with >95% purity in all cases. The
FITC-labeled PROTAC A7, which was used for fluorescence
microscopy studies, was obtained as a mixture of isomers in a purity
of 88%. The Fmoc-protected building blocks (Fmoc-Ahp-COOH,
Fmoc-NH-Ph-COOH) and PROTAC A2 were synthesized as
previously published.**

Fmoc-Deprotection. Piperidine (20% in DMF) was added to the
resin, and the syringe was shaken for 5 min. The step was repeated
once, followed by washing steps with DMF (S X 2 mL), CH,Cl, (5 X
2 mL), and DMF (S X 2 mL). After the washing step, the needle was
changed to prevent reactions with the remaining piperidine.

TNBS-Test. A small amount of resin-beads was placed in a 0.5 mL
microcentrifuge tube. One drop of picrylsulfonic acid (~1% in DMF)
and two drops of DIPEA (10% in DMF) were added to the resin
beads, and the resin beads were reacted for 5 min at room
temperature.

Test Cleavage/Cleavage from the Resin. For a test cleavage, about
2 mg of the dried resin was weighed into a tube and treated with the
standard cleavage solution (5% TFA in CH,Cl,) for 1 h. After the
reaction period was finished, the filtrate was collected and the solvent
was removed in vacuo, giving the crude products, which were solvated
in Milli-Q H,0/MeCN for analytical purposes via HPLC. A cleavage
on a larger scale was carried out in the same way. For each 40 mg of
resin, 1.0 mL of cleavage cocktail was used.

Determination of the Loading of the Preloaded Resin. A small
part of the respective preloaded resin (~5 mg) was weighed and
treated with 500 uL of the deprotection solution (20% piperidine in
DMF) for § min. The filtrate was collected, and the procedure was
repeated once. The absorbance of the combined filtrates was
measured at 300 nm, and the concentration was determined
photometrically (&390 nm(dibenzofulvene) = 7800 M™' cm™).

Nuclear Magnetic Resonance (NMR) Spectroscopy. Proton (‘H),
fluorine (’F), and carbon (**C) NMR spectra were recorded either
on a Bruker AVANCE III HD 400 MHz or Varian/Agilent
MERCURYplus 400 at a frequency of 400 MHz ('H), 377 MHz
(*F), and 100 MHz (**C) or a Varian/Agilent MERCURYplus 300 at
a frequency of 300 MHz ("H), 282 MHz (F) and 75 MHz (**C) or
a Bruker Fourier 300 at a frequency of 300 MHz (‘H) and 75 MHz
("*C). The residual solvent signal (CDCly: '"H NMR: 7.26 ppm, *C
NMR: 77.16 ppm, DMSO-ds: '"H NMR: 2.50 ppm, *C NMR: 39.52
ppm) was used for calibration as referred to tetramethylsilane. As
solvents, deuterated chloroform (CDCl;) and deuterated dimethyl
sulfoxide (DMSO-dg) were used. The chemical shifts are given in
parts per million (ppm). The multiplicity of each signal is reported as
singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), or
combinations thereof. Multiplicities are reported as they were
measured, and they might disagree with the expected multiplicity of
a signal.

Mass Spectrometry. High resolution electrospray ionization mass
spectra (HR-ESI-MS) were acquired either with a Bruker Daltonik
GmbH microTOF coupled to a LC Packings Ultimate HPLC system
and controlled by micrOTOFControl3.4 and HyStar 3.2-LC/MS or
with a Bruker Daltonik GmbH ESI-qTOF Impact II coupled to a
Dionex UltiMate 3000 UHPLC system and controlled by micrO-
TOFControl 4.0 and HyStar 3.2-LC/MS.

High Performance Liquid Chromatography (HPLC). For
analytical purposes, a Thermo Fisher Scientific UltiMate 3000
UHPLC system with a Nucleodur 5 ym C18 100 A (250 X 4.6
mm, Macherey Nagel) column was used. A flow rate of 1 mL/min and
a temperature of 25 °C were set. For preparative purposes, either a
Varian ProStar or Knauer Azura system with either a Jupiter S ym
C18 100 A-column (250 X 10 mm, Phenomenex) with 4 mL/min or
a Nucleodur S u C18 HTec (150 X 32 mm, Macherey Nagel) column
with 15 mL/min was used. Detection was implemented by UV
absorption measurement at a wavelength of 4 = 220 nm and 4 = 254
nm. Bidistilled H,O (A) and MeCN (B) were used as eluents with an
addition of 0.1% TFA to eluent A. For analytical as well as preparative
purposes after column equilibration for S min, a linear gradient from
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5% A to 95% B in 15 min followed by an isocratic regime of 95% B for
S min was used.

UV—Vis and Infrared Spectroscopy (IR). Loading determinations
were performed on a Shimadzu UV-160A spectrometer at room
temperature. All measurements were performed in a 3500 yL quartz
cuvette (100-QS, Hellma Analytics) with a path length of 10 mm.
Infrared spectroscopy measurements were performed on a Perki-
nElmer SpectrumTwo FT-IR spectrometer at room temperature.

General Procedure A. To a cooled (0 °C) solution of the
appropriate amine (1.00 equiv) in 10% aq Na,CO5/1,4-dioxane (3:2,
20 mL/mmol) was added Fmoc-Cl (1.5 equiv) in five portions. The
mixture was then allowed to warm to room temperature and stirred
for 18 h. Upon completion of the reaction, the solution was diluted
with distilled H,O (30 mL) and washed with Et,0 (3 X 40 mL).
Subsequently, the aqueous phase was acidified to pH 1 with 6 M HCL.
Filtration of the resulting precipitate, followed by washing with
distilled H,O (100 mL) and drying in vacuo afforded the desired
Fmoc-protected linker.

General Procedure B. The amounts of reagents and solvents used
in the following synthesis protocol correspond to a 3.00—4.00 mmol
scale. After swelling of the 2-chlorotrityl chloride resin (2.00 g, 3.20
mmol, 1.00 equiv., loading 1.60 mmol/g) for 30 min in DMF, a
solution of N-hydroxyphthalimide (1.88 g, 11.5 mmol, 3.50 equiv)
and Et;N (1.60 mL, 11.5 mmol, 3.50 equiv) in DMF (1.5 mL/g resin)
was added to the resin and reacted for 48 h. Afterward, the resin was
washed with DMF (10 X S mL) and CH,Cl, (10 X S mL). Capping
of the modified resin was performed by treatment with a capping
solution (CH,Cl,/MeOH/DIPEA, 80:15:5) two times for 15 min.
Subsequently, the resin was washed with CH,Cl, (10 X 5 mL) and
dried in vacuo to afford the modified resin S.

General Procedure C. The amounts of reagents and solvents used
in the following synthesis protocol correspond to a 0.09—0.20 mmol
scale. After the HDACi-preloaded resin (1.00 equiv) was left to swell
for 30 min in DMF, Fmoc deprotection was performed by treatment
with 20% piperidine in DMF (1.5 mL, 2 X S min). Afterward, the
resin was washed with DMF (5 X 3 mL), CH,Cl, (5 X 3 mL) and
DMF (5 X 3 mL). For the subsequent amide coupling reaction, a
solution of the appropriate spacer Fmoc-R*>COOH (3.00 equiv),
HATU (3.00 equiv), and DIPEA (4.00 equiv) in DMF (1 mL/mmol
acid) was agitated for S min and then added to the resin. After 4 h at
room temperature, the resin was washed with DMF (5 X 3 mL) and
CH,CL, (S X 3 mL) and completion of the reaction was monitored
via the TNBS-test. Again, washing with DMF (5 X 3 mL) and the
repetition of the Fmoc-deprotection step gave the free amine which
was reacted further in the last coupling cycle with the respective
CRBN building block (1.50—2.20 equiv), HATU (2.00—2.20 equiv),
and DIPEA (3.00—4.00 equiv) in DMF (500 uL) for 4 h at room
temperature. After washing with DMF (S X 3 mL) and CH,Cl, (5 X
3 mL) and a negative TNBS-test, the resin was dried in vacuo
followed by the cleavage of the crude products from the resin and
purification via preparative HPLC.

2-Methyl-6-nitro-1H-benzol[d]imidazole (1). 4-Nitrobenzene-1,2-
diamine (3.06 g, 20 mmol, 1.00 equiv) was dissolved in MeOH (8
mL). Triethyl orthoacetate (4.40 mL, 24 mmol, 1.20 equiv) and
sulfamic acid (19.4 mg, 0.20 mmol, 1 mol %) were added to the
solution, and the mixture was stirred for 4 h at room temperature.
Afterward, the solvent was removed under reduced pressure and the
product was resuspended in EtOAc and filtered. Subsequent
purification by flash column chromatography using CH,Cl,/MeOH
(gradient 0—10%) gave the desired product 1 as a beige solid (2.78 g,
15.7 mmol, 79%). "H NMR (400 MHz, DMSO-d,, 5): 12.88 (s, 1H),
835 (dd, J = 2.3, 0.5 Hz, 1H), 8.05 (dd, J = 8.8, 2.3 Hz, 1H), 7.62
(dd, J = 8.8, 0.6 Hz, 1H), 2.56 (s, 3H) ppm. HRMS-ESI (m/z): [M +
H]* caled for CgH,N;0O,: 178.0611, found: 178.0618. Analytical data
are in agreement with the literature.>

Methyl 4-(Bromomethyl)-3-fluorobenzoate (2). Compound 16
(3.36 g, 20.0 mmol, 1.00 equiv) was dissolved in CHCl; (80 mL)
under vigorous stirring. NBS (5.34 g, 30.0 mmol, 1.50 equiv) and
AIBN (0.66 g, 4.02 mmol, 0.20 equiv) were added, and the orange
reaction mixture was stirred for 16 h at 80 °C. The solvent was

removed under reduced pressure, and the yellow/orange residue was
purified by flash column chromatography (cyclohexane/EtOAc,
98:2), yielding the desired product 2 as a light yellowish solid (3.34
g, 13.5 mmol, 68%). '"H NMR (400 MHz, CDCl,, §): 7.81 (dd, ] =
8.0, 1.6 Hz, 1H), 7.72 (dd, ] = 10.2, 1.6 Hz, 1H), 7.47 (t, ] = 7.7 Hz,
1H), 4.52 (d, J = 1.1 Hz, 2H), 3.93 (s, 3H) ppm. ’F NMR (377
MHz, CDCl,, §): —116.05 (m) ppm. *C NMR (101 MHz, CDCl,,
5): 165.6 (d, ¥Jc_g = 2.8 Hz), 160.4 (d, YJ_p = 251.1 Hz), 132.6 (d,
3c_g=7.7Hz), 1314 (d, }Jc_ = 3.1 Hz), 130.2 (d, *Jc_y = 14.7 Hz),
125.8 (d, YJe_r = 3.7 Hz), 117.1 (d, *Jo_g = 23.3 Hz), 52.6, 24.7 (d,
*Je_r = 4.3 Hz) ppm. Analytical data are in agreement with the
literature.”’

Methyl 3-Fluoro-4-((2-methyl-5-nitro-1H-benzo[d]imidazol-1-
yl)methyl)benzoate (3). 1 (1.42 g, 8.02 mmol, 1.00 equiv) and 2
(1.98 g 8.01 mmol, 1.00 equiv) were dissolved in DMF (40 mL).
Cs,CO; (521 g, 16.0 mmol, 2.00 equiv) was added to the resulting
yellow solution. The reaction was stirred for 2 h at 80 °C. Afterward,
the reaction was cooled to room temperature, diluted with distilled
H,0 (28 mL), and extracted with EtOAc (3 X 60 mL). The
combined organic layers were washed with brine (1 X 70 mL) and
dried over anhydrous MgSO,. After filtration and removal of the
solvent in vacuo, the crude product was purified by flash column
chromatography (cyclohexane/EtOAc, 30:70), yielding the main
isomer 3 as a beige solid (1.21 g, 3.52 mmol, 44%). 'H NMR (400
MHz, CDCl,, 6): 8.62 (d, J = 2.1 Hz, 1H), 8.16 (dd, ] = 8.9, 2.1 Hz,
1H), 7.80 (dd, J = 10.5, 1.6 Hz, 1H), 7.74 (dd, ] = 8.0, 1.6 Hz, 1H),
7.29 (d, ] = 8.9 Hz, 1H), 6.83 (t, ] = 7.6 Hz, 1H), 5.47 (s, 2H), 3.91
(s, 3H), 2.67 (s, 3H) ppm. "’F NMR (377 MHz, CDCl,, §): —116.42
ppm. *C NMR (101 MHz, CDCl,, 6): 165.3 (d, ¥Jc_r = 2.5 Hz),
160.0 (d, YJo_p = 248.5 Hz), 155.7, 144.1, 141.9, 139.3, 132.9 (d,
3c_p=7.7Hz), 128.0 (d, }Jc_p = 3.4 Hz), 126.9 (d, *Jc_y = 14.6 Hz),
126.2 (d, YJe_p = 3.6 Hz), 118.8, 117.3 (d, JJe_p = 22.9 Hz), 116.0,
109.3, 52.8, 42.0 (d, ¥Jc_ = 4.7 Hz), 14.3 ppm. HRMS-ESI (m/z):
[M + H]* caled for C,H,,FN,0,: 344.1041, found: 344.1057.

4-((5-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-2-methyl-
1H-benzo[d]imidazol-1-yl)methyl)-3-fluorobenzoic Acid (4). Pd/C
(10%) (124 mg) was added to a solution of 3 (1.24 g, 3.61 mmol,
1.00 equiv) in MeOH/CH,Cl, (5:1, 120 mL), and the reaction was
vigorously stirred under H,-atmosphere. Full conversion was detected
via HPLC after 4 h. The reaction solution was filtered through Celite,
and the solvent was removed in vacuo. The light orange oily residue
was dissolved in THF/MeOH (5:1, 90 mL), and NaOH,, (50 mg/
mL, 11.5 mL, 14.4 mmol, 4.00 equiv) was added to the solution. Full
conversion was monitored after 2 h via HPLC. The reaction solution
was neutralized with 1 M HCl,, (144 mL, 14.4 mmol, 4.00 equiv),
and the solvent was removed in vacuo. The residue was dissolved in
5% Na,COy,,/1,4-dioxane (3:2, 60 mL), and Fmoc-Cl (1.40 g, 5.41
mmol, 1.50 equiv) was added carefully in five portions at 0 °C. After
stirring for 18 h, the reaction solution was acidified with 6 M HCI to
pH 4 and the precipitate was filtered, washed with water, and dried in
vacuo, yielding the desired product 4 as a beige solid (1.54 g, 2.95
mmol, 82%). Mp: 193 °C (decomp). "H NMR (300 MHz, DMSO-d,,
8): 10.01 (s, 1H), 7.99 (s, 1H), 7.92 (s, 1H), 7.90 (s, 1H), 7.77 (s,
1H), 7.76—7.73 (m, 2H), 7.73—7.70 (m, 1H), 7.63 (d, J = 9.0 Hz,
1H), 7.39 (dtd, ] = 24.2, 7.4, 0.9 Hz, 7H), 5.77 (s, 2H), 4.52 (d, ] =
6.6 Hz, 2H), 4.32 (t, ] = 6.6 Hz, 1H), 2.77 (s, 3H) ppm. YF NMR
(377 MHz, DMSO-d, §): —115.78 (t, ] = 8.9 Hz) ppm. *C NMR
(101 MHz, DMSO-d, 8): 166.0 (d, ¥Jo_r = 1.8 Hz), 163.2, 159.5 (d,
Ye_g = 246.6 Hz), 153.7, 152.5, 143.8, 142.4, 140.8, 133.6 (d, ¥Jc_r =
1.9 Hz), 131.3, 128.7 (d, 3Jo_p = 4.2 Hz), 128.5 (d, ¥Jc_g = 14.8 Hz),
127.7,127.1,125.7 (d, *Jc_g = 3.3 Hz), 125.2, 120.2, 116.0 (d, ¥Jc_¢ =
22.3 Hz), 109.6, 65.5, 46.7, 41.0 (d, *Jc_r = 3.3 Hz), 13.5 ppm.
HRMS-ESI (m/z): [M + H]* caled for C;H,,FN;O,: 522.1824,
found: 522.1825. IR: 7 = 3388 (w), 2872 (br), 2566 (br), 2346 (br),
1807 (br), 1720 (s), 1702 (m), 1621 (w), 1582 (w), 1536 (m), 1506
(m), 1427 (w), 1415 (w), 1329 (w), 1277 (m), 1220 (vs), 1182 (m),
1115 (w), 1083 (m), 1049 (m), 1006 (w), 961 (w), 933 (m), 855
(w), 803 (m), 760 (m), 737 (s), 675 (w), 632 (w), 614 (m), 565 (m),
538 (m), 505 (w), 472 (w) cm™.
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Nonselective HDACi Precursor (6). After swelling of the modified
resin 5 (500 mg, estimated loading 1.50 mmol/g, 0.75S mmol, 1.00
equiv) for 30 min in DMF, the resin was washed with MeOH (3 X §
mL). The phthaloyl protecting group was removed by treatment with
5% hydrazine monohydrate in MeOH for 15 min (2 X 3 mL).
Afterward, the resin was washed with DMF (3 X 5 mL), MeOH (3 X
5 mL), CH,Cl, (3 X § mL), and DMF (3 X S mL). For the
subsequent amide coupling reaction, a solution of Fmoc-amino-
heptanoic acid (551 mg, 1.50 mmol, 2.00 equiv), HATU (570 mg,
1.50 mmol, 2.00 equiv), HOBtH,0 (230 mg, 1.50 mmol, 2.00
equiv), and DIPEA (383 uL, 2.25 mmol, 3.00 equiv) in DMF (2 mL)
was agitated for S min and then added to the resin. The amide
coupling was performed for 20 h at room temperature. Afterward, the
resin was washed with DMF (3 X 5§ mL) and CH,Cl, (3 X 5§ mL).
Completion of the reaction was monitored via the TNBS-test. Upon
completion of the reaction and washing, the resin 17 was dried in
vacuo and a loading between 0.77 mmol/g and 0.97 mmol/g was
photometrically determined for different batches. The dried resin was
stored at 4 °C.

After swelling of the resin 17 (676 mg, 0.97 mmol/g, 0.65 mmol,
1,00 equiv) in DMF for 30 min, Fmoc-deprotection was performed by
treatment with 20% piperidine in DMF. Afterward, the resin was
washed with DMF (3 x § mL), CH,Cl, (3 X 5 mL), and DMF (3 X §
mL). For the subsequent amide coupling reaction, a solution of Fmoc-
aminobenzoic acid (701 mg, 1.95 mmol, 3.00 equiv), HATU (741
mg, 1.95 mmol, 3.00 equiv), and DIPEA (454 L, 2.60 mmol, 4.00
equiv) in DMF (1.5 mL) was agitated for S min and then added to
the resin. After a reaction time of 20 h at room temperature, the resin
was washed with DMF (3 X § mL) and CH,Cl, (3 X S mlL).
Completion of the reaction was monitored via the TNBS-test. The
resin was dried in vacuo and stored at 4 °C.

Selective HDAC6i Precursor (7). After swelling of the modified
resin § (133 mg, estimated loading 1.50 mmol/g, 0.20 mmol, 1.00
equiv) for 30 min in DMF, the resin was washed with MeOH (3 X 3
mL). The phthaloyl protecting group was removed by treatment with
5% hydrazine monohydrate in MeOH for 15 min (2 X 1.5 mL).
Afterward, the resin was washed with DMF (3 X 3 mL), MeOH (3 X
3 mL), CH,Cl, (3 X 3 mL), and DMF (3 X 3 mL). For the
subsequent amide coupling reaction, a solution of 4 (208 mg, 0.40
mmol, 2.00 equiv), HATU (152 mg, 0.40 mmol, 2.00 equiv), HOBt:
H,0 (61.0 mg, 0.40 mmol, 2.00 equiv), and DIPEA (102 uL, 0.60
mmol, 3.00 equiv) in DMF (900 uL) was agitated for S min and then
added to the resin. The amide coupling was performed for 20 h at
room temperature. Afterward, the resin was washed with DMF (3 X 3
mL) and CH,Cl, (3 X 3 mL). Completion of the reaction was
monitored via the TNBS-test. Upon completion of the reaction and
washing, the resin was dried in vacuo and a loading of 0.60—0.62
mmol/g was photometrically determined for different batches of the
preloaded resin. The dried resin was stored at 4 °C.

8-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)octanoic Acid
(8a). Synthesized from 8-aminooctanoic acid (500 mg, 3.14 mmol,
1.00 equiv) and 9-fluorenylmethoxy-carbonyl chloride (1.22 g, 4.71
mmol, 1.50 equiv) according to general procedure A afforded the
desired product 8 as a white solid (675 mg, 1.77 mmol, 56%). 'H
NMR (400 MHz, CDCly, 8): 7.79 (dt, ] = 7.6, 1.0 Hz, 2H), 7.62 (dd,
] =7.6, 1.1 Hz, 2H), 7.46—7.38 (m, 2H), 7.34 (td, ] = 7.4, 1.2 Hz,
2H), 478 (s, 1H), 4.43 (d, ] = 6.9 Hz, 2H), 4.24 (t, ] = 7.0 Hz, 1H),
3.27-3.04 (m, 2H), 2.38 (t, ] = 7.4 Hz, 2H), 1.66 (p, ] = 7.3 Hz, 2H),
1.52 (t, J = 7.0 Hz, 2H), 1.43—1.27 (m, 6H) ppm. HRMS-ESI (m/z):
[M + Na]* caled for C,3H,,NO,: 404.1832, found: 404.1834. The
analytical data are are in agreement with the literature.>

tert-Butyl (2,6-Dioxopiperidin-3-yl)carbamate (9). To a solution
of Boc-L-GIn-OH (10.0 g, 40.6. mmol, 1.00 equiv) in dry THF (100
mL) were added CDI (7.00 g, 43.7 mmol, 1.08 equiv) and DMAP
(21.0 mg, 0.17 mmol, 0.42 mol %). The reaction was heated to reflux
for 24 h under argon atmosphere. The reaction mixture was
concentrated to about half of the original volume in vacuo, resulting
in precipitation of the desired product, which was filtered and washed
with cold THF. Repeating this procedure once gave the desired
product 9 as a white solid (4.53 g, 19.9 mmol, 49%). "H NMR (300

MHz, DMSO-d, §): 10.72 (s, 1H), 7.11 (d, J = 8.7 Hz, 1H), 4.22 (q,
] =8.8 Hz, 1H), 2.81—2.60 (m, 1H), 2.44 (q, J = 4.0 Hz, 1H)*, 2.02—
1.83 (m, 2H), 1.39 (s, 9H) ppm, *partially overlapping with DMSO
signal. HRMS-ESI (m/z): [M + Na]® caled for C,oH;(N,O,:
251.1002, found: 251.1009. Analytical data are in agreement with
the literature.”
2-(2,6-Dioxopiperidin-3-yl)-4-hydroxyisoindoline-1,3-dione (10).
4-Hydroxyisobenzofuran-1,3-dione (492 mg, 3.00 mmol, 1.50 equiv)
was suspended in acetic acid (20 mL). 9 (457 mg, 2.00 mmol, 1.00
equiv) and NaOAc (131 mg, 1.60 mmol, 0.80 equiv) were added, and
the mixture was heated under reflux for 6 h. After expiration of this
time, the reaction solution was cooled to room temperature. The
mixture was diluted with H,O (100 mL) and extracted with CH,Cl,
(10 X SO mL). The combined organic phases were dried over
anhydrous MgSO, and filtered, and the solvent was removed in vacuo.
The crude product was purified by flash column chromatography
(CH,Cl,/MeOH, 0 — 10%), yielding the desired product 10 as a
beige solid (319 mg, 1.16 mmol, 39%). "H NMR (400 MHz, DMSO-
dg, 6): 6 11.19 (s, 1H, broad signal), 11.08 (s, 1H), 7.65 (dd, ] = 8.4,
7.2 Hz, 1H), 7.32 (d, ] = 7.1 Hz, 1H), 7.28—7.19 (m, 1H), 5.07 (dd, J
=129, 5.4 Hz, 1H), 2.95—-2.82 (m, 1H), 2.64—2.45* (m, 2H), 2.07—
1.98 (m, 1H) ppm, *partially overlapping with DMSO-signal. HRMS-
ESI (m/z): [M + Na]* caled for C;3H,(N,O5: 297.0482, found:
297.0494. Analytical data are in agreement with the literature.>
Benzyl 2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
oxy)acetate (11). DIAD (950 uL, 4.84 mmol, 1.10 equiv) was
added dropwise under argon atmosphere to a cooled (0 °C) solution
of 10 (1.20 g, 4.40 mmol, 1.00 equiv), PPh; (1.73 g, 6.60 mmol, 1.50
equiv), and benzyl glycolate (687 uL, 4.84 mmol, 1.10 equiv) in dry
THF (50 mL). The reaction was allowed to warm to room
temperature and stirred for 20 h. Afterward, the reaction was
quenched with distilled H,0O (50 mL) and diluted with EtOAc (50
mL). The aqueous phase was washed with EtOAc (3 X 50 mL), and
the combined organic phases were dried over anhydrous MgSO,,
filtered, and concentrated in vacuo. The crude product was purified
three times in total by flash column chromatography (cyclohexane/
EtOAc) using a linear gradient from S to 95% EtOAc in 30 min,
yielding 11 as a white foam (985 mg, 2.33 mmol, 53%). '"H NMR
(300 MHz, CDCl,, 6): 8.12 (s, 1H), 7.62 (dd, ] = 8.4, 7.3 Hz, 1H),
7.55—7.48 (m, 1H), 7.34 (d, J = 1.1 Hz, SH), 7.08 (dd, ] = 8.5, 0.8
Hz, 1H), 5.23 (s, 2H), 4.98 (d, ] = 5.5 Hz, 1H), 4.94 (s, 2H), 3.03—
2.61 (m, 3H), 2.24—2.07 (m, 1H) ppm. *C NMR (75 MHz, DMSO-
dg, 8): 171.0, 168.0, 167.9, 166.9, 165.5, 155.4, 136.5, 135.0, 134.1,
128.8, 128.8, 128.7, 1203, 117.9, 117.3, 67.5, 66.5, 49.3, 31.5, 22.7
ppm. HRMS-ESI (m/z): [M + Na]* calcd for C,,H;sN,0-: 445.1006,
found: 445.1004. Analytical data are in agreement with the
literature.*>
2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-
acetic Acid (12). Pd/C (10%) (28 mg) was added to a solution of 11
(280 mg, 0.66 mmol, 1.00 equiv) in 2.5:1 EtOAc/CH,Cl, (30 mL),
and the reaction was vigorously stirred under H,-atmosphere. During
the reaction, a gray suspension formed and more precipitation
occurred. After 4 h, the reaction was gently flushed with argon and the
mixture was diluted with MeOH (50 mL). The reaction mixture was
heated carefully to reflux and filtered through Celite. The Celite was
washed with hot MeOH (200 mL), and the combined organic phases
were dried in vacuo, yielding 12 as a white solid (210 mg, 0.63 mmol,
95%), which was used for solid-phase synthesis without further
purification. "H NMR (400 MHz, DMSO-d,, 6): 11.10 (s, 1H), 7.79
(dd, J=8.5,7.3 Hz, 1H), 7.47 (d,] = 7.2 Hz, 1H), 7.38 (d, ] = 8.5 Hz,
1H), 5.10 (dd, J = 12.8, 5.4 Hz, 1H), 4.96 (s, 2H), 2.89 (ddd, J =
17.3, 14.0, 5.3 Hz, 1H), 2.66—2.45 (m, 2H)*, 2.09-1.97 (m, 1H)
ppm, *partially overlapping with DMSO signal. *C NMR (101 MHz,
DMSO-dg, §): 172.8, 169.9, 169.5, 166.8, 165.2, 155.2, 136.7, 133.2,
119.9, 116.3, 115.7, 65.1, 48.8, 31.0, 22.0 ppm. HRMS-ESI (m/z): [M
+ Na]* caled for C;sH|,N,0;: 355.0537, found: 355.054S. Analytical
data are in agreement with the literature.>>
2-(2,6-Dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (13). 3-
Fluorophthalic anhydride (3.08 g 18.6 mmol, 1.50 equiv) was
suspended in glacial acetic acid (60 mL). 9 (2.83 g, 12.4 mmol, 1.00
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equiv) and NaOAc (814 mg, 9.92 mmol, 0.80 equiv) were added, and
the mixture was heated to reflux for 6 h. The solution was cooled to
room temperature and poured into H,O (150 mL). The precipitate
was collected by filtration and washed with H,O (50 mL) and
petroleum ether (30 mL). The solid was dried in vacuo, yielding the
desired product 13 (2.47 g, 8.93 mmol, 72%) as a gray solid. 'H NMR
(400 MHz, DMSO-dg, 5): 11.14 (s, 1H), 7.95 (ddd, J = 8.4, 7.3, 4.5
Hz, 1H), 7.79 (d, J = 7.3 Hz, 1H), 7.73 (t, ] = 8.9 Hz, 1H), 5.16 (dd, J
= 12.8, 5.4 Hz, 1H), 2.89 (ddd, J = 17.1, 13.9, 5.4 Hz, 1H), 2.66—
2.43* (m, 2H), 2.07 (dtd, J = 13.0, 5.3, 2.3 Hz, 1H) ppm, *partially
overlapping with DMSO-signal. "’F NMR (377 MHz, DMSO-d,, 6):
—114.65 (dd, J = 9.5, 4.5 Hz) ppm. HRMS-ESI (m/z): [M + Na]*
caled for C3HGFN,O,: 299.0439, found: 299.0456. Analytical data
are in agreement with the literature.>

