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Abstract 

Heat shock protein 90 (HSP90) is involved in various cellular processes and fulfils a crucial 

role as a molecular chaperone in the folding, stabilization, and regulation of client proteins. 

Their role in stabilizing oncoproteins, such as BCR-ABL1 and increased expression in cancer 

cells makes HSP90 a promising therapeutic target. Despite tremendous treatment success using 

tyrosine kinase inhibitors (TKIs), the prognosis in the BCR-ABL1+ leukemia subtype is unfa-

vourable and treatment-free remission is limited, leading to the ongoing occurrence of re-

sistance. Various inhibitors targeting the N-terminal domain (NTD) of HSP90 have been de-

veloped but have shown limited clinical benefit. This is mainly due to the induction of the pro-

survival resistance mechanism, the heat shock response (HSR) and dose-limiting toxicity. This 

study aims to tackle the prevailing issues related to HSP90 inhibitor therapy through (i) com-

prehending the influence of cytosolic HSP90 isoforms (HSP90α and HSP90β) in the develop-

ment of resistance and (ii) advancing the progression of C-terminal domain (CTD) targeting 

HSP90 inhibitors, which have been recognized to prevent HSR induction. 

(i) CRISPR/CAS9 or siRNA-mediated targeting of (constitutively expressing) HSP90β isoform 

resulted in an enhanced HSR and demonstrated consistent upregulation of the inducible iso-

form, HSP90α. Deletion of HSP90α resulted in an increase in BCR-ABL1 activity and associ-

ated pro-survival signalling. Interestingly, previously reported client proteins of HSP90α/β, 

such as CDK4, CDK6, and SURVIVIN, showed no altered expression in HSP90α/β-KO cells. 

When HSP90α/β-KO cells were transplanted into mice, there was a notable reduction in the 

transplantation efficiency specifically observed in HSP90α-KO cells, which was confirmed by 

the prolonged survival of mice. Proteogenomic profiling, including RNA sequencing, mass 

spectrometry, and secretome analysis, provided insights into molecular mechanisms and re-

vealed differences in HSP90α/β-KO cells. Upon the ablation of HSP90α, a decrease in PTPRC 

(CD45) and LCK expression was observed in BCR-ABL1+ leukemia cells. Furthermore, in-

creased sensitivity of HSP90α-KO cells to CDK7 inhibition was identified. Notably, combined 

inhibition of HSP90 and CDK7 displayed synergistic effects against therapy-resistant BCR-

ABL1+ leukemia cells, blocking pro-survival HSR and HSP90α overexpression. 

(ii) This research builds on an existing strategy that specifically targets HSP90 CTD dimeriza-

tion by employing novel protein-protein interaction inhibitors. Biochemical and biophysical 

assays showed that the inhibitors (α-helix mimetics based on substituted pyrimidine and py-

rimidone amides) bind and disrupt the CTD dimerization interface of HSP90. Remarkably, the 

inhibitors 2 (VWK346) and 3 (VWK141) showed anti-leukemic activity against CML and ALL 

leukemia cell lines and patient-derived leukemia cells. As an alternative approach for targeting 

HSP90, first-in-class cereblon-recruiting Geldanamycin-based Proteolysis targeting chimeras 

(PROTACs) were evaluated.  
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These PROTACs demonstrated successful degradation of HSP90α and HSP90β, offering a 

promising approach to circumvent HSP90 inhibitor-induced resistance. 
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Zusammenfassung 

Das Hitzeschockprotein 90 (HSP90) ist an einer Vielzahl von zellulären Prozessen beteiligt 

und erfüllt eine entscheidende Rolle als molekulares Chaperon in der Faltung, Stabilisierung 

und Regulation von Klient-Proteinen. Die Bedeutung bei der Stabilisierung von Onkoprotei-

nen, wie BCR-ABL und der erhöhten Expression in Krebszellen, machen HSP90 zu einem 

vielversprechenden therapeutischen Ziel. Trotz des bedeutenden Behandlungserfolges durch 

den Einsatz von Tyrosinkinase Inhibitoren (TKIs), ist die Prognose bei dem BCR-ABL1+ Leu-

kämie Subtyp ungünstig und die behandlungsfreie Remission ist begrenzt, wodurch es fortlau-

fend zum Auftreten von Resistenzen kommt. Eine Vielzahl von Inhibitoren, welche die N-

Terminale Domäne (NTD) von HSP90 adressieren wurden entwickelt, jedoch zeigte sich ein 

begrenzter klinischer Nutzen. Dieser ist hauptsächlich der Induzierung des überlebens-fördern-

den Resistenzmechanismus, der hitzeschock Reaktion (HSR) und der dosis-limitierende Toxi-

zität geschuldet. Diese Arbeit zielt darauf ab, die bestehende Problematik im Zusammenhang 

mit der Therapie mit HSP90 Inhibitoren anzugehen, indem (i) der Einfluss der zytosolischen 

HSP90-Isoformen (HSP90α und HSP90β) auf die Entwicklung der Resistenz verstanden wird 

und (ii) die Entwicklung von C-terminalen (CTD) HSP90-Inhibitoren vorangetrieben wird, von 

denen bekannt ist, dass sie die HSR-Induktion verhindern. 

(i) CRISPR/Cas9 oder siRNA-vermitteltes Targeting der (konstitutiv exprimierenden) 

HSP90β-Isoform verstärkte die HSR und zeigte eine konsistente Hochregulierung der induzier-

baren Isoform, HSP90α. Die Deletion von HSP90α führte zu einem Anstieg der BCR-ABL1-

Aktivität und der damit verbundenen überlebens-fördernden Signalübertragung. Interessanter-

weise zeigten relevante Klient-Proteine von HSP90α/β, wie CDK4, CDK6 und SURVIVIN, 

keine veränderte Expression in HSP90α/β-KO Zellen. Bei der Transplantation von HSP90α/β-

KO-Zellen in Mäuse wurde eine bemerkenswerte Verringerung der Transplantationseffizienz 

speziell bei HSP90α-KO-Zellen beobachtet, was durch das verlängerte Überleben der Mäuse 

bestätigt wurde. Die proteogenomische Profilierung, einschließlich RNA-Sequenzierung, Mas-

senspektrometrie und Sekretomanalyse, ermöglichte Einblicke in die molekularen Mechanis-

men und zeigte Unterschiede in den HSP90α/β-KO-Zelllinien. Insbesondere wurde nach der 

Ablation von HSP90α eine Abnahme der PTPRC (CD45) und LCK-Expression in BCR-ABL1+ 

Leukämiezellen beobachtet. Darüber hinaus wurde eine erhöhte Empfindlichkeit von HSP90α-

KO Zellen gegenüber CDK7-Inhibition festgestellt. Insbesondere zeigte die kombinierte Inhi-

bierung von HSP90 und CDK7 synergistische Effekte gegen Therapieresistente BCR-ABL1+ 

Leukämiezellen, indem die überlebens-fördernd HSR und HSP90α Überexpression gehemmt 

wurde.  

(ii) Diese Forschung baut auf einer bestehenden Strategie auf, die speziell auf den C-Terminus 

von HSP90 abzielt, indem neuartige Protein-Protein-Interaktions-Inhibitoren einsetzt werden. 
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Biochemische und biophysikalische Tests zeigten, dass die Inhibitoren (α-Helix-Mimetika auf 

der Basis von substituierten Pyrimidin- und Pyrimidonamiden) die C-terminale Dimerisie-

rungsschnittstelle von HSP90 binden und unterbrechen. Bemerkenswerterweise zeigten die In-

hibitoren 2 (VWK346) und 3 (VWK141) eine leukämiehemmende Wirkung in CML- und 

ALL-Leukämiezelllinien sowie in von Patienten-stammenden Leukämiezellen. Als alternativer 

Ansatz für die Adressierung von HSP90 wurden first in-class Cereblon-rekrutierende Proteo-

lysis targeting chimeras (PROTACs) auf der Basis von Geldanamycin evaluiert. Diese PRO-

TACs zeigten einen erfolgreichen Abbau von HSP90α und HSP90β, was einen vielverspre-

chenden Ansatz zur Umgehung der HSP90-Inhibitor-induzierten Resistenz darstellt. 
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1. Introduction 

1.1 Leukemia 

Despite the advancing state of medical development, as well as novel discoveries and treatment 

options, cancer remains the second most common cause of death after cardiovascular diseases 

in the industrialized world. In 2022 alone, 239,948 deaths were attributable to cancer and ma-

lignant neoplasms in Germany.1  

Cancer, defined as a disease of the genome, can occur in any cell type of the body.2 When 

precursor white blood cells are affected by genetic alterations, this leads to leukemia, a malig-

nant disease of the hematopoietic system. More than 10,000 new cases are diagnosed annually, 

and the relative 10-year survival rate is approximately 50 % in 2020, with an apparent deterio-

ration of the prognosis with increasing age.3 In fact, 4 % of all new cases diagnosed were among 

children under 15 years of age, with an incidence peak at 3 to 5 years of age. This makes 

leukemia one of the most common cancers in children.4  

In general, leukemia diseases are classified based on the rapidity of disease progression and the 

cell type from which they originate.5 A distinction is made between the acute and chronic forms 

of progression. Acute leukemia proceeds more rapidly and usually more aggressively. There is 

often a fast progressive reduction in bone marrow function, i.e., reduced healthy blood for-

mation with a red and white blood cell deficiency. Over time, an increasing number of imma-

ture, dysfunctional white blood cells are formed, and, at the same time, healthy blood cells are 

replaced. For those suffering from the disease, this leads to a weakened immune system and, 

thus, to persistent and frequent infections. In general, many patients suffer from fatigue, weight 

loss, fever, bone and joint pain and associated reduced performance. Furthermore, the lack of 

red blood cells leads to anaemia.6 

Chronic leukemia, on the contrary, usually progresses more slowly, and often there are almost 

no symptoms in the beginning, which also progresses very slowly. The chronic initial phase is 

characterized by a proliferation of immature white blood cells in the peripheral blood and in 

the hematopoietic bone marrow. The first signs are persistent fatigue and reduced performance. 

In the further course, there is a steady increase of leukocytes and thus a decreasing number of 

red blood cells. Classic anaemia signs thus characterize the acceleration phase. In the final 

phase of the disease, also known as the blast crisis, a blast thrust releases large quantities of 

immature blood cells.7 The high concentration in the bone marrow and blood leads to severe 

disease symptoms in patients, similar to those of an acute form of the disease.8 

Furthermore, a distinction is made between myeloid and lymphoid leukemia. Both precursors 

arise from multipotent hematopoietic stem cells (Figure 1).  
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Myeloid cells give rise to red blood cells, granulocytes, monocytes, and platelets, whereas lym-

phoid cells give rise to T and B lymphocytes and natural killer cells (NK cells).9 

 

Figure 1: Schematic overview of the normal hematopoiesis.  

Normal hematopoiesis shows the differentiation in the bone marrow originating from multipotent hematopoietic 

stem cells into lymphoid (left) and myeloid (right) progenitor cells and resulting effector cells. The leukemia 

subtypes are classified depending on the originating progenitor cell. Figure: Created with BioRender.com, follow-

ing Jagannathan-Bogdan, M. and Zon, L. I. 10 

Based on previously described criteria, the four most common forms that occur are acute my-

eloid leukemia (AML), chronic myeloid leukemia (CML), acute lymphoblastic leukemia 

(ALL), and chronic lymphocytic leukemia (CLL). The most frequent forms are CLL, with 

about 37 % of newly diagnosed cases, and AML, with about 23 % of cases.11 In childhood, 

ALL is the most common form of leukemia. It occurs due to risk factors such as genetic factors 

that contribute to the development of the disease such as Down syndrome and Fanconi ane-

mia.12 Furthermore, there are several genes whose mutation predisposes carriers to the devel-

opment of ALL (e.g. ETV6, IKZF1, and PAX5).13 Other studies revealed immunodeficiency, 

viral infections, or environmental influences as potential risk factors.14,15 

1.1.1 BCR-ABL1+ leukemia 

Cancer development, in general, is based on a modification of the genome, more precisely by 

genetic defects, such as mutations, which lead to the activation of oncogenes or inactivation of 

tumour suppressor genes or repair genes. Furthermore, chromosomal alterations such as dele-

tions, insertions, inversions, duplications, or translocations can lead to cell degeneration. In 

hematological diseases, chromosomal translocations are very frequent and a typical cause.16 

A prominent example is the BCR-ABL1 fusion gene, which encodes the oncoprotein BCR-

ABL1.  
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It is generated by a reciprocal translocation between the Abelson leukemia virus (ABL or 

ABL1) gene, located on the long arm of chromosome 9 (q34.1), and the breakpoint cluster 

region (BCR) gene, located on the long arm of chromosome 22 (q11.2).17 The severely trun-

cated chromosome 22, resulting from the translocation t(9;22)(q34;q11), is also known as the 

Philadelphia chromosome (Ph). It was named after its discoverers, Peter Nowell and David 

Hungerford, who first found it in the leukemia cells of a patient in Philadelphia in 1960.18 

There may be breakpoints at different locations in the BCR gene, resulting in fusion genes of 

different sizes. The ABL1 gene is always the same, and the BCR gene size can vary. The most 

common isoforms are p190BCR-ABL1 and p210BCR-ABL1, named after their molecular weight. In 

rare cases, the isoform p230BCR-ABL1 may arise.19All three isoforms have in common that they 

encode a tyrosine kinase (TK), which is hyperactivated under the influence of translocation. 

Tyrosine kinases, in general, catalyze the transfer of phosphate groups to other proteins and 

thus play a key role in signal transduction by modulating the activity of other proteins. There-

fore, they influence cellular processes, such as cell growth, proliferation, differentiation, mi-

gration, and many others mediated via RAS, STAT1-5 or AKT signalling (Figure 2). It has 

been shown that the biological activity of the kinase decreases with the increasing size of the 

BCR-ABL1 construct. Furthermore, the different BCR-ABL1 isoforms are associated with dif-

ferent forms of leukemia. 

 

Figure 2: Role of p210BCR-ABL1 in leukemogenesis.  

The tyrosine kinase BCR-ABL1 is involved in several cellular processes, such as cell growth, proliferation, dif-

ferentiation, or migration mediated via RAS, STAT1-5 and AKT signalling. Figure: Created with BioRender.com. 
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P210BCR-ABL1 can be found in 95 % of all hematopoietic cells from patients with CML and is 

therefore considered a hallmark of CML.20 P190BCR-ABL1, on the other hand, is mainly ex-

pressed in Philadelphia-positive acute B-cell precursor acute lymphoblastic leukemia (Ph+ 

BCP-ALL) and is rarely found in CML (1-2 % of patients). Approximately 20-30% of all pa-

tients with B-ALL harbour the BCR-ABL1 fusion protein.21 

1.1.2 Tyrosine kinase inhibitors (TKIs) 

The treatment of leukemia patients depends primarily on the clinical picture and the stage of 

the disease. Cytogenetic analyses can help to identify abnormal chromosomal origins.22 Stand-

ard procedures in the conventional sense are chemotherapy with cytostatics, radiation therapy, 

or stem cell transplantation.23 Furthermore, there are directed therapy approaches, such as im-

munotherapy with monoclonal antibodies or targeted therapy with small molecules. Targeted 

therapy is based on a precise knowledge of the genetic profile of a tumour and is thus part of 

personalized medicine. It is crucial to search for biomarkers, such as mutations or fusion genes, 

before treatment. In the best case, this can be exploited, and tumour cells can be targeted with-

out affecting the healthy surrounding tissue. The discovery of the BCR-ABL1 fusion protein 

as a driver oncogene in mainly CML and BCP-ALL provided a starting point for developing 

inhibitors against tyrosine kinases (TKIs).  