Benzyl (2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
glycinate (14). 13 (300 mg, 1.09 mmol, 1.00 equiv), and H-Gly-
OBz (269 mg, 1.63 mmol, 1.50 equiv) was dissolved in DMF (5 mL),
and DIPEA (285 uL, 1.63 mmol, 1.50 equiv) was added to the
solution. The reaction mixture was agitated at 150 °C for S min in a
microwave-assisted reaction (150 W). The solution was cooled to
room temperature, and the solvent was coevaporated with toluene (3
X 10 mL). Purification by preparative HPLC afforded 14 as a yellow
powder (113 mg, 0.27 mmol, 25%). 'H NMR (400 MHz, CDCl,, §):
8.12 (s, 1H), 7.49 (dd, J = 8.5, 7.2 Hz, 1H), 7.41-7.31 (m, SH), 7.17
(dd, J = 7.1, 0.6 Hz, 1H), 6.81—6.61 (m, 1H), 6,69 (s, broad signal,
1H) 5.23 (s, 2H), 5.03—4.85 (m, 1H), 4.10 (s, 2H), 2.99—2.65 (m,
3H), 2.21-2.07 (m, 1H) ppm. *C NMR (101 MHz, CDCl;-d;, §):
1712, 169.6, 169.2, 168.3, 167.6, 145.8, 136.3, 135.2, 132.7, 128.8,
128.8, 128.7, 116.8, 112.8, 111.4, 67.6, 49.1, 44.6, 31.5, 22.9 ppm.
HRMS-ESI (m/z): [M + Na]* caled for C,,H;(N;O4 444.1166,
found: 444.1176. IR: ¥ = 3261 (br), 2871 (br), 1694 (s), 1625 (m),
1503 (m), 1407 (m), 1359 (m), 1320 (w), 1259 (m), 1197 (s), 1114
(s), 1952 (w), 835 (w), 814 (w), 747 (m), 719 (m), 600 (w), 467 (w)
cm .
(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycine
(15). 10% Pd/C (24.9 mg) was added to a solution of 14 (249 mg,
0.59 mmol, 1.00 equiv) in 1:2 MeOH/CH,Cl, (25 mL), and the
reaction was vigorously stirred under H,-atmosphere. After 2 h, full
conversion was monitored by RP-HPLC. After a change of the
atmosphere, the reaction was diluted with warm MeOH (50 mL).
The suspension was filtered through Celite, and the Celite was
washed with warm MeOH until the Celite pad lost its yellow color.
The combined organic phases were dried in vacuo and lyophilized,
yielding 15 as a yellow solid (176 mg, 0.53 mmol, 90%). The product
was used without further purification. HPLC: t = 14.28 min. 'H
NMR (400 MHz, DMSO-dg, 6): 6 11.10 (s, 1H), 7.58 (dd, ] = 8.5, 7.1
Hz, 1H), 7.07 (d, ] = 7.1 Hz, 1H), 6.98 (d, ] = 8.5 Hz, 1H), 6.86 (t, ]
= 5.7 Hz, 1H), 5.07 (dd, J = 12.9, 5.4 Hz, 1H), 4.07 (d, ] = 5.7 Hz,
2H), 2.89 (ddd, J = 17.3, 13.9, 5.4 Hz, 1H), 2.65-2.52* (m, 2H),
2.07-1.99 (m, 1H) ppm, *partially overlapping with DMSO-signal,
NH could not be detected due to solvent exchange. *C NMR (101
MHz, DMSO-d,, 8): 172.8, 171.4, 170.1, 168.8, 167.3, 145.8, 136.1,
132.0, 117.7, 111.0, 109.6, 48.6, 43.9, 31.0, 22.1. HRMS-ESI (m/z):
[M + Na]* caled for C,H 3N;O4: 354.0697, found: 354.0704. IR: v =
3377 (w), 3182 (br), 3089 (br), 2906 (br), 1745 (w), 1688 (s), 1621
(m), 150 (w), 1445 (w), 1399 (m), 1295 (w), 1264 (m), 1198 (s),
1179 (m), 1148 (m), 1106 (m), 1017 (w), 945 (w), 921 (w), 814
(m), 741 (s), 679 (w), 601 (s), 471 (s) cm™.

Methyl 3-Fluoro-4-methylbenzoate (16). Thionyl chloride (3.06
mL, 42.2 mmol, 1.30 equiv) was added dropwise to a cooled (0 °C)
solution of 3-fluoro-4-methylbenzoic acid (5.00 g, 32.4 mmol, 1.00
equiv) in dry MeOH (150 mL). The reaction was allowed to warm to
room temperature and stirred for an additional 4 h at 50 °C.
Afterward, the reaction was cooled to 0 °C and gently quenched with
1 M HCI (70 mL). Brine (20 mL) was added, and the yellow colored
reaction solution was extracted with EtOAc (3 X 100 mL). The
combined organic phases were dried over anhydrous Na,SO, and
filtered. Removal of the solvent in vacuo yielded the desired product
16 as a yellow/brown solid (5.09 g, 30.2 mmol, 93%). '"H NMR (400
MHz, CDCl,, §): 7.72 (dd, ] = 7.9, 1.7 Hz, 1H), 7.65 (dd, ] = 10.2,

1.7 Hz, 1H), 7.25 (t, ] = 7.7 Hz, 1H), 391 (s, 3H), 2.33 (d, ] = 1.8
Hz, 3H) ppm. F NMR (377 MHz, CDCL,;,6): —116.75 (m) ppm.
13C NMR (101 MHz, CDCl,, §): 166.3 (d, ¥Jc_r = 2.5 Hz), 161.1 (d,
Vep = 245.5 Hz), 131.5 (d, *Jc_p = 5.0 Hz), 130.7 (d, ¥Jc_p = 17.3
Hz), 129.8 (d, ] c_g= 7.5 Hz), 125.2 (d, ¥Jc_r = 3.5 Hz), 116.2 (d,
Ye_p = 24.1 Hz), 52.4,15.0 (d, *Jc_g = 3.6 Hz) ppm. HRMS-ESI (m/
z): [M + Na]" calcd for CGHoFO,: 191.0479, found: 191.048S.
4-(2-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
oxy)acetamido)ethoxy)acetamido)-N-(7-(hydroxyamino)-7-
oxoheptyl)benzamide (A1). Synthesized according to general
procedure C using 6 (147 mg, 0.10 mmol, 1.00 equiv), Fmoc-
O1Pen-OH (102 mg, 0.30 mmol, 3.00 equiv), HATU (114 mg, 0.30
mmol, 3.00 equiv), and DIPEA (70.0 uL, 0.40 mmol, 4.00 equiv) in
DMF (300 uL). The second coupling cycle was performed using the
hydroxythalidomide building block 12 (50.0 mg, 0.15 mmol, 1.50
equiv), HATU (76.0 mg, 0.20 mmol, 2.00 equiv), and DIPEA (52.0
uL, 030 mmol, 3.00 equiv) in DMF (500 uL). Purification by
preparative HPLC afforded Al as a white powder (39.0 mg, 56.1
umol, 56%) in >95% purity. HPLC: t; = 13.56 min. "H NMR (400
MHz, DMSO-d,, §): 11.10 (s, 1H), 10.32 (s, 1H), 9.77 (s, 1H), 8.29
(t, ] = 5.6 Hz, 1H), 8.20 (t, ] = 5.8 Hz, 1H), 7.78 (dd, ] = 8.6, 7.6 Hz,
3H), 7.72—7.62 (m, 2H), 7.45 (d, ] = 7.2 Hz, 1H), 7.38 (d, ] = 8.5
Hz, 1H), 5.08 (dd, ] = 12.8, 5.4 Hz, 1H), 4.82 (s, 2H), 4.08 (s, 2H),
3.60 (t, ] = 5.5 Hz, 2H), 3.46—3.34 (m, 2H*), 3.22 (q, J = 6.7 Hz,
2H), 2.87 (ddd, J = 16.9, 13.8, 5.4 Hz, 1H), 2.62—2.42 (m, 2H),
2.04—1.96 (m, 1H), 1.94 (t, ] = 7.4 Hz, 2H), 1.53—1.44 (m, 4H),
1.33—1.22 (m, 4H) ppm, *overlapping with water signal, the C-NH-
OH signal could not be detected due to solvent exchange. *C NMR
(101 MHz, DMSO-d,, 8): 172.8, 169.9, 169.1, 168.4, 167.2, 166.7,
165.5, 165.4, 155.1, 140.7, 136.9, 133.0, 129.6, 127.9, 120.3, 118.7,
116.8, 116.0, 70.0, 69.6, 67.6, 48.8,*, 38.3, 32.3, 31.0, 29.1, 28.4, 26.3,
25.1, 22.0 ppm, *overlapping with DMSO signal. HRMS-ESI (m/z):
[M + H]" caled for C33H3NO,;: 695.2671, found: 695.2695. IR: 7 =
3251 (br), 2932 (br), 1774 (w), 1708 (s), 1667 (m), 1615 (m), 1532
(s), 1397 (m), 1261 (m), 1198 (m), 1110 (m), 1056 (m), 1016 (w),
989 (w), 853 (w), 747 (m), 601 (m), 466 (w) cm™.
4-(1-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-
2-0x0-6,9,12-trioxa-3-azapentadecan-15-amido)-N-(7-(hydroxya-
mino)-7-oxoheptyl)benzamide (A3). Synthesized according to
general procedure C using 6 (168 mg, 0.15 mmol, 1.00 equiv),
Fmoc-NH-PEG(3)-OH (200 mg, 0.45 mmol, 3.00 equiv), HATU
(171 mg, 0.45 mmol, 3.00 equiv), and DIPEA (10S uL, 0.60 mmol,
4.00 equiv) in DMF (500 uL). The second coupling cycle was
performed using the hydroxythalidomide building block 12 (99.7 mg,
0.30 mmol, 2.00 equiv), HATU (125 mg, 0.33 mmol, 2.20 equiv), and
DIPEA (92.0 uL, 0.53 mmol, 3.50 equiv) in DMF (500 uL).
Purification by preparative HPLC afforded A3 as a white powder
(774 mg, 97.0 pmol, 65%) in >95% purity. HPLC: t; = 13.80 min.
'H NMR (400 MHz, DMSO-d,, 6): 11.11 (s, 1H), 10.32 (s, 1H),
10.11 (s, 1H), 8.28 (t, ] = 5.6 Hz, 1H), 7.99 (t, ] = 5.7 Hz, 1H), 7.89—
7.72 (m, 3H), 7.68—7.58 (m, 2H), 7.49 (d, ] = 7.2 Hz, 1H), 7.39 (d, ]
= 8.5 Hz, 1H), 5.11 (dd, ] = 12.9, 5.4 Hz, 1H), 4.78 (s, 2H), 3.69 (t, ]
= 6.2 Hz, 2H), 3.56—3.47 (m, 8H), 3.44 (t, ] = 5.7 Hz, 2H), 3.30 (q, J
= 5.7 Hz, 2H), 3.21 (q, J = 6.7 Hz, 2H), 2.89 (ddd, ] = 17.3, 14.0, 5.4
Hz, 1H), 2.71—2.45 (m, 4H), 2.08—2.01 (m, 1H), 1.94 (t, ] = 7.4 Hz,
2H), 1.49 (p, ] = 7.0 Hz, 4H), 1.26 (dq, ] = 8.4, 5.2, 4.4 Hz, 4H) ppm,
C-NH-OH signal could not be detected due to solvent exchange. *C
NMR (101 MHz, DMSO-dq, §): 172.8, 169.9, 169.6, 169.1, 166.9,
166.7, 165.5, 165.4, 155.0, 141.6, 136.9, 133.0, 129.1, 127.9, 120.4,
118.1, 116.8, 116.1, 69.7, 69.7, 69.7, 69.6, 68.8, 67.5, 66.5, 48.8, 40.2*,
38.4, 37.2, 32.2, 31.0, 29.1, 28.4, 26.2, 25.1, 22.0 ppm, *overlapping
with DMSO signal. HRMS-ESI (m/z): [M + Na]* caled for
C3sHysNgOy5: 819.3172, found: 819.3188. IR: ¥ = 3261 (br), 2927
(br), 1773 (w), 1708 (s), 1659 (s), 1531 (m), 1395 (m), 1259 (m),
1099 (m), 1015 (w), 879 (w), 747 (m), 602 (m), 466 (m) cm™.
4-(1-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-
2-0x0-6,9,12,15-tetraoxa-3-azaoctadecan-18-amido)-N-(7-(hy-
droxyamino)-7-oxoheptyl)benzamide (A4). Synthesized according
to general procedure C using 6 (147 mg, 0.10 mmol, 1.00 equiv),
Fmoc-NH-PEG(4)-OH (146 mg, 0.30 mmol, 3.00 equiv), HATU
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(114 mg, 0.30 mmol, 3.00 equiv), and DIPEA (70.0 L, 0.40 mmol,
4.00 equiv) in DMF (300 uL). The second coupling cycle was
performed using the hydroxythalidomide building block 12 (50.0 mg,
0.15 mmol, 1.50 equiv), HATU (76.0 mg, 0.20 mmol, 2.00 equiv),
and DIPEA (52.0 uL, 0.30 mmol, 3.00 equiv) in DMF (500 uL).
Purification by preparative HPLC afforded A4 as a white powder
(55.7 mg, 66.2 pmol, 66%) in >95% purity. HPLC: t = 13.91 min.
'H NMR (400 MHz, DMSO-d,, 6): 11.11 (s, 1H), 10.32 (s, 1H),
10.12 (s, 1H), 8.29 (t, ] = 5.6 Hz, 1H), 7.99 (t, ] = 5.6 Hz, 1H), 7.84—
7.74 (m, 3H), 7.68—7.61 (m, 2H), 7.49 (d, ] = 7.2 Hz, 1H), 7.39 (d, ]
= 8.5 Hz, 1H), 5.11 (dd, J = 12.9, 5.4 Hz, 1H), 4.78 (s, 2H), 3.69* (t,
J = 62 Hz, 2H), 3.56—3.38 (m, 14H), 3.31 (q, ] = 5.7 Hz, 2H), 3.21
(q,J = 6.6 Hz, 2H), 2.89 (ddd, ] = 17.4, 14.1, 5.4 Hz, 1H), 2.70—2.45
(m, 4H), 2.12—1.98 (m, 1H), 1.93 (t, ] = 7.3 Hz, 2H), 1.48 (p, ] = 7.1
Hz, 4H), 1.26 (dq, J = 10.0, 5.6 Hz, 4H) ppm, *overlapping with
water signal, C-NH-OH signal could not be detected due to solvent
exchange. *C NMR (101 MHz, DMSO-d, 5): 172.8, 169.9, 169.6,
169.1, 166.9, 166.7, 165.5, 165.4, 155.0, 141.6, 136.9, 133.0, 129.1,
127.9, 120.4, 118.1, 116.8, 116.1, 69.8 (2C), 69.7, 69.7 (2C), 69.6,
68.8, 67.5, 66.5, 48.8, 40.1%, 38.4, 37.2, 32.2, 30.9, 29.1, 28.4, 26.2,
25.1, 22.0 ppm, *overlapping with DMSO signal. HRMS-ESI (m/z):
[M + Na]* caled for C,oH,NgO,,: 863.3434, found: 863.3449. IR: v
= 3251 (br), 2932 (br), 1774 (w), 1708 (s), 1667 (m), 1615 (m),
1532 (s), 1439 (w), 1397 (m), 1261 (m), 1198 (m), 1110 (m), 1016
(w), 898 (w), 938 (w), 853 (w), 747 (m), 601 (m), 466 (w) cm™.
4-(1-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
amino)-2-0x0-6,9,12,15-tetraoxa-3-azaoctadecan-18-amido)-N-
(7-(hydroxyamino)-7-oxoheptyl)benzamide (AS5). Synthesized ac-
cording to general procedure C using 6 (147 mg, 0.10 mmol, 1.00
equiv), Fmoc-NH-PEG(4)-OH (146 mg, 0.30 mmol, 3.00 equiv),
HATU (114 mg, 0.30 mmol, 3.00 equiv), and DIPEA (70.0 uL, 0.40
mmol, 4.00 equiv) in DMF (300 pL). The second coupling cycle was
performed using the pomalidomide building block 15 (33.1 mg, 0.10
mmol, 1.00 equiv), HATU (57.0 mg, 0.15 mmol, 1.50 equiv), and
DIPEA (52.0 L, 0.30 mmol, 3.00 equiv) in DMF (500 uL). For this
coupling, a recoupling cycle using the same conditions was needed.
Purification by preparative HPLC afforded AS as a yellow powder
(52.1 mg, 62.0 pmol, 62%) in >95% purity. HPLC: t = 13.99 min.
'H NMR (400 MHz, DMSO-d, §): 11.09 (s, 1H), 10.32 (s, 1H),
10.12 (s, 1H), 8.29 (t, ] = 5.6 Hz, 1H), 8.15 (t, ] = 5.6 Hz, 1H), 7.86—
7.74 (m, 2H), 7.69—7.62 (m, 2H), 7.58 (dd, ] = 8.5, 7.1 Hz, 1H), 7.07
(d,]=7.1 Hz, 1H), 6.94 (s, 1H), 6.86 (d, ] = 8.6 Hz, 1H), 5.07 (dd, |
= 12.9, 5.4 Hz, 1H), 3.93 (s, 2H), 3.69 (t, ] = 6.2 Hz, 2H)*, 3.59—
3.44 (m, 14H)*, 3.41 (t, ] = 5.8 Hz, 2H), 3.23 (dq, ] = 164, 6.7, 6.2
Hz, 4H), 2.89 (ddd, J = 17.4, 13.9, 5.5 Hz, 1H), 2.57 (t, ] = 6.1 Hg,
2H), 2.03 (dtd, J = 13.0, 6.0, 2.8 Hz, 1H), 1.93 (t, ] = 7.3 Hz, 2H),
1.57-1.39 (m, 4H), 1.36-1.14 (m, | = 6.4 Hz, 4H) ppm,
*overlapping with water signal, C-NH-OH signal could not be
detected due to solvent exchange. 13C NMR (101 MHz, DMSO-d,
5): 172.8, 170.1, 169.6, 169.1, 168.7, 168.6, 167.3, 165.6, 145.8, 141.6,
1362, 132.1, 129.1, 128.0, 118.1, 117.5, 111.0, 109.9, 69.8 (2C), 69.7,
69.7 (2C), 69.6, 68.9, 66.5, 48.6, 45.2, 40.2*, 38.7, 37.2, 32.2, 31.0,
29.1, 28.4, 26.2, 25.1, 22.2 ppm, *overlapping with DMSO signal.
HRMS-ESI (m/z): [M + Na]® caled for C,H;N,O,5: 862.3594,
found: 862.3596. IR: v = 3262 (br), 2865 (br), 1757 (w), 1696 (s),
1624 (m), 1528 (m), 1505 (m), 1405 (m), 1359 (m), 1175 (m),
1111 (s), 1022 (w), 931 (w), 853 (w), 814 (w), 747 (m), 595 (w),
521 (w), 467 (w) cm™..
4-(8-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
oxy)acetamido)octanamido)-N-(7-(hydroxyamino)-7-oxoheptyl)-
benzamide (A6). Synthesized according to general procedure C using
6 (168 mg, 0.15 mmol, 1.00 equiv), 8 (172 mg, 0.45 mmol, 3.00
equiv), HATU (171 mg, 0.45 mmol, 3.00 equiv), and DIPEA (105
UL, 0.60 mmol, 4.00 equiv) in DMF (500 uL). The second coupling
cycle was performed using the hydroxythalidomide building block 12
(99.7 mg, 0.30 mmol, 2.00 equiv), HATU (125 mg, 0.33 mmol, 2.20
equiv), and DIPEA (92 uL, 0.53 mmol, 3.50 equiv) in DMF (500
uL). Purification by preparative HPLC afforded A6 as a white powder
(49 mg, 66.8 umol, 45%) in >95% purity. HPLC: t; = 14.98 min. 'H
NMR (400 MHz, DMSO-d,, §): 11.11 (s, 1H), 10.32 (s, 1H), 10.04

(s, 1H), 8.28 (t, ] = 5.6 Hz, 1H), 7.92 (t, ] = 5.7 Hz, 1H), 7.81 (m,
1H), 7.79-7.73 (m, 2H), 7.66—7.60 (m, 2H), 7.48 (d, ] = 7.2 Hz,
1H), 7.39 (d, J = 8.5 Hz, 1H), 5.12 (dd, ] = 12.9, 5.4 Hz, 1H), 4.76 (s,
2H), 3.21 (q, ] = 6.7 Hz, 2H), 3.14 (q, ] = 6.6 Hz, 2H), 2.90 (ddd, ] =
17.5, 14.0, 5.4 Hz, 1H), 2.66—2.46 (m, 2H), 2.31 (t, ] = 7.4 Hz, 2H),
2.10—1.99 (m, 1H), 1.94 (t, ] = 7.4 Hz, 2H), 1.58 (t, ] = 7.1 Hz, 2H),
1.46 (dp, J = 20.0, 6.9 Hz, 6H), 1.27 (dd, J = 7.1, 3.1 Hz, 10H) ppm,
C-NH-OH signal could not be detected due to solvent exchange. *C
NMR (101 MHz, DMSO-dg, §): 172.8, 171.6, 169.9, 169.1, 166.7,
166.6, 165.6, 165.5, 155.1, 141.7, 136.9, 133.0, 128.9, 127.9, 120.4,
118.1, 116.8, 116.0, 67.7, 48.8, 40.2*, 38.3, 36.4, 32.2, 30.9, 29.1, 29.0,
28.6, 28.5, 28.4, 26.2, 26.2, 25.1, 24.9, 22.0 ppm, *overlapping with
DMSO signal. HRMS-ESI (m/z): [M + Na]" caled for C3,H,4N¢O:
757.3168, found: 757.3166. IR: ¥ = 3262 (br), 2928 (br), 1773 (w),
1708 (s), 1660 (s), 1531 (m), 1484 (w), 1394 (m), 1260 (m), 1198
(m), 1098 (w), 940 (w), 746 (m), 603 (m), 466 (w) cm™.
N-((13S)-1-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)oxy)-13-((2-(2-(2-((4-((7-(hydroxyamino)-7-oxoheptyl)-
carbamoyl)phenyl)amino)-2-oxoethoxy)ethoxy)ethyl)carbamoyl)-
2,11-dioxo-6,9-dioxa-3,12-diazaoctadecan-18-yl)-3',6'-dihydroxy-
3-oxo0-3H-spiro[isobenzofuran-1,9’-xanthene]-5-carboxamide
(A7). Synthesized using 6 in a 0.15 mmol scale following the standard
Fmoc-strategy solid-phase protocol. For the coupling of the PEG-
linker, Fmoc-020¢c-OH (231 mg, 0.60 mmol, 4.00 equiv), HATU
(228 mg, 0.60 mmol, 4.00 equiv), and DIPEA (131 uL, 0.75 mmol,
5.00 equiv) were used. For coupling of the fluorescently labeled
lysine, commercially available Fmoc-L-Lys(5/6FAM) (218 mg, 0.30
mmol, 2.00 equiv), Oxyma (64.0 mg, 0.45 mmol, 3.00 equiv), and
DIC (70.5 uL, 0.45 mmol, 3.00 equiv) were used. CRBN ligand
coupling was performed using (2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)glycine 12 (99.7 mg, 0.30 mmol, 2.00 equiv),
HATU (125 mg, 0.33 mmol, 2.20 equiv), and DIPEA (92.6 uL, 0.53
mmol, 3.50 equiv). All couplings were performed in DMF (750 uL)
for 4 h. Purification by preparative HPLC afforded A7 as a yellow
fluorescent powder (106 mg, 77.4 umol, 52%). An isomer mixture
containing S/6-carboxyfluorescein in a ratio of 0.6:0.4 (determined by
"H NMR) was isolated as product. The isomer determination was not
further evaluated. A7 was used as a mixture of both isomers. HPLC: ti
= 14.84. '"H NMR (400 MHz, DMSO-dq, 6): 11.10 (s, 1H), 10.33 (s,
1H), 9.83 (s, 0.6 H), 9.81 (s, 0.4 H), 8.77 (t, ] = 4.7 Hz, 0.6 H), 8.63
(t, ] = 4.4 Hz, 0.4 H), 843 (s, 0.6 H), 8.31 (t, ] = 5.5 Hz, 1H), 8.22
(d, J = 8.1 Hz, 0.6H), 8.18-8.08 (m, 1.4 H), 8.05 (t, ] = 6.3 Hz,
1.4H), 7.82—7.73 (m, 3H), 7.73—7.65 (m, 2.4 H), 7.59 (d, ] = 8.4 Hz,
0.6 H), 7.54 (d, ] = 8.5 Hz, 0.4 H), 7.47 (dd, J = 7.2, 3.5 Hz, 1H),
7.41-7.34 (m, 1.6 H), 6.69 (t, ] = 2.4 Hz, 2H), 6.61—6.51 (m, 4H),
5.11 (dd, J = 12.8, 5.4 Hz, 1,2 H), 4.80 (s, 1.2 H), 4.78 (s, 0.8 H),
4.37—-4.26 (m, 2 H), 4.09 (s, 1.2 H), 4.08 (s, 0.8 H), 3.97—3.78 (m,
2H), 3.69—3.09 (m, 20H), 2.94—2.83 (m, 1H), 2.68—2.53 (m, 2H),
2.08=1.99 (m, 1H), 1.93 (t, J = 7.3 Hz, 2H), 1.73—1.38 (m, 8H),
1.37—1.07 (m, 6H) ppm. *C NMR (101 MHz, DMSO-d,, §): 172.8,
1714, 1714, 169.9, 169.1, 168.9, 168.9, 168.6, 168.2, 168.1, 166.9,
166.7, 165.5, 1654, 164.5, 164.3, 159.6, 158.5, 158.1, 155.0, 154.6,
1527, 151.8, 140.8, 140.7, 136.9, 136.4, 134.7, 133.0, 129.6, 129.4,
129.2, 129.1, 128.1, 127.9, 126.4, 124.8, 124.2, 123.2, 122.2, 120.3,
1187, 116.8, 116.0, 112.8, 112.7, 109.2, 109.1, 102.3, 83.4, 70.3, 70.3,
702, 69.7, 69.7, 69.4, 69.4, 68.9, 67.5, 51.7, 51.6, 48.8, 40.2%, 38.5,
38.4,32.3,32.2, 30.9, 29.1, 28.7, 28.6, 28.4, 26.2, 25.1, 22.7, 22.0 ppm,
*overlapping with DMSO signal. HRMS-ESI (m/z): [M + Na]* calcd
for CggH,sNgO,,: 1392,4919, found: 1392,4933. IR: 7 = 3265 (br),
3095 (br), 2931 (br), 1773 (w), 1708 (s), 1639 (m), 1613 (m), 1531
(s), 1453 (s), 1396 (m), 1300 (m), 1262 (m), 1198 (s), 1116 (s),
1016 (w), 938 (w), 852 (w), 747 (m), 600 (m), 466 (m) cm™".
4-((5-(1-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
oxy)-2-0x0-6,9,12-trioxa-3-azapentadecan-15-amido)-2-methyl-
1H-benzo[d]imidazol-1-yl)methyl)-3-fluoro-N-hydroxybenzamide-
TFA (B1). Synthesized according to general procedure C using 7 (145
mg, 90.0 ymol, 1.00 equiv), Fmoc-NH-PEG(3)-OH (120 mg, 0.27
mmol, 3.00 equiv), HATU (103 mg, 0.27 mmol, 3.00 equiv), and
DIPEA (64.0 uL, 0.36 mmol, 4.00 equiv) in DMF (300 uL). The
second coupling cycle was performed using the hydroxythalidomide
building block 12 (44.9 mg, 135 yumol, 1.50 equiv), HATU (68.4 mg,

https://doi.org/10.1021/acs.jmedchem.2c01659
J. Med. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

0.18 mmol, 2.00 equiv), and DIPEA (46.8 uL, 0.27 mmol, 3.00 equiv)
in DMF (300 pL). Purification by preparative HPLC afforded B1 as a
colorless TFA salt (58.0 mg, 61.3 ymol, 68%) in >95% purity. HPLC:
tx = 13.07. '"H NMR (400 MHz, DMSO-d;, 6): 11.35 (s, 1H), 11.11
(s, 1H), 10.29 (s, 1H), 8.29 (d, J = 1.9 Hz, 1H), 7.99 (t, ] = 5.7 Hz,
1H), 7.80 (dd, J = 8.5, 7.3 Hz, 1H), 7.69 (d, ] = 9.0 Hz, 1H), 7.64—
7.55 (m, 2H), 7.52—7.44 (m, 2H), 7.38 (dt, ] = 7.8, 3.6 Hz, 2H), 5.77
(s,2H), 5.11 (dd, ] = 12.9, 5.4 Hz, 1H), 4.78 (s, 2H), 3.70 (t, ] = 6.2
Hz, 2H), 3.49 (dt, J = 6.4, 2.0 Hz, 8H), 3.43 (t, ] = 5.7 Hz, 2H), 3.28
(q,J = 5.7 Hz, 2H), 2.89 (ddd, ] = 174, 14.0, 5.4 Hz, 1H), 2.81 (s,
3H), 2.69-2.52 (m, 4H), 2.08—1.99 (m, 1H) ppm, C-NH-OH signal
could not be detected due to solvent exchange. ’F NMR (282 MHz,
DMSO-dg, 8): — 74.10 (s, TFA), — 115.73 (s) ppm. *C NMR (101
MHz, DMSO-d,, 8): 172.7, 169.8, 169.7, 166.9, 166.7, 165.4, 159.8
(d, Ye_g = 247.2 Hz), 158.2, 157.9, 154.9, 152.0, 137.2, 136.9, 135.1
(d, }Jo_r = 7.5 Hz), 133.0, 129.8 (d, *Jc_r = 3.2 Hz), 127.8, 124.3 (d,
Ye_g = 14.6 Hz), 123.2 (d, ¥Jc_r = 2.6 Hz), 120.3, 117.4, 116.7, 116.6
(¢ Je_r = 295.9 Hz, TFA), 116.0, 114.2 (d, YJc_p = 22.8 Hz), 112.8,
103.7, 69.7, 69.7, 69.7, 69.6, 68.8, 67.5, 66.5, 48.8, 42.4 (d, ’] = 2.7
Hz), *, 38.4, 37.2, 30.9, 22.0, 11.9 ppm, *overlapping with DMSO
signal. HRMS-ESI (m/z): [M + Na]* caled for C,H,,FN,0,:
854.2768, found: 854.2788. IR: v = 2872 (br), 1711 (s), 1667 (m),
1553 (w), 1485 (w), 1394 (m), 1355 (w), 1263 (w), 1199 (s), 1124
(m), 880 (w), 748 (m), 603 (w), 527 (w), 467 (w) cm™.
4-((5-(1-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
0xy)-2-0x0-6,9,12,15-tetraoxa-3-azaoctadecan-18-amido)-2-meth-
yl-1H-benzo[d]imidazol-1-yl)methyl)-3-fluoro-N-hydroxybenza-
mide-TFA (B2). Synthesized according to general procedure C using 7
(167 mg, 0.10 mmol, 1.00 equiv), Fmoc-NH-PEG(4)-OH (146 mg,
0.30 mmol, 3.00 equiv), HATU (114 mg, 0.30 mmol, 3.00 equiv), and
DIPEA (70.0 L, 0.40 mmol, 4.00 equiv) in DMF (550 uL). The
second coupling cycle was performed using the hydroxythalidomide
building block 12 (45.0 mg, 0.14 mmol, 1.35 equiv), HATU (76.0
mg, 0.20 mmol, 2.00 equiv), and DIPEA (52.0 4L, 0.30 mmol, 3.00
equiv) in DMF (550 pL). Purification by preparative HPLC afforded
B2 as a colorless TFA salt (61.2 mg, 61.8 ymol, 62%) in >95% purity.
HPLC: ty = 13.18. "H NMR (400 MHz, DMSO-dg, §): 11.36 (s, 1H),
11.11 (s, 1H), 10.31 (s, 1H), 8.29 (d, ] = 1.9 Hz, 1H), 8.00 (t, ] = 5.6
Hz, 1H), 7.80 (dd, J = 8.5, 7.3 Hz, 1H), 7.70 (d, ] = 9.0 Hz, 1H),
7.64—7.55 (m, 2H), 7.52—7.46 (m, 2H), 7.44—7.36 (m, 2H), 5.77 (s,
2H), 5.11 (dd, ] = 12.9, 5.4 Hz, 1H), 4.78 (s, 2H), 3.71 (t, ] = 6.2 Hz,
2H), 3.57—3.38 (m, 14H), 3.30 (q, ] = 5.7 Hz, 2H), 2.89 (ddd, J =
17.8, 14.2, 5.6 Hz, 1H), 2.82 (s, 3H), 2.70—2.51 (m, 4H), 2.07—1.97
(m, 1H) ppm, C-NH-OH signal could not be detected due to solvent
exchange. ’F NMR (376 MHz, DMSO-d, §): —74.17 (s, TFA),
—115.72 (dd, J = 10.9, 7.7 Hz) ppm. *C NMR (101 MHz, DMSO-dj,
5): 172.8, 169.9, 169.7, 166.9, 166.7, 165.4, 159.8 (d, Jo_p = 247.3
Hz), 158.2, 157.9, 155.0, 152.0, 137.2, 136.9, 135.1 (d, *Jc_ = 7.3
Hz), 133.0, 129.8 (d, 3Jc_¢ = 3.0 Hz), 127.8, 124.3 (d, *)Jc_y = 14.7
Hz), 123.2, 120.3, 117.4, 116.8, 116.5 (q, YJo_r = 296.6 Hz, TFA)
116.1, 114.1 (d, ¥Jc_p = 22.7 Hz), 112.8, 103.7, 69.8 (2C), 69.7, 69.7,
69.6, 68.8, 67.5, 66.5, 48.8, 42.4, *, 38.4, 37.2, 30.9, 22.0, 12.0 ppm,
*overlapping with DMSO signal. HRMS-ESI (m/z): [M + Na]* calcd
for C,,H,¢FN,0,5: 898.3030, found: 898.3021. IR: ¥ = 3221 (br),
3094 (br), 2872 (br), 1773 (w), 1709(s), 1667 (s), 1554 (w), 1501
(w), 1485 (m), 1394 (m), 1262 (m), 1197 (s), 1121 (s), 1056 (m),
939 (w), 879 (w), 834 (m), 818 (m), 748 (m), 719 (m), 674 (w),
602 (m), 628 (w), 466 (m) cm™.
4-((5-(1-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)-
amino)-2-ox0-6,9,12,15-tetraoxa-3-azaoctadecan-18-amido)-2-
methyl-1H-benzo[d]imidazol-1-yl)methyl)-3-fluoro-N-hydroxyben-
zamide-TFA (B3). Synthesized according to general procedure C
using 7 (167 mg, 0.10 mmol, 1.00 equiv), Fmoc-NH-PEG(4)-OH
(146 mg, 0.30 mmol, 3.00 equiv), HATU (114 mg, 0.30 mmol, 3.00
equiv), and DIPEA (70.0 4L, 0.40 mmol, 4.00 equiv) in DMF (550
uL). The second coupling cycle was performed using the
pomalidomide building block 15 (49.0 mg, 0.15 mmol, 1.50 equiv),
HATU (76.0 mg, 0.20 mmol, 2.00 equiv), and DIPEA (52.0 uL, 0.30
mmol, 3.00 equiv) in DMF (550 uL). Purification by preparative
HPLC afforded B3 as a yellow TFA salt (69.7 mg, 70.5 pumol, 71%) in

>95% purity. HPLC: t = 13.22. "H NMR (400 MHz, DMSO-dg, §):
11.35 (s, 1H), 11.10 (s, 1H), 10.29 (s, 1H), 8.28 (d, ] = 1.8 Hz, 1H),
8.15 (t, ] = 5.6 Hz, 1H), 7.69 (d, ] = 9.0 Hz, 1H), 7.64—7.54 (m, 3H),
747 (dd, ] = 9.0, 1.9 Hz, 1H), 7.38 (t, ] = 7.9 Hz, 1H), 7.06 (d, ] =
7.0 Hz, 1H), 6.94 (s, 1H), 6.85 (d, ] = 8.5 Hz, 1H), 5.76 (s, 2H), 5.07
(dd, J = 12.7, 5.4 Hz, 1H), 3.93 (d, ] = 4.5 Hz, 2H), 3.71 (t, J = 6.2
Hz, 2H)*, 3.53—3.43 (m, 12H)*, 3.40 (t, ] = 5.8 Hz, 2H)*, 3.24 (q, ]
= 5.7 Hz, 2H), 2.97-2.85 (m, 1H), 2.80 (s, 3H), 2.65—2.42 (m,
3H)**, 2.08—1.98 (m, 2H) ppm, *overlapping with water signal,**-
overlapping with DMSO signal, C-NH-OH signal could not be
detected due to solvent exchange. ’F NMR (376 MHz, DMSO-d,
8): —74.03 (s, TFA), —115.73 t, ] = 8.4 Hz) ppm. *C NMR (101
MHz, DMSO-d,, §): 172.8, 170.0, 169.7, 168.7, 168.6, 167.3, 159.8
(d, Ye_r = 247.2 Hz), 158.3, 158.0, 152.0, 145.8, 137.2, 136.2, 135.1
(d, 3Jo_r = 7.1 Hz), 132.0, 129.8 (d, *Jc_ = 2.8 Hz), 127.9, 124.4 (d,
Ye_p = 14.6 Hz), 123.3 (d, YJc_p = 2.2 Hz), 117.5, 117.4, 116.7 (q,
Yeog = 297.1 Hz, TFA), 114.2 (d, ¥Jc_r = 23.0 Hz), 112.7, 111.0,
109.8, 103.8, 69.8 (2C), 69.7, 69.7, 69.6, 68.9, 66.5, 48.6, 45.2, 42.4
(d, ¥Jor = 2.6 Hz), 402%, 38.6, 37.2, 31.0, 222, 12.0 ppm,
*overlapping with DMSO signal. HRMS-ESI (m/z): [M + Na]* caled
for C,H,,FN,O,,: 897.3190, found: 897.3168. IR: ¥ = 2872 (br),
1695 (s), 1624 (m), 1554 (w), 1502 (m), 1407 (m), 1360 (m), 1322
(w), 1260 (m), 1199 (s), 1115 (m), 1024 (w), 880 (w), 814 (m), 747
(m), 719 (m), 677 (w), 602 (m), 525 (w), 468 (w) cm™.
4-((5-(8-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)oxy)acetamido)octanamido)-2-methyl-1H-benzo[d]imidazol-1-
yl)methyl)-3-fluoro-N-hydroxybenzamide (B4). Synthesized accord-
ing to general procedure C using 7 (167 mg, 0.10 mmol, 1.00 equiv),
8 (153 mg, 0.40 mmol, 4.00 equiv), HATU (152 mg, 0.40 mmol, 4.00
equiv), and DIPEA (87.5 uL, 0.50 mmol, 5.00 equiv) in DMF (600
uL). The second coupling cycle was performed using the
hydroxythalidomide building block 12 (66.0 mg, 0.20 mmol, 2.00
equiv), HATU (84.0 mg, 0.22 mmol, 2.20 equiv), and DIPEA (61.1
4L, 0.35 mmol, 3.50 equiv) in DMF (600 uL). For this coupling step,
a recoupling cycle using the same amounts of reagents in a mixture of
DMF/CH,Cl, (600 uL, 1:1) was needed. Purification by preparative
HPLC afforded B4 as a white powder (24.0 mg, 27.2 pmol, 27%) in
>95% purity. HPLC: t; = 14.01. "H NMR (400 MHz, DMSO-d,, §):
11.35 (s, 1H), 11.11 (s, 1H), 10.22 (s, 1H), 8.28 (d, J = 1.9 Hz, 1H),
7.93 (t, J = 5.7 Hz, 1H), 7.80 (dd, ] = 8.5, 7.3 Hz, 1H), 7.68 (d, ] =
9.0 Hz, 1H), 7.65—7.55 (m, 2H), 7.52—7.43 (m, 2H), 7.39 (d, ] = 8.3
Hz, 2H), 5.77 (s, 2H), 5.11 (dd, ] = 12.8, 5.4 Hz, 1H), 4.76 (s, 2H),
3.14 (q, ] = 6.6 Hz, 2H), 2.97—2.82 (m, 1H), 2.81 (s, 3H), 2.69—2.53
(m, 2H), 2.33 (t, ] = 7.4 Hz, 2H), 2.10—1.98 (m, 1H), 1.59 (, J = 7.1
Hz, 2H), 1.44 (t, ] = 6.9 Hz, 2H), 1.34—1.20 (m, 6H) ppm, C-NH-
OH signal could not be detected due to solvent exchange. '’F NMR
(377 MHz, DMSO-dg, §): —73.20 (s, TFA), —114.91 (t, J = 9.1 Hz)
ppm. *C NMR (101 MHz, DMSO-d,, 8): 172.8, 171.7, 169.9, 166.7,
166.6, 165.5, 159.8 (d, 'Jo_r = 247.0 Hz), 158.2, 157.9, 155.0, 151.9,
137.4, 136.9, 135.1 (d, ¥Jc_g = 7.1 Hz), 133.0, 129.8 (d, }Jc_r = 3.0
Hz), 127.7, 124.4 (d, *Jo_y = 14.3 Hz), 1232 (d, ¥Jo_ = 2.5 Hz),
1204, 117.4, 116.8, 116.6 (q, ‘Jc_r = 297.5, Hz, TFA), 116.0, 114.2
(d, YJc_gp = 22.7 Hz), 112.7, 103.7, 67.7, 48.8, 42.4 (d, *Jc_r = 3.0 Hz),
38.3, 36.4, 30.9, 29.0, 28.6, 28.5, 26.2, 25.0, 22.0, 12.0 ppm. HRMS-
ESI (m/z): [M + Na]* caled for C3H,FN;Oy: 792.2764, found:
792.2754. IR: ¥ = 3226 (br), 2933 (br), 2859 (br), 1709 (s), 1666 (s),
1555 (m), 1486 (m), 1395 (m), 1323 (w), 1298 (w), 1263 (m), 1198
(s), 1124 (m), 1286 (w), 1018 (w), 942 (w), 825 (w), 746 (m), 720
(m), 676 (m), 663 (w), 604 (m), 567 (w), 528 (w), 468 (m) cm™.

In Vitro Human HDAC1 and HDAC6 Assay. In vitro inhibitory
activities against HDAC1 and HDAC6 were measured using a
previously published protocol.’* OptiPlate-96 black microplates
(PerkinElmer) were used with an assay volume of 50 uL.

Five microliters of test compound or control, diluted in assay buffer
(50 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCI, 1 mM
MgCl,, 0.1 mg/mL BSA), was incubated with 35 uL of the
fluorogenic substrate ZMAL (Z-Lys(Ac)-AMC) (21.43 uM in assay
buffer) and 10 uL of human recombinant HDAC1 (BPS Bioscience,
catalog no. 50051) or HDAC6 (BPS Bioscience, catalog no. S0006) at
37 °C. After an incubation time of 90 min, S0 yL of 0.4 mg/mL
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trypsin in trypsin buffer (S0 mM Tris-HC], pH 8.0, 100 mM NaCl)
was added, followed by further incubation at 37 °C for 30 min.
Fluorescence was measured with an excitation wavelength of 355 nm
and an emission wavelength of 460 nm using a Fluoroskan Ascent
microplate reader (Thermo Scientific). All compounds were tested at
least twice and in duplicates, and the 50% inhibitory concentration
(ICs) was determined by plotting dose—response curves and
nonlinear regression with GraphPad Prism.

Cell Culture. The leukemic cell lines HL-60, MOLM-13, MV4-11,
THP-1, KASUML-1 (AML), 697, REH (B-ALL), and K562 (CML)
were cultured in RPMI 1640 GlutaMax (Life Technologies, Carlsbad,
CA, catalog no. 61870036) supplemented with 10—20% FCS. SKNO-
1(AML) were cultured in RPMI 1640 GlutaMax supplemented with
10% FCS and 10 ng/mL GM-CSF. All cells were cultured in a 37 °C
humidified incubator with 5% CO, according to the suggested culture
conditions from DSMZ (https://www.dsmz.de), with the addition of
1% penicillin—streptomycin (catalog no. 15070063, Life Technolo-
gies, Carlsbad, CA).

Cell Viability Assay. The cell viability assay was performed to
determine the ICg, values for the leukemic cell lines. The
experimental compounds, vorinostat (catalog no. S1047) and
nexturastat A (catalog no. $1047, Selleckchem, Houston, TX), were
first dissolved in DMSO with an initial stock concentration of 10 mM
and printed on white 384-well plates (catalog no. 3570, Thermo
Fisher Scientific, MA) with increasing concentrations (0.5 #M to SO
uM) by using a digital dispenser (D300e, Tecan, Minnedorf,
Switzerland). Afterward, 30 uL of cell suspension/well was seeded
with a concentration of 0.04 X 10° cells/mL and incubated under
standard culture conditions. After 72 h the cell viability was measured
utilizing the ATP-based CellTiter-Glo luminescent assay (Promega,
Fitchburg, W1, catalog no. G7573) with a microplate reader (Spark,
Tecan). The obtained raw data were normalized to DMSO-treated
controls (DMSO < 0.5%) and the IC, values calculated using the
sigmoid dose curve (Hill slope) and nonlinear regression (GraphPad
Prism Inc., San Diego, CA) (n = 3). The ICs, data were plotted as a
clustered heat map, followed by unsupervised hierarchical clustering.
Each box of the heatmap represents the mean of three independent
experiments (n = 3). The average ICy, values of across all tested cell
lines were used for statistical analysis, *, **, and n.s. indicate
significant one-way ANOVA P values of <0.05, < 0.01, and >0.05,
respectively. The ICg, values + SD that were used for statistical
analysis.

Immunoblot. Cells (0.5 X 10° cells/mL) were treated with the
indicated concentration of the compound or vehicle (DMSO) for 6 or
24 h under standard culture conditions. Cell pellets were lysed with
300 uL of RIPA buffer (50 mM Tris-HCl pH 8.0, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM sodium chloride, 2
mM EDTA, supplemented with protease inhibitors (Roche, Switzer-
land, catalog no. 11697498001) and phosphatase inhibitor (Roche,
Switzerland, catalog no. 4906845001) cocktail tablets, Thermo
Scientific, Wesel, Germany) according to manufactures guidelines.
After centrifugation, the protein concentration of the whole cell
extracts was determined using the Pierce BCA protein assay kit
(catalog no. 23225, ThermoFisher Scientific, Waltham, MA),
according to manufacturer’s guidelines. Twenty micrograms of total
protein extracts was resolved by a 8% or 12% SDS-PAGE at 60 mA for
60 min and transferred at 100 V for 60 min ~120 min to
nitrocellulose blotting membrane (catalog no. 10600002, GE
Healthcare, Germany) utilizing the wet mini trans-blot electro-
phoretic transfer cell system (catalog no. 1703930. Bio-Rad, Hercules,
CA). PageRuler Prestained Protein Ladder, 10 to 180 kDa (catalog
no. 26616, ThermoFisher Scientific) was used as protein molecular
weight marker. First, blots were incubated in 5% BSA in TBS-T
blocking solution for 30 min under slight agitation at room
temperature, followed by washing three times (S min) with TBS-T.
Afterward, the blots were incubated overnight at 4 °C with anti-
HDAC6 (catalog no. 7558), anti-HDAC1 (catalog no. 5356), anti-
HDAC4 (catalog no. 2072), anti-a-tubulin (catalog no. 2144),
antiacetyl-a-tubulin (catalog no. $335), antihistone H3 (catalog no.
4499), antiacetyl-histone H3 (catalog no. 9677), and anti-GAPDH

(catalog no. 5174) antibodies (Cell Signaling Technology, Danvers,
MA). All primary antibodies were diluted 1:1000 in 5% BSA/TBS-T.
Afterward, blots were washed three times for 5 min in TBS-T. Next,
blots were incubated with 1:2000 dilution of secondary horseradish
peroxidase-conjugated antibodies (catalog no. 7074, Cell Signaling
Technology) for 2 h at room temperature. Blots were washed three
times with TBS-T and developed with the ECL system (catalog no.
GERPN2109, GE Healthcare, Arlington Heights, IL), following
manufacturer’s guidelines. Blots were detected and analyzed with the
Jess Western blot system (ProteinSimple, San Jose, CA).

Generation of HDAC6-HiBiT Knock-in Clones. The generation
of HiBit-HDACG6 knock-in cells (KS62) was performed following the
published protocol,*® with minor adaptions. See Table S5, Supporting
Information, for crRNA and repair template (single-stranded
oligodeoxynucleotide or ssODN) sequences.

Labeling of Single-Stranded Oligodeoxynucleotide (ssODN).
Labeling of the donor DNA was carried out using LabellT MFP488
Nucleic Acid Labeling Kit (catalog no. MIR712S; Mirus Bio,
Madison, WI) according to the manufacturer’s instructions. DNase-
and RNase-free water, 10X labeling buffer A, ssODN (1 mg/mL) and
1:10 of labelIT Reagent was mixed and incubated at 37 °C for 1 h
while centrifuging briefly after 30 min. Purification was conducted
using G50 microspin columns. To this end, the total volume of 50 uL
was slowly applied to the top center of the resin and centrifuged
(700g, 2 min). Afterward, the purified sample was obtained and stored
at =20 °C.

Transfection of Cells with CRISPR/Cas9-gRNA RNP Complex.
Transfection was carried out using the Amaxa Nucleofection system
(SF Cell Line Kit, catalog no. V4XC-2032). For 2 X 10° K562 cells,
100 pmol of Cas9 protein (Alt-R S.p. HiFi Cas9 nuclease V3, catalog
no. 1081060; IDT, Coralville, IA) was mixed with 120 pmol of gRNA
(crRNA:tracrRNA 1:1) and assembled for 20 min at room
temperature. Afterward, the labeled ssODN was added and the
mixture was combined with the cell suspension (resuspended cells in
Nucleofector solution SF) and the electroporation enhancer. The
complete volume was gently transferred to the nucleocuvette module,
placed in the 4D-Nucleofector system, and electroporated with the
program “CA-137”. Prewarmed culture media was quickly added to
the cells and transferred to a 96-well plate.

Generation of Monoclonal Cells. The generation of monoclonal
cells was done via semisolid cloning. The cells were seeded (100 cells/
mL) in methylcellulose medium for human cells (MethoCult H4100
STEMCELL, catalog no. 04100) supplemented with FCS (Sigma-
Aldrich, St. Louis, MO) and penicillin—streptomycin (Invitrogen,
Carlsbad, CA). After 10 days, the colonies were picked and
transferred to a 96-well plate.

Validate Editing Event in Cells. Nano-Glo HiBiT Lytic Detection
System (catalog no. N3030; Promega) was used to select positive
clones. Briefly, 2 X 10* cells were taken 48 h postelectroporation and
mixed 1:1 with Nano-Glo HiBiT Lytic Reagent (LgBiT Protein 1:100
and Nano-Glo HiBiT Lytic Substrate 1:50 in Nano-Glo HiBiT Lytic
Buffer). The mixture was incubated 10 min at room temperature, and
luminescence was measured using Tecan Spark microplate reader.
The background luminescence was measured using unedited cells and
was subtracted from all readings. Later, to ensure that the selected
colonies are positive for the HiBiT constructs at the genomic (DNA)
level and to omit any off target activity following CRISPR-Cas9
editing, Sanger sequencing was performed by designing the primers
(for: S'-cttgtggggactgtggaaca-3’ and rev: 5'-aggataacattggcgggagg-3')
spanning the donor template region. The clone(s) without any
variations/mutations (SNPs, insertions, or deletions) were picked for
the further degradation assay.

HDACG6-HiBiT PROTAC Degradation Assay. Validated
HDACG6-HiBiT tagged monoclonal K562 cells were seeded (0.2 X
10° per mL) in FCS free media on 12-well cell culture plates.
Compound was added into the seeding solution at a concentration of
1 M, and DMSO was used as a vehicle control. For every time point
of measurement and condition, one well was filled with 1 mL of
seeding culture. The first measurement was performed after 30 min,
followed by seven consecutive measurements every hour and a final
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measurement at 24 h. Prior to each measurement, the cell culture
plate was taken out of the incubator to acclimate to room
temperature. Out of each well three times 100 uL was added to a
white bottom Thermo Scientiffic Nunclon Delta Surface 96-well plate.
Nano-Glo HiBiT Lytic (100 L) reagent (LgBiT Protein 1:100 and
Nano-Glo HiBiT Lytic Substrate 1:50 in Nano-Glo HiBiT Lytic
Buffer) was later added to these wells (Promega). After 10 min of
incubation at room temperature, the luminescence was measured with
a Tecan Spark microplate reader. The luminescence signal of the
treated cells was normalized to the DMSO signal.

Mass Spectrometry. Sample Preparation. K562 cells were lysed
after 6 h treatment with A6 or B4 at 1 M. Proteins were extracted
from frozen cell pellets as described elsewhere.*® Briefly, cells were
lysed and homogenized in urea buffer using a TissueLyser (Qiagen)
and, after centrifugation (1S min, 16000 rcf, 4 °C), supernatants were
collected. After determination of protein concentration (Pierce 660
nm Protein Assay, Thermo Fischer Scientific), samples were adjusted
to 0.5 mg/mL total protein concentration with SDS buffer (final 7.5%
glycerol, 3% SDS, 37.5 mM Tris/HCl pH 7.0) and 10 L was reduced
(20 mM dithiothreitol, 20 min, 56 °C), alkylated (80 mM
iodoacetamide, 15 min, RT, protected from light), and finally
underwent tryptic digestion (200 ng of trypsin in S0 mM
triethylammonium bicarbonate) after applying a slightly modified
sp3 protocol™® using 50 g 1:1 mix Sera-Mag SpeedBeads. Twenty
percent of the peptides were dissolved in 0.1% trifluoracetic acid and
subjected to LC-MS analysis.

LC-MS Analysis. For the LC-MS analysis, a Q Exactive Plus Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific),
operated in positive mode and coupled with a nano electrospray
ionization source connected with an Ultimate 3000 Rapid Separation
liquid chromatography system (Dionex/Thermo Fisher Scientific,
Idstein, Germany) equipped with an Acclaim PepMap 100 C18
column (7S pm inner diameter, 25 cm length, 2 mm particle size from
Thermo Fisher Scientific), was applied using a 120 min LC gradient.
Capillary temperature was set to 250 °C and source voltage to 1.4 kV.
MS survey scans had a mass range from 350 to 2000 m/z at a
resolution of 140000. The automatic gain control was set to
3000000, and the maximum fill time was 80 ms. The 10 most
intensive peptide ions were isolated and fragmented by high-energy
collision dissociation.

Data Analysis. MaxQuant (version 2.0.3.0, Max Planck Institute
for Biochemistry, Planegg, Germany) was used for peptide/protein
identification and quantification, employing a human sequence
database (UniProtKB, downloaded on 01/27/2021, 75 777 entries).
Methionine oxidation and N-terminal acetylation as well as a
carbamidomethylation at cysteine residues were considered as variable
and fixed modifications, respectively. A false discovery rate of 1% on
protein and peptide levels was set as identification threshold.
Statistical analysis was performed based on experiment-pairwise
median log 2(fold change) normalized MaxQuant protein group
intensities and LFQ intensities using the “R” (v4.0.4) programming
language after removing potential contaminants, reverse hits, and
proteins only identified by modified peptides. Principal component
analysis (PCA) was performed using the prcomp() function and
cluster analysis using the heatmap() function with ward.D2 as the
hclust method on protein groups with a complete set of valid values
over all samples. Testing for significant protein up- or downregulation
in differential analyses (A6 vs DMSO or B4 vs DMSO) was
performed using the “Significance Analysis of Microarrays” (SAM)
analysis method”” within the Siggenes package. For this approach, a
minimum of four valid values had to be present in at least one group
(PROTAC treated or untreated), data were log 2 transformed to
reach a normal distribution like data structure, and missing values
were filled in with random values from samplewise downshifted
normal distributions (0.3 s.d. width, 1.8 s.d. downshift). Even at very
high permutation-based false discovery rate (FDR) settings of up to
50%, no statistically significant proteins were identified.

Simple Western Immunoassay. Fluorescent (5X) master mix,
DTT, and biotinylated ladder were prepared per manufacturer’s
instruction (BioTechne). A 0.40 pg/uL sample per well was prepared

by dilution of sample in 0.1x sample buffer and mixing it 5:1 with
fluorescent Sx master mix. Incubation for § min at 95 °C in a PCR
cycler (GeneAMP PCR System2700, Applied Biosystems, Woburn,
MA) assures proper protein denaturation. After loading and
centrifugation (S min at 1000g at room temperature) of the assay
plate, a 12—230 kDaA separation module with 25 cartridges (SM-
WO004, Bio-Techne, Minneapolis, MN) was used for the immune
assay (JESS, Bio-Techne—ProteinSimple, Minneapolis, MN). Con-
ditions include separation for 25 min at 375 V, blocking for S min
with antibody diluent 2, 30 min incubation with primary antibody,
and 30 min incubation with secondary antibody. Primary antibody
multiplex mix consisted of 1:50 anti-HDAC6 (catalog no. 7558), 1:50
anti-GAPDH (catalog no. 5174, Cell Signaling Technology), and 1:50
anti-f-actin (catalog no. MAB8929, R&D Systems, Minneapolis, MN)
was diluted in Antibody Diluent 2. Signals were detected using an
antirabbit detection module of JESS (catalog no. DM-001,
BioTechne), multiplexed with an antimouse secondary NIR antibody
(catalog no. 043—821, BioTechne). Protein levels are calculated by
area under the curves of electropherogramms. HDACG6 levels were
normalized to the vehicle set to 100% whereas ac-a-tubulin levels
were normalized to ac-a-tubulin levels after DMSO treatment set to
0% and maximum protein level set to 100%. DCs, was calculated via
nonlinear regression (log(inhibitor) vs response (three paramters)).
The nonlinear regression was used to generate D, values by
subtraction of 100% protein level by “bottom-best-fit value”
(GraphPadPrism). ECy, of a-tubulin hyperacetylation was calculated
via nonlinear regression (log(agonist) vs normalized response—
variable slope). Average DCs, D,.., and ECg, values were calculated
from three independent simple western immunoassay runs on the
treated samples generated from two independent biological replicates.