In 2001, the inhibitor Imatinib was approved by the U.S. Food and drug Administration (FDA) 

as a first-line treatment for CML under the trade name Gleevec.24 Later, Imatinib was also 

approved for treating patients with relapsed or refractory Ph+ ALL and children with Ph+ ALL. 

This revolutionized the prognosis of patients in terms of survival from about 20% to 80-90% 

and quality of life. Previously, CML was treated with classical chemotherapeutic agents, such 

as hydroxyurea and interferon α (IFN-α), in addition to allogeneic stem cell transplantation.25 

However, Imatinib was also shown to have inhibitory activity against tyrosine kinase c-KIT 

and platelet-derived growth factor receptor (PDGF-R). Docking studies and crystallization ex-

periments later showed that Imatinib interacts with the hinge region of the kinase. It binds 

competitively to the inactive confirmation of the adenosine triphosphate (ATP)-binding 

pocket.26 

Despite the good response rate to Imatinib, it was found that treatment did not achieve a long-

term response in approximately one-third of the patients.27 Intolerances and the development 

of resistance could justify this. There are BCR-ABL1-independent mechanisms, mainly in-

creased drug efflux or decreased drug uptake and activation of other oncogenic signalling path-

ways.28, 29 BCR-ABL1-dependent mechanisms mainly include point mutations but also gene 

amplifications or hyperexpression of BCR-ABL1.30-32 In response, new inhibitors have been 

developed to circumvent point mutations.  



 

 

 

 

5 

 

These second-generation inhibitors are Nilotinib and Dasatinib, approved in 2006 and 2007. 

Both inhibitors also bind competitively to the inactive confirmation of BCR-ABL1 to the ATP-

binding pocket. These inhibitors could overcome various resistance-mediating mutations but 

not the gatekeeper mutation T315I.  

Therefore, other inhibitors were explicitly developed to circumvent this particular mutation, 

and in 2012 the third-generation inhibitor Ponatinib was approved. This inhibitor also binds 

ATP competitively to the inactive confirmation but is active against all mutant forms of BCR-

ABL1 to date.33 Clinically, Ponatinib was shown to have high activity in patients with re-

sistance to other inhibitors, making it a good alternative for the treatment of T315I-positive 

CML and Ph+ALL.34, 35 Nevertheless, the clinical application shows that new mutations keep 

appearing and new forms of resistance occur, which requires ongoing development of TKIs.36  

Furthermore, most patients need to continue treatment indefinitely, as only about 20% of pa-

tients achieve molecular remission.37 This poses difficulties for particular young patients. All 

TKIs approved for CML are multikinase inhibitors and thus inhibit other kinases besides BCR-

ABL1. This can be associated with various side effects, such as nausea, cytopenia, fatigue, 

rash, diarrhea, and liver damage.38-40 While long-term treatment with Imatinib does not cause 

severe toxicity, it may lead to clinically significant reductions in the estimated glomerular fil-

tration rate, hemoglobin levels, and instances of renal dysfunction.41, 42 

1.2  HSP90 

Cells can be exposed to stressful external influences and stress factors, such as radiation, heat, 

hypoxia, or infections. Under such conditions, cellular processes must remain intact. This es-

sential function in the cells is fulfilled by a family of chaperone proteins known as heat shock 

proteins (HSPs), discovered in the 1960s. 43 They were first described in connection with heat 

shocks and thus carry their name. It is now known that such proteins also play an essential role 

in other stress-related exposures, as mentioned previously. The HSPs are upregulated and, with 

the help of their chaperone function, cause protein stabilization, protect them from denatura-

tion, and accelerate the degradation of non-functional proteins.44 There are many HSPs, which 

are named and differentiated according to their molecular weight, such as HSP70, HSP40 or 

HSP27. The most studied and characterized member is HSP90. Overall, HSP90 makes up 1-

2% of the protein under normal conditions and can make up 4-6% under stress conditions.45 A 

large amount of the protein under normal conditions indicates that it also plays other essential 

roles in cells. Molecular chaperones, such as HSP90, continue to serve in the transport, trans-

location and folding of proteins, thus maintaining protein homeostasis. HSP90 is highly con-

served and expressed in a variety of organisms. In mammalian cells, there are two dominant 

cytosolic isoforms, HSP90α (HSP90AA1 gene; located at 14q32–33) and HSP90β (HSP90AB1 

gene; located at 6p21).46 The human forms show an 85% sequence identity to each other. 
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HSP90β is constitutively expressed, whereas HSP90α is the stress-inducible isoform. Both 

isoforms have similar preferences regarding their client proteins and can compensate for each 

other. However, exceptions have also been reported, as differences in the non-coding regions 

allow for different regulations of HSP90α and β.46 For example, knockout (KO) of HSP90β in 

mice has been shown to result in embryonic lethality, whereas HSP90α-KO mice develop 

largely normally.47, 48 Furthermore, different binding preferences concerning client proteins 

have been reported. For example, A-RAF (rapidly accelerated fibrosarcoma), c-SRC (cellular 

SRC, short for sarcoma), hERG (human ether-à-go-go-related gene) channels, and ERK-5 bind 

preferentially to HSP90α. In contrast, cyclin-dependent kinases (CDK4 and CDK6), cellular 

inhibitor of apoptosis (cIAP1), and C-X-C chemokine receptor type 4 (CXCR4) are HSP90β-

specific clients.49-52 

There is a third cytoplasmic isoform called HSP90N. With a size of 75 kDa, the protein is 

significantly smaller and fulfils other cellular functions. For example, it is involved in the acti-

vation of Raf and thus influences downstream ERK kinases.53 Two other functional isoforms 

are glucose-regulated protein (GRP94) and TNF receptor-associated protein 1 (TRAP1), which 

are localized in the endoplasmic reticulum and mitochondria, respectively. The chaperone ac-

tivity depends on ATP and the dimerization of the flexible homodimers, which undergo a high 

conformational rearrangement during the functional cycle (Figure 3). HSP90 consists of three 

structural domains, the N-terminal domain (NTD), which is connected to the middle domain 

(MD) via a charged linker, and a C-terminal domain (CTD). The NTD has a binding pocket for 

ATP and shows homology to members of the Gyrase, HSP90, Histidine kinase, MutL (GHKL) 

ATPase superfamily. The MD is essential for client protein binding and recognition and ATP 

hydrolysis. Specific substrates, such as activators of HSP90 ATPase homolog 1 (AHA1) and 

high-copy HSP90 suppressor (HCH1), have been shown to increase the ATPase activity of 

HSP90. The CTD has an additional ATP-binding pocket and is further responsible for dimeri-

zation. At the C-terminal end is a conserved MEEVD motif, which is essential for interaction 

with cofactors.54, 55 
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Figure 3: Schematic representation of the HSP90 chaperone cycle.  

The four main steps show the loading of HSP90 with the client protein and the subsequent binding of ATP as an 

energy supplier. The client protein gets folded and afterwards released from the complex. HSP90 is back in its 

initial state, and the catalytic cycle can start again. Figure: Created with BioRender.com, following Mielcza-

rek‑Lewandowska, A. et al.56  

In the apo-state, HSP90 is in an open V confirmation (1). In this open confirmation, some 

hydrophobic residues are exposed so that unfolded and misfolded proteins can be recruited. 

The recruitment is done with the help of HSP40 and HSP70, which bind client proteins. Fur-

thermore, HOP (HSP70-HSP90 organizing protein), responsible for the binding between 

HSP70 and HSP90 and transfers client proteins, aids recruitment (2). In the next step, ATP gets 

bound, resulting in a conformational change by bringing the N-terminal domains closer to-

gether and forming a closed confirmation (3). Subsequently, p23 stabilizes the closed and 

twisted state of HSP90 so that HSP70 and HOP can leave the complex (4). In the final step, 

ATP gets hydrolysed to ADP, and the released energy enables the folding of a bound client 

protein. Subsequently, the folded protein, and all co-chaperones and ligands, are released from 

the complex, and HSP90 gets accessible for the next cycle. 

1.2.1 HSP90 in Cancer 

Cytosolic HSP90 isoforms fulfil several roles in cellular physiology. The described client pro-

teins, which exceed 400 and keep increasing, fulfil essential roles in cellular pathways. They 

belong to different classes, such as transcription factors (steroid receptors, p53, BCL-6) and 

kinases (AKT, MAP-kinases, CDKs).57, 58 Such proteins can contribute to carcinogenesis by 

driving uncontrolled proliferation, acting anti-apoptotic, promoting genome instability and mu-

tations, facilitating tumor-promoting inflammation, and contributing to angiogenesis.  
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Thus, HSP90 is involved in all processes considered hallmarks of cancer (Figure 4).59 An in-

creased HSP90 level, accompanied by a shortened survival of the patients has been found for 

example in breast cancer and lung cancer.60 Particularly in the case of NSCLC, a variety of 

HSP90-dependent client proteins are affected. These include mutant EGFR, MET, and the 

EML4-ALK translocation product.61, 62 Recently, inhibition of HSP90 in trastuzumab-resistant 

HER2-positive breast cancer was shown to be effective by inducing apoptosis and inhibiting 

tumor growth and angiogenesis.63 Furthermore, the HSP90 inhibitor AUY922 was shown to 

induce apoptosis and inhibit proliferation of lung cancer cells. This occurs through the down-

regulation of HSP90 client proteins such as EGFR, MET, and AXL, thereby inhibiting AKT 

signaling.64  

 

Figure 4: Targeting HSP90 as a strategy to address the hallmarks of cancer.  

Original hallmarks proposed by Hanahan and Weinberg in 200065 and emerging hallmarks (deregulating cellular 

energetics, avoiding immune destructions) and enabling factors (genome instability & mutation, tumor-promoting 

inflammation) introduced in 2011.66 Figure: Created with BioRender.com. 

The inhibition of HSP90 can thus suppress tumor-promoting signalling pathways and provide 

a treatment option for a variety of cancer entities.59 
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1.2.2 HSP90 in Leukemia 

In addition to overexpression of HSP90 in lung and breast cancers, increased expression levels 

have been observed in several leukemic subtypes. HSP90 is involved in the stabilization of the 

FLT3-ITD fusion protein, which is the most common form of FLT3 mutation and is found in 

25% of all AML cases.67, 68 This mutation leads to the production of an overactive protein that 

promotes the growth of leukemic cells. As a result, patients with FLT3-ITD mutations often 

have a high leukemia burden and a poor prognosis. Moreover, HSP90 is involved in the stabi-

lization of anaplastic lymphoma kinase (ALK) fusion proteins that occur in ALK-positive non-

Hodgkin's lymphoma (ALK-NHL). The treatment with the HSP90i 17-AAG was shown to 

destabilize the HSP90/NPM-ALK complex, which leads to downregulation of NPM-ALK ki-

nase.69 Other relevant oncogenic proteins stabilized by HSP90 include c-MYC and BCL2, 

which are frequently overexpressed in B-ALL cells and lead to improved cell survival and 

increased proliferation.70, 71 

High levels of HSP90 were also found in CML cell lines and in patients which suffer from 

therapy resistance and relapse.72 The molecular cause is the involvement of HSP90 in the sta-

bilization of the translocated protein BCR-ABL1.73 HSP90 inhibitors, such as the CTD target-

ing inhibitor novobiocin, were shown to induce apoptosis in HL-60/BCR-ABL1 and K562 cell 

lines and disrupt BCR-ABL1/HSP90 and BCR-ABL1/HSP70 binding.74 Furthermore, 

Imatinib-resistant cell lines were shown to exhibit increased sensitivity to novobiocin. Remark-

ably, the efficacy of aminoxyrone (AX), an inhibitor targeting the dimerization of HSP90 CTD, 

was demonstrated in multi-TKI resistant CML and BCP-ALL cells, without triggering a pro-

survival HSR.75 

Therefore, targeting HSP90 is of great therapeutic interest and enables molecular targeting of 

different leukemia subgroups, particularly BCR-ABL1+-dependent leukemias. 

1.2.3 HSP90 inhibitors 

There are different ways to target HSP90, addressing the C-terminal domain (CTD), the N-

terminal domain (NTD), or the middle domain (MD).76 

Furthermore, HSP90 can be addressed using isoform selective inhibitors targeting preferen-

tially the cytosolic isoforms HSP90α or HSP90β. In addition, HSP90 can be inhibited depend-

ent on the localization, for example with selective inhibitors targeting GRP94 or TRAP1. The 

mode of action of the inhibitors is either based on binding competitive to the ATP binding 

pocket in the NTD or CTD, the allosteric binding or by inhibiting protein-protein interactions 

between HSP90 and clients proteins or between HSP90 domains, like the CTD monomers. 

Selected inhibitors are presented based on their lead structure in the following section. 
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1.2.3.1 N-terminal domain (NTD) targeting HSP90 inhibitors 

The development of N-terminal HSP90 inhibitors is based on addressing the ATP binding 

pocket. This binding pocket has the peculiarity that the hydrophobic adenine moiety of the 

nucleotide is localized deep in the binding pocket on the helical face of the N-domain. 

ATP/ADP thus adopts a curved confirmation.77 This unique feature allows the inhibitors to be 

designed with a particular specificity compared to other enzymes with ATP binding pockets. 

The following describes three different scaffold classes of NTD HSP90 inhibitors. 

It has long been known that ansamycin antibiotics, such as Geldanamycin, possess anti-tumor 

properties by reducing the activity of tyrosine kinases and reversing tyrosine kinase-induced 

oncogenic transformation.78 The macrocyclic antifungal antibiotic radicicol is another natural 

product with anti-tumor properties that can suppress malignant cell transformation.79 Initially, 

these inhibitors were thought to address and inhibit tyrosine kinases directly. However, it was 

later shown that the actual target is HSP90.80 Both inhibitors bind ATP competitively and pre-

vent the formation of a closed, asymmetric complex of HSP90. This prevents protein folding 

and results in the accumulation of unfolded, nonfunctional proteins, like p210BCR-ABL1, which 

gets degraded via the proteasome.  