Caspase 3/7 Assay. Cells (0.04 x 10° cells/mL) were treated
with the indicated concentration of the compounds or vehicle
(DMSO) for 48 h under standard culture conditions. Then cells were
transferred to white 96-well plates and incubated with Caspase-Glo 3/
7 Substrate (catalog no. G8091, Promega) for 30 min at room
temperature, and later enzymatic activity of caspase 3/7 was examined
by using Caspase-Glo 3/7 assay (absorbance at 405 nm), following
manufacturer’s instructions (Promega) using a microplate reader
(Spark, Tecan). The average luminescence values (n = 3) of each
condition was used for statistical analysis, *, **, and n.s. indicate
significant one-way ANOVA P values of <0.05, < 0.01, and >0.05,
respectively. The IC, values & SD were used for statistical analysis.

Annexin V/Propidium lodide (Pl) Apoptosis Assay. Cells
(0.04 x 10° cells/mL) were treated with the indicated concentration
of the compound or vehicle (DMSO) for 48 h under standard culture
conditions. Cell pellets were washed in ice-cold PBS once and
resuspended in 100 yL of Annexin-PI staining solution (containing
1.25 pL of Annexin and 2.5 uL of PI; FITC Annexin V Apoptosis
Detection Kit with PI), catalog no. 640914, Biolegend, San Diego,
CA. Following incubation at room temperature for 15 min in the dark,
cells were analyzed using a flow cytometer (Beckman Coulter, Brea,
CA). This allows for the discrimination of live cells (unstained with
either fluorochrome) from apoptotic cells (stained only with Annexin
V) and necrotic cells (stained with both Annexin V and PI). The
average percentage (n = 3) of the stained or unstained cells across
different conditions was used for statistical analysis, *, **, and n.s.
indicate significant one-way ANOVA P values of <0.05, < 0.01, and
>0.0S, respectively.

Cell Cycle Analysis. Cells (0.04 X 10° cells/mL) were treated
with the indicated concentration of the compound or vehicle
(DMSO) for 48 h under standard culture conditions. Cell pellets
were washed in ice-cold PBS twice and resuspended in 150 yuL of
staining solution containing 0.1% sodium citrate, 0.1% Triton X-100,
S0 pg/mL propidium iodide (trisodium citrate 2-hydrate, catalog no.
3580.1; Triton X-100, Roth, Germany, catalog no. 3051.3; propidium
iodide, Invitrogen, Waltham, MA, catalog no. P3566). Following
incubation at room temperature for 15 min in the dark, cells were
analyzed using a flow cytometer (Beckman Coulter). The average
percentage of the cells in different cell cycle phase (n = 3) was used
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for statistical analysis, *, **, and n.s. indicate significant one-way
ANOVA P values of <0.05, < 0.01, and >0.0S, respectively.

Immunofluorescence. The Lab-Tek II chamber slide w/Cover
RS Glass slides (Nalgene Nunc International, catalog no. 154534)
were chosen for this experiment and were coated with a 50 ug/mL
solution of poly-p-lysine or PDL (Gibco, ThermoFisher Scientific,
catalog no. A3890401) and incubated for 7 min to 24 h at 37 °C. All
wells treated with PDL were washed three times with PBS before
adding cells. Treated cells were resuspended and centrifuged at 400g
for S min and then resuspended in 1 mL of Dulbecco’s phosphate-
buffered saline (PBS) (catalog no. D8537-500 ML, Sigma-Aldrich).
Of the 1 mL cell mix, 400—500 uL of volume was added to each
corresponding well. The microslides were then placed in the
incubator for 30—60 min. After incubation, the slides were observed
under a brightfield microscope (magn 10X) to identify cell
attachment to the bottom of the slide. If sufficient cells were attached
(~50% confluency), all remaining cell media were removed and 200—
300 uL of PBS was added. For fixation, PBS was removed and 200 uL
of 4% formaldehyde (FA) (VWR Prolabo Chemical, catalog no.
9713.1000) was added to each well for 10 min at room temperature.
A sufficient volume of 1xTBS (10XTBS: 100 mL of 1 M Tris (pH
7.5), 1400 mM NaCl, (in H,0), 1xTBS is a 1:10 dilution of 10x TBS
stock) was added as a quencher for S min to each well. For
permeabilization, 200—300 uL of a 0.1% Triton X-100 solution was
added for 1S min. A 200—300 yL amount of either 10% goat serum
(Sigma-Aldrich, catalog no. G9023-10ML) in 1xTBS or 10% donkey
serum (Sigma-Aldrich, catalog no. D9663-10ML) in 1xTBS blocking
solution was added for either (i) 1 h at room temperature or (ii)
overnight at 4 °C in a humidity cassette. Both primary and secondary
antibodies were diluted in blocking solutions. A 100—200 L amount
of 1:200 HDAC6 (Cell Signaling Technology, catalog no. 7558S)
antibody was added and left to incubate overnight at 4 °C in a
humidity cassette. All wells were washed three times with an
appropriate volume of 1xTBS for a total of 15 min between stainings.
A 100—200 pL amount of secondary antibody (AlexaFluor,
ThermoFischer) was added for 1—1.5 h at room temperature,
protected from light. A 300 nM solution of DAPI (hydrochloride)
(StemCell Technologies, Germany, catalog no. 75004) was prepared
from an 8 yM stock and added for S min, followed by a single 1xXTBS
wash. After removing buffer from all wells, the chamber slide cover
was removed and 1-2 drops of ProLong Gold Antifade reagent
(Invitrogen, catalog no. P36934) was added to each well. Finally, a
rectangular coverslip (24 X S0 mm, Menzel-Glaeser) was carefully
placed on top. All samples were left to mount at 4 °C overnight.

Widefield Microscopy: All samples were imaged using a Zeiss
Axioobserver.Z1/7 wide field microscope.

Aquisition Settings: Objective EC Plan-Neofluar 40X/1.30 oil.
Filters 335—383, 420—470, 550—580, 690—650. Track 1 DAPI,
beamsplitter (395), excitation 353 nm, emission 465 nm, light source
(HXP 120 V), lamp intensity (24.95%), exposure 18.47 ms. Track 2
Alexa Fluor 568, beamsplitter (585), excitation 280 nm, emission 618
nm, light source (HXP 120BV), lamp intensity (87.55%), exposure
700 ms. Sensor resolution 4096 X 3008 pixels.

PAINS Analysis. We filtered all compounds for pan-assay
interference compounds (PAINS) using the online filter http://
zinc15.docking.org/p;:lt’cerns/home/.58 No compound was flagged as
PAINS.
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CDCl,, chloroform-d; DMSO, dimethyl sulfoxide; DCM,
dichloromethane; Et,O, diethyl ether; EtOAc, ethyl acetate;
MeOH, methanol; min, minutes; petrol, petroleum ether;
PROTAC, proteolysis targeting chimera; 1t, room temperature;
TFA, trifluoroacetic acid
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ABSTRACT: Histone deacetylase inhibitors (HDACi) are estab-
lished anticancer drugs, especially in hematological cancers. This
study aimed to design, synthesize, and evaluate a set of HDACi
featuring a pentyloxyamide connecting unit linker region and
substituted phenylthiazole cap groups. A structural optimization
program yielded HDACi with nanomolar inhibitory activity against
histone deacetylase class I/IIb enzymes. The novel inhibitors (4d
and 4m) showed superior antileukemic activity compared to
several approved HDACi. Furthermore, 4d and 4m displayed
synergistic activity when combined with chemotherapeutics,
decitabine, and clofarabine. In vitro pharmacokinetic studies
showed the most promising profile for 4d with intermediate
microsomal stability, excellent plasma stability, and concentration-

independent plasma protein binding. Additionally, 4d demonstrated comparable in vivo pharmacokinetics to vorinostat. When
administered in vivo, 4d effectively inhibited the proliferation of leukemia cells without causing toxicity. Furthermore, the binding
modes of 4d and 4m to the catalytic domain 2 of HDACG6 from Danio rerio were determined by X-ray crystallography.

1. INTRODUCTION

Leukemia is characterized by genetic and epigenetic
heterogeneity due to the presence of diverse molecular
alterations, contributing to the formation of distinct
subgroups and influencing the prognosis and therapeutic
outcome of patients.' > Leukemia is the most common
cancer in children, with a § year-overall survival rate
exceeding 85%." However, approximately 20—25% of child-
hood leukemia patients experience relapsed or refractory
leukemia; among those cases only around 15-50% of
patients are able to achieve remission.” Another ongoing
challenge in leukemia treatment is the therapy-related toxicity
of routinely used drugs,é’7 along with certain leukemia
subtypes that continue to be linked to unfavorable out-
comes.® In order to prevent long-term therapy-related health
damage and to successfully treat therapy-refractory subtypes,
new antileukemic drugs are urgently needed.

A possible target for new therapies is the characteristic

42 perturbations of cancer cells in their epigenetic regulation.”
43 Epigenetic dysregulation is common for all kinds of human
44 cancer irrespective of solid tumors or hematological

© XXXX American Chemical Society
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malignancies.'’ It has been argued that epigenetic disruption 4s
is the causative mechanism behind all hallmarks of cancer 46
steering proliferation, growth suppressor evasion, or apoptosis 47
of cancer cells.'' Previous studies revealed that hematological 4s
malignant cells are especially sensitive to treatment with 49
HDAC inhibitors (HDACi),'” although the exact mechanism so
behind this observation remains elusive as it is not allocated s;
to a single cause."’ Today, all approved HDACi are approved s»
for the therapy of hematological malignancies.'* The s3
epigenetic regulation of transcription is significantly governed s4
by the acetylation status of histones.'> This status is tightly ss
regulated by the interplay of two families of enzymes that s¢
control the acetylation or deacetylation of e-amino-groups of s7
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alkoxyamide derived HDACi

Cytotoxic activity
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IC50 (HDAC 6): 48 nM

I1C5q (K562):
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879.2£25.5nM
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LAK 41 (8a)%¢
alkoxyamide derived HDACi

Cytotoxic activity
IC50 (HDAC 2): 92 nM ICs0 (HLBO):  213.7 £9.7 nM
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structure activity relationship
analysis
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Figure 1. Development of novel pentyloxyamide-based HDACi (A) pharmacophore model of HDAC-inhibitors exemﬁpliﬁed on vorinostat. CU
2

= connecting unit and ZBG = zinc-binding-group. (B) Previously published pentyloxyamide-derived HDAC inhibitor.

(C) Initial screening hit

4a showed nanomolar HDAC-isoenzyme inhibition and high nanomolar cytotoxic activity on three different leukemic cell lines. Derivatisation of
the terminal phenyl moiety improved the antileukemic activity while retaining HDAC isoenzyme inhibition.

ss lysine residues: histone acetyltransferases acetylate the e-
s9 amino group of lysine residues while HDAC remove acetyl
60 groups from lysines.'© HDAC enzymes are classified into four
61 classes related to their homology toward yeast deacetylases.'”
62 Three of the four classes, namely class I, II, and IV HDAC
63 enzymes, are zinc-dependent metalloenzymes. Class I consists
64 of HDAC enzymes 1, 2, 3, and 8. Especially the nucleic
6s HDAC enzymes 1, 2, and 3 are directly involved in the
66 regulation of the acetylation status of histones.'® Class IIb
67 HDACs are formed by the cytosolic enzymes HDAC6 and
68 10. Substrates of HDACG6 are, among others, proteins that are
6 found to be dysregulated in cancer like HSP90' or Ku70.”
70 In addition to their potent antileukemic effects used as
71 mono treatment, HDACi are displaying strong synergistic
72 effects in combination with a broad variety of anticancer
73 drugs.”' For instance, HDACi act synergistically with
74 alkylating”*’ and hypomethylating agents,”* proteasome
75 inhibitors, and immunomodulating drugs.28’29 In light
76 of the promising results seen in preclinical studies, clinical
77 trials are currently underway to investigate the potential of
78 HDACi (vorinostat) in combination with the hypomethylat-
79 ing agent (azacytidine) for the treatment of pediatric or adult
80 acute myeloid leukemia (AML) patients (NCT03843528 and
81 NCT00392353). This provides the rationale for a systematic
82 investigation of HDACi as synergistic combination partners
83 for the therapy of resistant leukemic cells.

g4 Our newly developed HDAC inhibitors, targeting class I
8s and IIb, have demonstrated remarkable efficacy against
g6 different types of leukemic cells, including those resistant to
87 standard therapies. Notably, these inhibitors exhibit a higher
88 selectivity toward leukemic cells while minimizing damage to

25-27

healthy cells, distinguishing them from several approved so
HDACI. Moreover, our most promising candidates (4d and 90
4m) have displayed significant synergistic effects when o1
combined with the approved chemotherapeutic agents, 92
decitabine and clofarabine. Promising in vitro pharmacoki- 93
netic characteristics and in vivo activity encourage their o4
further investigation. 95

2. RESULTS AND DISCUSSION

We screened our internal library for novel and easily 96
accessible lead structures against three leukemic cell lines 97
K562—(chronic myeloid leukemia or CML); HL60—(AML o8
or AML); and HPBALL—(T-cell acute lymphoblastic 99
leukemia or T-ALL) and identified HDACi 4a as a hit 100
compound. Strikingly, 4a outperformed the approved 1:1
HDACI, vorinostat, both in terms of the HDAC enzyme 102
inhibitory activity and on cytotoxic activity on various 103
leukemic cell lines. 4a combines a phenylthiazole cap group 104
that has been successfully deployed in the development of 105
HDACi before’™* and an oxyamide group as a bioisosteric 106
replacement for the common amide moietyzs’34 (Figure 1). 1071
Currently, the two clinically approved Mitogen-activated 10s
protein kinase (MEK) 1/2 inhibitors, binimetinib and 109
selumetinib, are establishing the oxyamide group as a valuable 110
structural motif in the field of anticancer drugs.35’36 We have 111
shown previously that HDACi with an oxyamide linker 112
region are equally or even more potent than some approved 113
HDACi with an amide connecting unit.”*** The oxyamide 114
connecting unit extends the chemical space of amide 115
bioisosters and may contribute to the recently emerging

—
—_
N
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Figure 2. Reagents and conditions: (a) (1) 1M NaOH, THF, RT o.n, (2) HBTU, DIPEA, DMF, RT, o.n, and (b) TFA, Et;SiH, DCM, RT,
30 min.

Table 1. Inhibition of Human HDAC2, 4, 6, and 8 by Compounds 4a—m and Reference Compounds Vorinostat,
Panobinostat, and Tubastatin A

o] o}
NW)L ,O\/\/\)L .OH
R X N N
\<\/S H H
compound R IC50 (HDAC2) [uM] | ICso (HDAC4) [uM] | ICso (HDACS) [uM] | IC5o (HDACS) [uM]
4a é 0.059+0.012 > 100 0.075+0.03 4.01+09
b
4b é/ 0.046 £ 0.009 > 100 0.026 £ 0.006 2.16+0.3
4c & 0.056 +0.013 > 100 0.026 + 0.008 5.20+1.0
(o]
|
4d é 0.015 +0.004 > 100 0.038 £0.01 5.75+0.9
_0O
4e éj 0.065 +0.008 > 100 0.051+£0.05 1.29+0.3
af é 0.045 +0.011 > 100 0.047 £ 0.015 2.32+0.3
F
4g é 0.048 +0.012 > 100 0.045 +0.012 6.38+1.6
F
4h és 0.047 £ 0.008 > 100 0.081+£0.03 2.51+0.3
4i % 0.105 +0.016 > 100 0.049 +0.017 5.41+0.3
S
4j é 0.060 £ 0.03 > 100 0.064 £0.03 7.01+1.9
4k é 0.065 +0.03 > 100 0.108 + 0.004 4.86+0.5
CFy
4l g 0.010+0.003 > 100 0.030+0.01 3.68+0.5
4m é 0.0045 + 0.0007 > 100 0.064 £0.03 480+1.6
N
O
Vorinostat 0.165 + 0.006 47.8+6.0 0.047 £0.003 5.85+0.7
Panobinostat - N.D. 0.725+0.06 N.D. 0.299 +0.07
Tubastatin - N.D. N.D. 0.033+0.017 N.D.

“All compounds were evaluated in duplicate in two independent experiments. Values represent the mean + SEM. N.D. = not determined.

C https://doi.org/10.1021/acs.jmedchem.4c02024
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c02024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Table 2. Inhibition of Human HDACI, 2, 3, 4, 6, 8, and 11 by Compounds 4d and 4m and Reference Compounds

Vorinostat, Panobinostat, and Tubastatin A

“All compounds were evaluated in duplicate in two independent experiments. Values represent the mean + SEM. N.D. = not determined.

Figure 3. (A) Comparison of the docking results between the isoenzymes HDAC2, 4, 6, and 8 for compounds 4a—4m. The results mirror the
enzyme assay data in that the compounds on average show better inhibition of HDAC2, HDAC6, and HDACS than HDAC4. (B) MM-GBSA
results of the best-docked pose of a compound in HDAC2. In line with the results of the enzyme assay, 4m is predicted to have the best

effective binding energy.

117 topic of hydroxylamine analogs to established amine
118 moieties.”**

119 As starting materials for a diverse set of phenylthiazole
120 analogs were readily available, we aimed in this study to
121 further develop 4a into a new antileukemic lead structure by
122 elucidating the structure—activity relationship of its terminal
123 phenyl moiety.

124 2.1. Synthesis. The synthesis of the novel HDACi (4a—
12s m) started with the saponification of phenylthiazole
126 carboxylic esters (la—m) followed by HBTU-mediated
127 coupling reactions of the generated corresponding sodium
128 salts with the hydroxylamine linker 2 containing the O-trityl-
129 protected hydroxamic acid zinc binding group using a
130 modified protocol of Goodreid et al.’” (Figure 2). The
131 coupling reactions for the construction of the pentyloxyamide
132 moiety were performed utilizing the in situ generated sodium
133 salts of the respective carboxylic acids as the corresponding
134 acids of la—m were prone to decarboxylation. The synthesis
135 of the hydroxylamine linker 2 was previously published by
136 our group.”® Subsequent TFA and triethylsilane-mediated

deprotection of the O-trityl-protected hydroxamates yielded 137
the hydroxamic acids 4a—m. 138

2.2. HDAC Enzyme Inhibition. All synthesized HDACi 139
are nanomolar inhibitors of HDAC2, a representative of 140
HDAC class I, and of HDACS, a representative of HDAC 141
class ITb. The HDAC enzyme inhibition profile did not differ 142
remarkably among the improved analogs (Table 1). Derivate 14311
4m was the most potent HDAC2 inhibitor improving the 144
ICs, of the parent compound 4a (IC;, 0.140 uM) 14s
significantly by a factor of 13 (ICs, 0.004S uM). Also, 146
compounds 4d (ICg, 0.015 gM) and 41 (ICy, 0.010 M) 147
improved HDAC?2 inhibition in comparison to 4a by a factor 148
of 4 or 6, respectively. Interestingly, HDAC6 inhibition was 149
not improved to the same extent as HDAC2 inhibition. 4c is 150
the most active HDACG6 inhibitor in this series and exceeded 1s1
the activity of the parent compound by a factor of about 152
three (ICg, 0.026 uM). However, each newly synthesized 1s3
HDAC inhibitor surpassed vorinostat in regards to HDAC2 154
inhibition and was similarly potent as tubastatin A in HDAC6 1ss
enzyme inhibition. 156
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157 Encouraged by the promising results of 4m and 4d, these
158 compounds were subjected to an expanded HDAC isozyme
159 analysis (Table 2), which demonstrated nanomolar inhibition
160 of HDAC 1 and 3 but only weak HDACII inhibition.

161 2.3. Docking Studies. Molecular docking was performed
162 to assess the binding affinities of the compounds 4a—4m to
163 human HDAC2, 4, 6, and 8 from a structural perspective.
164 Binding affinities predicted with the Glide SP scoring
165 function of the Schrodinger Suite®” generally align with the
166 enzyme assay results when considered on a per-isoform basis
167 (Table 1, Figure 3): On average, 4a—4m yield more favorable
168 docking scores in HDAC2, HDAC6, and HDACS8 (—S5.1 +
169 1.8 keal mol™!, —5.3 + 1.5 kecal mol™, and —4.7 + 1.2 kcal
170 mol™, respectively) than in HDAC4 (—3.0 + 1.4 kcal
171 mol™"). Although predicting binding affinities with scoring
172 functions requires caution when the differences are small,"’
173 this agreement mirrors that ICg, values for HDAC4 are one
174 to two orders of magnitude larger than for the other
175 isoforms. To support the results, Molecular Mechanics -
176 Generalized Born Surface Area (MM-GBSA) computations
177 were used to predict effective binding energies for the best-
178 docked pose of each compound in HDAC2. The results
179 identify 4m as the compound with the highest binding
180 affinity, which agrees with the experimental data. The other
181 compounds cannot be expected to be ranked well due to the
152 small value range (a factor of ~2 except for 4d, 41, which are
183 predicted second and third best, qualitatively in line with the
184 experimental data; 4c is overpredicted; Table 1) and SEM
185 values of up to ~50% of the mean value.

186 The docking poses of 4m and the unsubstituted compound
187 4a (Figure 4) in human HDAC2 show an interaction of the
188 hydroxamate moiety with the zinc ion, hydrogen bonds with
189 D100 and Y304, and stacking interactions of the phenyl

Figure 4. Predicted binding poses of compounds 4a (A) and 4m
(B) to human HDAC2 (PDB-ID: 7KBG)."

moiety with H29 close to the rim of the binding tunnel. The 190
p-substitution of the phenyl ring with pyrrolidine in 4m 191
increases the interaction surface of the complex, allowing for 192
additional apolar interactions. The entropic penalty for 193
extending the ligand with the pyrrolidine moiety is likely 194
small since free rotation about the C—N axis is already 195
restricted in solution due to conjugation such that only a few 196
degrees of freedom are lost upon binding. 197

2.4. Crystal Structures of 4d and 4m in Complex 19s
with HDAC6. To analyze the binding mode of 4d and 4m to 199
HDACS, both inhibitors were cocrystallized with the catalytic 200
domain 2 (CD2) of HDACG6 from Danio rerio (zebrafish). 201
This enzyme can be used as a model for human HDAC6 due 202
to high structural similarity and high conservation of the 203
active site."”’ 204

The crystal structures of CD2 from DrHDAC6 bound to 20s
4d and 4m were solved at 1.90 and 2.14 A resolutions, 206
respectively (Figure S and Supporting Information Table S1), 207 fs

Figure 5. Crystal structures of (A) HDAC6—4d complex and (B)
HDAC6—4m complex. The HDAC6 protein is shown as a cartoon
and colored pale green. Close-up view of the active site with the
ligands and the side chains of the amino acids coordinated to the
zinc ion shown as a stick model and colored light blue (4d) and
wheat (4m). The ligands and amino acid side chains are colored
according to the element-specific color code. The zinc ion is shown
as a sphere and colored gray. A figure displaying the simulated
annealing omit map of the ligands is shown in the Supporting
Information (Figure S1) (PDB ID: 9GGH and 9GGK).

providing, for the first time, insights into the binding mode of 208
pentyloxyamide-based HDACi. The structures do not reveal 209
pronounced conformational changes relative to the HDACG6 210
structure in the absence of any ligands (PDB ID: SEEM).* 211
The root-mean-square deviation (rmsd) between unliganded 212
and 4d-bound structures is 0.4 A for 353 Ca atoms and 213
between unliganded and 4m-bound structures is 0.5 A for 214
353 Ca atoms. 215

The inhibitors 4d and 4m bind in a similar conformation 216
to DrHDACG6 with the hydroxamate group coordinated to the 217
zinc ion in the active site. The flexible pentyloxyamide 218
connecting unit linker region is able to enter the narrow 219
channel to the active site and enable a tight coordination to 220
the zinc with O—Zn distances of 2.0 A. The higher electron 221
density observed in the simulated annealing omit map of the 222
inhibitor shows that the sulfur atom of the thiazole group has 223
the same orientation in both inhibitors, suggesting that only 224
one conformation is adopted (Supporting Information Figure 225
S1). Interestingly, the oxygen and nitrogen atoms of the 226
oxyamide connecting unit of 4d and 4m are in a similar 227
position despite not forming a specific interaction with the 228
protein surface. In addition to the coordination of the 229
hydroxamate group to the zinc ion, we observe two 230
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J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02024/suppl_file/jm4c02024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02024/suppl_file/jm4c02024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02024/suppl_file/jm4c02024_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c02024/suppl_file/jm4c02024_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c02024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Table 3. Comparison of the IC;, of the Experimental Compounds in Three Different Leukemia Entities

0] O
N%N/O\/\/\AN,OH
R X
§<\/S H H

compound | R | ICs(HL60) [NM] |[ICso (HPBALL) [nM]| ICs, (K562) [nM]
4a é 424.6+68.3 459.8+35.2 879.2+25.5
|
4b é( 332.1456.2 523.1458.2 993 +128.2
4c é\ 670.7 +74.8 714.6 £55.2 1478.7 £ 53
o
|
4d E\> 76.8+8.2 110.6 £15.2 180.8 £ 55.7
/O
e é/ 352.4+255 359.9+20 873.9+238.4
4f é\ 249.8 +84.5 421.2+44.7 656.1 + 264.7
F
4g (5 380.3+36.8 465.3+73.1 786.4 £ 230.9
F
4h é 168.1 + 104 355.9+19.6 526.5+28
4i % 313.7£96.5 403.8+46.2 722+ 164
S
4j é 192.4+22.4 279+20.7 414.6+38.8
4k é 263.7+70.7 446.4+65.7 629.6+69.6
CF4
al é 86+10.4 119.4+6.2 2425452
4m é 491454 100.1+6 141.9+13.2
N.
)
Vorinostat - 318.03 +36.7 823.53+27 577.4+119.8
Ricolinostat - 2190.3+24.9 2583.7+71.16 2933+79.5
C1994 - 1578.7+92.5 4703.3+117.2 5331.3 +948.17
Belinostat - 157.7+13.9 269.1%5 217.9+51.8

231 interactions with the HDAC6 protein. The imidazole ring of
232 H574 interacts with the nitrogen atom in the hydroxamate
233 group of the inhibitor, and the oxygen atom in the hydroxy
234 group of S531 interacts with the bivalent oxygen atom of the
235 oxyamide connecting unit. Notably, the predicted binding
236 mode of 4m to human HDAC2 differs from the
237 conformation observed in the crystal structure of DrHDACS,
238 which may be due to the differences in the sequence between
239 human HDAC2 and zebrafish HDACG6. Taken together, the

crystal structures of 4d and 4m in CD2 of DrHDAC6
provide important insights into the binding mode of the
novel pentyloxyamide-based HDACI.

2.5. High Throughput Drug Screening on Cytotox-
icity of Novel HDACi. A HTDS* was conducted to
evaluate the activity of 13 new synthesized HDACi across
three leukemia cell lines: K562, HPBALL, and HL60 (Table
3). By representing the ICy, values of each HDACi through
heatmaps and performing unsupervised clustering, three
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249 distinct clusters were identified (Supporting Information
250 Figure S2). Compared to the lead inhibitor 4a, the first
251 cluster had similar activity against the three entities, while the
252 second cluster consisted of HDACi with slightly lower ICg,
253 and the third one showed significantly lower ICs, (~0.7 log,
254 fold change). In the HL60 cell line, which is the most
255 sensitive, HDACi 4d, 4m, and 41 showed ICs, values between
256 0.049 and 0.086 uM, whereas in the K562 cell line, the range
257 was 0.141 to 0.242 nM. Throughout all three cell lines the
258 inhibitor with the most potent anticancer activity is 4m,
259 followed by 4d and 41

260 2.6, Structure—Activity-Relationship Analysis. First,
261 we modulated the electronic properties of the terminal
262 phenyl ring by introducing a methoxy or fluorine substituent
263 at the 17, 2/, or 3'-position. Though the introduction of
264 fluorine did not influence the antileukemic effect of the
26s HDAC inhibitors significantly regardless of the ring position
266 (4e—g), the introduction of a methoxy substituent at the 4'-
267 position (4d) enhanced the cytotoxic activity against
268 leukemia cells in comparison to the 2’ or the 3’ derivates
269 (4b, 4c).

270 Second, the replacement of the phenyl ring with thiophene
271 was tolerated (4h and 4i). Interestingly, the sulfur in the 2'-
272 position (4h) proved to be beneficial for the antileukemic
273 activity. However, the overall influence on the cytotoxic
274 activity against leukemic cells remained rather small.