Geldanamycin showed good efficiency in cellular systems in inhibiting cell growth and prolif-

eration and leading to apoptosis and was therefore evaluated for clinical use. However, the 

therapeutic index, which describes the ratio between toxic to anti-tumour doses, was found to 

be low.81 Furthermore, in pre-clinical trials, Geldanamycin exhibited strong hepatotoxicity, 

metabolic instability, and inadequate water solubility.82  

Therefore, structural modifications were made, and analogues based on Geldanamycin were 

developed. One of these compounds is 17-AAG (Tanespimycin), which is more hydrophilic 

and has better toxicological properties. These better properties could be achieved by introduc-

ing an allylamino group on the quinone ring at C-17 (Figure 5A). A further improvement of 

water solubility was achieved using the hydrochloride salt IPI-504 (Retaspimycin), produced 

by the allylamine protonation and the quinone reduction. Also, introducing a dimethylami-

noethyl group at C-17, in the case of 17-DMAG (Alvespimycin), improved the solubility. All 

of these analogues have been tested in several clinical trials, including human epidermal growth 

factor receptor 2 (HER2) positive breast cancer, non-small-cell lung carcinoma (NSCLC), mul-

tiple myeloma and relapsed CLL/ small lymphocytic lymphoma (SLL) and B-cell prolympho-

cytic leukemia (B-PLL). 83,84,85,86 However, the inhibitors showed only limited efficacy re-

sponse and thus modest clinical activity. Despite some improvements in physicochemical prop-

erties, the Geldanamycin-based inhibitors did not lead to a breakthrough and have not yet been 

approved as anticancer agents.  
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The second inhibitor class is based on the resorcinol structural motif, and the first identified 

inhibitor was radicicol. This inhibitor has a greater affinity for HSP90 in vitro. However, it 

cannot be administrated in vivo due to the rapid metabolism of the allyl epoxide moiety and α-

, β-, γ-, and δ-unsaturated ketones. Therefore, analogues with the resorcinol moiety were de-

veloped (Figure 5B). X-ray crystallography studies revealed the importance of resorcinol as a 

critical pharmacophore. It showed that this moiety forms important hydrogen bonds in the ATP 

binding pocket.87 Based on this knowledge, the analogue Ganetespib was developed, as well as 

Luminespib, which emerged from a structure-based approach. Ganetespib has been tested in 

38 clinical trials of phase I-III as mono- or combination-therapy, including NSCLC88, breast 

cancer89, Melanoma90 and AML, CML, MDS and myeloproliferative disorders.91,92 Lu-

minespib has been tested in clinical trials for NSCLC93, gastrointestinal stromal tumours 

(GIST)94 and myeloproliferative neoplasms.95 Overall, both inhibitors showed adverse events 

and the efficacy as a single agent was not given. Therefore, there are also studies investigating 

Luminespib in combination with bortezomib, a proteasome inhibitor for the treatment of re-

lapsed or refractory multiple myeloma.96 

In addition to the natural product-inspired and derived inhibitors, small molecules based on the 

endogenous ligand ATP were also developed. The purine moiety of ATP was used as a starting 

point for the structure-based design. Finally, the first inhibitor of this class was PU3, which 

showed anti-proliferative activity against breast cancer cell lines in the low micromolar range.97 

Some substitutions, such as introducing a sulfur-linker, which proved to be very valuable, and 

introducing a 3-isopropylamino-propyl chain, led to a significant improvement in affinity and 

bioavailability. The resulting inhibitor Zelavespib (PU-H71) has a binding affinity for HSP90 

in the low nanomolar range (Figure 5C).98 Zelavespib has been evaluated in seven clinical tri-

als, including metastatic breast cancer and myeloproliferative neoplasms.99,100 Recently, PU-

H71 was granted orphan drug status by the U.S. Food and Drug Administration (FDA) for 

treating myelofibrosis.101 Furthermore, good results were achieved using PU-H71 in AML. In-

hibition of HSP90 was shown to induce cell death in AML leukemia cell lines and primary 

samples. In particular, apoptotic sensitivity was observed in cell lines with constitutive activa-

tion of PI3K-AKT/JAK-STAT signaling pathways.102 

Another class of N-terminal HSP90 inhibitors is based on the benzamide motif, which includes 

Pimitespib (TAS-116). This inhibitor is an oral, small molecule inhibitor of HSP90α/β with 

antitumor activity and high efficacy in solid tumors, including gastrointestinal stromal tumors 

(GIST).103 In addition, TAS-116 demonstrated a good safety profile with minimal ocular tox-

icity and prolonged progression-free survival (phase III trial).104 Therefore, this inhibitor was 

recently approved by the FDA in Japan for its application in GIST.105  
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Figure 5: Selected N-terminal HSP90 inhibitors. 

The N-terminal HSP90 inhibitors are either based on ansamycin (A), resorcin (B) and purine (C). 

More than 30 HSP90 inhibitors targeting the N-terminal domain and, thus, the ATP binding 

pocket have made it into clinical trials.106 Common to all inhibitors is that they exhibit specific 

toxicities, such as ocular, cardio, and hepatotoxicities.107 Phase II clinical trials further showed 

that treatment as a single reagent has low efficacy, whereas combination therapies offer a much 

more promising outcome and may provide clinical benefits.108 

1.2.3.2 Middle domain (MD) targeting HSP90 inhibitors 

The MD of HSP90 is essential for client protein binding and recognition. The natural product 

diptoindonesin G (dip G) is a small molecule modulator that directly acts on the middle domain 

of HSP90.109 In a cell-free fluorescence polarization (FP) assay, deoxy-dip G showed direct 

binding to HSP90 with high affinity. In hematologic cancers, in particular, AML cells were 

sensitive to dip G and it exhibits potential antiproliferative activity by inducing differentiation 

of AML cells via ERK signalling.110 

Another inhibitor, which is targeting HSP90, is the natural compound triptolide (TL). TL acts 

at different sites of HSP90, for instance by regulating the ATPase activity and thus influencing 

the dimerization of the N-terminal domain, resulting in a loss of chaperone activity. Further-

more, it was shown that TL targets the MD of HSP90 and can inhibit the interaction of HSP90β 

and CDC37. Inhibition of HSP90 with TL leads to induction of apoptosis in cancer cells via 

kinase client protein degradation and cell cycle arrest.111 
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1.2.3.3 C-terminal domain (CTD) targeting HSP90 inhibitors 

Another approach is to address the CTD of HSP90. As mentioned, the CTD also has an ATP-

binding site structurally different from the N-terminal domain. Where the N-terminal domain 

has increased specificity towards adenine-based nucleotides, the C-terminal domain can bind 

purine- and pyrimidine-based nucleotides.112 The first reported inhibitor was the amino-cou-

marin antibiotic Novobiocin in 2000 (Figure 6A). Originally, aminocoumarins were inhibitors 

of bacterial DNA gyrase and are produced by the actinomycete S. niveus. Studies showed that 

novobiocin binds to HSP90 with reduced affinity.113 The binding does not occur to the N-ter-

minal ATP binding pocket of HSP90 but to the C-terminal ATP binding pocket under the con-

dition that the N-terminal binding pocket is occupied.114 Furthermore, Novobiocin was shown 

not to induce HSR and causes degradation of HSP90 clients, such as HER2, RAF-1, and mutant 

p53.113 Important structural analogues are Clorobiocin and Coumermycin A1 (CmA1) (Figure 

6B/C). CmA1 has a 10-fold improved IC50 (70 µM) against the breast cancer line SkBr3. 

Another mechanism of action is inhibiting the association of HSP90 with cochaperones, in-

cluding cell division cycle 37 protein (CDC37). The cochaperone CDC37 is essentially in-

volved in the stabilization of HSP90-kinase complexes and inhibiting the interaction can sen-

sitize the cells for other inhibitors and synergistic approaches.115, 116 A modulator of the HSP90-

CDC37 interaction is Celastrol, a plant-derived quinone methide triterpene (Figure 6D).117 

Studies have shown that Celastrol exhibits anticancer effects and induces cell death in pancre-

atic, prostate, and melanoma cancer cells.118, 119 However, Celastrol was shown to induce HSR 

through activation of HSF1.120 Another inhibitor of HSP90-CDC37 interaction is Withaferin 

A, a natural product derived steroidal lactone. This inhibitor possesses antiproliferative and 

antiangiogenic activity against pancreatic cancer cells and treatment leads to the inhibition of 

HSP90 activity and degradation of HSP90 clients, like AKT and CDK4.121 

One more important cochaperone associated with HSP90 is HOP. This protein mediates the 

interaction between the HSP70-HSP40 complex and the CTD of HSP90. This binding can oc-

cur via protein-protein interactions between the tetratricopeptide repeat (TPR) domains of HOP 

and the highly conserved MEEVD motif of HSP90. A modulator of the HSP90-HOP interac-

tion is Sansalvamide A, a fungal depsipeptide (Figure 6E). This cyclic inhibitor revealed anti-

proliferative activity against colon and melanoma cancer cell lines.122 Later, this inhibitor was 

improved in terms of stability, which leads to the inhibitor Sansalvamide A-amide (Figure 6F). 

Mechanistic studies revealed that this inhibitor binds to the NTD and MD of HSP90 and acts 

allosterically to modulate interactions with cochaperones at the CTD of HSP90.123  
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The cyclopeptide exhibits 10-fold improved activity against the colon cancer cell line HCT-

116 compared to the Sansalvamide A, however, the inhibitor induces HSR, indicated by the 

overexpression of HSP70.124 

In a structure-based approach, peptides were produced based on the TPR sequence. The peptide 

was shown to inhibit the interaction between HSP90 and the TPR2A domain of HOP. The 

Antp-TPR peptide showed antitumor activity in vitro and in vivo in a xenograft model of human 

pancreatic cancer.125 This approach was subsequently combined with the macrocyclic peptide 

scaffold resulting in the inhibitor LB76 (Figure 6G). Studies showed that this Sansalvamide A-

amide analogue inhibited the interactions of HSP90 with HOP and Cyp40.126 

 

Figure 6: Selected C-terminal HSP90 inhibitors. 

The C-terminal inhibitors Novobiocin, Clorobiocin, and Coumermycin A were based on aminocoumarin (A-C), 

Celastrol a quinone methide triterpene (D), Sansalvamide a cyclic depsipeptide, and the derivatives Sansalvamide 

A-amide (F) and LB76 (G). 

Another possibility to inhibit HSP90 is the inhibition of C-terminal dimerization. This is essen-

tial for HSP90 activity and can be addressed as the C-terminal dimers constantly exchange 

between open and closed conformation.127  
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A structure-based approach by identifying hot spot residues at the dimerization interface re-

sulted in the first-in-class C-terminal peptide-based dimerization inhibitor Aminoxyrone (AX) 

(Figure 7C).128 α-aminoxypeptides can adopt a helical conformation and thus form a secondary 

structure (Figure 7B).129 AX can mimic the amino acid side chains on helix 5 due to its side 

chain functionalization.  

AX was effective in BCR-ABL1+ precursor cells and highly resistant BCP-ALL cells by in-

vestigating cell lines and patient-derived cells. Furthermore, a low toxicity profile and no initi-

ation of HSR were shown.75 In addition, treatment with AX reduced the tumor burden in mice 

and reduced the BCR-ABL1 amount and activity. 

 

Figure 7: Design of the peptidomimetic C-terminal HSP90 dimerization inhibitor Aminoxyrone (AX) 

(A) Dimeric crystal structure of HSP90 CTD (PDB: 3Q6M) showing helices H4, H4′, and H5, H5′ form the CTD 

dimerization interface. (B) Overlay of a hexameric α-aminoxy peptide with the Cβ atoms of four hot spot amino 

acids on helix H5′. Figure adapted from Bhatia, S. et al.75 (C) The structure of the C-terminal HSP90 inhibitor 

AX. 

In the last decades, various HSP90 inhibitors based on different lead structures have been de-

veloped and evaluated in combination with either standard chemotherapy or targeted inhibitors 

in over 60 clinical trials.76, 130 Furthermore, great efforts were made in the design and evaluation 

of isoform selective inhibitors. 

However, the clinical relevance and utility are still low, whereby there is still a great need for 

novel HSP90 inhibitors with vigorous anticancer activity and good safety profiles.  
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1.2.3.4 Isoform-selective HSP90 inhibitors 

Most of the designed HSP90 inhibitors are not selective for a specific isoform due to the high 

structural similarity. Due to the different localization of the isoforms, it is possible to develop 

inhibitors that preferentially target the cytosolic isoforms HSP90α/β. Such an inhibitor with a 

higher affinity to cytosolic HSP90 over GRP94 and TRAP1 is Luminespib (NVP-AUY922). 

In a cell-free FP assay, Luminespib showed an IC50 value of 7.8 nM/ 21 nM against HSP90α/β, 

whereas the IC50 values against GRP94 and TRAP1 were 535 nM/ 85 nM.131 

In addition, inhibitors were developed that preferentially address TRAP1. The mitochondrial 

localization of TRAP1 enables selective targeting through the introduction of mitochondria-

targeting moieties. The inhibitor SMTIN-P01 is a purine-based analogue of PU-H71 and has a 

positively charged triphenylphosphine (TPP) moiety to target mitochondria. It could be shown 

that SMTIN-P01 has cytotoxic effects related to mitochondrial membrane depolarization and 

has no effect on client protein levels. Furthermore, no initiation of the HSR was observed.132 

A major challenge is to develop inhibitors that exhibit selectivity between the cytosolic 

isoforms HSP90α and HSP90β. Recently, an Hsp90α selective inhibitor was developed using 

a structure-based approach based on Geldanamycin. This inhibitor has an IC50 value against 

HSP90α of 460 nM (FP assay) and thus a 50-fold selectivity over the closely related isoform 

HSP90β. Furthermore, it could be shown that treatment of the NSCLC cell line NCI-H522 

leads to a dose-dependent decrease of the HSP90 client proteins HER2, RAF-1, SURVIVIN 

and AKT. Interestingly, treatment with the HSP90α selective inhibitor increased the total level 

of HSP90 at low concentrations, similar to Geldanamycin, and decreased the expression level 

at higher concentrations.133 

Furthermore, there were different approaches to develop HSP90β selective inhibitors. In 2019, 

the first N-terminal isoform-selective inhibitor of HSP90β was developed with an IC50 of 

180 nM in a cell-free assay and with > 50-fold selectivity over closely related isoforms Hsp90α 

and GRP94. This inhibitor, named KUNB31, further showed anti-proliferative activity in 

NSCLC, urothelial bladder and colorectal cancer cell lines and treatment induced the degrada-

tion of HSP90β-dependent clients (CDK4, CDK6 and AKT) without concomitant induction of 

total HSP90 levels.50 Recently, another HSP90β selective inhibitor was developed based on the 

structure of SNX-2112. SNX-2112 is an NTD HSP90 inhibitor that equally targets both cyto-

solic isoforms HSP90α and HSP90β. Structural modifications enabled an up to 300-folds se-

lectivity over HSP90α, as well as IC50 values for GRP94 and TRAP1 over 5µM.134 
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1.2.4 Problems associated with HSP90i-based therapy  

1.2.4.1 Heat shock response (HSR) 

One mechanism contributing to poor HSP90 inhibitor efficacy is the pro-survival heat shock 

response (HSR) induction. Inhibition of the ATPase function of HSP90 leads to the release of 

the transcription factor named heat shock factor 1 (HSF1). This plays a central role in the tran-

scriptional activation of HSR and is considered a significant factor in regulating heat shock 

proteins. Heat shock and other cellular stress factors, such as oxidative stress, proteosome in-

hibitors, and HSP90 inhibitors, induce this conserved cell defence mechanism to maintain pro-

teostasis.135, 136 In the inactive form, HSF1 is present as a monomer in the cytoplasm. When 

HSF1 is triggered, it becomes phosphorylated and translocates to the nucleus, where it gets 

activated by trimerization. In the nucleus, it subsequently binds to heat-shock responsive DNA 

elements (HSEs), and upregulation of some HSPs, including HSP70, HSP40, and HSP27, oc-

curs.137 Regulation of HSF1 proceeds via a negative auto-regulatory feedback loop, as some of 

the HSF1-induced HSPs can directly inhibit HSF1. Proteins such as HSP70, HSP72, and 

HSP90 can bind to the trimerization domain of HSF1 to inhibit activation. Thus, activating pro-

survival HSPs by inhibiting HSP90 may reduce the activity of HSP90 inhibitors.138, 139 There-

fore, it is of great interest to develop inhibitors that do not induce HSR. 

1.2.4.2 Dose-limiting toxicities (DLTs) and resistance incidences  

HSP90 inhibitors induce apoptosis and inhibit tumor growth in a variety of cancer entities and 

thus exhibit anti-tumor activity. This effect is mainly driven by the downregulation of client 

proteins and the concomitant regulation of cellular pathways through the inhibition of HSP90. 

The use of HSP90i in clinical studies resulted in adverse side effects, such as hepatotoxicity, 

myelosuppression, and retinal dysfunction. These intolerable effects lead to the need to pursue 

new approaches, such as the administration of low doses. To achieve a desired effect, combi-

national treatment approaches are a promising alternative, as for example the combination of 

17-DMAG with the proteasome inhibitor bortezomib showed. The dual inhibition leads to a 

high accumulation of ubiquitinated proteins resulting in proteotoxic stress for the tumor cells. 

Therefore, combining both inhibitors with lower doses led to greater efficacy than single agent 

treatment.140 Another combination represented in clinical trials is IPI-504 with the cytostatic 

drug Docetaxel. Dual treatment resulted in anti tumor effects in NSCLC xenograft models.141 

In general, knowledge of the molecular mechanisms is essential and therefore it is important to 

identify potential predictive biomarkers for a better selection of responsive patients to HSP90i 

therapy.142 For example, sensitivity can be increased by selecting patients with tumors that are 

highly dependent on HSP90 accompanied by overexpression. Furthermore, higher specificity 

can be achieved by characterizing the subcellular localization of HSP90 in more detail.  
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The localization is quite different between tumor and normal tissues, especially in mitochondria 

and the extracellular matrix.143, 144 To overcome DLTs there is the possibility to use FDA ap-

proved drugs for the combination with HSP90 inhibitors. Furthermore, it is of great interest to 

identify new vulnerabilities associated with HSP90 to develop novel combination approaches. 

In addition to DLTs, HSP90 inhibitor treatment also leads to the development of resistance, 

which limits the benefits. A key factor in the development of resistance is HSP90 itself. As 

mentioned in section 1.2.4.1, HSP90 inhibition in many cases leads to initiation of HSR and 

thus upregulation of other chaperones and HSP90α. Studies investigating resistance develop-

ment to PU-H71 in human breast adenocarcinoma cells have shown that the resistant cell lines 

exhibited HSP90AA1 gene amplification. Furthermore, a point mutation (Y142N) in the N-

terminal ATP binding pocket led to a lower affinity towards the inhibitor. Both eventually lead 

to overexpression of the HSP90α Y142N variant with restored HSP90 chaperone function.145 

Another mechanism, which was found in PU-H71 resistance cell lines, was a gain in the 

ABCB1 gene encoding for the multi-drug resistance 1 (MDR1) protein, which leads to en-

hanced drug export.146 Other studies exploring resistance mechanisms against the HSP90 in-

hibitor Ganetespib in KRAS-mutant NSCLC, showed hyperactivation of 

RAF/MEK/ERK/RSK and PI3K/AKT/mTOR pathways. Inhibition with a PI3K/mTOR, a 

PI3K, or an ERK inhibitor resulted in synthetic lethality, demonstrating strong dependence on 

those pathways.147 

For the development of new inhibitors with improved efficacy and specificity, it is of great 

importance to understand the molecular mechanisms of action and subsequent mechanisms of 

response. In recent years, several insights have been gained that are crucial for further HSP90i 

development. 

1.2.5 Targeting HSP90 with proteolysis targeting chimeras (PROTACs) or 

degraders 

Besides the conventional targeting of proteins with small molecules, another technology is un-

dergoing rapid development. The so-called proteolysis targeting chimeras (PROTACs) form a 

new class of chemical tools and potential therapeutics and were first described in 2001.148 

Structurally, they are based on three elements, a ligand of the E3 ligase, a ligand of the protein 

of interest (POI), and a linker connecting both entities. Thus, PROTACs are heterobifunctional 

small molecules, usually with a molecular weight between 0.7 and 1.1 kDa. The two functional 

moieties cause the generation of spatial proximity between the E3 ubiquitin ligase and the POI, 

and an E3 ligase:PROTAC:POI ternary complex is formed.149 This leads to polyubiquitylation 

of the surface-exposed lysine at the POI, thus marked for degradation by the proteasome.150 
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PROTACs enable targeted protein degradation (TPD) via ubiquitin-dependent proteolysis (Fig-

ure 8). 

 
Figure 8: Schematic representation of PROTAC degraders.  

PROTACs are heterobifunctional small molecules consisting of a POI ligand, an E3 ligase ligand and a connecting 

linker, which enables proximity and leads to polyubiquitylation and proteasomal degradation of the POI. Figure: 

Created with BioRender.com. 

There are hundreds of E3 ligases, although only some can be successfully exploited as 

PROTACs.151 The most prominent and mostly reported compounds are those using cereblon 

(CRBN) or Von Hippel-Lindau (VHL) ligases. More examples include using nutlin compounds 

to recruit MDM2 (human murine double minute 2) and cellular inhibitor of apoptosis (cIAP) 

ligands.152 The advantages of these ligases are that those specific ligands have a well-charac-

terized binding mode and a good physicochemical profile. Nevertheless, many E3 ligases have 

not been explored yet, offering considerable potential for further development in selectivity for 

tumour tissue or subcellular localization.153 As already mentioned, the ligands of the E3 ligases 

are linked to the ligand of the POI via a linker. This usually consists of polyethylene glycol 

(PEG) or linear alkane chains. The linker can have a decisive influence on stability, bioavaila-

bility and permeability and, thus, must be optimized in terms of length, mobility, and hydro-

philicity. In addition, it is essential at which site of the ligands the linker is chemically bound 

so that the ligands continue to have affinity and specificity for their target. With the help of 

PROTACs, it is possible to target all proteins that can be degraded via the ubiquitin-proteasome 

system (UPS). The UPS is an essential pathway for protein homeostasis in cells; many proteins, 

including transcription factors, oncogenes, and tumour suppressors, can be regulated by it.154 

The mode of action (MoA) of small molecules is based on the modulation of protein function 

via temporary inhibition of enzymatic activity. PROTACs, on the other hand, cause a complete 

degradation of the target proteins and thus also modulate non-enzymatic functions, such as 

regulatory or scaffolding functions. Furthermore, PROTACs are catalytically active and lower 

doses are theoretically possible, which can also reduce off-target effects. A common issue with 
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small molecule inhibitor treatment is the occurrence of resistance caused by mutations, dele-

tions, or exon skipping. The use of PROTACs can overcome this since no active site is neces-

sary.  

Furthermore, the use offers new possibilities to influence the so-called “undruggable” prote-

ome. Potentially, proteins without an active site, such as transcription factors, receptors, and 

membrane-associated proteins, can be addressed.155  

Meanwhile, the concept of PROTACs has even entered preclinical and early clinical develop-

ment programs. In 2019, the first PROTAC entered clinical trials. One year later, the first proof-

of-concept of the two PROTACs (ARV-110 and ARV-471) for the estrogen and the androgen 

receptors in prostate and breast cancer patients was shown.156,157 These PROTACs have shown 

promising results regarding safety, efficacy, and tolerability.158 Currently, 15 candidates are in 

clinical trials, with an increasing trend. 
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2. Aims and Objectives 

Introducing TKIs has led to outstanding clinical response in BCR-ABL1+ leukemia. However, 

the occurrence of resistance is very common, as a result this entity is still associated with poor 

prognosis. HSP90 is a promising therapeutic target and plays an essential role in malignant 

transformation and tumour progression of cancer cells. However, HSP90 inhibitors have not 

been routinely used in the clinic, primarily due to the induction of HSR and associated re-

sistance and the dose-limiting toxicity of NTD-HSP90 inhibitors. To improve the potential of 

HSP90 inhibitors for clinical application, gaining a better and more profound understanding of 

the HSP90 isoforms (α and β) is essential. To date, HSP90α/β isoform-specific dependence on 

client proteins has been determined mainly by isoform-specific HSP90i or transient knockdown 

approaches. Furthermore, the development of C-terminal HSP90i offers a promising approach. 

The first C-terminal HSP90 dimerization inhibitor has already been developed and published 

with collaborative partners of the working group Kurz (Department of Pharmaceutical and Me-

dicinal Chemistry, Heinrich Heine University Düsseldorf) and Gohlke (Department of Pharma-

ceutical and Medicinal Chemistry, Heinrich Heine University Düsseldorf). The peptidomimetic 

aminoxyrone was rationally developed based on studies of hot spots at the HSP90 CTD dimer-

ization interface.128 Treatment with AX in a cellular context showed success in TKI-sensitive 

and refractory CML cell lines. Moreover, no HSR was induced.75 However, the peptidomimetic 

nature of AX resulted in low water solubility, often leading to reduced oral bioavailability, and 

the challenges included its complex structure and the intricate process of chemical synthesis. 

Based on these limitations, the first small molecule HSP90 CTD dimerization inhibitors were 

developed by the Kurz group by rational drug design including structural simplification and 

optimization of AX. Another promising strategy explored in this thesis involves testing 

PROTACs based on the HSP90 inhibitor Geldanamycin. As a result, this work aims at the 

following objectives: 

1) Decrypting the role of HSP90α and β isoforms utilizing CRISPR/CAS9 or siRNA technol-

ogy to generate genetic knockout or knockdown models of HSP90 isoforms (α and β) in leu-

kemia cell lines. The aim is to investigate these models at a molecular level, encompassing in 

vitro and in vivo analyses as well as multi-omics characterization to identify novel therapeutic 

vulnerabilities in BCR-ABL1+ leukemia. 

2) The biochemical evaluation of the tripyrimidonamides 1a (LSK82) and 1b (VWK147), as 

well as the structurally optimized bipyrimidone- and bipyrimidine-amides 2 and 3 (VWK346, 

VWK141), which were pre-selected based on cell-based cytotoxicity assays performed by col-

leagues from our working group (Bhatia). The focus is on the characterization of the com-
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pounds in terms of activity and binding mode by establishing biochemical and biophysical as-

says to demonstrate that the compounds interact with the C-terminal domain (CTD) of HSP90 

and thereby preventing/disrupting its dimerization. 

3) The objective is to assess the biochemical and cellular properties of Geldanamycin-based 

HSP90 PROTACs, with a focus on their ability to induce degradation of HSP90 in leukemia 

cells. These potential HSP90 degraders, designed and synthesized by the Hansen (Department 

of Pharmaceutical and Cell Biological Chemistry, University of Bonn) working group are built 

on a CRBN-recruiting pomalidomide-derived ligand and feature diverse alkyl- or PEG-based 

linkers of varying lengths. Additionally, the study aims to differentiate between the cytosolic 

isoforms HSP90α and HSP90β, and to explore any isoform-specific effects. 
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3. Material and Methods  

3.1 Material 

3.1.1 Used machines and devices 

Table 1: List of used devices. 

Device Company 

CFX Connect Real-Time System BioRad 

Heraeus Multifuge 4 KR Thermo Scientific, Rockford, Illinois, USA 

Heraeus Multifuge 3SR+ Thermo Scientific, Rockford, Illinois, USA 

Thermomixer comfort Eppendorf 

TECAN Spark 10M  Tecan Group LTD., Maennedorf, Switzerland 

TECAN D300e Dispenser Tecan Group LTD., Maennedorf, Switzerland 

JESS Protein simple 

Multidrop Reagent Dispenser Thermo Scientific, Rockford, Illinois, USA 

CytoFLEX Flow Cytometer Beckman-Coulter, Inc., Brea, California, USA 

Cell Counter Vi-CELL BLU Beckman-Coulter, Inc., Brea, California, USA 

L-46 Vortex mixer Scientific Industries, Bohemia, USA 

Fresco 21 centrifuge Thermo Scientific, Rockford, Illinois, USA 

Nanodrop Thermo Scientific, Rockford, Illinois, USA 

3.1.2 Cell lines 

Table 2: Cell lines used for the cell biological experiments. 

Cell line Entity Source 

HEK293T Human embryonic kidney cells DSMZ 

K562 CML DSMZ 

KCL-22 CML DSMZ  

SUP-B15 BCP-ALL DSMZ 

JURKAT T-ALL DSMZ 

LOUCY T-ALL DSMZ 

TALL1 T-ALL DSMZ 

MOLT13 T-ALL DSMZ 

RCH-ACV BCP-ALL DSMZ 

Kasumi-2 BCP-ALL DSMZ 

SEM BCP-ALL DSMZ 

NALL1 (Null-cell ALL1) ALL - 
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3.1.3 Cell culture media and supplements 

Table 3: List of used cell culture media and supplements. 

Product Company 

DMEM GlutaMAX Thermo Scientific, Rockford, Illinois, USA 

RPMI 1640 GlutaMAX Thermo Scientific, Rockford, Illinois, USA 

Penicilin (10.000 U/mL)-Streptomycin 

(10 mg/mL) (P/S) 

Sigma-Aldrich, St. Louis, Missouri, USA 

Fetal Calf serum (FCS) Biowest®, Nuaillé, France 

Dulbecco’s phosphate-buffered saline 

(PBS) 

Sigma-Aldrich, St. Louis, Missouri, USA 

MethoCult™ H4100 StemCell Technologies, Vancouver, BC, Canada 

TrypLE™ Express Thermo Scientific, Rockford, Illinois, USA 

3.1.4 Antibodies 

Table 4: Primary Antibodies used for conventional and digital Western Blotting. 

Target Species Dilution  

(conventional) 

Dilution  

(JESS) 

Cat. No. 

β-actin Mouse 1:2000 1:50 MAB8929 

GAPDH Mouse 1:2000 - CST#97166 

GAPDH Rabbit 1:2000 - CST#5174 

Nucleolin Rabbit - 1:50 CST#14574 

HSP90α Rabbit 1:2000 1:100 CST#8165 

HSP90β Rabbit 1:1000 1:100 CST#5087 

HSP90  Rabbit 1:2000 1:100 CST#4877 

HSP70 Rabbit 1:1000 - CST#4872 

HSP27 Mouse 1:1000 - CST#2402 

HSP40 Rabbit 1:2000 - CST#4871 

HSF-1 Rabbit 1:1000 - CST#4356 

GRP94 Rabbit 1:1000 - CST#2104 

TRAP1 Mouse 1:1000 - SC-13557 

CDC37 Mouse 1:1000 - SC-13129 

AHA1 Mouse 1:1000 - SC-166065 

FKBP5 Rabbit 1:1000 - CST#12210 

p-AKT (S473) Rabbit 1:750 1:30 CST#4060 

AKT (pan) Mouse 1:1000 1:50 CST#2920 

p-STAT5 (Y694) Rabbit 1:1000 1:50 CST#9351 

STAT5 Rabbit 1:1000 1:50 CST#9363 

Survivin Rabbit 1:1000 - CST#2808 
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CDK4 Rabbit 1:1000 - CST#12790 

CDK6 Rabbit 1:1000 - CST#13331 

CDK7 Mouse 1:1000 1:30 CST#2916 

BCR-ABL1 Rabbit 1:1000 1:50 CST#2862 

p-BCR-ABL1 (Y412) Rabbit - 1:10 CST#2865 

CRKL Mouse 1:1000 1:30 CST#3182 

p-CRKL (Y207) Rabbit - 1:30 CST#3181 

Aurora A Rabbit 1:1000 - CST#14475 

Aurora B Rabbit 1:1000 - CST#28711 

p-Aurora A/B/C 

(T288/T232/T198) 

Rabbit 1:1000 - CST#2914 

XIAP Rabbit 1:1000 - CST#2042 

c-IAP1 Rabbit 1:1000 - CST#7065 

SLP-76 (LCP2) Rabbit 1:1000 - CST#4958 

TOP2A Rabbit 1:1000 - CST#12286 

HiBiT Mouse 1:1000 - Promega 

RPB1 Mouse 1:1000 - CST#2629 

p-RPB1 (S5) Rabbit 1:1000 - CST#13523 

PARP Rabbit 1:1000 - CST#9532 

LCK Rabbit 1:1000 - CST#2752 

p-LCK (Y505) Rabbit 1:1000 - CST#2751 

p-LCK (Y394) Mouse 1:1000 - #933101 

SRC Rabbit 1:1000 - CST#2109 

p-SRC (Y416) Rabbit 1:1000 - CTS#2101 

CD45 (intracellular do-

main) 

Rabbit 1:1000 - CST#13917 

LYN Rabbit 1:1000 - CST#2796 

p-LYN (Y507) Rabbit 1:1000 - CST#2731 

Table 5: Secondary Antibodies used for Western Blotting. 

Target Species Dilution Cat. No. 

Rabbit HRP Goat 1:2000 CST#7074 

Mouse HRP Horse 1:2000 CST#7076 

Rabbit HRP Goat - #042-206 

Mouse HRP Goat - #042-205 

20X Mouse NIR Goat 1:20 #043-821 
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3.1.5 Kits 

Table 6: List of used commercially available Kits. 