275 Third, we focused on the optimization of the substituent in
276 4'-position. The molecular docking studies suggested that the
277 introduction of a larger substituent would favor additional
278 apolar interactions with the HDAC2 enzyme. Correlating
279 with the molecular docking studies, the pyrrolidine analog
280 4m is a compound with strong antileukemic activity and low
281 nanomolar inhibition of the HDAC2 enzyme. Further
282 agreeing with that, extending the size of the cap group
283 with a 2/-benzofuran moiety (41) also enhanced the cytotoxic
284 activity remarkably in comparison to 4a. Overall, the
285 introduction of larger substituents in 4’-position in
286 combination with electron donating heteroatoms (4d, 4m)
287 and the 2’ substitued benzofuran (41) improved the
288 antileukemic activity in comparison to the unsubstituted
289 compound 4a remarkably (Figure S). In addition, there is
200 also a good correlation between the antileukemic activity and
201 the inhibition of HDAC2 and 6.

202 2.7. Western Blot Analysis. The HDAC inhibitory
293 effects of the three most promising derivatives (4d, 41, and
294 4m) were next evaluated through cell-based assays using the
205 HL60 cell line. Treatment of HL60 cells with compounds 4d,
2096 41, and 4m resulted in notable a-tubulin acetylation
297 (indicating effective inhibition of HDAC6), as determined
208 by Western blot analysis. Vorinostat was utilized as a control
299 for comparison (Figure 6). When evaluating HDAC class I
300 inhibition, the optimized inhibitors displayed higher histone
301 H3 acetylation levels compared to vorinostat. Furthermore,
302 correlating with the H3 acetylation, we observed higher
303 PARP cleavage (indicator of apoptosis induction) with 4d, 41
304 and 4m, suggesting their enhanced effectiveness in compar-
305 ison to vorinostat.

306 2.8. Selective Cytotoxicity of 4d and 4m against
307 Leukemia Cells Surpasses Various Commercial HDAC
308 Inhibitors. Following the confirmation of cellular HDAC
309 inhibition by the promising new HDACI series, we selected
310 two most potent HDACi (4d and 4m) for an extended drug
311 screening analysis. This analysis involved evaluating their

-

—

—

Figure 6. Western Blot analysis was conducted to assess the effects
on HDAC inhibition markers (ac-H3 and ac-Tubulin) and the
induction of apoptosis marker (cleaved PARP) following a 24 h
treatment with 4d, 4m, and vorinostat (control) in HL60 leukemia
cells (n = 3). A representative blot is shown here with GAPDH
serving as the loading control.

effectiveness against 12 commercially available HDAC 312
inhibitors using 7 leukemia cell lines (Figure 7A and 313
Supporting Information Tables S2—S4) and 27 leukemia 314
patient-derived xenograft (PDX) cells (Figure 7B and 315
Supporting Information Tables S2—S4) across distinct 316
therapy response subgroups. We incorporated healthy 317
controls into our screens to determine whether 4d and 4m 318
operate within a safe therapeutic window. These controls 319
comprised CD34" hematopoietic stem and progenitor cells 320
derived from cord blood and T-cells from healthy donors. By 321
determining drug sensitivity scores (DSS) and generating 322
selective or differential DSS (dDSS),*® we obtained 323
comparative data to evaluate their selectivity on the leukemia 324
cells compared to the healthy controls. In comparative 325
studies, both 4d and 4m demonstrated superior efficacy 326
compared to clinically advanced HDAC inhibitors including 327
tubastatin A, ricolinostat, CI994, romidepsin, and vorinostat. 328
This was evidenced by their significantly elevated sDSS values 329
when assayed against a panel of leukemia cell lines and PDX 330
cells. Moreover, 4d and 4m consistently displayed selective 331
antileukemic effects in the majority of tested leukemia cell 332
types, suggesting their superiority over other examined 333
HDACI. Additionally, standard chemotherapeutics used in 334
leukemia treatment protocols, including cytarabine, idarubi- 335
cin, daunorubicin, and azacitidine, were incorporated into the 336
PDX drug screening analysis. Both 4d and 4m demonstrated 337
significantly higher sDSS values, indicative of an improved 338
therapeutic window and relatively similar cytotoxic profiles 339
toward both chemotherapy-sensitive and chemotherapy- 340
resistant subgroups (Figure 7B). 341

2.9. 4d and 4m Induce Cell Cycle Arrest and 3«
Apoptosis in Leukemia Cells. HDAC inhibition com- 343
monly leads to cell cycle arrest as an initial response, followed 344
by the induction of apoptosis.””** Analysis of the cell cycle 345
demonstrated that treatment with 4d in a concentration of 346
0.15 yM and 4m at both concentrations significantly 347
increased the proportion of HL60 cells in the G1 phase. 348
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Figure 7. Unsupervised clustered heatmap displaying the differential drug sensitivity score (dDSS) of (A) leukemia cell lines and (B) PDX-
grown leukemia cells. The statistical analysis was conducted using one-way ANOVA, n = 1. ALL = acute lymphoblastic leukemia, AML = acute
myeloid leukemia, B-ALL = B-cell acute lymphoblastic leukemia, CML = chronic myeloid leukemia, MLLr = MLL rearranged leukemia, T-ALL
= T-cell acute lymphoblastic leukemia, na = not applicable, ns = not significant, * = p(adj) > 0.0S, ** = p(adj) > 0.01, *** = p(adj) > 0.001,
and **** = p(adj) > 0.0001.

349 4d and 4m reduced the number of cells in the S and G2/M comparison, 4m exhibited greater potency than 4d in
350 phases significantly (Figure 8). Furthermore, an increased inducing cell cycle arrest at the same concentration, which
351 population of cells exhibited sub G1 labeling, indicating DNA can be attributed to the lower ICy, value reported for 4m as
352 fragmentation and confirming the induction of apoptosis. In compared to 4d (Table 3).
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Figure 8. Bar graph depicting a cell cycle analysis via propidium iodide staining of HL60 leukemia cells treated with 4m or 4d, while the bar
graphs displays statistical significance (unpaired student t-test, n = 3). ns = not significant, ** = p(adj) > 0.01, *** = p(adj) > 0.001, and ****

= p(adj) > 0.0001.

To assess apoptosis induction by 4d and 4m further, we
employed a trypan blue staining in conjunction with a
caspase 3/7 assay on HL60 leukemia cells. As a control, we
used the pan-caspase inhibitor Q-VD.” Treatment with 4d
or 4m resulted in a significant reduction of viability ~20%
after 24 h and 70% after 48 h (Figure 9A). Q-VD reduced
the loss of viability by 50%, suggesting that the cytotoxic
effects triggered by both compounds are associated with
apoptosis and are largely caspase-dependent. The caspase 3/7
assay further validated these findings, showing a marked
increase in caspase activity after 48 h treatments with 4d or

Figure 9. Bar diagram comparing the changes in (A) viability and
(B) apoptosis induction via caspase 3/7 activity of HL60 leukemia
cells treated with 4m or 4d and Q-VD (pan-Caspase inhibitor) via
trypan blue or caspase3/7 assay, respectively. The statistical analysis
was conducted using unpaired student t-test, n = 3. ns = not
significant, * = p(adj) > 0.05, ** = p(adj) > 0.01, *** = p(adj) >
0.001, and **** = p(adj) > 0.0001.

4m (Figure 9B). Notably, Q-VD effectively negated this
caspase 3/7 activity. In sum, the findings robustly indicate
that both 4d and 4m induce apoptosis, leading to cytotoxic
impacts on leukemia cells.

2.10. 4d and 4m Synergize Effectively with the
Standard Chemotherapy Drugs Decitabine and
Clofarabine. Current clinical therapeutic strategies acknowl-
edge the shortcomings of singular drug treatments,
advocating for the utilization of synergistic drug combina-
tions. These combinations aim to reduce cytotoxicity, exploit
the unique susceptibilities of cancer cells, and avert drug
resistance development. Therefore, we investigated potential
synergistic drug combinations with the novel HDACi 4d and
4m. Decitabine, a first line chemotherapeutic, functions as a
DNA methyltransferase inhibitor resulting in DNA hypo-
methylation. Synergistic drug effects between decitabine and
HDACi have been well characterized, particularly in the
context of AML.***" Utilizing a matrix synergy screening
method with the zero-interaction potency (ZIP) algorithm,
we identified high ZIP synergy scores ranging from 60 to 80
across various concentration for both 4d and 4m when
combined with decitabine (Figure 10A,B). Subsequently, we
looked into the underlying mechanism of this drug synergy
by evaluating the acetylation levels of histone H3 (Figure
10C). Although decitabine alone did not augment H3
acetylation, its combination with 4d or 4m showcased
more pronounced bands compared to the individual
HDAC] treatment.

The combination ratio of decitabine to 4d (5:1) was
determined through synergy analysis, as this concentration
ratio exhibited the highest synergistic interaction between
them against AML cells. We have conducted additional
combination experiments using a broad range of 4d
concentrations in conjunction with decitabine (Figure 10D).
We included vorinostat as a positive control, maintaining the
same concentrations as for 4d. Notably, at equivalent
concentrations, 4d significantly increased actylated-H3 levels
and cleaved PARP levels (a marker of apoptosis) compared
to vorinostat in combination with decitabine (Figure 10E,F).
Therefore, this enhanced effect on protein acetylation (Ac—
H3) likely contributes to the observed synergistic cytotoxicity
outcomes.
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Figure 10. 3D synergy plots of HL60 cells treated with drug combinations for 72 h. The plots represent synergy scores from a combination
matrix analyzed by the ZIP algorithm: (A) 4d + decitabine and (B) 4m + decitabine (n = 2). (C) Western blot analysis illustrating the
differences in HDAC inhibition markers, ac-H3 and ac-Tubulin, in HL60 cells. The comparison is between solo treatment and combination
treatments of either 4d or 4m with decitabine (n = 3) for 24 h. A representative blot is displayed with GAPDH as the loading control. (D)
Western blot with increasing concentrations of 4d and vorinostat combined with a fixed concentration of decitabine (n = 3). (E/F)
Quantification of the signal of ac-H3 or cleaved PARP of D (unpaired student f-test, n = 3). ns = not significant, ** = p(adj) > 0.01, *** =
p(adj) > 0.001, and **** = p(adj) > 0.0001.

410 The observed synergy of the epigenetic combination, which methylation and HDAC pathways. This mechanism involves 413
411 includes HDACi (4d) and DNMTi (Decitabine), has been a S-methylcytosine-binding protein binding to gene pro- 419
412 corroborated by our studies and others, demonstrating moters and recruiting HDACs.>® In AML cells, this 49
413 significant synergistic activity against AML cells.*#%975% 1n interaction is significant for the activation of tumor 4
414 fact, the safety, tolerability, and antileukemia activity of this suppressor genes, including CDKN2B.>° However, we 42
415 combination have led to clinical trials involving AML acknowledge that the detailed mechanism underlying 43
416 patients.‘%’54 Mechanistic insights suggest that the observed enhanced cytotoxicity upon combining HDAC and DNMT 44
417 synergistic interaction is due to the crosstalk between DNA inhibitors is still unclear. 425
J https://doi.org/10.1021/acs.jmedchem.4c02024
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Figure 11. 3D synergy plots of HL60 cells treated with drug combinations for 72 h. The plots represent synergy scores from a combination
matrix analyzed by the ZIP algorithm: (A) 4d + clofarabine and (B) 4m + clofarabine (n = 2).

Figure 12. Overview of in vitro pharmacokinetics of 4d and 4m. (A) Interval plot of the determination of the coefficient of distribution (log
D). Carvedilol was used as a control. (B) Stability of 4d and 4m in human plasma over 24 h at three different concentrations. A limit of —15%
was set as acceptance criterium for stability according to bioanalytical guidelines. 4% bovine serum albumin (BSA) (absence of plasma enzymes)
was used as a control spiked with a concentration of S0 nM of the drug. (C) Blood-to-plasma ratio of 4d and 4m for the three assessed
concentration levels applying carvedilol as a control. (D) Plasma protein binding for 4d and 4m at three different concentration levels. The
mean value of n = 3 is displayed. Itraconazol was used as a control. (E) Microsomal stability of 4d and 4m in HLMs. Propranolol was used as a
control. The blank contains no drug, while the negative is free of HLMs. BSA: bovine serum albumin, HLM: HLMs, and SD: standard

deviation.
16 HDAC inhibition contributes to increased DNA damage.57 scores around 50 when 4d and 4m were administered in
We examined the synergistic impact of combining 4d and 4m L , , ) sl
427 YRerg P 8 combination with clofarabine (Figure 11A,B). 432 f11
ss With clofarabine, a purine nucleoside analog and DNA o o
. . . . . These findings indicate that HDAC inhibitors 4d and 4m
429 Synthesis inhibitor. In line with our previous observations, we 433
430 found in a similar matrix synergy approach, ZIP synergy enhance the effectiveness of first line chemotherapeutics 434
K https://doi.org/10.1021/acs.jmedchem.4c02024
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Table 4. Comparison of In Vitro Pharmacokinetic Data of 4d and 4m to Vorinostat”

vorinostat 4d 4m
log D 1.46% 1.47 + 0.05 4.15 £ 0.18
plasma stability/t, , 75 min® >24 h >24 h
Kyp 2.0% 1.26 + 0.16 (50 nM) 1.02 + 0.06 (50 nM)

71%% (1.89 uM)

66

99.0% (1 pM)

35.9 min®

99.6% (1 uM)
11.2 min (high)

plasma protein binding

microsomal stability/t, ,(clearance category) 60 min® (intermediate) (intermediate)

“Kg,p: blood-to-plasma ratio, log D: coeflicient of distribution at pH 7.4, t, ,: half-life.

Table S. Pharmacokinetic Parameters (AUC\,yy Cpup Tmaw and t;,,) Were Calculated According to a Noncompartmental

Analysis (NCA) from the Blood Concentration of 4d Based on Actual Blood Sampling Time Pre-Dose and Post-Dose”

variable mouse 1 mouse 2 mouse 3 mean [+SD] vorinostat
intraperitoneal 10 mg/kg per oral 50 mg/kg
Cnax (ng/mL) 1490 1030 1230 1250 [+232] 501¢7 580
T,.. (h) 025 025 025 0.25 [+0] na®’ 0.08%
AUC,,,, (h-ng/mL) 523 396 480 466 [+65] 619 347
ti/, (h) 0.275 0.554 0.227 0.352 [+0.177] 0.75% 0.8%

f12

“Na: not applicable.

435 decitabine and clofarabine potentially allowing for dose
436 reduction and decreasing the likelihood of drug resistance.
437 2.11. 4d Shows Promising Human In Vitro Pharma-
438 cokinetics Superior to 4m. Determination of in vitro
439 pharmacokinetic properties of new chemical entities is a key
440 step in drug discovery and aids in nonclinical evaluation. To
441 assess the initial ADME characteristics (absorption, distribu-
442 tion, metabolism, and elimination) of 4d and 4m, coefficient
443 of distribution, plasma stability, blood-to-plasma ratio,
444 microsomal stability, and plasma protein binding were
445 investigated.

446 Good oral absorption can be assumed for the coefficient of
447 distribution (log D) between 0 and 3.°® The log D value was
448 determined as 1.47 + 0.0S for 4d and 4.15 + 0.18 for 4m
449 (Figure 12A), favoring 4d. Carvedilol acted as a control and
450 confirmed the assay validity (obtained: 3.21 vs in literature:
451 3.2).%°

452 Further, in vitro plasma stability was determined, as
453 instability is an indicator for rapid clearance or a short half-
life (¢,/,), resulting in poor in vivo performance. 4d and 4m
4ss demonstrated excellent stability over the 24 h period
456 monitored in human plasma at 37 °C (Figure 12B).

457 4m showed equal affinity to plasma and red blood cells,
458 while 4d tended toward higher distribution into red blood
459 cells (Figure 12C), as determined by the blood-to-plasma
460 ratio (Kgp). One-way ANOVA confirmed no concentration
461 dependency over the range of 2.5 nM to 1 uM for 4d (Kyp:
462 1.27 at 2.5 nM, 1.26 at 50 nM, and 1.37 at 1 uM), while for
463 4m the Kg,p at the highest concentration level investigated (1
464 M) was significantly lower if compared to the lower
465 concentration levels (Kg/p: 1.00 at 2.5 nM, 1.02 at S0 nM,,
466 and 0.88 at 1 pM). The control compound carvedilol
467 validated the assay performance (Kg,p obtained: 0.76 vs Kg/p
468 in literature: 0.76).”°

469  Plasma protein binding was high for 4d with a mean of
470 99.0% over the observed concentration range with no
471 concentration-dependency. 4m exhibited an atypical concen-
472 tration-dependent plasma protein binding with lower binding
473 for lower concentrations (Figure 12D). If proceeding in drug
474 development, this phenomenon needs to be further
475 investigated.”' Itraconazol as control showed high plasma

S
©n
S

- O

—_

protein binding throughout all cavities confirming no leakage 476
and being in line with values reported in the literature.”> 477

While 4m was extensively metabolized by hepatic enzymes, 473
such as Cytochrome P450 and Uridine $’-diphospho- 479
glucuronosyltransferases, in Human liver microsomes 480
(HLMs), 4d showed moderate metabolism (Figure 12E). 4s1
The half-life of 4d was 35.9 min, with an intrinsic clearance 482
of 38.6 uL/min/mg. When corrected for nonspecific protein 483
binding in the incubation mixture, the unbound intrinsic 484
clearance was determined as 54.7 yL/min/mg. The half-life 4ss
of 4m was substantially shorter with 11.2 min. While the 4s6
corresponding intrinsic clearance resulted in 123.6 uL/min/ 487
mg, its unbound intrinsic clearance was 466.4 yL/min/mg. 488

Using the collected data, the in vivo hepatic clearance was 489
estimated to be 0.39 L/min for 4d and 8.18 L/min for 4m. 490
Assuming a hepatic blood flow of 1500 mL/min, 4d can 491
therefore be classified as a low hepatic extraction drug 492
(calculated hepatic extraction ratio (E;) < 0.3) and 4m as 493
high hepatic extraction drug (E, > 0.7). 494

Finally, the collected in vitro pharmacokinetic data of 4d 495
and 4m were compared to that of the approved drug 49
vorinostat (Table 4). In comparison to vorinostat, 4d 4974
appeared most promising for further pharmacokinetic 498
investigation. 499

2.12. Preclinical Pharmacokinetic Study of 4d in soo
Mice Showed Comparability to Vorinostat. Building on so1
our human in vitro pharmacokinetic data, an in vivo s02
pharmacokinetic study using 4d was performed in three s03
C57BL/6 mice. After intraperitoneal application of 10 mg/kg, so4
a rapid onset of the compound was observed with a f,, of s0s
025 h (mean) and C,,, of 1250 + 232 ng/mL (mean =+ s06
SD). Remarkably, dose adjusted overall exposure (AUC,/ s07
dose) of 4d in mice was higher if compared to vorinostat (47 sos
vs 12 h-kg-ng/mL/mg). Similar to vorinostat (t;,, = 0.75), 4d 509
was characterized by a short elimination half-life of 0.35 h s1o0
(mean), indicating a substantial metabolism/elimination of si1
4d in mice. A summary of pharmacokinetic data and a s12
comparison with vorinostat is shown in Table S. 5135

2.13. 4d Suppresses In Vivo Growth of Myeloid si4
Leukemia (MV4-11 and C1498) Cells. The pronounced sis
cytotoxic effect of 4d on leukemia cells, combined with the si6
comparatively promising in vitro pharmacokinetic character- 517
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o
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Figure 13. (A) Dose—response curve with ICs, value showing the inhibitory effect of vorinostat and compound 4d on the proliferation of the
C1498 cell line. The curve and ICy, values were generated with GraphPad Prism software by measuring the percentage of viable cells after 72 h
incubation of cells with vorinostat and compound 4d via CellTiter-Glo assay. Cell viability was normalized to DMSO (solvent)-treated controls.
This curve and each point represent the results of the mean + SD of biological and technical triplicates. (B) Schematic timeline of the
experimental design. Each mouse received 0.5 X 10° C1498 luc-GFP* murine leukemic cells. After confirmation of tumor engraftment via
monitoring the bioluminescence-based in vivo imaging system (IVIS) on dayS$, mice were grouped into three treatment groups, Vehicle (n = 4),
Vorinostat (n = 4), and 4d (n = 4). All mice received daily treatments accordingly via intraperitoneal injection. Tumor progression was
examined by measuring bioluminescent signals with IVIS and ROI (p/s/cm?/sr) quantification. (C) IVIS images of treated mice were taken on
days S and 17. (D) ROI values at various time points, representing the measurement of leukemia cell growth. Statistical analysis was performed
using a two-way mixed ANOVA with Greenhouse-Geisser correction. (E) Changes in body weight of each mouse from the three treatment
groups before and after the treatment course.

s1s istics of 4d, prompted us to evaluate its effectiveness in a corresponding ICs, values were generated by applying a
s19 preclinical leukemic xenograft mouse (NSG) model using nonlinear regression algorithm to plot the log of inhibitor
520 human AML cell line MV4-11. Initially, we determined the concentrations against normalized cell viability (Supporting
521 ICsy of 4d in the MV4-11 cell line using the CellTiter-Glo Information Figure S3A). 4d demonstrated an ICs, of 0.036
s22 assay, with vorinostat serving as a positive control, as UM in MV4-11 cells, exhibiting over a 7-fold increase in
523 described in prior methods. The dose—response curve and potency compared to vorinostat. The in vivo experimental

M https://doi.org/10.1021/acs.jmedchem.4c02024
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s30 design is illustrated in Supporting Information Figure S3B.
531 Briefly, mice were first intravenously (i.v.) injected with (0.5
522 X 10°) human AML (MV4-11) cells, stably expressing
533 luciferase-GFP for tracking in vivo transplantation. The in
534 vivo growth of the leukemia cells was examined after 14 days
s35 of injection via bioluminescence measurement using in vivo
536 imaging system (IVIS). Next, the leukemia bearing mice were
s37 distributed randomly to two groups. From day 16 onward,
s3s the mice were treated for 8 consecutive days with
539 intraperitoneal injections of either with a vehicle control or
s40 4d (at a dose of 10 mg/kg). The IVIS images (Supporting
s41 Information Figure S3C) and the quantified region of interest
s42 (ROI) measurements during the treatment period indicated
s43 that the treatment with 4d significantly (p = 0.002)
s44 suppresses the in vivo growth of MV4-11 leukemia cells as
s4s compared to the vehicle control group (Supporting
s46 Information Figure S3D). At day 42, which is 3 weeks
s47 after discontinuing the 4d treatment, no differences in the
sas growth of leukemia cells was observed between 4d treated
s49 and vehicle group. Importantly, for measuring the potential
ss0 signs of toxicity, such as body weight alterations, the 4d
ss1 treatment group exhibited a minor (not significant) reduction
ss2 during and after the treatment course when compared to the
ss3 vehicle control group (Supporting Information Figure S3E).
ss4  Next, given the growing evidence of immunomodulatory
sss effects of HDAC inhibitors in cancer therapy,”” we utilized an
ss6 allograft leukemia model. In this model, leukemia is
557 established by injecting (CS7BL/6) derived murine AML
sss (C1498) cells by intravenous injection in immunocompetent
ss9 wildtpye (C57BL/6) mice.”® Similarly, we initially deter-
se0 mined the ICsy of 4d in C1498 cells, with vorinostat serving
s61 as a positive control. Both 4d and vorinostat affected C1498
s62 cell growth in a concentration-dependent manner with ICs,
s63 of 0.425 and 1.06 uM, respectively (Figure 13A). Similar to
564 human leukemia cells, exposure to 4d or vorinostat increased
s6s actylated-H3 levels in murine C1498 leukemia cells
se6 (Supporting Information Figure S4). The in vivo exper-
s67 imental design is illustrated in Figure 13B. Briefly, leukemia
ses was established by injecting (0.5 X 10°) murine AML
s69 (C1498) cells, stably expressing luciferase-GFP by intra-
s70 venous injection in C57BL/6 mice.”® Confirmation of tumor
571 engraftment was assessed on day S after injection of leukemia
s72 cells by measuring the luminescence signals in the mice
573 following D-Luciferin intraperitoneal injection (Figure 13C).
574 Starting on day 6, the mice were divided into three treatment
575 groups and administered intraperitoneally with either vehicle,
576 positive control vorinostat (20 mg/kg), or 4d (20 mg/kg) for
577 2 weeks. Compared to the vehicle control group, both the
s78 vorinostat- (p = 0.0249) and 4d (p = 0.0326)-treated groups
579 exhibited significantly lower leukemia burden after the second
sso treatment cycle, with this difference becoming more
ss1 pronounced by day 19 (Figure 13D). Additionally, no
ss2 significant differences in body weight were observed during
ss3 the treatment course (Figure 13E). Additionally, for the
ss4 target engagement studies, we isolated liver cells from mice
sss 24 h post-treatment with 4d. Consistent with our in vitro
ss6 observations, the intracellular staining intensity of acetyl-
ss7 histone H3 in liver cells was markedly increased in the 4d-
sss treated mice, pointing toward target engagement inside the
589 organ tissues (Supporting Information Figure SS5).

—_
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3. CONCLUSIONS

We developed a novel pentyloxyamide-based HDACi with s90
substituted phenylthiazole cap groups and evaluated their so1
potential as novel antileukemic lead structures. The leading s92
candidates from this series, 4d and 4m, exhibited nanomolar s93
inhibition toward HDAC2 and HDAC6 and demonstrated 594
cytotoxic effects against a wide range of therapy-sensitive and s9s
therapy-resistant leukemia cell lines as well as against patient- 596
derived leukemia cells. In addition, the binding modes of 597
both inhibitors were determined by X-ray crystallography, sos
revealing specific interactions with the CD2 of HDACG6 from 599
D. rerio (zebrafish). 600

Importantly, 4d and 4m exhibited comparable or even 601
higher DSS than well-established and clinically used HDAC 602
inhibitors, along with greater selectivity toward malignant 603
cells relative to healthy controls. Considering the current 604
reliance on combination therapies in modern cancer treat- 603
ment, drugs that demonstrate synergistic interactions can 606
significantly influence the therapeutic outcome, delay or 607
prevent the development of resistance, and increase the 608
treatable population of patients. In this regard, the 609
combination of 4d and 4m with the routinely used 610
chemotherapeutic agents clofarabine and decitabine exhibited 611
a notable synergistic cytotoxic effect. The promising in vitro 612
pharmacokinetic characteristics and first in vivo pharmacoki- 613
netic data support comprehensive in vivo investigation of 4d. 614
Notably, in vivo administration of 4d effectively suppressed 615
the growth of leukemia cells without inducing any observable 616
signs of toxicity in mice. Overall, these findings position 4d 617
and 4m as novel lead structures with potential for further 18
preclinical development, as they not only demonstrate a 619
therapeutic window but also promising antileukemic effects 620
when used in combination with established antileukemic 621
drugs. Current challenges, such as the improvable in vivo 622
pharmacokinetics of HDAC inhibitors 4d and 4m will be 623
addressed along with further structure—activity relationship 624
(SAR) studies in a follow-up lead optimization program. 625

4. EXPERIMENTAL SECTION

4.1. Chemistry. Chemicals and solvents were purchased from 626
commercial suppliers (Acros Organics, TCI, abcr, Alfa Aesar, 627
Ambeed, BLDpharm, and Merck) and used without further 628
purification. Dry solvents were purchased from Acros Organics. 629
The reactions were monitored by thin-layer chromatography (TLC) 630
using Macherey-Nagel precoated ALUGRAM Xtra SIL G/UV,s, 631
plates. Spots were visualized either by irradiation with ultraviolet 632
light (254 nm) or staining in potassium permanganate solution. 633
Hydroxamic acids were further stained using a 1% solution of 634
iron(III) chloride in ethanol. Flash chromatography was performed 63s
on a CombiFlash RF 200 or a Biichi Pure C-810 Flash using 636
RediSep Rf-columns using the solvent mixtures of n-hexane/ethyl 637
acetate or dichloromethane/methanol according to the separation. 638
Melting points (mp) analyses were performed using a Biichi M-565 639
melting point apparatus and are uncorrected. Proton ('H) and 640
carbon (*C) NMR spectra were recorded on a Bruker Avance III 641
300 or 600 MHz using DMSO-d, as the solvent. Chemical shifts are 642
given in parts per million (ppm) relative to the residual solvent peak 643
for 'H and *C NMR. Coupling constants, J, were reported in Hertz 644
(Hz). High-resolution mass spectra (HRMS) analysis was performed 645
on a UHR-QTOF maXis 4G, Bruker Daltonics, by electrospray 646
ionization (ESI). Analytical HPLC analyses were carried out on an 647
Knauer AZURA system equipped with AZURA 6.1L (pumps), 648
AZURA column thermostat CT 2.1 and AZURA UVD 2.1L (UV- 649
detector), and a Spark Holland B.V. OPTIMAS model 820 650
autosampler, or on a Agilent LC 1260 Infinity II system equipped 651
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with an G7116A Infinity II Multicolumn Thermostat, a G7104C
Infinity II Flexible Pump a G7129C Infinity II Vialsampler and a
G7114A Infinity II Variable Wavelength Detector. The separation
took place on a Eurospher I 100 S C18 (150 X 4 mm) column. UV
absorption was detected at 254 nm. HPLC-grade water +0.1% TFA
(solvent A) and HPLC-grade acetonitrile +0.1% TFA (solvent B)
were used for elution at a flow rate of 1 mL/min. A linear gradient
of 10% B to 100% B within 30 min was used. In the case of the O-
trityl protected compounds 3a-m HPLC-grade water (solvent A)
and HPLC-grade acetonitrile (solvent B) were used for elution at a
flow rate of 1 mL/min. A linear gradient of 10% B to 100% B within
30 min was used. All compounds are >95.0% pure by HPLC.

4.1.1. General Procedure for the Preparation of Phenylthiazoles
1la—1m. The respective 2-bromoketone (1.0 equiv) and ethyl
thiooxamate (1.0 equiv) were dissolved in ethanol (7 mL/mmol)
and heated at 70 °C. If the TLC (eluent: ethyl acetate/n-hexane)
showed incomplete conversion after 7 h of heating, the reaction was
stirred at room temperature overnight. After evaporation of the
solvent, the resulting residue was diluted with ethyl acetate and
washed three times with 50 mL of saturated sodium bicarbonate
solution and once with 50 mL of brine. The organic phase was dried
over anhydrous sodium sulfate and filtrated, and the solvent was
evaporated under reduced pressure. The crude product was purified
using flash chromatography using ethyl acetate and n-hexane as the
eluent (0—30% ethyl acetate) to yield phenylthiazoles la—m.

4.1.1.1. 1a Ethyl 4-Phenylthiazole-2-carboxylate. Synthesis
according to general procedure A using phenacyl bromide (4.1 g
20.0 mmol) afforded 1a as a light yellow solid (3.3 g, 14.1 mmol,
71%). mp 36.9 °C, t, 14.47 min, purity: 99.3%.

'"H NMR (300 MHz, DMSO-dg): & 1.36 (t, ] = 7.1 Hz, 3H), 4.42
(g, J = 7.1 Hz, 2H), 7.36—7.44 (m, 1H), 7.45-7.53 (m, 2H), 7.98—
8.00 (m, 1H), 8.02 (d, J = 1.5 Hz, 1H), 8.53 (s, 1H).

13C NMR (75 MHz, DMSO-dy): § 14.1, 62.2, 121.0, 126.2, 128.7,
129.0, 133.2, 156.3, 157.5, 159.4.

HRMS (m/z): MH" caled for C;,H;;NO,S 234.0583; found,
234.0584.

4.1.1.2. 1b Ethyl 4-(2-Methoxyphenyl)thiazole-2-carboxylate.
Synthesis according to general procedure A using 2-bromo-1-(2-
methoxyphenyl)ethanone (2.3 g, 10,0 mmol) afforded 1b as a white
solid (2.0 g 7.6 mmol, 76%). mp 70.3 °C, t, 15.21 min purity:
99.1%.

'H NMR (300 MHz, DMSO-d,): & 1.36 (t, ] = 7.1 Hz, 3H), 3.94
(s, 3H), 441 (q, J = 7.1 Hz, 2H), 7.09 (ddd, ] = 7.8, 7.3, 1.1 Hz,
1H), 7.18 (dd, ] = 8.4, 1.1 Hz, 1H), 7.40 (ddd, J = 8.3, 7.3, 1.8 Hz,
1H), 8.13 (dd, J = 7.7, 1.8 Hz, 1H), 8.45 (s, 1H).

BC NMR (75 MHz, DMSO-dy): § 14.1, 55.6, 62.1, 111.9, 120.7,
121.6, 124.2, 129.4, 129.9, 152.3, 155.8, 156.6, 159.5.

HRMS (m/z): MH" calcd for C;3H;3NO;S 264.0689; found,
264.0696.

4.1.1.3. 1c Ethyl 4-(3-Methoxyphenyl)thiazole-2-carboxylate.
Synthesis according to general procedure A using 3-methoxyphe-
nacyl bromide (2.3 g, 10.0 mmol) afforded 1c as a white solid (1.9
g, 7.4 mmol, 74%). mp 76.6 °C, t, 14.36 min purity: 98.9%.

'H NMR (300 MHz, DMSO-d,): § 1.36 (t, ] = 7.1 Hz, 3H), 3.83
(s, 3H), 442 (q, ] = 7.1 Hz, 2H), 6.98 (ddd, ] = 8.2, 2.6, 1.0 Hz,
1H), 7.40 (ddd, J = 8.2, 7.7, 0.4 Hz, 1H), 7.51-7.62 (m, 2H), 8.56
(s, 1H).

13C NMR (75 MHz, DMSO-dy): 6 14.1, 55.2, 62.2, 111.6, 114.4,
118.6, 121.3, 130.1, 134.6, 156.1, 157.3, 159.3, 159.7.

HRMS (m/z): MH" calcd for C.3H;3NO;S 264.0689; found,
264.0693.

4.1.1.4. 1d Ethyl 4-(4-Methoxyphenyl)thiazole-2-carboxylate.
Synthesis according to general procedure A using 4-methoxyphe-
nacyl bromide (2.3 g, 10.0 mmol) afforded 1d as a white solid (1.9
g, 7.3 mmol, 73%). mp 150.5 °C, t, 14.40 min purity: 97.7%.

'"H NMR (300 MHz, DMSO-dg): 6 1.36 (t, ] = 7.1 Hz, 3H), 3.81
(s, 3H), 441 (q, ] = 7.1 Hz, 2H), 6.99-7.09 (m, 2H), 7.90—7.98
(m, 2H), 8.37 (s, 1H).

13C NMR (75 MHz, DMSO-d): § 14.1, 55.2, 62.1, 114.3, 119.0,
126.0, 127.7, 156.3, 157.2, 159.4, 159.7.

HRMS (m/z): MH" calcd for C;3H;3NO;S 264.0689; found,
264.0693.

4.1.1.5. 1e Ethyl 4-(2-Fluorophenyl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-2'fluoro-
acetophenone (2.2 g, 10.0 mmol) afforded le as a white solid (1.3
g, 5.2 mmol, 52%). mp 65.7 °C, t, 15.25 min purity: 99.8%.

'H NMR (300 MHz, DMSO-dy): 6 1.36 (t, ] = 7.1 Hz, 3H), 4.42
(g, J = 7.1 Hz, 2H), 7.31-7.43 (m, 2H), 7.48 (tdd, ] = 7.2, 5.3, 2.7
Hz, 1H), 8.11 (td, J = 7.8, 1.7 Hz, 1H), 8.37 (d, ] = 2.4 Hz, 1H).

BC NMR (75 MHz, DMSO-dy): 6 14.0, 62.3, 116.3 (d, ] = 22.0
Hz), 121.0 (d, J = 11.5 Hz), 124.8—125.2 (m), 129.8 (d, J = 2.8
Hz), 130.6 (d, ] = 8.7 Hz), 149.8 (d, ] = 2.3 Hz), 157.1, 157.8,
159.3, 161.1.

HRMS (m/z): MH"' caled for C,,H,;;FNO,S 252.0489; found,
252.0490.

4.1.1.6. 1f Ethyl 4-(3-Fluorophenyl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-1-(3-
fluorophenyl)ethan-1-one (2.2 g 10.0 mmol) afforded 1f as a
white solid (1.6 g, 6.5 mmol, 65%). mp 66.0 °C, t, 14.81 min purity:
99.7%.

'H NMR (300 MHz, DMSO-dy): 6 1.36 (t, ] = 7.1 Hz, 3H), 4.42
(g J = 7.1 Hz, 2H), 7.24 (dddd, J = 9.1, 8.3, 2.6, 1.0 Hz, 1H),
7.41-7.66 (m, 1H), 7.73—7.92 (m, 2H), 8.64 (s, 1H).

3C NMR (75 MHz, DMSO-dg): § 14.1, 62.3, 112.8 (d, ] = 23.2
Hz), 115.5 (d, J = 21.2 Hz), 121.1-123.0 (m), 131.1 (d, ] = 8.4
Hz), 135.5 (d, ] = 8.3 Hz), 154.8 (d, ] = 2.9 Hz), 157.7, 159.3,
161.0, 164.2.

HRMS (m/z): MH' caled for C,,H,;,FNO,S 252.0489; found,
252.0489.

4.1.1.7. 1g Ethyl 4-(4-Fluorophenyl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-1-(4-
fluorophenyl)ethan-1-one (1.1 g 5.0 mmol) afforded 1g as a
white solid (0.8 g, 3.3 mmol, 66%). mp 74.0 °C t, 14.79 min purity:
99.9%.

'H NMR (300 MHz, DMSO-d,): 5 1.36 (t, ] = 7.1 Hz, 3H), 4.41
(q J = 7.1 Hz, 2H), 7.25—7.39 (m, 2H), 7.96—8.13 (m, 2H), 8.51
(s, 1H).

13C NMR (126 MHz, DMSO-dg): 6 13.9, 62.1, 115.7 (d, ] = 21.7
Hz), 120.6, 128.3 (d, ] = 8.3 Hz), 129.8 (d, J] = 3.1 Hz), 155.2,
157.5, 159.2, 161.3, 163.2.

HRMS (m/z): MH" caled for C;,H,;,FNO,S 252.0489; found,
252.0494.

4.1.1.8. 1h Ethyl 4-(Thiophen-2-yl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-1-(thiophen-
2-yl)ethanone (2.1 g, 10.0 mmol) afforded 1h as a black solid (1.3
g, 10.0 mmol, 54%). mp 53.4 °C t, 13.81 min purity: 96.5%.

'"H NMR (300 MHz, DMSO-d): 6 1.35 (t, J = 7.1 Hz, 3H), 4.41
(g, J = 7.1 Hz, 2H), 7.16 (dd, J = S.1, 3.6 Hz, 1H), 7.61 (dd, ] =
5.1, 1.2 Hz, 1H), 7.68 (dd, J = 3.6, 1.2 Hz, 1H), 8.37 (s, 1H).

13C NMR (75 MHz, DMSO-dy): § 14.1, 62.3, 119.3, 125.5, 126.9,
1282, 136.8, 151.1, 157.4, 159.2.

HRMS (m/z): MH" caled for C;;HyNO,S, 240.0147; found,
240.0149.

4.1.1.9. 1i Ethyl 4-(Thiophen-3-yl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 3-(bromoacetyl)-
thiophene (1.0 g, 4.7 mmol) afforded 1i as a brown oil (0.7 g, 3.0
mmol, 63%). T, 13.43 min purity: 99.0%.

'"H NMR (300 MHz, DMSO-d): § 1.35 (t, J = 7.1 Hz, 3H), 4.41
(g J = 7.1 Hz, 2H), 7.63—7.69 (m, 2H), 8.03 (dd, J = 2.6, 1.6 Hz,
1H), 8.36 (s, 1H).

BC NMR (151 MHz, DMSO-dg): 6 14.1, 62.2, 120.3, 123.3,
126.2, 127.4, 135.4, 152.6, 157.3, 159.4.

HRMS (m/z): MH" caled for C,,HyNO,S, 240.0147; found,
240.0151.

4.1.1.10. 1j Ethyl 4-(p-Tolyl)thiazole-2-carboxylate. Synthesis
according to general procedure A using 2-bromo-1-(p-tolyl) (2.2 g
10.0 mmol) afforded 1j as a white solid (1.7 g, 6.9 mmol, 69%). mp
60.0 °C, t, 15.59 min purity: 99.3%.
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790 'H NMR (300 MHz, DMSO-d,): & 1.36 (t, J = 7.1 Hz, 3H), 2.35
791 (s, 3H), 441 (q, J = 7.1 Hz, 2H), 7.29 (dd, J = 7.9, 0.7 Hz, 2H),
792 7.84—7.94 (m, 2H), 8.45 (s, 1H).

793 3C NMR (75 MHz, DMSO-d,): 6 14.1, 20.8, 62.2, 120.1, 126.2,
794 129.5, 130.6, 1382, 156.4, 157.3, 159.4.

79s  HRMS (m/z): MH*' caled for C;3H;3NO,S 248.0740; found,
796 248.0744.

797 4.1.1.11. 1k Ethyl 4-(4-(Trifluoromethyl)phenyl)thiazole-2-car-
798 boxylate. Synthesis according to general procedure A using 2-
799 bromo-4’-(trifluoromethyl)acetophenone (2.8 g, 10.0 mmol) af-
800 forded 1k as a white solid (2.3 g, 7.7 mmol, 77%). mp 134.3 °C, t,
801 16.36 min purity: 96.4%.

02 'H NMR (300 MHz, DMSO-d,): 5 1.36 (t, ] = 7.1 Hz, 3H), 4.43
803 (q, J = 7.1 Hz, 2H), 7.85 (d, ] = 8.1 Hz, 2H), 8.23 (d, ] = 8.0 Hz,
so4 2H), 8.74 (s, 1H).

805 °C NMR (75 MHz, DMSO-dy): 6 14.1, 62.3, 123.3, 1259 (d, J
806 = 4.1 Hz), 126.9, 128.5, 128.9, 136.9, 154.5, 158.0, 159.3.

807 HRMS (m/z): MH" caled for C3H;,F;NO,S 302.0457; found,
808 302.0465.

goo  4.1.1.12. 11 Ethyl 4-(Benzofuran-2-yl)thiazole-2-carboxylate.
810 Synthesis according to general procedure A using 2-(bromoacetyl)-
811 benzofuran (1.0 g, 4.1 mmol) afforded 1l as a brown solid (0.5 g,
812 1.7 mmol, 42%). mp 128.6 °C, t, 16.02 min purity: 99.4%.

813 'H NMR (300 MHz, DMSO-dy): 6 1.37 (t, ] = 7.1 Hz, 3H), 4.43
814 (q, J = 7.1 Hz, 2H), 7.25—7.41 (m, 2H), 7.42 (d, ] = 0.9 Hz, 1H),
815 7.69 (ddq, J = 17.4, 8.1, 0.8 Hz, 2H), 8.49 (s, 1H).

816 °C NMR (151 MHz, DMSO-dy): § 14.1, 62.4, 1042, 111.3,
817 121.8, 122.5, 123.5, 125.3, 128.2, 147.3, 150.3, 154.3, 158.7, 159.1.
818  HRMS (m/z): MH" caled for C.,H;;NO;S 274.0532; found,
819 274.0534.

820 4.1.1.13. 1m Ethyl 4-(4-(Pyrrolidine-1-yl)phenyl)thiazole-2-car-
821 boxylate. Synthesis according to general procedure A using 2-
822 bromo-4'-(1-pyrrolidinyl)acetophenone (2.8 g, 10.0 mmol) afforded
823 1m as a dark yellow solid (0.9 g, 2.9 mmol, 29%). mp 180.5 °C, t,
824 15.15 min purity: 99.3%.

825 'H NMR (300 MHz, DMSO-dy): § 1.35 (t, J] = 7.1 Hz, 3H),
826 1.88—2.04 (m, 4H), 321-3.32 (m, 4H), 440 (q, J = 7.1 Hz, 2H),
827 6.54—6.67 (m, 2H), 7.75—7.87 (m, 2H), 8.16 (s, 1H).

828 3C NMR (151 MHz, DMSO-dy): § 14.1, 25.0, 47.2, 62.0, 111.6,
829 116.5, 120.5, 127.3, 147.8, 156.7, 157.5, 159.5.

830 HRMS (m/z): MH' caled for C,¢H;gN,0,S 303.1162; found,
831 303.1167.

832 4.1.1.14. 6-(Aminooxy)-N-(trityloxy)hexanamide. The synthesis
833 ofﬁtlhe linker 2 was performed after an adapted protocol of Avelar et
834 al.’

835  4.1.1.15. 6-Bromo-N-(trityloxy)hexanamide. To a stirred solution
836 of 6-bromohexanoic acid (7.4 g, 38 mmol, 1.0 equiv) in 100 mL
837 THF, isobutyl chloroformate (IBCF) (5.8 mL, 45 mmol, 1.2 equiv)
838 and N-methylmorpholine (NMM) (5.0 mL, 45 mmol, 1.2 equiv)
839 were added at 10 °C. After stirring for 15 min O-tritylhydroxylamine
840 (13 g, 38 mmol, 1.0 equiv) dissolved in 50 mL, THF was carefully
841 added, and the reaction was left stirring at room temperature
842 overnight. The precipitate was filtered off, the filtrate was
843 evaporated, and the crude residue was dissolved in ethyl acetate
844 and washed three times with 100 mL of saturated sodium
845 bicarbonate solution and once with 100 mL of brine. The organic
846 phase was dried over anhydrous sodium sulfate, filtrated, and
847 evaporated. The crude product was recrystallized from ethyl acetate/
848 n hexanes to yield I (14 g 30 mmol, 80%) as a white solid. mp
849 128.0 °C, t, 17.58 min purity: 99.6%.

850 'H NMR (300 MHz, DMSO-dy): 6 1.07 (dd, J = 15.6, 6.6 Hg,
851 1H), 1.14—1.28 (m, 1H), 1.64 (p, ] = 6.9 Hz,1H), 1.79 (t, ] = 7.2
8s2 Hz, 1H), 3.41 (t, ] = 6.8 Hz, 2H), 7.33 (s, 8H), 10.18 (s, 1H) C
853 NMR (75 MHz, DMSO-d,): § 23.8, 26.9, 31.7, 31.9, 34.9, 91.7,
8s4 1274, 127.5, 128.9, 142.4, 170.1.

8ss  HRMS (m/z): MNa* caled for C,sH,sBrNO, 474.1039; found,
856 474.1041.

8s7  4.1.1.16. 6-((1,3-Dioxoisoindolin-2-yl)oxy)-N-(trityloxy)-
8s8 hexanamide. 1 (7.1 g, 16 mmol, 1.0 equiv), N-hydroxyphthalimide
859 (NHPI) (2.6 g, 16 mmol, 1.0 equiv), and triethylamine (4.5 mL, 31
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mmol, 2.0 equiv) were suspended in 100 mL acetonitrile and 860
refluxed for 12 h. The solvent was removed, the residue dissolved in 861
ethyl acetate and extracted with saturated sodium bicarbonate 862
solution until the aqueous phase did not show any left NHPIL The 863
organic phase was dried over anhydrous sodium sulfate, filtrated, 864
and evaporated. The crude product was recrystallized using ethyl 865
acetate/n hexanes to yield IT (6.2 g, 12 mmol, 74%) as a white 866
solid. mp 142.0 °C, HPLC t, 16.72 min purity: 96.9%. 867

'H NMR (300 MHz, DMSO-dy): & 1.11 (d, J = 16.0 Hz, 2H), ses
1.18—1.30 (m, 2H), 1.52 (t, J = 7.4 Hz, 2H), 1.72—1.85 (m, 2H), 869
4.03 (t, ] = 6.7 Hz, 2H), 7.32 (s, 15H), 7.86 (s, 4H), 10.19 (s, 1H) 870
3C NMR (75 MHz, DMSO-dy): 8 24.4, 27.3, 77.5, 91.7, 123.2, s

127.4, 127.5, 128.6, 129.0, 134.7, 142.5, 163.3, 170.2. 872
HRMS (m/z): MH' caled for Cy3H3N,Og 535.2227; found, 873
$35.2237. a7

4.1.1.17. Synthesis of 6-(Aminooxy)-N-(trityloxy)hexanamide. 11 875
(2.1 g, 4.0 mmol, 1.0 equiv) was dissolved in 40 mL dichloro- 876
methane; subsequently, hydrazine monohydrate (0.4 mL, 8 mmol, 877
2.0 equiv) was added, and the reaction was left stirring overnight. 878
The precipitate was filtered off, and the filtrate was washed three 879
times with S0 mL of saturated sodium bicarbonate solution and 880
once with 50 mL of brine. The organic phase was dried over 8s1
anhydrous sodium sulfate, filtrated, and evaporated to yield the 2 882
(1.5 g 3.7 mmol, 94%) as a white wax, which was suitable to use 883
without any further purification. HPLC: tr 13.17 min purity: 96.0%. 884

'H NMR (300 MHz, DMSO-dy): 6 0.98 (q, J = 8.5 Hz, 2H), sss
1.18 (t, ] = 7.6 Hz, 2H), 1.32 (q, ] = 7.0 Hz, 2H), 1.77 (t, ] = 7.4 886
Hz, 2H), 340 (t, ] = 6.7 Hz, 2H), 5.84 (s, 2H), 7.32 (s, 15H), 887

10.16 (s, 1H). 388
BC NMR (75 MHz, DMSO-dy): & 24.7, 25.0, 27.7, 31.9, 74.7, 889
91.7, 127.4, 127.5, 128.9, 142.5, 170.2. 890
HRMS (m/z): MH' caled for C,gH,sN,O; 405.2173; found, 891
405.2172. 892

4.1.2. General Procedure for the Preparation of the O-Trityl- 893
Protected Hydroxamates 3a—m. The synthesis of the O-trityl- 894
protected hydroxamates was performed after an adapted protocol of 895
Goodreid et al.*’ 896

After solving the corresponding phenylthiazole (la—m) (1.0 897
equiv) in tetrahydrofuran (15 mL/mmol), an equimolar amount of 898
1 M sodium hydroxide solution in water was added. The reaction 899
was monitored via TLC (eluent ethyl acetate/n-hexane). After 900
complete consumption of the starting material, the solvent was 901
evaporated under reduced pressure, and the resulting solid was dried 902
in a vacuum. The dried product was suspended in N,N- 903
dimethylformamide (2.2 mL/mmol). HBTU (1.1 equiv) and 904
DIPEA (1.1 equiv) were added, and the resulting suspension was 90s
left stirring until a clear solution was formed (usually after 1 h). To 906
that solution 2 (1.1 equiv) solved in N,N-dimethylformamide (2.2 907
mL/mmol) was added, and the reaction was left stirring overnight. 908
The solvent was removed under reduced pressure, the resulting 909
product diluted with 50 mL dichloromethane and washed three 910
times with S0 mL of saturated sodium bicarbonate solution and 911
three times with 50 mL of brine. The organic layer was dried over 912
anhydrous sodium sulfate, filtrated, and the solvent was removed 913
under reduced pressure. The obtained crude product was purified 914
via flash chromatography, unless otherwise stated, using n-hexane/ 915
ethyl acetate (0—100%) as the eluent to yield the O-trityl-protected 916
hydroxamates 3a—m. 917

4.1.2.1. 3a N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-phenyl- 918
thiazole-2-carboxamide. Synthesis according to general procedure 919
B using 2a (114 mg, 0.5 mmol) afforded 3a as a white solid (150 920
mg, 0.25 mmol, 51%). mp 130.0 °C, t, 17.46 min purity: 99.6%. 921

'"H NMR (600 MHz, DMSO-dy): 6 1.11 (dd, J = 14.8, 7.9 Hz, 922
2H), 1.25 (dq, J = 11.3, 5.4 Hz, 2H), 1.45—1.53 (m, 2H), 1.82 (t, J 923
= 7.3 Hz, 2H), 3.86 (t, ] = 6.6 Hz, 2H), 7.26—7.38 (m, 15H), 7.40 924
(t, J = 7.4 Hz, 1H), 749 (t, ] = 7.7 Hz, 2H), 8.07 (d, ] = 7.3 Hz, 925
2H), 8.44 (s, 1H), 10.21 (s, 1H), 12.15 (s, 1H). 926

3C NMR (151 MHz, DMSO-dy): § 25.0, 25.2, 27.8, 32.4, 76.0, 927
922, 119.8, 126.8, 127.9, 128.0, 129.1, 129.3, 129.4, 133.8, 142.9, 928
155.9, 157.1, 162.0, 170.7. 929

https://doi.org/10.1021/acs.jmedchem.4c02024
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930 HRMS (m/z): MNa" caled for Cy;Hy3N;0,S 614.2084; found,
931 614.2092.

932 4.1.2.2. 3b 4-(2-Methoxyphenyl)-N-((6-oxo-6-((trityloxy)amino)-
933 hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
934 procedure B using 2b (0.8 g, 3.0 mmol) afforded 3b as a white solid
935 (1.7 g, 2.2 mmol, 74%). mp 190.6 °C, t, 17.66 min purity: 98.8%.
936 'H NMR (300 MHz, DMSO-dy): § 1.04—1.17 (m, 2H), 1.18—
937 1.31 (m, 2H), 1.48 (t, ] = 7.8 Hz, 2H), 1.80 (t, ] = 7.0 Hz, 2H),
938 3.84 (t, ] = 6.7 Hz, 2H), 3.94 (s, 3H), 7.03—7.13 (m, 1H), 7.17 (d,
939 ] = 8.4 Hz, 1H), 7.33 (s, 16H), 8.29—8.37 (m, 2H), 10.19 (s, 1H),
940 12.12 (s, 1H).

941  BC NMR (75 MHz, DMSO-dy): & 24.5, 24.7, 27.3, 31.9, 55.6,
942 75.5, 91.7, 111.7, 120.4, 121.7, 122.6, 127.4, 127.5, 129.0, 129.7,
943 129.8, 142.4, 151.4, 156.6, 159.8, 170.2.

944 HRMS (m/z): MH" caled for C3sH3sN;OS 622.2370; found,
945 622.2373.

946 4.1.2.3. 3c 4-(3-Methoxyphenyl)-N-((6-oxo-6-((trityloxy)amino)-
947 hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
948 procedure B using 2¢ (0.8 g, 3.0 mmol) afforded 3c as a white solid
949 (1.2 g, 1.9 mmol, 62%). mp 142.8 °C, t, 17.36 min purity: 99.3%.
950 'H NMR (300 MHz, DMSO-dq): 6 12.15 (s, 1H), 10.20 (s, 1H),
951 8.46 (s, 1H), 7.73—7.58 (m, 2H), 7.33 (d, ] = 4.6 Hz, 16H), 6.96
952 (dd, J = 8.2, 2.6 Hz, 1H), 3.84 (d, ] = 5.5 Hz, SH), 1.81 (t, ] = 6.9
9s3 Hz, 2H), 1.59—1.40 (m, 2H), 1.24 (s, 2H), 1.19—-1.01 (m, 2H).
954 3C NMR (75 MHz, DMSO-dy): & 24.5, 24.7, 27.3, 31.9, 55.2,
955 75.5, 91.7, 111.9, 114.2, 118.6, 119.6, 127.4, 127.5, 129.0, 129.9,
956 134.7, 142.4, 155.3, 156.5, 159.7, 161.4, 170.2.

957  HRMS (m/z): MH" caled for C3gH3N;OsS 622.2370; found,
958 622.2373.

959 4.1.2.4. 3d 4-(4-Methoxyphenyl)-N-((6-oxo-6-((trityloxy)amino)-
960 hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
961 procedure B using 2d (263 mg, 1.0 mmol) afforded 3d as a white
962 solid (150 mg, 0.24 mmol, 24%). mp 195.4 °C, t, 17.34 min purity:
963 98.2%.

964 'H NMR (300 MHz, DMSO-dg): 6 1.11 (q, J = 7.7 Hz, 2H),
965 1.16—1.33 (m, 2H), 1.48 (p, ] = 7.0 Hz, 2H), 1.81 (t, J = 7.3 Hg,
966 2H), 3.83 (d, J = 10.2 Hz, SH), 6.99—7.08 (m, 2H), 7.33 (d, J = 4.7
967 Hz, 1SH), 7.95—8.04 (m, 2H), 8.27 (s, 1H), 10.20 (s, 1H), 12.11
968 (s, 1H).

969 C NMR (75 MHz, DMSO-dy): & 24.5, 24.7, 27.3, 31.9, 55.2,
970 75.5, 91.7, 114.2, 117.3, 126.2, 127.4, 127.5, 127.7, 129.0, 142.5,
971 155.4, 156.6, 159.6, 161.3, 170.2.

972 HRMS (m/z): MNa" caled for CyH;N;O.S 644.2189; found,
973 644.2196.

974  4.1.2.5. 3e 4-(2-Fluorophenyl)-N-((6-oxo-6-((trityloxy)amino)-
975 hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
976 procedure B using 2e (0.8 g, 3.0 mmol) afforded 3e as a white solid
977 (1.3 g, 2.1 mmol, 70%). mp 159.2 °C, t, 17.87 min purity: 98.6%.
978  'H NMR (300 MHz, DMSO-dy): 6 1.00—1.18 (m, 2H), 1.24 (s,
979 2H), 1.47 (d, J = 8.2 Hz, 2H), 1.80 (t, ] = 7.1 Hz, 2H), 3.85 (t, ] =
980 6.6 Hz, 2H), 7.33 (s, 16H), 7.46 (dt, ] = 7.9, 5.4 Hz, 1H), 8.21—
981 8.34 (m, 2H), 10.19 (s, 1H), 12.18 (s, 1H).

982 3C NMR (75 MHz, DMSO-dy): & 24.5, 24.7, 27.3, 31.9, 75.5,
983 91.7, 116.2 (d, J = 22.0 Hz), 121.0 (d, J = 11.5 Hz), 123.5 (d, ] =
984 13.5 Hz), 124.8 (d, ] = 3.4 Hz), 1274, 127.5, 129.0, 130.1, 130.5
985 (d, J = 8.8 Hz), 142.5, 148.9, 156.4, 157.9, 161.2, 170.2.