Kit Company 

CellTiter Glo® Luminescent Assay Promega, Fitchburg, USA 

ECL™ Western Blotting Detection Reagents Cytiva, Marlborough, Massachusetts, 

USA 

RealTime-Glo™ MT Cell Viability Assay Promega, Fitchburg, USA 

Pierce™ BCA Protein Assay Thermo Scientific, Rockford, Illinois, 

USA 

Nano-Glo® HiBiT Lytic Detection Kit Promega, Fitchburg, USA 

Lenti-X™ Packaging Single Shots Takara, Shiga, Japan 

Maxwell® RSC Blood DNA Kit Promega, Fitchburg, USA 

Maxwell® RSC simply RNA Cells Kit Promega, Fitchburg, USA 

3.1.6 Buffers and solutions 

Table 7: List of used buffers and solutions. 

Buffer Composition 

SDS gel running buffer (10X) 250 mM Tris, 2 M Glycine, 35 mM SDS in dH2O 

Transfer buffer (10X) 250 mM Tris, 2 M Glycine in dH2O 

Transfer buffer (1X) 25 mM Tris, 200 mM Glycine, 20 % MeOH in dH2O 

TBS (10X) 200 mM Tris, 1.5 M NaCl 

TBS-T (1X) 20 mM Tris, 150 mM NaCl, and 5 % Tween20 

Blocking buffer TBS-T, 5 % BSA 

Stacking buffer 0.5 M Tris, pH 6.8 

Separation buffer 1.5 M Tris, pH 8.8 

Lyse buffer RIPA 10 mL, cOmplete™ 1X, phosSTOP, 1 mM DTT 

Denaturation buffer 25 mM Tricine, pH 7.8, 8 mM MgSO4, 0.1 mM EDTA, 

1% Triton X-100, 10% glycerol, and 10 mg/mL BSA in 

dH2O 

Cold mix buffer  100 mM Tris, pH 7.7, 75 mM Mg(OAc)2, 375 mM KCl, 

and 15 mM ATP in dH2O 

Control buffer 20 mM Tris, pH 7.5, 150 mM NaCl, 1 % haemoglobin and 

4 % BSA in dH2O 

Assay buffer 25 mM Tricine, pH 7.8, 8 mM MgSO4, 0.1 mM EDTA, 

33 µM DTT, 0.5 mM ATP, and 0.5 mM luciferin in dH2O 

Nicoletti assay buffer 0.1 % sodium citrate, 0.1 % Triton X-100, 50 µg/mL PI 

LB media 5 g/L sodium chloride, 5 g/L yeast extract, 10 g/L peptone 
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3.1.7 Oligonucleotides 

Table 8: List of used primers. 

Name Sequence (5’- 3’) 

c-For-HSP90aa1 CAGCCGCCCTTCTATTTTCG 

c-Rev-HSP90aa1 TTAAGCATACAGCACCCCCAAG 

c-For-HSP90ab1 TCTTGAGGCTTTAGAACCAG 

c-Rev-HSP90ab1 AGTCTGAACTCACTGTCTAAGGT 

3.1.8 DNA- and Protein ladders 

Table 9: List of used DNA- and protein ladders. 

Ladder Supplier 

GeneRuler™ 1 kb DNA ladder Thermo Scientific (Rockford, Illinois, USA) 

PageRuler™ Prestained Protein Ladder 

10-180 kDa 

Thermo Scientific (Rockford, Illinois, USA) 

3.1.9 Chemicals and Reagents 

Table 10: List of used Chemicals and Reagents. 

Chemicals/Reagents Supplier 

Ammonium persulfate (APS) Carl Roth, Karlsruhe, Germany 

Bovine serum albumin (BSA) Carl Roth, Karlsruhe, Germany 

cOmplete™ Protease Inhibitor Cocktail Roche, Basel, Switzerland 

phosSTOP™ Roche, Basel, Switzerland 

Pierce™ RIPA lysis buffer Thermo Scientific, Rockford, Illinois, USA 

  

3.1.10 Compound library for Drug screening 

Table 11: List of compounds used for the library drug screening. 

Compound /Inhibitor Drug class /Target 

Coumermycin A1 HSP90 

EC144 HSP90 

Ganetespib HSP90 

Geldanamycin HSP90 

Tanespimycin HSP90 

PU-H71 HSP90 

KUNB31 HSP90 

BIIB021 HSP90 

AUY922 (LUMINESPIB) HSP90 

Panobinostat HDAC 
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Ricolinostat HDAC6 

Romidepsin HDAC 

Belinostat HDAC 

Entinostat HDAC 

Givinostat (ITF2357) HDAC 

CI-994 (Tacedinaline) HDAC 

Dasatinib (Hydrochlorid) BCR-ABL, Src  

Imatinib (Mesylate) BCR-ABL inhibitor 

Ponatinib 
BCR-ABL, FGFR, FLT3, 

VEGFR  

Bosutinib BCR-ABL, Src  

Dinaciclib CDK 

LY2835219 (Abemaciclib) CDK 

Palbociclib CDK 

YKL-5-124  CDK7 

SY-1365-THZ1 CDK7 

Volasertib Polo-like Kinase (PLK) 

BI2536 PLK 

6-Mercaptopurine (Monohydrate) Antimetabolites 

6-Thioguanine Antimetabolites 

Clofarabine Antimetabolites 

Cyclocytidine HCL Antimetabolites 

Methotrexate Antimetabolites 

5-Azacytidine Antimetabolites 

Cytarabine (Hydrochlorid) Antimetabolites 

Vinblastine (sulfate) Antimitotics 

Vincristine (sulfate) Antimitotics 

Alisertib Aurora Kinase A  

Barasertib Aurora kinase B 

Aurora A Inhibitor I Aurora Kinase A inhibitor 

Birabresib BRD2/3/4 

Carfilzomib Proteasome inhibitor 

Bortezomib Proteasome inhibitor 

MLN-9708 (Citrate) Proteasome inhibitor 

Cobimetinib MEK 

MEK162 (Binimetinib) MEK 
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Lonafarnib RAS 

Regorafenib (Monohydrate) RAF  

Tipifarnib Farnesyl Transferase; RAS  

Sorafenib (Tosylate) RAF 

Trametinib MEK 

AT9283 JAK 

CYT387 (Momelotinib) JAK 

Fedratinib (TG101348) JAK; FLT3 

BSI-201 (Iniparib) PARP 

Olaparib PARP 

GSK343 EZH2i/HMTasei 

Ibrutinib (Ibruvica) BTK 

Tirabrutinib BTK 

Amsacrine (Hydochlorid) Topoisomerase inhibitors 

Daunorubicin (Hydrochloride) Topoisomerase inhibitors 

Mitoxantrone (dihydrochloride) Topoisomerase inhibitors 

Dovitinib FLT3, PDGFR, VEGFR, c-KIT  

Gilteritinib FLT3/AXL 

Lestaurtinib FLT3 

Midostaurin PKC, VEGFR2, PDGFR, FLT3 

Pacritinib FLT3, JAK 

Pexidartinib FLT3, KIT, CSF1R 

Quizartinib FLT3 

Pacritinib FLT3, JAK  

Pexidartinib FLT3, KIT, CSF1R 

Quizartinib FLT3 

Staurosporin 
Multiple non-selective inhibitor 

of protein kinases 

Omaveloxolone NF-kB 

QNZ (EVP4593) NF-kB 

Birinapant XIAP and cIAP1 

AZD6738 ATM/ATR 

Omacetaxine Mepesuccinate (Homoharringtonine)  Ribosome inhibitor 

Selinexor CRM1 inhibitor 

Nintedanib (BIBF1120) LCK inhibitor 

Ro 08-2750 NGF inhibitor 
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Bexarotene Retinoid inhibitor 

ABT-199 (Venetoclax) Bcl-2 Family 

Obatoclax (Mesylate) Bcl-2 Family 

Temsirolimus mTOR 

PF-04691502 mTOR, PI3K  

ARQ-092 (Miransertib) AKT 

BAY 80-6946 (Copanlisib) PI3K  

Dactolisib (BEZ235) PI3K, mTOR 

Idelalisib PI3K  

Everolimus mTOR 

5-nonyloxy-tryptamine 5-HT1B receptor agonist 

Tegaserod 5-HT4/serotonin agonist 

Axitinib VEGFR 
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3.2 Biochemical Methods 

3.2.1 Thermal shift assay 

Thermal shift assay was performed as previously described.159 C-terminal or N-terminal of 

HSP90 (5 µM) and the indicated concentrations of the inhibitors were mixed in the assay buffer 

(1X PBS, pH = 7.5) and were incubated for 2 h. Then, 6X SYPRO Orange dye (Sigma) was 

added to make a final volume of 20 µL. 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 seconds. 

To determine protein melting temperature values (Tm), a melting curve for each data set was 

analysed by GraphPad Prism 8.0.2 and fitted with the sigmoidal Boltzmann fit. Melting tem-

peratures without the inhibitors were used as a control. 

3.2.2 Luciferase refolding assay 

Luciferase refolding assay was performed as previously described159 using recombinant firefly 

Luciferase from Photinus pyralis (Sigma Aldrich, St. Louis, MO, USA; 10x1010 Units/mg), 

which was diluted (1:100) in denaturation buffer (25 mM Tricine, pH 7.8, 8 mM MgSO4, 0.1 

mM EDTA, 1% Triton X-100, 10% glycerol, and 10 mg/mL BSA). In the first step, the lucif-

erase was denatured by heating at 38°C for 8 min. Rabbit reticulocyte lysate (Promega, Madi-

son, WI, USA) was diluted 1:1 with cold mix buffer (100 mM Tris, pH 7.7, 75 mM Mg(OAc)2, 

375 mM KCl, and 15 mM ATP), creatine phosphate (10 mM) and creatine phosphokinase (16 

U/mL) and was pre-incubated at 30°C with compound for 1h. Afterwards, 1µL denatured or 

active luciferase was added to a 20 μL rabbit reticulocyte mixture. As a control, denatured or 

active luciferase was incubated without reticulocyte lysate in a buffer containing 20 mM Tris, 

pH 7.5, 150 mM NaCl, 1 % haemoglobin and 4 % BSA. At desired time points, 1.5 μL samples 

were removed and added to 40 μL assay buffer (25 mM Tricine, pH 7.8, 8 mM MgSO4, 0.1 

mM EDTA, 33 µM DTT, 0.5 mM ATP, and 0.5 mM luciferin) and luminescence was read 

using a Spark® microplate reader (Tecan). Percent luciferase refolding was determined using 

luminescence of DMSO at 120 min as 100%.  

3.2.3 BS3 crosslinker assay 

CTD-HSP90 (2 µM) was diluted in Na2HPO4 (25 mM; pH 7.4) and treated with different 

concentrations of the inhibitor to make a final volume of 25 µL. The reaction mixture was 

incubated at RT for 1 h. The amine-reactive crosslinker BS3 (bis(sulfosuccinimidyl) suberate, 

Pierce) was added to a final concentration of 62.5 µM, and the samples were incubated for 1 h 

at RT. Crosslinking was quenched by adding SDS sample buffer and heating for 5 min at 95 

°C. Samples were run on 12% SDS-PAGE gels followed by western blotting. Blots were 

probed with anti-HSP90 or anti-GST antibodies. 
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3.3 Molecular biological Methods 

3.3.1 Recombinant protein expression 

Synthetic codon-optimized DNA (GeneScript, Piscataway, NJ) corresponding to the coding 

region of residues 563–732 of hHSP90 CTD was cloned into expression vector pTEV21-a in 

E. coli BL21 (DE3) (Agilent Technologies). Cultures were grown at 37°C in LB media 

with ampicillin to OD600 = 0.8–1.2. The production of recombinant protein was induced by 

adding 1 mM isopropyl β-D-1-thiogalactopyr-anoside (IPTG), and cells were grown for an-

other 4 h at 28°C. Cells were harvested by centrifugation, suspended in binding buffer (40 mM 

HEPES, 20 mM KCl, 1 mM DTT, 1 mM EDTA, 0.002% PMSF, pH 7.5) and disrupted by 

sonification. Recombinant proteins were purified via a C-terminal His 6-tag by immobilized 

metal ion affinity chromatography to homogeneity. 

To prepare the recombinant hHSP90α NTD (amino acids 9−236; Addgene #22481) protein, 

the E. coli strain BL21(DE3) was used. BL21-DE3 expression strains were grown overnight 

and used to inoculate LB medium at 37 °C supplemented with 100 μg/mL ampicillin. After an 

OD600 = 0.5−0.8 was reached, overnight induction of protein expression with 0.5 mM IPTG 

at 25 °C was done. After induction, cells were harvested by centrifugation at 5000g and lysed 

using B-PER bacterial protein extraction reagent (ThermoFisher Scientific, Wesel, Germany). 

GST-tagged HSP90α NTD protein was affinity purified using spin columns (ThermoFisher 

Scientific) and eluted using glutathione elution buffer. 

3.3.2 Protein isolation 

Cells were harvested by centrifugation at 300 x g for 5 min at 4°C, washed thrice with PBS, 

and then snap-frozen in liquid nitrogen. RIPA lysis buffer (Thermo Fisher Scientific, #89900) 

supplemented with cOmpletetm (Roche, #11697498001), PhosSTOP (Sigma-Aldrich, 

#4906845001) and DTT were used to lyse the cells. Cells were lysed on ice for 20 min, centri-

fuged (21000 x g for 30 min at 4 °C), and protein quantification was performed by BCA-Assay 

(Thermo Fisher Scientific, #23227). 

3.3.3 SDS gel 

For the SDS gel, 10 - 20 µg of the lysate was separated at 50 V for 30 min during the stacking 

phase and 100 V for 1.5h during the separation phase.  
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Table 12: Recipe for each stacking and separation gel. 

 Stacking gel Separation gel 12 % 

Acrylamide (30 %) 450 µL 4 mL 

dH2O 2.11 mL 2.1 mL 

Stacking buffer (0.5 M Tris pH 6.8) 380 µL - 

Separation buffer (1.5 M Tris pH 8.8) - 3.6 mL 

APS (10 %) 30 µL 98 µL 

SDS (10 %) 30 µL 98 µL 

TEMED 5 µL 8.1 µL 

3.3.4 Western Blotting 

Blotting was done using 0.45 µm nitrocellulose membranes (Cytiva, #10600002) at 100 V for 

1-2h, depending on the target protein size. Membranes were blocked with a 5% BSA (Sigma-

Aldrich #A3294) TBS-T solution, washed three times with TBS-T and incubated with primary 

antibody solution in 5% BSA solution overnight at 4°C. The next day, membranes were washed 

three times with TBS-T, incubated for 2h with secondary HRP-conjugate in 5% BSA solution 

and rewashed three times in TBS-T. For visualization ECL-Solution (Cytiva, #GERPN2106) 

was used per manufacturer’s instruction, and images were captured using a Quantitative simple 

western immunoassay (JESS). 

3.3.5 Quantitative simple western immunoassay (JESS) 

For the quantification and the visualization of low abundance proteins, like, for example, phos-

phorylated ones, digital western blotting was performed. Therefore, lysates were diluted with 

0.1X sample buffer and mixed with 5X master mix (5:1) to obtain a final sample concentration 

of 0.4 µg/µl. The samples were vortexed and denatured for 5 min. at 95°C in a heat block. 

Afterwards, the plate was loaded with the prepared protein lysates, biotinylated ladder, anti-

body diluent, primary- and secondary antibody, streptavidin-HRP, and a luminol-peroxide mix 

according to manufacturer’s instructions. The assay plate was centrifuged (2500 rpm, 5 min., 

RT), and wash buffer was added last to remove air bubbles. A 12-230 or 40-400 kDa separation 

module with 25 cartridges was used for the immunoassay. Separation took place at 375 V for 

25 min, following blocking with antibody diluent and incubating with primary and secondary 

antibodies. The evaluation was done with JESS. 

3.3.6 Proliferation assay 

3.3.6.1 RealTime-Glo™ MT Cell Viability Assay 

The cells were seeded (0.4*10^5 cells/mL) in a 384-well plate using a CO2-independent me-

dium (ThermoFisher, #18045088). To measure the proliferation of the cells, the RealTime-

Glo™ MT Cell Viability Assay (Promega, #G9711) was used.  
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NanoLuc® enzyme and MT cell viability substrate were added according to the manufacture 

instructions. The luminescence signal was determined from each well every 30 min. for 24 

hours in a Tecan plate reader at 37 °C. 

3.3.6.2 Manual cell counting 

The cells were seeded (0.1*10^6 cells/mL) in a T25 flask. Each day cells were counted using 

the cell counter (Beckman Coulter). 

3.3.7 FACS 

For the flow cytometry, the cells were centrifuged (300 x g, 5 min.), washed once with PBS, 

resuspended in PBS and transferred to a 96-well plate.   

3.3.8 Cell cycle analysis (Nicoletti assay) 

For the cell cycle analysis, cells (1*10^5 cells) were washed once with PBS and resuspended 

in Nicoletti assay buffer (0.1 % sodium citrate, 0.1 % Triton X-100, 50 µg/mL PI). After incu-

bating the cells for 10 min. at RT, they were measured with the CytoFLEX. 

3.3.9 Caspase 3/7 Glo assay 

To measure the Caspase 3/7 activity, the luminescent Caspase-Glo® assay system (Promega, 

#G8090) was used. Cells (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 and Caspase-Glo® buffer was previously mixed according to manufacturer's instruc-

tions). The plate was incubated for 30 min at RT and luminescence was measured with the 

Tecan Spark. 

3.3.10 RNA sequencing 

RNA was isolated utilizing the Maxwell® RSC simplyRNA Cells Kit (Promega, #AS1390). 

Library preparation followed supplier’s guidelines using the VAHTs Stranded mRNA-Seq Li-

brary Prep Kit (Illumina Inc. San Diego, USA). Briefly, total RNA (500 ng) was used to capture 

mRNA, fragmentation, cDNA synthesis, ligation of the adapters and library amplification. Pu-

rified libraries were normalized and sequenced on the NextSeq550 (Illumina) with 1x76 bp 

read setup. Followed by using bcl2fastq2 tool to convert the bcl files to fastq files. The raw 

sequencing data were uploaded to galaxy, and 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. To quantify the gene expression featureCounts was 

used, followed by edgeR to normalize the data to the sequencing depth. Differentially expressed 
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genes were determined by an absolute log2 fold change of >1 / < -1 and a FDR < 0.05. Differ-

entially expressed genes with a low log2CPM (normalized log2CPM < -1) were treated prefer-

entially. 

3.3.11 Mass Spectrometry (MS) based proteome analysis:  

1.1) Sample preparation proteomes: K562 cells (EV, HSP90α-KO, and HSP90β-KO); five bi-

ological replicates) were washed three times with PBS and shock frozen in liquid nitrogen. 

Briefly, cells were lysed and homogenized in urea buffer using a TissueLyser (Qiagen) and 

after centrifugation (15 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). 10 µl were reduced (20 mM dithiothreitol, 20 min, 56°C), 

alkylated (80 mM iodoacetamide, 15 min, r.t., protected from light) and finally underwent tryp-

tic digestion (200 ng trypsin in 50 mM triethylammonium bicarbonate). Last, a slightly modi-

fied sp3 protocol was applied using 50 µg 1:1 mix Sera-Mag SpeedBeads. Peptides were re-

constituted in 0.1% trifluoracetic acid and subjected to LC-MS analysis.  

1.2) Sample preparation secretomes: K562 cells (EV, HSP90α-KO, and HSP90β-KO); five bi-

ological replicates, 0.8*10^6 cells/mL) were washed three times with PBS and three times with 

FCS-free medium and were seeded into 100 mm dishes in FCS-free medium. After 24 h, the 

conditioned medium was collected by centrifugation (800 x g, 5 min) and the supernatant was 

filtered (PALL Acrodisc 32 mm Syringe Filter with 0.2 µm Supor Membrane) and shock frozen 

in liquid nitrogen.  

An aliquot (400 µl) per cell type and replicate was thawed on ice in the presence of a protease 

inhibitor cocktail (added 50 µl of a solution of 1 cOmplete ULTRA tablet, mini, EDTA-free in 

2 mL water; Roche, #05892791001), supplemented with SDS buffer (added 50 µl of 30% glyc-

erin, 12% SDS, 150 mM Tris base), reduced (added 40.5 µL of 100 mM dithiothreitol; 20 min 

at 56 °C under shaking), alkylated (added 54 µL of 300 mM iodacetamide; 15 min at r.t. pro-

tected from light), and quenched (added 40.5 µL of 100 mM dithiothreitol; 20 min at r.t.). 

Applying a slightly modified sp3 protocol, proteins were precipitated (added 10 µL of 20 

mg/mL 1:1 bead-mix of pre-washed Sera-Mag SpeedBeads GE #45152105050250 and 

#65152105050250 in water; added 645 µL ethanol abs. p.a.; 15 min at 24 °C under shaking), 

washed (3x 80% ethanol, 1x acetonitrile) and digested (100 ng trypsin in 20 µL 50 mM tri-

ethylammonium bicarbonate). Peptides were reconstituted in 0.1% trifluoracetic acid and sub-

jected to LC-MS analysis. 
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2) 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 (75 µm inner diameter, 25 cm length, 2 mm particle size 

from Thermo Fisher Scientific) was applied using a 120 min LC gradient. The capillary tem-

perature was set to 250°C and the source voltage to 1.4 kV. MS survey scans ranged from 350 

to 2000 m/z at a resolution of 140,000. The automatic gain control was set to 3,000,000, and 

the maximum fill time was 80 ms. The ten most intensive peptide ions per survey scan were 

isolated and fragmented by high-energy collision dissociation. 

3) 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, 75777 entries for proteomes or on 

01/18/2022, 79038 entries for secretomes). Methionine oxidation, N-terminal acetylation, and 

a carbamidomethylation at cysteine residues were considered variable and fixed modifications, 

respectively. A false discovery rate of 1% on protein and peptide levels was set as the identifi-

cation threshold. A total of 4676 identified protein groups were identified for proteomes and 

2051 for secretomes after removing potential contaminants, reverse hits, proteins only identi-

fied by modified peptides, and proteins without the valid intensity or MS/MS count values. 

Statistical analysis was performed based on experiment-pairwise median log2(fold change) 

normalized and log2 transformed MaxQuant protein group intensities and LFQ intensities us-

ing the “R” (v4.0.4 for proteomes and v4.2.1 for secretomes) programming language. Principal 

component analysis (PCA) was performed using the prcomp() function with centering and 

without scaling on protein groups with a complete set of valid values over all samples. Testing 

for significant protein up- or downregulation in differential analyses (HSP90α-KO vs. EV or 

HSP90β-KO vs. EV) was performed using the ‘Significance Analysis of Microarrays’ (SAM) 

analysis method within the siggenes package. For this approach, a minimum of four valid val-

ues had to be present in at least one group (EV or KO) and missing values were filled in with 

random values from sample wise downshifted normal distributions of the log2 transformed data 

(0.3 s.d. width, 1.8 s.d. downshift). Replicate three of the EV samples of the secretomes was 

excluded from statistical analysis because it differed substantially from the other four repli-

cates. 

3.3.12 Sanger sequencing 

DNA was isolated from the pellet using the Maxwell® RSC Blood DNA Kit (Promega, 

#AS1400) and quantified via Nanodrop (Thermo Fisher Scientific).  
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For the sequencing, the cells were harvested by centrifugation (400 x g, 5 min.), washed thrice 

with PBS, and snap-frozen in liquid nitrogen. Afterwards, a PCR was performed using previ-

ously optimized primer and conditions. The products from the PCR were loaded on an agarose 

gel electrophorese to validate the specificity and correct size of the product. The band was cut 

out of the gel and purified using the QIAquick PCR Purification Kit (#28106) as per manufac-

turer’s instructions, and samples were sent to BFMZ. Data analysis was done with ApE or 

Sequencher®. 

Table 13: Used primers for sequencing. 

Name sequence (5’- 3’) 

For seq U6 GAGGGCCTATTTCCCATGATTCC 

Rev seq U6 GGAATCATGGGAAATAGGCCCTC 

Hi-90AA1-F AACTGCGCTCCTGTCTTCTG 

Hi-90AA1-R TCTTACAGTGCACGTTACCCC 

Hi-90AB1-F CTTCGGGACAACTCCACCAT 

Hi-90AB1-R TTGACACCCTTAGTTTACTG 

3.3.13 qPCR 

For the qPCR, the cells were harvested by centrifugation (400 x g, 5 min.), washed three times 

with PBS, and snap-frozen in liquid nitrogen. RNA was isolated using the Maxwell® RSC viral 

total nucleic acid purification kit (Promega) with the Maxwell RSC 48, following manufactur-

er's instructions. 2 μg of total RNA was used for cDNA synthesis (QuantiTect Reverse Tran-

scription kit, Qiagen) and quantitative real-time PCR was carried out using BioRad cycler (Bi-

oRad). The mean Ct values of the housekeeping genes B2M, GAPDH and β-Actin were used 

to normalize the mRNA expression levels of the target genes. 

Table 14: Used housekeeping primers for qPCR. 

Name sequence (5’- 3’) 

For B2M GTATGCCTGCCGTGTGAAC 

Rev B2M AAAGCAAGCAAGCAGAATTTGG 

For β-Actin GCACTCTTCCAGCCTTCC 

Rev β-Actin CTCGAAGCATTTGCGGTG 

For GAPDH GTCTCCTCTGACTTCAACAGCG 

Rev GAPDH ACCACCCTGTTGCTGTAGCCAA 

For TBP TGTATCCACAGTGAATCTTGGTTG 

Rev TBP GGTTCGTGGCTCTCTTATCCTC 
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3.4 Cell culture methods 

The cell biological work was carried out under a sterile bench. The cells were cultivated at 37 

°C, 5 % CO2, and a humidity of 95 %. All media and reagents used were autoclaved or pur-

chased sterilized.  

3.4.1 Thawing cells 

Cells were thawed by taking the cryo tubes from liquid nitrogen and incubating them in a water 

bath at 37 °C for 2 minutes. The cells were immediately transferred to a 50 mL falcon tube and 

diluted with pre-warmed PBS (30 mL) to reduce the concentration of DMSO. Afterwards, the 

cells were centrifuged (300 x g, 5 min.), the supernatant was removed, and the cells were re-

suspended in pre-warmed media and plated into a 6-well plate. On the next day, cells were 

again washed one time with PBS (30 mL) and resuspended in fresh media.  

3.4.2 Cryo-conservation of cells 

For the Cryo-conservation, 5 Mio cells were harvested and washed once with PBS. Afterwards, 

the cell pellet was resuspended in cryo media (FCS, 10 % DMSO), immediately transferred 

into a Mr. Frosty™ freezing container, and stored in a -80°C freezer. After 12 h, cryo tubes 

were removed from the container and transferred into liquid nitrogen. 

3.4.3 Culturing leukemic cells 

The leukemic suspension cell lines were cultured in RMPI 1640 + GlutaMAX supplemented 

with Penicilin-Streptomycin (1 %) and FCS (10-20 %). To prevent overgrowing and to main-

tain the nutrient level, cells were splitted twice a week up to 1:20 with preheated media.   

3.4.4 Culturing HEK293T cells 

The adherent HEK293T cells were cultured in DMEM + GlutaMAX supplemented with 1 % 

(v/v) Penicilin-Streptomycin and 10 % (v/v) FCS in a 10 cm dish or a horizontal T75 flask. 

Cells were splitted twice a week up to 1:20 with preheated media. For this, the old medium was 

removed, and TrypLE™ Express solution was added to the cells so that the bottom was barely 

covered. After the incubation time of 5 min., new media was added, and the cells were resus-

pended and isolated by pipetting the liquid up and down several times. Most of the old media 

was removed, and the remaining cells were filled with new media. 
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3.4.5 Lentiviral transduction of cells 

3.4.5.1 Xfect transfection 

3.4.5.1.1 Transfection of HEK293T cells for lentivirus preparation 

HEK293T cells were plated in 10 cm dishes and grown until they reached around 80 % con-

fluence. The plasmid DNA (7 µg), containing the target plasmid and the three helper plasmids 

(6 µg; 2.4 µg; 1.4 µg), were diluted with Xfect reaction buffer (Takara) to a final volume of 

600 µL and mixed by vortexing. Afterwards, Xfect polymer (Takara) was added to the diluted 

plasmid DNA (1 µg DNA: 0.3 µL polymer) and incubated for 10 min. The entire nanoparticle 

complex solution was added dropwise to the cell culture medium, and the plates were incubated 

at 37 °C overnight. The nanoparticle complex was removed from the cells, and new growth 

medium was added. The plates were returned to 37 °C and grown for 60 h to generate the virus.  

3.4.5.1.2 Lentiviral transduction 

After 60 h, the supernatant was collected and centrifuged (1000 x g, 10 min, 4 °C) to remove 

cell debris. The supernatant was filtered through a 0.45 µm filter and added (1 mL viral super-

natant: 1 mL cell suspension with 0.4*10^6 cells) to the cells, pre-seeded in a 12 well plate. 

The cells were incubated for 72 h at 37°C and afterwards washed with PBS. After the cells 

were recovered from the viral stress, antibiotic selection was started. Cells without antibiotic 

selection markers were grown and later selected for a fluorescent marker like GFP/mCherry. 

3.4.5.2 LentiX™ Single Shots 

Lenti-X HEK293T cells were plated in 10 cm dishes in 8 mL and grown until they reached 

around 80 % confluence. The lentiviral vector plasmid (7 µg) containing the target sequence 

was diluted in sterile water to a final volume of 600 µL. The mixture was added to a tube of 

Lenti-X Packaging Single shots (Takara), vortexed, and incubated for 10 min at RT. After short 

centrifugation of the tube, the entire 600 µL of nanoparticle complex solution was added drop-

wise to the cell culture medium and the plates were incubated at 37 °C overnight. The nano-

particle complex was diluted by adding 6 mL of fresh growth medium, and the plates were 

returned to 37 °C and grown for 48 h to generate the virus.  

After incubating the cells for 72 h with the viral solution, cells were centrifuged and washed to 

remove any residual viral particles. After 72 h, the lentiviral supernatant was harvested, filtered 

through a 0.45 µm filter to remove cellular debris, and added to the cells (0.4*10^6 cells) in a 

12-well plate (one volume cells: one volume virus-containing supernatant). Cells were grown 

and later selected for a fluorescent marker like GFP/mCherry. 
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Table 15: Used plasmids for lentiviral transduction. 

Function Vector Selection Cat. No.  

Lentiviral packaging pMDLg/pRRE (125) - #12251 

Lentiviral packaging pRSV-Rev (126) - #12253 

Lentiviral packaging pMD2.G (127) - #12259 

CAS9 OE LentiV_Cas9_puro Puromycin #108100 

HSP90α KO LRG2.1 GFP #108098 

HSP90β KO LRCherry2.1 mCherry #108099 

Luciferase OE pS-Luc-GFP-W 160 GFP - 

Table 16: Used sgRNA for HSP90AA1/HSP90AB1 gene KO. Blue-marked bases indicate overlaps between the 

forward and reverse sequences. The black bases are overlaps for the cloning. 