986 HRMS (m/z): MH" caled for C4H4,FN;0,S 610.2170; found,
987 610.2163.

988 4.1.2.6. 3f 4-(3-Fluorophenyl)-N-((6-oxo-6-((trityloxy)amino)-
989 hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
990 procedure B using 2f (0.8 g, 3.0 mmol) afforded 3f as a white solid
991 (0.6 g, 1.0 mmol, 34%). mp 142.8 °C, t, 17.85 min purity: 99.1%.
992 'H NMR (300 MHz, DMSO-dy): 6 1.11 (d, ] = 7.2 Hz, 2H),
993 1.23 (d, J = 7.0 Hz, 2H), 1.48 (t, ] = 7.3 Hz, 2H), 1.80 (t, ] = 7.1
994 Hz, 2H), 3.85 (t, ] = 6.6 Hz, 2H), 7.17—7.41 (m, 16H), 7.53 (td, J
995 = 8.2, 6.2 Hz, 1H), 7.88—=7.97 (m, 2H), 8.55 (s, 1H), 10.19 (s, 1H),
996 12.16 (s, 1H).

997  3C NMR (75 MHz, DMSO-d,): § 24.7, 27.3, 75.6, 91.8, 113.3,
998 115.3 (d, J = 21.5 Hz), 120.6, 122.3, 127.4, 127.5, 129.0, 130.9 (d, J
999 = 9.1 Hz), 135.7 (d, ] = 8.4 Hz), 142.5, 154.0, 156.4, 161.7.

HRMS (m/z): MH" caled for C3sH;,FN;0,S 610.2170; found,
610.2173.

4.1.2.7. 3g 4-(4-Fluorophenyl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2g (253 mg, 1.0 mmol) afforded 3g as a white
solid (313 mg, 0.5 mmol, $1%). mp 163.0 °C, t, 17.57 min purity:
99.6%.

'H NMR (300 MHz, DMSO-dy): 6 1.11 (d, J = 7.3 Hz, 2H),
1.24 (s, 2H), 1.40—1.55 (m, 2H), 1.79 (d, ] = 7.5 Hz, 2H), 3.84 (4,
J = 6.6 Hz, 2H), 7.24—7.41 (m, 17H), 8.06—8.15 (m, 2H), 8.41 (s,
1H), 10.18 (s, 1H), 12.13 (s, 1H).

BC NMR (75 MHz, DMSO-dg): § 24.5, 24.7, 27.3, 31.9, 75.5,
91.7, 115.7 (d, J = 21.7 Hz), 119.1, 127.4, 127.5, 1284 (4, ] = 8.3
Hz), 128.9, 130.0 (d, ] = 2.9 Hz), 142.4, 154.4, 156.5, 160.6, 161.6,
163.9, 170.2.

HRMS (m/z): MH" caled for C3sH;,FN;0,S 610.2170; found,
610.2180.

4.1.2.8. 3h N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(thio-
phen-2-yl)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2h (0.7 g, 3.0 mmol) afforded 3h as a white solid
(1.6 g 2.6 mmol, 88%). mp 174.6 °C, t, 17.23 min purity: 98.1%.

'"H NMR (600 MHz, DMSO-dy): § 1.09 (p, ] = 7.9 Hz, 2H),
124 (p, ] = 7.5 Hz, 2H), 1.47 (p, ] = 7.0 Hz, 2H), 1.80 (q, ] = 7.9
Hz, 2H), 3.84 (t, ] = 6.6 Hz, 2H), 7.15 (dd, J = 5.0, 3.6 Hz, 1H),
7.25-7.38 (m, 15H), 7.58—7.62 (m, 1H), 7.64—7.68 (m, 1H), 8.25
(s, 1H), 10.19 (s, 1H), 12.09 (s, 1H).

BC NMR (151 MHz, DMSO-dy): 6 24.5, 24.7, 27.3, 31.9, 75.4,
91.7, 118.0, 1254, 126.8, 127.4, 127.5, 128.1, 129.0, 136.8, 142.5,
150.3, 156.4, 161.8, 170.2.

HRMS (m/z) MH" caled for C;3H,N;0,S, 598.1829, found
598.1832.

4.1.2.9. 3i N-((6-Oxo0-6-((trityloxy)amino)hexyl)oxy)-4-(thiophen-
3-yl)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2i (665 mg, 2.8 mmol) afforded 3i after
recrystallization in n-hexane/ethyl acetate as a white solid (1.5 g, 2.6
mmol, 92%). mp 214.7 °C, t, 16.91 min purity: 96.9%.

'"H NMR (300 MHz, DMSO-dy): 6§ 1.10 (d, ] = 7.2 Hz, 2H),
123 (d, J = 6.8 Hz, 2H), 1.46 (d, ] = 7.2 Hz, 2H), 1.79 (d, J = 7.5
Hz, 2H), 3.84 (t, ] = 6.6 Hz, 2H), 7.33 (d, ] = 4.3 Hz, 1SH), 7.62—
7.73 (m, 2H), 8.01 (dd, J = 2.8, 1.5 Hz, 1H), 8.25 (s, 1H), 10.19 (s,
1H), 12.09 (s, 1H).

3C NMR (126 MHz, DMSO-dy): 6 24.9, 25.1, 27.7, 32.3, 75.9,
922, 119.0, 123.3, 126.7, 127.6, 127.8, 127.9, 129.3, 136.1, 142.9,
152.1, 157.0, 161.8, 170.6.

HRMS (m/z): MH" caled for CyH;N;0,S, 598.1829; found,
598.1836.

4.1.2.10. 3j N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(p-tolyl)-
thiazole-2-carboxamide. Synthesis according to general procedure
B using 2j (742 mg, 3.0 mmol) afforded 3j as a white solid (313
mg, 0.5 mmol, 17%). mp 1632 °C, t, 17.93 min purity: 95.1%.

'"H NMR (300 MHz, DMSO-dy): 6 1.10 (d, ] = 6.4 Hz, 2H),
1.23 (s, 2H), 1.46 (d, ] = 7.7 Hz, 3H), 1.79 (d, ] = 7.6 Hz, 2H),
2.35 (s, 3H), 3.84 (t, ] = 6.6 Hz, 2H), 7.24—7.41 (m, 17H), 7.95
(d, J = 8.1 Hz, 2H), 8.36 (s, 1H), 10.19 (s, 1H), 12.11 (s, 1H).

BC NMR (75 MHz, DMSO-dy): § 20.9, 24.5, 24.7, 27.3, 31.9,
75.5, 91.7, 118.5, 126.2, 127.4, 127.5, 129.0, 129.4, 130.7, 138.0,
142.5, 156.6, 161.4, 170.2.

HRMS (m/z): MNa" caled for Ci3H;sN30,S 628.2240; found,
628.2244.

4.1.2.11. 3k N-((6-Oxo0-6-((trityloxy)amino)hexyl)oxy)-4-(4-
(trifluoromethyl)phenyl)thiazole-2-carboxamide. Synthesis accord-
ing to general procedure B using 2k (904 mg, 3.0 mmol) afforded
3k as a white solid (499 mg, 0.8 mmol, 25%). mp 182.5 °C, t, 19.44
min purity: 99.8%.

'"H NMR (300 MHz, DMSO-d;): § 1.11 (q, ] = 7.7 Hz, 2H),
125 (t, J = 7.3 Hz, 2H), 1.48 (t, ] = 7.4 Hz, 2H), 1.81 (t, J = 7.0
Hz, 2H), 3.85 (t, ] = 6.6 Hz, 2H), 7.33 (s, 15H), 7.86 (d, ] = 8.2
Hz, 2H), 829 (d, J] = 8.1 Hz, 2H), 8.66 (s, 1H), 10.19 (s, 1H),
12.22 (s, 1H).

https://doi.org/10.1021/acs.jmedchem.4c02024
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BC NMR (75 MHz, DMSO-dy): 6 24.4, 24.6, 27.2, 31.7, 75.4,
91.6, 121.6, 125.7, 126.8, 127.3, 127.4, 128.8, 137.0, 142.3, 153.6,
156.3, 162.0, 170.1.

HRMS (m/z): MNa* caled for C34H;,F3N;0,S 682.1958; found,
682.1966.

4.1.2.12. 3l 4-(Benzofuran-2-yl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 21 (547 mg, 2.0 mmol) afforded 3l after
recrystallization in dichlorormethane/ethyl acetate as a light brown
solid (408 mg, 0.7 mmol, 32%). mp 200.7 °C, t, 18.46 min purity:
97.9%

'"H NMR (300 MHz, DMSO-dy): § 1.03—1.19 (m, 2H), 1.14—
1.34 (m, 3H), 1.42—1.56 (m, 2H), 1.74—1.87 (m, 2H), 3.85 (t, ] =
6.6 Hz, 2H), 7.20—7.43 (m, 18H), 7.63—7.69 (m, 1H), 7.74 (dd, J
= 7.3, 1.4 Hz, 1H), 842 (s, 1H), 10.19 (s, 1H), 12.24 (s, 1H).

13C NMR (75 MHz, DMSO-di): 6 24.5, 24.7, 27.3, 31.9, 75.5,
917, 104.0, 1112, 1212, 121.8, 123.5, 125.3, 127.4, 127.5, 128.1,
129.0, 142.5, 146.5, 150.5, 154.3, 156.3, 163.1, 170.2.

HRMS (m/z): MH" caled for CyHy3 N3OS 532.2214; found,
632.2211.

4.1.2.13. 3m N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(4-(pyr-
rolidin-1-yl)phenyl)thiazole-2-carboxamide. Synthesis according to
general procedure B using 2m (907 mg, 3.0 mmol) afforded 3m,
after flash chromatography with dichloromethane/30% methanol in
dichloromethane as a eluent, as a yellow solid (487 mg, 0.7 mmol,
25%). mp 192.1 °C, t, 20.03 min purity: 95.3%.

'"H NMR (300 MHz, DMSO-d;): § 1.05—1.17 (m, 2H), 1.18—
1.30 (m, 2H), 1.43—1.53 (m, 2H), 1.79 (d, J = 7.2 Hz, 2H), 1.92—
2.02 (m, 4H), 327 (q, J = 5.1 Hz, 4H), 3.84 (t, ] = 6.6 Hz, 2H),
6.56—6.64 (m, 2H), 7.31 (q, ] = 5.1 Hz, 15H), 7.81-7.91 (m, 2H),
8.05 (s, 1H), 10.20 (s, 1H), 12.05 (s, 1H).

BC NMR (75 MHz, DMSO-dg): § 24.5, 24.7, 25.0, 26.3, 27.3,
31.9, 47.3, 75.5, 91.7, 111.5, 114.7, 120.7, 127.4, 127.5, 129.0, 142.5,
147.8, 156.6, 156.8, 170.2.

HRMS (m/z): MH* caled for C;yH,0N,O,S 661.2843; found,
661.2838.

4.1.2.14. General Procedure for the Preparation of the
Hydroxamates 4a—4m. O-trityl-protected hydroxamate (4a—m)
was dissolved in DCM (30 mL/mmol). Et;SiH (10 equiv) and TFA
(10 equiv) were added successively, and the reaction was left stirring
for 30 min at room temperature. After that time, the reaction
mixture was purified via flash chromatography using dichloro-
methane and 30% methanol in dichloromethane as eluents to yield
hydroxamic acids 4a—m.

4.1.2.15. 4a N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-phenyl-
thiazole-2-carboxamide. Synthesis according to general procedure
C using 3a (296 mg, 0.5 mmol) afforded 4a as a colorless wax (240
mg, 0.41 mmol, 81%). t, 9.32 min purity: 95.1%.

'"H NMR (600 MHz, DMSO-d;): § 1.38 (qd, ] = 9.0, 6.2 Hg,
2H), 1.55 (p, J = 7.5 Hz, 2H), 1.62 (p, ] = 6.8 Hz, 2H), 1.98 (t, ] =
7.4 Hz, 2H), 3.94 (t, ] = 6.5 Hz, 2H), 7.40 (t, ] = 7.3 Hz, 1H), 7.49
(t, ] = 7.7 Hz, 2H), 8.07 (d, ] = 7.4 Hz, 2H), 8.43 (s, 1H), 8.68 (s,
1H), 10.37 (s, 1H), 12.18 (s, 1H).

BC NMR (151 MHz, DMSO-dy): § 25.3, 25.5, 27.8, 32.7, 76.1,
119.8, 126.8, 129.1, 129.3, 133.8, 155.9, 157.1, 162.0, 169.5.

HRMS (m/z): MH" caled for C;sH;oN;0,S 349.1096; found,
350.1170.

4.1.2.16. 4b N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(2-
methoxyphenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3b (622 mg, 1.0 mmol) afforded 4b as
a white solid (284 mg, 0.75 mmol, 75%). mp 137.4 °C, t, 9.84 min,
purity: 99.6%.

'H NMR (300 MHz, DMSO-dy): § 1.26—1.47 (m, 2H), 1.58 (dp,

1132 ] = 22.2, 7.0 Hz, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.93 (d, ] = 4.0 Hz,

1133
1134
1135
1136
1137
1138

SH), 7.08 (td, J = 7.5, 1.1 Hz, 1H), 7.17 (dd, ] = 8.4, 1.1 Hz, 1H),
7.39 (ddd, J = 8.4, 7.3, 1.8 Hz, 1H), 8.31 (dd, J = 7.8, 1.8 Hz, 1H),
8.35 (s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.14 (s, 1H).

13C NMR (75 MHz, DMSO-dg): § 24.9, 25.0, 27.4, 32.2, 55.6,
75.6, 111.8, 120.5, 121.7, 122.6, 129.8, 129.8, 151.4, 156.6, 156.7,
159.8, 169.0.

HRMS (m/z): MH" caled for C;;H,;N;0.S 380.1275; found,
380.1272.

4.1.2.17. 4c N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(3-
methoxyphenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3¢ (622 mg, 1.0 mmol) afforded 4c as
a yellow wax (253 mg, 0.67 mmol, 67%). t, 9.53 min purity 99.9%.

'H NMR (300 MHz, DMSO-d;): 6 1.38 (ddd, J = 12.4, 6.0, 3.2
Hz, 2H), 1.58 (dp, J = 22.5, 7.0 Hz, 4H), 1.97 (t, ] = 7.3 Hz, 2H),
3.84 (s, 3H), 3.93 (t, ] = 6.4 Hz, 2H), 6.96 (ddd, J = 8.3, 2.6, 1.0
Hz, 1H), 7.39 (t, ] = 7.9 Hz, 1H), 7.57—7.72 (m, 2H), 8.46 (s, 1H),
8.67 (d, J = 1.8 Hz, 1H), 10.35 (s, 1H), 12.17 (s, 1H).

BC NMR (75 MHz, DMSO-dy): § 24.9, 25.0, 27.4, 32.2, 55.3,
75.6, 111.9, 114.2, 118.6, 119.6, 129.9, 134.7, 155.3, 156.5, 159.7,
161.3, 169.0.

HRMS (m/z): MH* caled for C,,H, N3OS 380.1275; found,
380.1276.

4.1.2.18. 4d N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(4-
methoxyphenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3d (1.8 g, 3.0 mmol) afforded 4d as a
white solid (603 mg, 1.59 mmol, 53%). mp 151.1 °C, t, 9.46 min
purity 98.1%.

'"H NMR (300 MHz, DMSO-dy): § 1.38 (g, J = 8.1 Hz, 2H),
1.58 (dp, J = 22.1, 7.0 Hz, 4H), 1.97 (t, ] = 7.3 Hz, 2H), 3.81 (s,
3H), 3.92 (t, ] = 6.4 Hz, 2H), 6.92—7.18 (m, 2H), 7.85—8.13 (m,
2H), 8.27 (s, 1H), 8.67 (d, J = 1.8 Hz, 1H), 10.35 (d, ] = 1.9 Hz,
1H), 12.13 (s, 1H).

BC NMR (75 MHz, DMSO-d,): § 24.9, 25.0, 27.4, 32.2, 55.2,
75.6, 1142, 117.3, 126.2, 127.7, 155.4, 156.6, 159.6, 161.3, 169.0.

HRMS (m/z): MH" caled for C,,H, N3OS 380.1275; found,
380.1277.

4.1.2.19. 4e 4-(2-Fluorophenyl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3e (610 mg, 1.0 mmol) afforded 4e as
an orange wax (221 mg, 0.6 mmol, 60%). t. 9.93 min purity 99.2%.

'H NMR (300 MHz, DMSO-d¢): 6 1.28—1.46 (m, 2H), 1.58 (dp,
J =22.5, 7.0 Hz, 4H), 1.97 (t, ] = 7.3 Hz, 2H), 3.93 (t, ] = 6.4 Hz,
2H), 7.28—7.41 (m, 2H), 7.41-7.52 (m, 1H), 8.21-8.36 (m, 2H),
8.67 (d, ] = 1.8 Hz, 1H), 10.35 (d, ] = 1.8 Hz, 1H), 12.21 (s, 1H).

3C NMR (126 MHz, DMSO-dy): & 24.7, 24.9, 27.3, 32.1, 75.5,
116.1 (d, J = 22.0 Hz), 121.0 (d, J = 11.5 Hz), 123.2 (d, ] = 13.4
Hz), 124.7 (d, ] = 3.4 Hz), 130.0 (d, ] = 2.8 Hz), 130.3 (d, ] = 8.7
Hz), 148.9, 156.4, 158.4, 160.4, 161.0, 168.9.

HRMS (m/z): MH" caled for C;¢H,sFN;0,So 368.1075; found,
368.1067.

4.1.2.20. 4f 4-(3-Fluorophenyl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3f (505 mg, 0.8 mmol) afforded 4f as
a colorless wax (258 mg, 0.7 mmol, 85%). t, 9.89 min purity 95.9%.

'H NMR (300 MHz, DMSO-d,): § 1.30—1.48 (m, 2H), 1.46—
1.70 (m, 4H), 1.97 (t, ] = 7.3 Hz, 2H), 3.93 (t, ] = 6.5 Hz, 2H),
7.23 (td, ] = 8.6, 2.5 Hz, 1H), 7.53 (td, J = 8.1, 6.1 Hz, 1H), 7.87—
7.99 (m, 2H), 8.54 (s, 1H), 8.67 (s, 1H), 10.36 (s, 1H), 12.18 (s,
1H).

13C NMR (75 MHz, DMSO-dy): § 24.9, 25.0, 27.4, 32.2, 75.6,
113.1 (d, J = 23.6 Hz), 115.3 (d, J = 20.7 Hz), 120.5, 122.3, 130.9
(d, J = 8.5 Hz), 135.8, 154.0, 156.4, 161.0, 161.7, 164.3, 169.0.

HRMS (m/z): MH" caled for C,¢H;sFN;0,S 368.107S; found,
368.1081.

4.1.2.21. 4g 4-(4-Fluorophenyl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3g (260 mg, 0.4 mmol) afforded 4g as
a white solid (99 mg, 0.3 mmol, 63%). mp 170.7 °C, t, 9.65 min
purity 98.5%.

'"H NMR (300 MHz, DMSO-dy): § 1.38 (q, ] = 7.8 Hz, 2H),
1.45-1.67 (m, 4H), 1.97 (t, ] = 7.2 Hz, 2H), 3.92 (t, ] = 6.4 Hz,
2H), 7.26—7.39 (m, 2H), 8.03—8.16 (m, 2H), 8.41 (s, 1H), 8.68 (s,
1H), 10.36 (s, 1H), 12.17 (s, 1H).

13C NMR (75 MHz, DMSO-dy): § 24.9, 25.0, 27.4, 32.2, 75.6,
115.7 (d, J = 21.6 Hz), 119.1, 128.5 (d, ] = 8.3 Hz), 130.0 (d, J =
3.0 Hz), 154.4, 156.5, 160.6, 161.6, 163.9, 169.0.

https://doi.org/10.1021/acs.jmedchem.4c02024
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HRMS (m/z): MH" caled for CsH;sFN;0,S 368.1075; found,
368.1074.

4.1.2.22. 4h N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(thio-
phen-2-yl)thiazole-2-carboxamide. Synthesis according to general
procedure C using 3h (598 mg, 1.0 mmol) afforded 4h as a white
solid (226 mg, 0.6 mmol, 63%). mp 123.4 °C, t, 8.87 min purity
98.8%.

'H NMR (300 MHz, DMSO-d,): 6 1.28—1.47 (m, 2H), 1.44—
1.75 (m, 4H), 1.97 (t, ] = 7.3 Hz, 2H), 3.92 (t, ] = 6.4 Hz, 2H),
7.15 (dd, J = S.1, 3.6 Hz, 1H), 7.54—7.71 (m, 2H), 8.25 (s, 1H),
8.67 (s, 1H), 10.35 (s, 1H), 12.12 (s, 1H).

13C NMR (75 MHz, DMSO-dy): § 24.9, 25.0, 27.4, 32.2, 75.5,
118.0, 125.4, 126.8, 128.1, 136.8, 150.3, 156.4, 161.8, 169.0.

HRMS (m/z): MH" caled for C,H;N;0,S, 356.0733; found,
356.0735.

4.1.2.23. 4i N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(thiophen-
3-yl)thiazole-2-carboxamide. Synthesis according to general
procedure C using 3i (598 mg, 1.0 mmol) afforded 4i as a white
solid (198 mg, 0.6 mmol, 56%). mp 140.4 °C, t, 8.79 min purity
98.6%

'"H NMR (300 MHz, DMSO-dg): & 1.38 (tt, ] = 11.3, 6.3 Hz,
2H), 1.58 (dp, J = 22.1, 7.0 Hz, 4H), 1.97 (t, ] = 7.3 Hz, 2H), 3.92
(t, ] = 6.4 Hz, 2H), 7.42—7.81 (m, 2H), 8.01 (dd, J = 2.7, 1.6 Hz,
1H), 8.25 (s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.12 (s, 1H).

13C NMR (75 MHz, DMSO-d,): § 24.8, 25.0, 27.3, 32.1, 75.5,
118.7, 122.9, 126.3, 127.3, 135.7, 151.7, 156.5, 161.4, 169.0.

HRMS (m/z): MH" caled for C;,H;,N;0,S, 356.0733; found,
356.0734.

4.1.2.24. 4j N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(p-tolyl)-
thiazole-2-carboxamide. Synthesis according to general procedure
C using 3j (606 mg, 1.0 mmol) afforded 4j as a white solid (212
mg, 0.6 mmol, 58%). mp 134.3 °C, t, 10.20 min purity 97.8%.

'"H NMR (600 MHz, DMSO-dy): 6 1.37 (tt, ] = 9.5, 6.2 Hz, 2H),
1.54 (p, J = 7.5 Hz, 2H), 1.61 (p, ] = 6.7 Hz, 2H), 1.97 (t, ] = 7.4
Hz, 2H), 2.35 (s, 3H), 3.92 (t, ] = 6.5 Hz, 2H), 7.22—7.34 (m, 2H),
7.90—8.00 (m, 2H), 8.35 (s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.14
(s, 1H).

13C NMR (151 MHz, DMSO-d): § 20.9, 25.0, 25.0 (d, J = 9.3
Hz), 27.4, 32.2, 75.6, 118.5, 126.2, 129.4, 130.7, 138.0, 155.6, 156.6,
161.4, 169.0.

HRMS (m/z): MH" caled for C;,H,;N;0,S 364.1326; found,
364.1330.

4.1.2.25. 4k N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(4-
(trifluoromethyl)phenyl)thiazole-2-carboxamide. Synthesis accord-
ing to general procedure C using 3k (382 mg, 0.6 mmol) afforded
4k as a light brown solid (134 mg, 0.3 mmol, 56%). mp 127.2 °C, t,
11.278 min purity 98.5%.

'"H NMR (300 MHz, DMSO-dy): & 1.37 (qd, J = 8.7, 5.5 Hz,
2H), 1.48—1.68 (m, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.93 (t, ] = 6.4
Hz, 2H), 7.86 (d, ] = 8.2 Hz, 2H), 8.23-8.33 (m, 2H), 8.66 (s,
2H), 10.36 (s, 1H), 12.25 (s, 1H).

BC NMR (75 MHz, DMSO-dg): § 24.9, 25.0, 27.4, 32.2, 75.6,
121.7, 122.4, 125.8 (d, J = 3.2 Hz), 126.0, 126.9, 127.9—-129.4 (m),
137.1, 153.7, 156.4, 162.1, 169.0.

HRMS (m/z): MH" caled for C;,H;gF3N;0,S 418.1043; found,
418.1041.

4.1.2.26. 4l 4-(Benzofuran-2-yl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 31 (316 mg, 0.5 mmol) afforded 41 as
a off-white solid (112 mg, 0.3 mmol, 58%). Yield 58%, mp 150.4
°C, t, 10.70 min purity 99.3%.

'H NMR (300 MHz, DMSO-dg): § 1.18—1.45 (m, 2H), 1.58 (dp,

1271 ] = 22.2, 7.0 Hz, 4H), 1.97 (t, ] = 7.3 Hz, 2H), 3.93 (, ] = 6.4 Hz,
J
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2H), 7.25-7.43 (m, 3H), 7.66 (dq, ] = 8.2, 0.9 Hz, 1H), 7.70—7.78
(m, 1H), 8.42 (s, 1H), 8.67 (d, J = 1.8 Hz, 1H), 10.35 (d, ] = 1.8
Hz, 1H), 12.27 (s, 1H).

BC NMR (75 MHz, DMSO-dy): § 24.9, 25.0, 27.4, 322, 75.6,
104.1, 111.2, 121.3, 121.8, 123.5, 125.3, 128.1, 146.5, 150.5, 154.3,
156.3, 163.1, 169.0.

HRMS (m/z): MH" caled for C;sH;(N;OS 390.1118; found,
390.1117.

4.1.2.27. 4m N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(4-(pyrro-
lidin-1-yl)phenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3m (500 mg, 0.8 mmol) afforded as 4m
a yellow solid (93 mg, 0.2 mmol, 29%). mp 136.2 °C, t, 9.29 min
purity 98.9%.

"H NMR (300 MHz, DMSO-d;): § 1.28—1.47 (m, 2H), 1.58 (dp,
] =21.9, 6.9 Hz, 4H), 1.86—2.07 (m, 6H), 3.23—3.34 (m, 4H), 3.92
(t, ] = 64 Hz, 2H), 6.48—6.81 (m, 2H), 7.75—8.01 (m, 2H), 8.05
(s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.07 (s, 1H).

3C NMR (151 MHz, DMSO-d): § 24.9, 25.0, 25.0, 27.4, 32.2,
47.3, 48.6, 75.5, 111.5, 114.7, 120.7, 127.4, 147.8, 156.6, 156.8,
160.8, 169.0.

HRMS (m/z): MH" caled for C, H,N,O,S 419.1748; found,
419.1746.

4.2. Biological Evaluation. 4.2.1. Enzyme Assay. HDAC], 2, 3,
4, 6, and 8 human recombinant enzymes were purchased from
Reaction Biology Corp. (Malvern, PA). HDAC 11 was purchased
from Sigma-Aldrich (Saint Louis, MO). The HDAC activity assay of
HDACI (catalog no. KDA-21-365), 2 (catalog no. KDA-21-277), 3
(catalog no. KDA-22-278), 4 (catalog no. KDA-21-279), 6 (catalog
no. KDA-21-213), 8 (catalog no. KDA-21-481), and 11 (catalog no.
SRP0113) was performed in 96-well plates (Corning Incorporated,
New York City, NY). Briefly, 20 ng of HDACI, 2, 3, and 8, 2 ng of
HDAC4, 17.5 ng of HDAC6, and 30 ng of HDACI11 per reaction
were used. Recombinant enzymes were diluted in assay buffer (50
mM Tris—HCI, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCI2,
and 1 mg/mL BSA). 80 uL of this dilution was incubated with 10
uL of different concentrations of inhibitors in assay buffer. After a 5
min incubation step, the reaction was started with 10 uL of 400 uM
(HDAC1), 300 uM (HDAC2), 500 uM (HDAC3), 150 uM
(HDAC6) Boc-Lys(Ac)-AMC (Bachem, Bubendorf, Switzerland) or
100 uM (HDAC4), 60 uM (HDACS), 500 uM (HDACI11) Boc-
Lys(TFA)-AMC (Bachem, Bubendorf, Switzerland). The reaction
was stopped after 90 min by adding 100 uL stop solution 16 mg/
mL trypsin, 8 uM vorinostat for HDACI1, 2, and 3, 8 uM
panobinostat for HDAC4, 8, and 11, and 4 uM tubastatin for
HDACG6 in 50 mM Tris—HCI, pH 8.0, and 100 mM NaCl. Fifteen
min after the addition of the stop solution, the fluorescence intensity
was measured at an excitation of 355 nm and emission of 460 nm in
a NOVOstar microplate reader (BMG Lab-Tech, Ortenburg,
Germany).

4.2.2. Cell Culture. All leukemic cell lines were cultured at 37 °C
with 5% CO, in RPMI 1640 GlutaMax medium supplemented with
10—20% fetal bovine serum (FBS), depending on the recommen-
dation of the German collection of microorganisms and cell culture
(DSMZ). PDX samples were generated by (intravenously) injecting
leukemia cells, isolated from patients into immune-deficient
NOD.CgPrkdcscid II2rgtm1Wjl/Sz] or NSG mice aged 8-—12
weeks.*””> The transplanted leukemia cells were isolated from the
spleen or the bone marrow of the mice. If the proportion of human
cells was below 90%, a mouse cell depletion kit (Miltenyi Biotec)
was used to enrich the human cells. Subsequently, leukemia cells
(>90% human) derived from the bone marrow and spleen of the
mice were utilized to conduct a short-term ex vivo drug sensitivity
assay. PDX cells were short-term cultured in RPMI 1640 GlutaMax
with 15% FBS, 0.1 mM 2- Mercaptoethanol, 1 mM Sodium
Pyruvate, and Gentamicin 0.5 yg/mL. All animal experiments were
conducted in accordance with the regulatory guidelines of the
official committee at LANUV (Akt. 81-02.04.2017.A441), under the
authorization of the animal research institute (ZETT) at the
Heinrich Heine University Diisseldorf. Patient samples were received
after obtaining informed consent in accordance with the Declaration
of Helsinki. The experiments were approved by the ethics
committee of the medical faculty of the Heinrich Heine University
(Study no.: 2019-566).