Gene sgRNA 

For HSP90AA1 CACCGGACCCAAGACCAACCGATGG 

Rev HSP90AA1 AAACCCATCGGTTGGTCTTGGGTC 

For HSP90AB1 CACCGCATTAGAGATCAACTCCCGA 

Rev HSP90AB1 AAACTCGGGAGTTGATCTCTAATG 

 

3.4.6 siRNA KD 

To generate genetic knockdown, cells (0.25*10^6 cells/mL) were seeded in a 12-well plate in 

FCS-free Accell siRNA delivery media (Horizon, Dharmacon™ Reagents, Catalog ID: B-

005000-500) without adding any supplements. siRNA targeting HSP90α/β or Non-targeting 

Control pool (Horizon, Dharmacon™ Reagents, Catalog ID: D-001910-10-20) was diluted in 

RNAse-free water (100 µM) and incubated at 37 °C for 1h in the shaker. Afterwards, siRNA 

was added to the cells (1 µM) and incubated for 48h. Cells were collected, centrifuged, and 

resuspended in RPMI GlutaMAX supplemented with 10% FSC and 1% P/S to let them recover 

for 48h. After 96h, cell pellets were taken, and the rest of the cells were again transferred to 

Accell siRNA delivery media containing respective siRNA. Again, cells were incubated for 

48h and afterwards transferred to RPMI GlutaMAX supplemented with 10% FSC and 1% P/S 

to let them recover for 48h. After 192h in total, again cell pellets were taken for further analysis. 
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Table 17: Used siRNA SMARTpool for targeting HSP90α/β ordered from Dharmacon.  

Accell Human HSP90AB1 A-005187-14 CGAUUAGGUUAGGAGUUCA 

 A-005187-15 GCUUCGAGGUGGUAUAUAU 

 A-005187-16 GCAGUAAACUAAGGGUGUC 

 A-005187-17 CCAUCACCCUUUAUUUGGA 

Accell Human HSP90AA1 A-005186-14 GCUGUAUCUUGAUGUUUAG 

 A-005186-15 CUGUGAUCACCAAACAUAA 

 A-005186-16 GUGUCAAACCGAUUGGUGA 

 A-005186-17 CUUGGAGGAACGAAGAAUA 

 

3.4.7 RNP Nucleofection for gene knockout (KO) 

Transfection was performed using the Amaxa Nucleofection system (SF Cell Line Kit, cat. no. 

V4XC-2032). For 2 X 105 cells, 100 pmol of CAS9-GFP protein (Alt-R S.p. CAS9-GFP V3, 

#10008100; IDT) was mixed with 120 pmol of gRNA (crRNA:tracrRNA 1:1), which was pre-

viously annealed by heating to 95°C, and assembled for 20 min at RT. After the incubation, the 

cells (resuspended in Nucleofector solution SF) and the Alt-R CAS9 Electroporation Enhancer                                                                                                                                                                                                                                                    

(#1075916) were added to the mixture. The complete volume was gently transferred to the 

Nucleocuvette module, placed in the 4D-Nucleofector system, and electroporated with the op-

timized program. Pre-warmed culture media was quickly added to the cells and transferred to 

a 96-well plate.  

Table 18: Used crRNA for HSP90AA1/HSP90AB1 gene KO. Blue marked bases indicate overlaps between the 

crRNA and the tracrRNA. 

Gene crRNA (5’- 3’) On-target 

score 

Off-target 

score 

For HSP90AA1 GACCCAAGACCAACCGAUGG 

GUUUUAGAGCUAUGCU 

66 65 

Rev HSP90AB1 CAUUAGAGAUCAACUCCCAG 

GUUUUAGAGCUAUGCU 

63 79 

Alt-R® CRISPR-

CAS9 tracrRNA 

Universal 67mer 

 

  

 

3.4.8 RNP Nucleofection for HiBiT-tag knock-In (KI) 

Transfection was carried out using the Amaxa Nucleofection system (SF Cell Line Kit, cat. no. 

V4XC-2032). For 2 X 105 cells, 100 pmol of CAS9 protein (Alt-R S.p. HiFi CAS9 nuclease 

V3, cat. no. 1081060; IDT) was mixed with 120 pmol of gRNA (crRNA:tracrRNA 1:1), which 

was previously annealed by heating to 95°C, and assembled for 20 min at RT.  
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Afterwards, the ssODN (100 pmol) 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 optimized program. Pre-warmed culture me-

dia was quickly added to the cells and transferred to a 96-well plate.  

Table 19: Optimized programs for the RNP Nucleofection. 

Cell line program 

K562 CA-137 

KCL-22 CA-137 

SUP-B15 CV-104 

Table 20: Used crRNA for HSP90AA1/HSP90AB1-HiBiT gene KI. Blue-marked bases indicate overlaps be-

tween the crRNA and the tracrRNA. 

Gene crRNA (5’- 3’) 

HSP90AA1 AGUAGACUAAUCUCUGGCUGGUUUUAGAGCUAUGCU 

HSP90AB1 UCGCAUGGAAGAAGUCGAUUGUUUUAGAGCUAUGCU 

Alt-R® CRISPR-CAS9 

tracrRNA 

Universal 67mer 

 

Table 21: Used donor templates for HSP90AA1/HSP90AB1-HiBiT gene KI. 

Template crRNA (5’- 3’) 

Ultramer DNA Oligo 

HSP90AA1 

T*G* CCA CCC CTT GAA GGA GAT GAC GAC ACA TCA CGC 

ATG GAA GAA GTA GAC GTG AGC GGC TGG CGG CTG TTC 

AAG AAG ATT AGC TAA TCT CTG GCT GAG GGA TGA CTT 

ACC TGT TCA GTA CTC TAC AAT TCC*T*C 

Ultramer DNA Oligo 

HSP90AB1 

T*C* CCC CCT CTC GAG GGC GAT GAG GAT GCG TCT CGC 

ATG GAA GAA GTC GAT GTG AGC GGC TGG CGG CTG TTC 

AAG AAG ATT AGC TAA GTT AGA AGT TCA TAG TTG AAA 

AAC TTG TGC CCT TGT ATA GTG TCC*C*C 

3.4.9 Semi-solid cloning 

After the genetic modification (KO or KI), monoclonal cells were isolated. This was done via 

semi-solid cloning. The cells were seeded (100 cells/mL) in methylcellulose medium for hu-

man cells (MethoCult™ H4100 STEMCELL, #04100) supplemented with FCS (Sigma-Al-

drich) and penicillin/streptomycin (Invitrogen). After 10 days, the colonies were picked and 

transferred to a 96-well plate.  
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3.4.10 Colony forming unit assay (CFU) 

To determine the colony formation capability, the cells were seeded (50 cells/mL) in methyl-

cellulose medium for human cells (MethoCult™ H4100 STEMCELL, #04100) supplemented 

with FCS (Sigma-Aldrich) and penicillin/streptomycin (Invitrogen). Colonies were counted af-

ter 8 days (n=3) 

3.4.11 Detection of HiBiT signal 

To confirm the edited gene expression level, the Nano-Glo® HiBiT Lytic Detection System 

(#N3030; Promega) was used. 1 X 104 cells were taken 48 hours post-electroporation 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 for 10 min at 

RT, and luminescence was measured using a Tecan Spark microplate reader. The background 

luminescence was measured using unedited cells and was subtracted from all readings.  

3.4.12 Murine xenograft transplantation 

Luciferase-GFP-positive K562 EV and HSP90α- or HSP90β-KO K562 (2.5 x 106 cells) cells 

were transplanted via intravenous (i.v.) tail injection in NSG mice. At indicated time points, 

tumor engraftment and disease progression of human leukemia cell line models was monitored 

via bioluminescence imaging using IVIS Spectrum in vivo imaging system (PerkinElmer). The 

bioluminescence was initiated by intraperitoneal (i.p.) injection of 10 μl/kg D-Luciferin potas-

sium salt in a concentration of 15 mg/ml solved in PBS. Animal experiments were conducted 

following the German Animal Welfare Act (LANUV) under the authorization of the animal 

research institute (ZETT) at Heinrich Heine University Düsseldorf.  

3.4.13 Immunofluorescence imaging 

The Lab-Tek II chamber slide w/Cover RS Glass slides (Thermo Fisher Scientific, #154534) 

was chosen for this experiment and was coated with a 50 µg/ml solution of Poly-D-Lysine 

(PDL; Thermo Fisher Scientific, #A3890401) and incubated for 24 h at 4°C. The wells were 

washed three times with PBS before adding cells. The micro slides with the cells were placed 

in the incubator for 60 min. After incubation, cell culture media was removed, and 200 - 300 µl 

of PBS was added to each well. For fixation, PBS was removed, and 4% formaldehyde was 

added to each well for 10 min at room temperature (RT). Next, 1x TBS was added to each well 

as a quencher for 5 min. For permeabilization, 200 - 300 µl of a 0.1 % Triton X-100 solution 

was added for 15 min. For blocking, 200 - 300 µl solution consisting of 10% BSA in 1x TBS 

was added for 1 hr at RT in a humidity cassette. Both primary and secondary antibodies were 

diluted in blocking solutions. Respective antibodies were added and incubated overnight at 4°C 

in a humidity cassette.  
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All wells were washed three times with 1x TBS for 15 min. 100 - 200 µl of secondary antibody 

(AlexaFluor, Thermo Fischer) was added for 1-1.5 h at RT, protected from light. A 300 nM 

solution of DAPI (hydrochloride) (StemCell Technologies, #75004) was added for 5 min, fol-

lowed by a single 1x TBS wash. After removing the buffer from all wells, the chamber slide 

cover was removed, and 1-2 drops of ProLong Gold Antifade reagent (Invitrogen, #P36934) 

were added to each well. Finally, a rectangular coverslip was carefully placed on top. All sam-

ples were left to mount at 4°C overnight.  

Immunofluorescence: Confocal laser scanning microscope, Fluoview3000, Olympus. UP-

LSAPO 60X2 Oil. Room Temperature. DAPI, AlexaFluor 488, 594, HSD GaAsP Detector. 

Software: FV31S-SW (Version 2.6.1.243). 

Quantification of IF images was done with Fiji. Images were loaded, composite images were 

splitted into separate channels and Z-projection from all slices were set to maximum intensity. 

Afterwards, images were set to grayscale by changing current LUT to grays. Squares were set 

around the cells and mean gray values were measured. The background was subtracted from 

all values. 

3.4.14 Plate printing 

The plate design was done by using D300e control software. For the printing, white 384 well 

plates (Corning) were filled with indicated inhibitor concentrations and respective DMSO con-

trols in a logarithmic distribution using a digital dispenser (TECAN D300e). For the high 

throughput screening, a library containing 93 compounds was created. The DMSO dissolved 

compound library was purchased from Selleckchem. 

3.4.15 Drug screening 

Cells were seeded (0.4*10^5 cells/mL) in the prepared plates utilizing Multidrop Combi Rea-

gent Dispenser (Thermo-Fisher-Scientific) and incubated for 72h. CellTiter-Glo® Luminescent 

Cell Viability Assay (Promega) was performed per manufacturer’s instructions to monitor 

ATP-based cell viability using microplate reader Spark 10M (Tecan). The calculation of IC50 

was determined by non-linear regression log(inhibitor) vs. norm. response (variable slope) us-

ing GraphPad Prism. 

3.4.16 Synergy drug screening 

As described above, the compounds were printed on white 384-well plates with increasing 

concentrations in a dose-response 8 by 8 matrices using a digital dispenser D300e. Cells were 

seeded (0.4*10^5 cells/mL for cell lines, 0.4*10^6 cells/mL for patient cells) in the prepared 

plates utilizing Multidrop (Thermo-Fisher-Scientific) and incubated for 72h.  
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Cell viability was monitored using CTG luminescent assay measured by microplate reader 

Spark 10M (Tecan). The ZIP synergy scores were determined using the online tool Syn-

regyfinder.org. 

3.4.17 Isolation of PBMCs 

Whole blood was taken from three different healthy donors and subsequently processed by 

diluting with equal amount of PBS. The Ficoll® Paque Plus density gradient medium (Cytiva; 

#17-1440-03) was added to a fresh tube and the diluted blood was gently layered on top of the 

density gradient medium. The tube was centrifuged (800 x g; 30 minutes) and the cells were 

carefully harvest by inserting the pipette directly through the upper plasma layer to the mono-

nuclear cells at the interface. The cells were washed twice with PBS and the pellet was resus-

pended two times in red blood cell lysis buffer for erythrolyse. The cells were counted, plated 

and subsequently used for downstream applications.  
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4. Results 

4.1 Decrypting the role of HSP90α and β isoforms in BCR-ABL1+ leukemia 

4.1.1 Generation of HSP90α and HSP90β-KO cell lines 

To elucidate the role of HSP90α and HSP90β, HSP90α/β-KO cell lines were generated using 

CRISPR/CAS9 technology. As a model system for the initial experiments, the well-character-

ized BCR-ABL1+ K562 cell line established from CML cells was chosen. This cell line is 

highly relevant, as it displays high levels of HSP90 and strong dependency. In the first step, 

viral transduction was carried out using lentiviral particles, previously generated by HEK293T 

cells and respective packaging plasmids to generate stable CAS9-expressing K562 cells. Posi-

tive cells were enriched via puromycin selection und were subsequently monoclonal isolated. 

In a second step, monoclonal K562 CAS9-OE cells were again transduced using lentiviral par-

ticles containing the respective gRNAs coupled with a fluorescence selection marker targeting 

HSP90AA1 and HSP90AB1 or non-targeting empty vector control (EV) (Figure 9A). 

Positive cells were enriched via cell sorting for either GFP in HSP90α-KO cells or mCherry in 

HSP90β-KO cells until the population reached almost 100 %, indicated by FACS analysis (Fig-

ure 9B). The genetically modified cell pool was afterwards monoclonal selected, and isolated 

clones were analysed for their HSP90 expression level via western blot. Positive clones should 

no longer have visible protein bands due to the presence of CAS9 and the gRNA, which form 

an RNP complex that causes a cut in the gene of interest. It was found that not all clones were 

positive, despite previous selection processes. Two clones were selected, each with an HSP90α-

KO (Clone or C5 and C6) and an HSP90β-KO (C13 and C15). The cut was validated by Sanger 

sequencing and showed a one bp deletion for clones five and six in the HSP90AA1 gene locus, 

a 13 bp deletion for clone 13, and a one bp deletion for clone 15 in the HSP90AB1 gene locus. 

Western blot results showed a distinct KO and no residual protein expression. Expression of 

the respective other isoform showed no change of HSP90β levels in the HSP90α-KO cells, 

whereas overexpression of HSP90α was observed in the HSP90β-KO cells (Figure 9C). 

qPCR analysis showed lower mRNA levels of HSP90AA1 in HSP90α-KO clones and lower 

mRNA levels of HSP90AB1 in HSP90β-KO clones. In line with western blot results, 2-fold 

higher mRNA levels of HSP90AA1 in HSP90β-KO clones was observed (Figure 9D). 
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Figure 9: Generation of HSP90α and HSP90β KO in K562 cells via viral transduction.  

K562 CAS9 OE cells were transduced with viral supernatant containing respective gRNAs targeting HSP90α and 

HSP90β. Afterwards, cells were sorted and monoclonal selected. (A) Schematic representation of viral transduc-

tion. Figure: Created with BioRender.com. (B) FACS data showed either GFP- or mCherry-positive K562 cells. 

(C) WB results showed a KO of HSP90α and HSP90β on the protein level in K562 cells. (D) qPCR data showed 

lower mRNA levels of HSP90AA1 in K562 HSP90α-KO clones. Lower mRNA levels of HSP90AB1, as well as 

higher mRNA levels of HSP90AA1 were observed in K562 HSP90β-KO clones. Results are shown as means ± 

error (N = 4). 