4.2.3. High Throughput Drug Screening. All compounds were
used in 10 mM stock solutions and dissolved in DMSO.* Drug
screening plates were preprinted with the Tecan D300e in 384 or
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1536 well plates. To avoid plate effects, all plates were randomized,
and all wells were further on normalized to the highest DMSO
volume on the plate. Plates were stored at —80 °C and thawed 1 h
prior to the experiment. Cells concentration and viability was
determined via the Vi-CELL BLU cell counter. Only if cells
exceeded 90% viability they were deemed acceptable for seeding.
Cell lines were seeded at a concentration of 0.04 X 10° cells/mL in
384 well plates or at 0.5 X 10° cells/mL in 1536 well plates, while
PDX samples were seeded in 1536 well plates at 1.5 X 10° cells/mL
via the Multidrop reagent dispenser. The seeded plates were
incubated for 72 h and subsequently evaluated via CellTiter-Glo. A
Tecan Spark microplate reader was used to measure the emerging
luminescence.

Initial ICg, determination of all experimental compounds was
done in 11 concentrations (from 0.005 to 25 uM) three times with
the three cell lines, K562 (CML), HL60 (AML), and HPBALL (T-
ALL). The viability was determined in relation to the DMSO
controls, and ICg, was calculated via Prism (log(inhibitor) vs
normalized response — Variable slope). Screening with commercially
available inhibitors was done in 6 concentration from 0.005—25 M.
Viability and inhibition curves were determined in the same way.
DSS was calculated via the R package DSS. The dDSS was
calculated by subtracting the DSS value of five healthy controls from
the leukemia value. Significance was calculated by comparing all
dDSS values of two drugs in a one-way Anova test. Heatmaps were
generated via the complex heatmap package.

4.2.4. Synergy Drug Screening. Drug synergy was investigated by
a matrix screening approach. Plates were designed by combining
each concentration of drug A with each concentration of drug B. All
drugs were printed in 8 concentrations on 384 well plates. (4d:
0.025—0.75 uM, 4m: 0.005—0.35 pM, decitabine and clofarabine
0.005—5 uM). HL60 were seeded with a concentration of 0.1 X 10°
cells/ml and afterward processed by the previously described
protocol.”® After the viability calculation, ZIP scores were generated
through the “SynergyFinder” package.

4.2.5. Immunoblotting. Leukemia cells were treated with the
indicated concentrations for 24 h. Afterward, the cells were collected
and washed three times with cold PBS and, in the end, snap frozen
with liquid nitrogen. Cells were lysed in Pierce RIPA buffer (with
cOmplete Protease Inhibitor cocktail, PhosSTOP & Dithiothreitol),
and DNA was removed via high speed centrifugation. The protein
concentration was determined via the BCA assay. Protein lysates
were diluted via 5X laemmli buffer and denatured at 95 °C for §
min. Into every pocket of a 10% acryl amid gel, a volume with 20 ug
of protein was added. SDS-Page were run for 90 min at 100 mV in
1X running buffer. The proteins were transferred with 1X transfer
buffer with 10% methanol onto nitrocellulose membranes at 100 mV
for 90 min.

The membranes were blocked with 3% BSA in Tris buffered
saline with Tween for 1 h. The membranes were incubated
overnight at 4 °C with primary antibodies, including antiacetyl-a-
tubulin (catalog no. $335), antiacetyl-histone H3 (catalog no.
9677S), anticleaved PARP (catalog no. 9541), and anti-GAPDH
(catalog no. 97166), following the manufacturer’s guidelines (Cell
Signaling Technology). Signals were quantified via Image] and
divided by the signal of the housekeeper.

4.2.6. Caspase 3/7 and Trypan Blue Assay. At a concentration
of 025 uM, either 4d or 4m was introduced to wells containing
HL60 leukemia cells. Additionally, compounds were coadministered
with a caspase inhibitor Q-VD at a concentration of 10 M in
separate wells. Control conditions encompassed wells treated solely
with DMSO or exclusively with Q-VD. Each experimental condition
was executed in quadruplicate. Following a 24 or 48 h incubation
period, the cells underwent treatment with a Caspase 3/7 Kit
(Promega), and luminescence was quantified using the Tecan Spark
microplate reader. In parallel, the identical cell solutions was
dispensed into 24-well plates, and cell enumeration was conducted
employing the Vi-CELL BLU (Beckman Coulter) cell counter after
24 or 48 h.

4.2.7. Cell Cycle Analysis. HL60 cells were plated in a
concentration of 0.1 X 10° cells/ml in 12 well plates with a volume
of 1.5 mL. Both 4d and 4m were added to the cultures at 0.15 or
0.20 uM. After 24 h of incubation, the cells were centrifuged and
incubated with 0.2 mL Nicoletti assay buffer (0.1% trisodium citrate
dehydrate, 0.1% Triton X-100, S0 ug/mL propidium iodide, 0.5 mg/
mL RNase A). The solution was incubated 15 min at 4 °C and
afterward measured via CytoFLEX (Beckman Coulter).

4.3. Molecular Modeling Studies. 4.3.1. Molecular Docking.
The cryo-EM structures of HDAC2 (PDB-ID: 7KBG),”> HDAC4
(PDB-ID: 2VQM),”*> and HDACS8 (PDB-ID: 1T69)”* were
prepared for molecular docking using the Protein Preparation
Wizard as implemented in the Maestro GUI of the Schrodinger
Suite version 2024-1. Protonation states for Asp, Glu, His, and Lys,
tautomers for His, and chi flips for Asp, Glu, and His were
calculated at pH 7.0 + 2.0 using the PROPKA” implementation
within Maestro. A restrained energy minimization was performed
focusing only on hydrogen atoms. Three-dimensional structures of
the ligands 4a—4m and vorinostat were generated and prepared
using the LigPrep module in Maestro. Docking studies were
performed with Glide (Schrodinger Release 2024-1) using the Glide
XP docking protocol,*" generating 75 poses for each ligand.

4.3.2. Effective Binding Energy Computations. To estimate
relative affinities of compounds 4d and 4m, the best scoring pose of
each ligand in HDAC2 was postprocessed using the MM-GBSA
method in Prime with the VSGB 2.1 solvation model.”® Side-chain
flexibility of the protein was considered for all residues within 8 A of
the ligand pose.

4.4, Structure Determination. 4.4.1. Protein Preparation.
CD2 from DrHDAC6 was recombinantly expressed using Hisy-
MBP-TEV-HDAC-pET28a(+) vector and purified as previously
described with minor modifications.”” Briefly, HDAC6 was ex-
pressed using the Escherichia coli strain BL21(DE3) grown in 2X
yeast extract tryptone media (2YT) supplemented with 0.02 M
glucose and kanamycin (SO mg/mL). Expression was induced at an
optical density at 600 nm (ODgqy) of 1.5 with 0.1 mM isopropyl-f-
Dp-1-thiogalactopyranoside (IPTG) along with the addition of 0.2
mM zinc sulfate. Cultures were then incubated at 20 °C overnight
and harvested by centrifugation.

To isolate the protein, cells were resuspended in wash buffer (S0
mM K,HPO,/KH,PO, pH 8.0, 300 mM NaCl, 5% Glycerol, 1 mM
TCEP) and lysed by sonication. The crude lysate was clarified by
centrifugation and then applied to a Protino Ni-NTA § mL column
(Macherey-Nagel, Diiren, Germany) using an AKTA Go system
(Cytiva, Marlborough, Massachusetts, United States). The Hiss-
MBP-TEV-HDACG6 fusion protein was eluted using 150 mM
imidazole. The fractions containing protein were combined, and
the buffer exchanged with wash buffer. To remove the maltose
binding protein and the affinity tag from the fusion protein TEV
cleavage was performed. TEV cleavage was performed by adding the
protease in a ratio of 1:10 in a buffer containing 1 mM DTT and
0.5 mM EDTA at 4 °C overnight. Subsequently, the solution was
applied to an HisTrap Excel S mL column (Cytiva). Fractions were
collected while washing the column with 10 mM imidazole. The
volume of the combined fractions was reduced, and the solution
loaded onto an HiLoad 16/600 Superdex 7S pg column (Cytiva).
The column was washed with buffer (50 mM HEPES, 100 mM KCI
and 5% Glycerol, pH 7.5). The purity of the target protein was
monitored throughout using SDS-PAGE.

4.4.2. Crystallization. All HDAC6—inhibitor complexes were
crystallized in sitting drops by the vapor diffusion method at 18 °C.
For cocrystallization of the inhibitors with HDACS6, the protein
solution (14.7 mg/mL in S0 mM HEPES, 100 mM KCl, and 5%
Glycerol, pH 7.5) was incubated with 2 mM inhibitor. Then, 1 yL
of the HDAC6—inhibitor complex solution was mixed with 1 yL of
a reservoir solution. The structure of the HDAC6—4d complex was
determined from a crystal obtained in 0.1 M sodium acetate, pH
8.7, 0.1 M sodium formiate, and 28% PEG3350. The structure of
the HDAC6—4m complex was determined from a crystal obtained
in 0.1 M sodium acetate, pH 8.7, 0.1 M sodium formiate, and 22%
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PEG3350. Crystals were harvested after 6 weeks and flash frozen in
liquid nitrogen using a 50% aqueous PEG3350 solution as the
cryoprotectant.

4.4.3. Data Collection and Structure Determination. X-ray
diffraction data was collected at 100 K using synchrotron radiation
on beamline MASSIF-3 (ID30A-3) at the European Synchrotron
Radiation Facility, Grenoble, France.”®”® The data was processed
using XDS,* molecular replacement, and structure refinement were
performed using CCP4i2."' Data reduction was performed with
AIMLESS,*” and molecular replacement was performed using
Phaser®® with the coordinates of CD2 of HDAC6 from D. rerio in
complex with trichostatin A (TSA) (PDB ID: SWGI).”” Model
building and refinement were performed with Coot™ and Refmac.*®
PyMOL® was used to prepare the figures and to calculate the root-
mean-square deviation (RMSD) of the Ca atoms using the align
command with the number of cycles set to 0, thus, not including
outlier rejection. The atomic coordinates have been deposited with
the Protein Data Bank, Research Collaboratory for Structural
Bioinformatics at Rutgers University (PDB ID: 9GGH and
9GGK). Authors will release the atomic coordinates upon article
publication.

4.5. In Vitro Pharmacokinetics. 4.5.1. LC—MS/MS Method.
For the determination of in vitro pharmacokinetics of 4d and 4m, a
tailored liquid chromatography coupled with tandem mass
spectrometry (LC—MS/MS) assay was developed. Chromatographic
separation was performed using a Luna Pentafluorophenyl (PFP
(2)) column (100.0 X 2.0 mm; 3 um; Phenomenex Ltd.,
Aschaffenburg, Germany). For the mobile phase, 0.1% FA in
water (v/v) and 0.1% FA in methanol (v/v, B) were applied.
Gradient separation at a flow rate of 0.4 mL/min was used,
involving the following steps: 0.0—1.5 min: 5% B, 1.5—2.5 min:
$9%—20% B, 2.5—4.5 min: 20%—95% B, 4.5.—7.5 min: 95% B, and
7.5—8.0 min: 95%—5% B. The injection volume was set to 20 uL,
and the column oven was maintained at 60 °C. A TSQ Quantum
Ultra triple quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, Massachusetts) with an ESI interface was
used for the mass spectrometric detection. A spray voltage of 4000
V and a capillary temperature of 300 °C were applied. The vaporizer
temperature was maintained at 380 °C, the sheath gas at 50 au, aux
gas pressure at S au and ion sweep gas at 1.0 au. Argon was utilized
as the collision gas with a pressure of 1.6 mTorr. 4j was used as the
internal standard for 4d and 4m, while deuterated standards were
used for the control compounds in the respective in vitro
pharmacokinetic assays. The following multiple reaction monitoring
transitions with their collision energy and tube lens voltage (TL)
were monitored in the positive ion mode: 4d: 380.23 — 175.0
mass-to-charge ratio (m/z) (CE: 40 V, TL: 96 V), 4m: 419.19 —
229.1 m/z (CE: 26 V, TL: 100 V), 4j: 364.15 — 217.1 m/z (CE:
17 V, TL: 158 V), Carvedilol: 407.04 — 224.07 m/z (CE: 22 V,
TL: 150 V), Carvedilol d5 CE: 412.28 — 229.1 m/z (CE: 23 V,
TL: 116 V), Propranolol 260.0 — 155.0 m/z (CE: 24 V, TL: 86 V),
Propranolol d7 267.18 — 116.12 m/z (CE: 20 V, TL: 838 V),
Itraconazol 7054 — 392.18 m/z (CE: 34 V, TL: 154 V),
Itraconazol d4 709.6 — 396.23 m/z (CE: 36 V, TL: 165 V).

4.5.2. Distribution Coefficient (log D). The log D determination
was based on the shake flask method optimized for mass
spectrometric analysis.”” The distribution of test compounds was
investigated between buffer presaturated octanol and octanol-
presaturated 0.1 M potassium phosphate buffer pH 7.4. A 10 mM
solution of the test compounds in DMSO and the control carvedilol
were diluted 1:100 in buffer. A 200 uL aliquot was directly taken
and 1:1 diluted in acetonitrile (v/v, standard). To the residual buffer
volume, octanol was added in different v/v ratios: 1:0.1, 1:0.01,
3:0.01, and 5:0.01. Samples were shaken for 1 h to reach
equilibrium before the two phases were separated by centrifugation
at 13.200g for 10 min. Determinations were performed in triplicate
for each compound from the aqueous phase. For the calculation of
log D, the buffer/octanol v/v ratio was used in which the amount of
drug was most similar in order to obtain the most precise
measurement. The log D was then calculated by the following eq 1:

Calculation of log D. Ag: area ratio standard, A,: area ratio after
partition, V,: volume aqueous phase, and V: volume octanol.

ASt Vw
logD = log|| — — 1|—
A, 74

o

(1)

4.5.3. Plasma Stability. Ex vivo plasma stability was studied in
fresh human plasma at 37 °C. Plasma was prewarmed to 37 °C, and
reactions were started by spiking 4d and 4m to the plasma to a final
concentration of 1 uM, 50 nM, and 2.5 nM. Sample aliquots of 100
uL were taken at 0, 30, 60, 120, 240, and 360 min and after 24 h.
Each aliquot was mixed with 300 uL ice-cold acetonitrile containing
the internal standards and directly vortexed, followed by 15 min
shaking at 800 rpm at room temperature. Then, samples were
centrifuged for S min at 13.200g. 300 uL of the supernatant was
evaporated to dryness under heated nitrogen stream at 50 °C.
Samples were stored at 4 °C, until completion of the assay and
reconstituted in 100 uL S0/50 acetontitrile/water (v/v). This
customized sample preparation protocol was characterized by good
recoveries of 104.7 + 6.7% for 4d and 104.5 + 6.6% for 4m and
low matrix effects of less than 11% for both compounds. The assay
was conducted in triplicate. As a control, the compounds were
incubated in 4% BSA to identify potential enzyme-related
degradation in plasma. In vitro plasma half-life (t,/,) was calculated
by t,/, = In 2/k,, where k, is the slope in the linear fit of the natural
logarithm of the fraction remaining of the parent compound vs
incubation time.

4.5.4. Blood-To-Plasma Ratio. The blood-to-plasma ratio (Kg,p)
was determined to investigate the drug binding to erythrocytes.
Therefore, freshly drawn whole blood was spiked to a final
concentration of 1 yM, 50 nM, and 2.5 nM and cautiously shaken
to avoid lysis and incubated at 37 °C for 30 min. Spiked whole
blood was centrifuged at room temperature for 10 min at 2,000g,
and the obtained plasma was used for analysis. Additionally, plasma
was directly spiked to a final concentration of 1 M, 50 nM, and 2.5
nM and also incubated for 30 min at 37 °C (reference plasma; not
considering distribution into the red blood fraction). 100 uL of
reference plasma and of plasma separated from spiked whole blood
were precipitated with 300 pL of ice-cold acetonitrile containing
3.33 ng/mL of the internal standards. Following immediate
vortexing, samples were shaken for 15 min at 800 rpm at room
temperature. Subsequently, samples were centrifuged for S min at
13,200g and 300 uL of the supernatant was evaporated to dryness
under a heated nitrogen stream at 50 °C. The residue was
reconstituted in 100 uL 50/50 acetonitrile/water (v/v). Whole
blood and plasma of two donors (male and female) in three
independent replicates were used for the analysis. Carvedilol was
used as a control compound with known Kg,p. The hematocrit was
determined volumetrically. The blood-to-plasma-ratios were calcu-
lated according to eqs 2 and 3:°%*’

Calculation of the Red blood cell partitioning coefficient. H:
hematocrit; K., red blood cell partition coefficient, pref: reference
plasma; and p: plasma separated from spiked whole blood.

= —x —1{+1

1 [ Arearatioyp.
e/p H

Area ratio,, (2)
Calculation of the Blood-to-plasma ratio (Ke/P). H: hematocrit;

K, /,: red blood cell partition coefficient.

e/pt

Ky, = (K

ep X H) + (1 — H)

3)

4.5.5. Plasma Protein Binding. Plasma protein binding was
determined using equilibrium dialysis. A 20% ethanol regenerated
dialysis membrane with a molecular weight cutoff of 6 kDa (Reichelt
Chemietechnik GmbH + Co, Heidelberg, Germany) was placed into
a 96-well dialysis apparatus to obtain two chambers. 150 uL of
plasma spiked to a final concentration of 1 uM, 50 nM, and 2.5 nM
of the test compounds and 150 uL of 0.9% saline were added to the
respective sides of the 96-well dialysis plate; wells were sealed and
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1619 the plate was placed into an incubator at 37 °C to dialyze for 24 h.
1620 Following 24 h of incubation, 100 uL of plasma were removed,
1621 directly precipitated with ice-cold acetonitrile containing the internal
1622 standards, and prepared as described above. 100 yL of methanol
1623 with internal standards was added to the saline at the acceptor
1624 chamber to keep the compounds dissolved before taking the
1625 respective aliquot. Plasma protein binding was analyzed in three
1626 independent replicates and itraconazole was used as a control in
1627 each chamber to account for potential leaking of the dialysis
1628 membrane. Plasma protein binding was calculated according to eq 4,
1629 where f, is the fraction bound, ¢, is the total plasma drug
1630 concentration at equilibrium, ¢ is the free drug concentration of the
1631 acceptor side, V,; is the initial plasma volume, and V. is the
1632 equilibrium plasma volume.”

1633 Calculation of drug fraction bound.

Vie
(e =€) X -
f, [%] = - r X 100
(e, — ¢f) X l] +c
1634 [ A ' 4)

1635 To determine plasma protein binding >99% more accurately, the
1636 dilution method was applied.”’ For this purpose, a 1:10 and a 1:20
1637 dilution of plasma in 0.9% saline was additionally used as the donor.
1638 The diluted plasma was spiked to a final concentration of 1 M, 50
1639 nM, and 2.5 nM of 4d and 4m and incubated with 0.9% saline in
1640 the acceptor chamber for 24 h at 37 °C. Sample purification was
1641 performed as for the classical approach. Calibration curves from 1:10
1642 and 1:20 diluted plasma were used to determine the corresponding
1643 donor concentrations. Plasma protein binding was analyzed in
1644 triplicates. As a control, the plasma protein binding of itraconazole
1645 was determined. Plasma protein binding was calculated according to
1646 eqs 5, 6, and 7 where f, is the fraction unbound and D is the
1647 dilution level of the plasma.

1648 Calculation of diluted fraction unbound. f,4: free fraction from
1649 diluted plasma.

(Cte - Cf) X3
fud [%] =11~ =

(s)

1651  Calculation of undiluted fraction unbound. D: plasma dilution
1652 factor, f,: fraction unbound, f,4: fraction unbound from diluted
1653 plasma.

1650

1

Undiluted f, = 2
+ L

0
Ll-1
1654 [(f“'d P

1655 Calculation of undiluted fraction bound.

(6)

lesg  Undiluted fi [%] = (1-=£,) x 100 (7)
1657 4.5.6. Microsomal Stability. HLMs were used to determine
1658 microsomal stability using the cosolvent method. For this purpose,
1659 905 uL of 0.1 M potassium phosphate buffer pH 7.4 and 25 uL of
1660 20 mg/mL pooled (from 150 donors) HLMs (Corning, New York,
1661 USA) were added and gently inverted for mixing. 10 uL of a 100
1662 uM working solution for 4d, 4m, and the control compound
1663 propranolol in acetonitrile/DMSO 80/20 (v/v) was added and
1664 gently inverted for three times. 47 uL of this mix was aliquoted into
1665 three reaction tubes per time point. To start the reaction, 3 uL of a
1666 freshly prepared mix of 125 uL NADPH Regenerating System
1667 Solution A and 25 yL NADPH Regenerating System Solution B
1668 (Corning, New York, USA) was added. The tubes were incubated at
1669 37 °C and 300 rpm, and reactions were stopped at the time points
1670 0, 15, 30, 45, and 60 min by adding 150 uL of ice-cold acetonitrile
1671 (containing 100 ng/mL of the internal standards). Each sample was
1672 directly vortexed and placed on ice. Following, samples were
1673 centrifuged at 13,200g for 10 min, and the supernatant was diluted

1:10 with acetonitrile/water 50/50 (v/v). A negative control (no
HLMs) and a blank (no analytes) were used as controls besides
propranolol. First-order kinetics was used to calculate half-life (t,,,)

and intrinsic clearance (Cl,,,) (eqs 8 and 9).
Calculation of half-life (¢,/,). k.: elimination rate constant.
L2
1/2 K 8)

Calculation of intrinsic clearance. t,/,: half-life.

Cl,,, [#L/min /mg protein]

_ In(2) y
s protein amount in incubation [mg] (9)

volume of incubation [pL]

The elimination rate constant (k,) was determined as the negative
slope of the plotted natural logarithm of the test compound peak
area ratio versus time.

To correct for nonspecific binding in the HLM incubation,
plasma protein binding of 4d and 4m to HLMs was determined by
equilibrium dialysis. The procedure was conducted as described
above, replacing plasma by a 0.5 mg/mL HLM mixture (no
NADPH). The unbound intrinsic clearance, which is solely
influenced by the activity of metabolizing enzymes, was calculated

(eq 10).

Calculation of unbound intrinsic clearance. Cl,,: intrinsic
clearance and f,,;.: unbound fraction microsomal incubation.
CL,
Unbound Cl,, = —2*
Umic (10)

4.5.7. In Vitro—In Vivo Extrapolation of Hepatic Clearance. The
in vivo hepatic clearance of 4d and 4m was estimated using the in
vitro determined Kg,p, unbound intrinsic clearance, and plasma
protein binding at S0 nM according to eq 11. A hepatic blood flow
of 1500 mL/min was used for calculation, displaying the normal
value in the healthy male.”® In addition, the hepatic extraction ratio
was calculated according to eq 12. Drugs with an extraction ratio
<0.3 were classified as low hepatic extraction drugs, 0.3—0.7 as
intermediate hepatic extraction drugs, and >0.7 as high hepatic
extraction drugs.

Calculation of hepatic clearance. Cly: hepatic clearance, Cliy,:

unbound intrinsic clearance, f,: fraction unbound in plasma, Kpp,
blood-to-plasma ratio, and Qy: hepatic blood flow.
L X Clintu
Kg/p !
Cly = Qy X —
QH + Kg/p X Clint,u (11)
Calculation of the hepatic extraction ratio (Ey). Cly: hepatic
clearance and Qy: hepatic blood flow.
Cl
Ey=—2
Qy (12)

4.5.7.1. Preclinical Pharmacokinetic Study and Assessment.
The pharmacokinetics of 4d were assessed (by Pharmacelsus
GmbH) following a single intraperitoneal dose (10 mg/kg) in
CS7BL/6 mice. Blood samples were collected from the tail vein of
CS7BL/6 mice at 0.25, 0.5, 1, 2, 4, 7, and 24 h post dose. The
pharmacokinetic parameters were calculated based on the concen-
tration time profiles of three mice using a standard NCA method.
The maximum concentration (C,,) and the time to reach C,,,
(tmex) Wwere directly acquired from the concentration—time curves.
The apparent elimination halflife (t,/,) was calculated as 0.693/z,
where Az was the elimination rate constant calculated by linear
regression of the terminal linear portion of the In-concentration—
time curve. The area under the plasma concentration—time curve
(AUC) from time O to the last time point (AUC,,,) was calculated
using the linear trapezoidal rule method. The AUC from 0 to
infinity (AUC,,) was calculated as AUC,,, + Ct/Az, where Ct is the
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last measurable concentration. Oral clearance (CL/F) was calculated
as dose/AUC,,; and apparent volume of distribution (V,/F) was
obtained by dividing CL/F by Az.

4.5.7.2. Animal Experiment. The periclinal animal experiments
were conducted to evaluate the therapeutic efficacy of 4d on two in
vivo leukemic mouse models encompassing cell line -derived
xenograft (CDX) and mouse tumor allografts.

A CDX model was constructed by transplanting MV4-11 (DSMZ,
no. ACC 102), a human AML cell line, into immunodeficient mice.
MV4-11 cells were maintained in RPMI 1640 medium supple-
mented with 20% FBS. Luc-GFP-expressing MV4-11 cells were
generated by lentiviral transduction with the luciferase reporter
gene.93 MV4-11 cells were maintained in RPMI 1640 medium
supplemented with 20% FBS. MV4-11 GFP-Luc (0.5 X 10°) cells
were intravenously injected into 6 to 8 weeks old immunodeficient
NSG mice (NOD.Cg-Prkdcscid I12rgtm1Wjl/SzJ, Jackson labora-
tory). Engraftments of the leukemia cells was verified by the in vivo
imaging system (IVIS Spectrum In Vivo Imaging System,
PerkinElmer) 14 days after injection. The leukemia bearing mice
were randomly divided to two treatment groups (4 mice/group),
vehicle control (10% DMSO* 18% PEG300 + 5% TWEEN 20" 68%
dH,0), and compound 4d (10 mg/kg). Starting from day 16, a
total of 8 daily doses were administered through intraperitoneal
(i.p.) injections.

A murine cell line-derived syngeneic model was constructed by
transplanting C1498 (ATCC, TIB-49), an AML cell line that
originated from a female CS7BL/6 mouse, into immunocompetent
mice.”” C1498 cells were maintained in RPMI 1640 medium
supplemented with 20% FBS. Luc-GFP-expressing C1498 cells were
generated according to methods described above. C1498 GFP-Luc
(0.5 x 10°) cells were intravenously injected into 6 weeks old male
CS7BL/6] mice (Janvier). Verification of leukemic engraftments was
done with IVIS imaging 5 days after tumor inoculation. The tumor-
bearing mice were randomly divided into three treatment groups (4
mice/group), namely vehicle control, vorinostat (HDACi) (20 mg/
kg), and compound 4d (20 mg/kg). From day 6 to 10, daily
treatments were administered i.p. for S consecutive days, followed
by an IVIS imaging on day 11 and another successive S day
treatment course. Body weight from each mouse was recorded every
day. Treatment efficacy and tumor progression were monitored by
means of IVIS and quantification of ROI values (radiance, p/s/ cm?/
sr). The animal experiments were conducted in accordance with the
regulatory guidelines of the official committee at LANUV, under the
authorization of the animal research institute (ZETT) at the
Heinrich Heine University Diisseldorf.

4.5.7.3. Flow Cytometry. In order to investigate changes in
intracellular expression levels of histone 3 acetylation upon
compound 4d treatment, C1498 tumor-bearing C57B6/LJ mice
were treated with vehicle or 4d (20 mg/kg). For preparation of
mice liver cells, liver tissue of vehicle or 4d (20 mg/kg) treated mice
were excised 12 h post treatment administration. The liver cells were
isolated by smashing and filtering the liver tissue through a 40 pm
cell strainer filter (Greiner cat. no. 542040). Erythrocyte lysis was
performed by washing the cells once in ammonium chloride isotonic
buffer. The liver cells acquired from both vehicle control or 4d
treated mice were harvested and fixed with fixation/permeabilization
concentrate (Invitrogen cat. no. 00-5123-43) for 30 min at room
temperature in the dark and were washed with permeabilization
buffer (Invitrogen cat. no. 00-8333-56). Afterward, the cells were
stained with Acetyl-Histone H3 (Lys9) antibody (Cell signaling, cat.
no. 9649) for 3 h at room temperature in the dark. After incubation,
the cells were washed again with the permeabilization buffer and
stained with the 1:300 diluted Cyanine3 Donkey antirabbit IgG
antibody (BioLegend, cat. no. 406402), and were then suspended in
FACS buffer (PBS, 1% FCS, S mM EDTA) for flow cytometric
analysis. Flow cytometry was performed by utilizing the Beckman
Coulter CytoFLEX Cytometer, and the results were analyzed with
FlowJo software.
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