The findings from the K562-KO models were corroborated in other cell lines to eliminate pat-

terns unique to specific cell lines. As different model systems, the BCR-ABL1+ KCL-22 cell 

line established from CML cells and the BCR-ABL1+ SUP-B15 cell line established from BCP-

ALL were chosen. Although lentiviral transduction offers some advantages for hard-to-trans-

fect cells and increases efficiency by generating stable target expression, there is a possible risk 

of insertional mutagenesis, which can lead to off-target effects. Consequently, the transient 

method via ribonucleoprotein (RNP) nucleofection was used to generate further KO cell lines. 

This method offered faster modification and provided a selection by using GFP-tagged recom-

binant CAS9 (Figure 10A). Furthermore, the fact that CAS9 is not stably expressed helps to 

further reduce off-target effects. Positive cells were enriched via cell sorting for GFP until the 

population reached almost 100 % indicated by FACS analysis. Afterwards, the genetically 

modified cell pool was monoclonal selected via CFU assay, and growing clones were isolated. 

In the case of SUP-B15 cells, a monoclonal selection was not possible, as the resulting colonies 

were too small and stopped growing. However, the HSP90α expression level in the pool pop-

ulation was already low (Figure 10B). The generation of HSP90β-KO cells in SUP-B15 cells 

failed due to cell death after sorting, which indicated that this cell line is highly dependent on 

HSP90β expression. For KCL-22, the selection process was successful and isolated clones were 

analysed for their HSP90 level via western blot.  
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Three clones, each with an HSP90α-KO (C10, C14 and C15) and an HSP90β-KO (C10, C11 

and C12), were selected. All clones showed a KO and no residual protein expression. The cut 

was validated by Sanger sequencing and showed a 14 bp deletion for clone 10, a one bp deletion 

for clone 14, a two bp deletion for clone 15 in the HSP90AA1 gene locus and a three bp deletion 

for clone 10, an 11 bp deletion for clone 11, and an 11 bp deletion for clone 12 in the HSP90AB1 

gene locus. Expression of the respective other isoform showed no change of HSP90β levels in 

the HSP90α-KO cells, whereas overexpression of HSP90α was observed in the HSP90β-KO 

cells (Figure 10C). 

qPCR analysis showed lower mRNA levels of HSP90AA1 in HSP90α-KO clones and lower 

mRNA levels of HSP90AB1 in HSP90β-KO clones. In line with western blot results, approxi-

mately 3-fold higher mRNA levels of HSP90AA1 in HSP90β-KO clones was observed (Figure 

10D). 

 

Figure 10: Generation of HSP90α and HSP90β KO in KCL-22 and SUP-B15 cells via RNP nucleofection.  

KCL-22 and SUP-B15 cells were nucleofected with an RNP complex containing CAS9-GFP and the respective 

gRNAs targeting HSP90α, HSP90β, and a non-targeting control. Afterwards, cells were sorted and monoclonal 

selected. (A) Schematic representation of RNP nucleofection. Figure: Created with BioRender.com. (B) WB re-

sults showed a reduced protein level of HSP90α in SUP-B15 HSP90α-KO pool cells. (C) WB results showed a 

clear KO of HSP90α and HSP90β on the protein level in KCL-22 cells. (D) qPCR data showed lower mRNA 

levels of HSP90AA1 in KCL-22 HSP90α-KO clones, lower mRNA levels of HSP90AB1, as well as higher mRNA 

levels of HSP90AA1 in KCL-22 HSP90β-KO clones. Results are shown as means ± error (N = 4). 

Comparing K562 and KCL-22 KO cell lines, a consistent upregulation of HSP90α in the 

HSP90β-KO clones was observed on protein and mRNA levels. To investigate whether this 

effect is based exclusively on the translational level or also on the genetic level caused by an 

amplification of the HSP90AA1 locus, single nucleotide polymorphism (SNP) microarray 

analysis was performed on HSP90β-KO (K562) cells. However, no gain in DNA level was 

found (data not shown). Taken together the observations indicates, that an HSP90β-KO induces 

the overexpression of stress-inducible HSP90α isoform. 
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4.1.2 Investigation of heat shock response and client protein expression in 

HSP90α/β-KO K562 and KCL-22 cell lines 

Given the consistent upregulation of HSP90α observed in HSP90β-KO cells, the overall HSP90 

levels, including both HSP90α and HSP90β isoforms, were analyzed in the isoform-specific 

KO cell lines. Quantification by simple western immunoassay (JESS) showed that the total 

HSP90 level remained constant in all KO clones (Figure 11A). Next, the influence of the ab-

sence of HSP90α/β isoforms on other (isoform dependent) chaperones or HSP90 paralogues 

was probed. In the HSP90α-KO clones, no changes in the expression profile of GRP94 and 

TRAP1 were observed. Furthermore, no changes in the expression of HSR-related proteins, 

including HSF1, HSP70, HSP40 and HSP27, were observed (Figure 11B). The HSP90β-KO 

did not impact the expression of the two paralogues GRP94 and TRAP1 (Figure 11C); instead, 

it led to an increase in the expression of HSF1, HSP70, and HSP40, indicating that the isoform-

specific HSP90β-KO induces a heat shock response (HSR). 

Next, to see if the isoform-specific KO influences the induction of HSR, the KO cells were 

treated with the N-terminal HSP90 inhibitor AUY922, which is known to induce HSR. A strong 

increase in HSF1, HSP70, HSP40 and HSP27 could be observed in the EV control cells. Also, 

in the HSP90α-KO clones, the initiation of HSR was clearly shown, mainly due to the overex-

pression of HSF1, HSP70 and HSP40. HSR was also initiated in the HSP90β-KO clones, but 

the effect was less pronounced since the basal level was already increased. Quantification of 

the HSP70 level showed a 4-fold increase in the EV control cells and the HSP90α-KO clones, 

whereas HSP90β-KO clones indicated a 3-fold increase and a 3.5-fold increase from a two 

times higher basal level (Figure 11E). 

For the KCL-22-KO clones, only changing targets were analysed. Specifically, for the HSP90β-

KO clones, the HSR-related proteins HSF1, HSP70, HSP40, and HSP27 were examined, but 

no changes were observed (Figure 11F). 
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Figure 11: Investigation of HSR. 

(A) JESS quantification showed no changes in the total HSP90 levels, indicating a strong balancing effect. (B) 

WB results showed no changes for HSR-related proteins in the HSP90α-KO K562 clones. (C) For the HSP90β-

KO K562 clones, upregulation of HSF1, HSP70 and HSP40 could be seen. (D) WB analysis of HSP90α/β-KO 

cells after treatment with HSP90 NTD targeting inhibitor AUY922 (100 nM, 24h), known to induce HSR. (E) 

Quantification of the HSP70 levels after treatment with AUY922 (100 nM, 24h) revealed a higher basal level of 

HSP70 and a comparatively lower induction of HSP70 upregulation in the HSP90β-KO clones. (F) WB results 

showed no changes of HSR-related proteins in KCL-22 KO clones. Proteins with changes in the expression level 

are marked in red. 

Other interesting proteins are co-chaperones required for HSP90 activity or client proteins. 

Previous studies reported that some clients of HSP90 are isoform dependent and have a specific 

binding preference.50 In the HSP90-KO cell lines, no changes in the expression profile of 

CDK4, CDK6 and SURVIVIN could be observed. Also, no changes for the co-chaperones 

AHA1 and CDC37 could be observed. Of note, both HSP90α and HSP90β-KO K562 cells 

demonstrated higher levels of the co-chaperone FK06-binding protein 5 (FKBP5) (Figure 

12A/B). Again, only changing targets were analysis in the KCL-22-KO clones, but no change 

in the FKBP5 expression level was observed (Figure 12C). 
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Figure 12: Investigation of client and co-chaperone protein expression.  

(A) WB results showed upregulation of FKBP5 in both K562 KO models. No changes in HSP90-dependent cli-

ents, CDK4, CDK6, and SURVIVIN, could be detected. (C) WB results showed no changes in FKBP5 expression 

in KCL-22 KO clones. Proteins with changes in the expression level are marked in red. HSP90β-dependent clients 

are marked in blue and HSP90α-dependent clients are marked in green. 

In summary, western blot analysis of HSP90α and HSP90β-KO cell lines revealed no changes 

in HSP90 isoform-dependent client proteins, like CDK4/6 and SURVIVIN. However, an in-

duction of HSR in K562 HSP90β-KO clones was detected.  

4.1.3 Generation of HSP90α/β-KD K562 cell lines 

A transient small interfering RNA (siRNA) mediated knockdown (KD) in K562 cells was uti-

lized to study the kinetic implications of the loss of HSP90α/β isoforms in the cells. For this 

purpose, the cells were cultivated in Accell siRNA delivery media, and the respective siRNA 

SMARTpool, containing four siRNAs, was used. Gene silencing using this method does not 

require transfection reagents or viruses and offers a fast modification. Pre-experiments with 

K562 cells revealed that the cultivation in Accell siRNA delivery media hinders the cells from 

growing, and an increase in cell density decreases cell viability. For this reason, the media was 

changed after 48 h to RPMI, supplemented with 10 % FCS, to let the cells recover. Cells were 

isolated and analysed after 96 h and after 192 h to gain more insights into the gene KD kinetics 

(Figure 13A).  

At first, qPCR analysis was done to evaluate the performance of the gene KD. The data showed 

that mRNA levels of HSP90AA1 in HSP90α-KD cells are 60 % lower after 96 h and 92 % 

lower after 192 h. The mRNA levels of HSP90AB1 in HSP90β-KD cells are approximately 

80 % lower after 96 h and 192 h. For the HSP90α-KD, no changes in the HSP90AB1 mRNA 

levels was observed, whereas slightly higher mRNA levels of HSP90AA1 after 192 h in the 

HSP90β-KD could be seen (Figure 13B). 

Next, it was investigated if the knockdown also occurred on the protein level. JESS immuno-

assay showed a significant reduction of HSP90α and HSP90β after 96 h and after 192 h (Figure 

13C).  
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The quantification revealed a significant (p = 0.0003; p < 0.0001) reduction of HSP90α after 

96 h to 25 % and after 192 h to 5 % compared to the NT control. In the case of HSP90β, there 

was a non-significant reduction after 96 h to 75 % and a significant (p = 0.0007) reduction after 

192 h to 27 % compared to the NT control (Figure 13D).   

Previously, it was shown that an HSP90β-KO induced HSR in K562 cells by upregulating 

HSP90α, HSP70, and HSP40. Furthermore, it was shown that an HSP90β-KO consistently led 

to an upregulation of HSP90α in K562 and KCL-22 cells. Therefore, these proteins were also 

analysed for the HSP90β-KD.  

 

Figure 13: Generation of HSP90α and HSP90β KD in K562 cells via siRNA silencing.  

(A) Schematic representation of siRNA silencing timeline. Cells were harvested at two different time points (96 h 

and 192 h) Figure: Created with BioRender.com. (B) qPCR data showed lower mRNA levels of HSP90AA1 and 

HSP90AB1 after 96 h and 192 h. Also, mRNA levels of HSP90AA1 are slightly higher in HSP90β-KD cells after 

192 h. Results are shown as means ± error (N = 4). (C) Representative images showing the JESS evaluation of 

HSP90α/β-KD cells. The HSP90α/β protein level was strongly reduced after 96h and 192h. The expression levels 

of HSP90α and HSP70 were increased, while the expression of HSP40 remained equal after the HSP90β-KD. (D) 

JESS quantification showed a gradual decrease of the HSP90α (HSP90β) level in HSP90α-KD (HSP90β-KD) 

cells. (E) JESS quantification showed significantly increased levels of HSP90α after 96 h and 192 h and significant 

increased levels of HSP70 after 192 h in HSP90β-KD cells. The quantifications are from 3 independent experi-

ments (means ± SD). P values were determined by a two-tailed unpaired t-test. 
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There was a significant (p = 0.0386; p = 0.016) upregulation of HSP90α after 96 h to 263 % 

and after 192 h to 300 %. For HSP70, an initially non-significant upregulation to 162 % after 

96 h and a significant (p = 0.0205) upregulation to 150 % after 192 h was observed. For HSP40, 

there was no change in the expression level after 96 h, and only a slight non-significant increase 

to 117 % after 192 h (Figure 13C/E).  

In summary, siRNA-mediated KD of HSP90β resulted in an upregulation of HSP90α even after 

96 h and an upregulation of HSP70 after 192 h, indicating HSR induction. 

4.1.4 Investigation of BCR-ABL1 expression and related downstream signal-

ing in HSP90α/β-KO K562 cell lines 

HSP90 is extensively involved in the folding and stabilization of the translocated protein BCR-

ABL1.161 Therefore, a focused analysis of BCR-ABL1 and its downstream effector proteins 

were made. JESS analysis showed an increased level of P210BCR-ABL1 for the HSP90α-KO clone 

C6. The same trend was observed for the phosphorylated form of BCR-ABL1, as it showed a 

significantly increased level in clone C6 (p = 0.0013) in comparison the EV. The STAT5a 

showed no striking changes in the HSP90α-KO clone, whereas p-STAT5a was significantly 

upregulated (p = 0.0455). There was a strong increase in the AKT and the p-AKT level in the 

HSP90α-KO clone C6. The CRK Like proto-oncogene (CRKL) slightly increased in the 

HSP90α-KO clone, whereas the phosphorylated form p-CRKL was strongly upregulated (p = 

0.0149). 

For the HSP90β-KO clone C15, a double band of BCR-ABL1 was observed, which was very 

weak in the K562 WT/EV and HSP90α-KO clone. This additional band was found to be indic-

ative of an increase in p190BCR-ABL1. In contrast to BCR-ABL1, the HSP90β-KO clone showed 

a strong reduction of the p-BCR-ABL1-, STAT5a- and p-STAT5a level. CRKL and p-CRKL 

were not altered in comparison to EV. For AKT and p-AKT, however, there was a strong in-

crease in expression in the HSP90β-KO clone. 

In conclusion, enhanced BCR-ABL1-mediated pro-survival signalling was observed in the 

HSP90α-KO cell lines via p-BCR-ABL1, p-CRKL and p-STAT5a, and reduced BCR-ABL1-

mediated pro-survival signalling was observed in the HSP90β-KO cell lines, indicated by re-

duced expression levels of p-BCR-ABL1 and p-STAT5 (Figure 14A/B). 

Since HSP90 is also involved in the subcellular localization of BCR-ABL1, HSP90-KO cell 

lines were fixed and prepared for immunofluorescence imaging.162 The cells were stained with 

DAPI to visualize the nucleus and treated with a BCR-ABL1 antibody. Microscopic analysis 

showed a homogeneous distribution of BCR-ABL1 in the K562 EV cells. Increased BCR-

ABL1 signal was measured in the HSP90α-KO cells, indicated by the red arrows. Furthermore, 

the BCR-ABL1 signal was observed to be increased at the edge of the cells. The BCR-ABL1 

signal in the HSP90β-KO cells was comparable to the EV control cells (Figure 14C). 



 

 

 

 

54 

 

 

Figure 14: Investigation of BCR-ABL1 signalling in HSP90α/β-KO K562 cells. 

(A) Automated WB analysis of BCR-ABL1 and p-BCR-ABL1Y412 and their related downstream pro-survival ef-

fectors. (B) Quantification of three independent JESS runs of p-BCR-ABL, p-CRKL and p-STAT5a revealed 

significant increase of phosphorylated proteins in the HSP90α-KO clone. (C) Immunofluorescence imaging 

demonstrated a higher abundance of BCR-ABL1 foci (cytoplasmic/nucleocytoplasmic region) in HSP90α-KO 

cells than in HSP90β-KO or EV control cells. The BCR-ABL1 signal is highlighted by the red arrows. Immuno-

fluorescence imaging was done by the colleague Philip Gebing. Results are shown as means ± SD of 3 independent 

experiments. P values were determined by a two-tailed unpaired t-test. 

Taken together the observations indicates, that an HSP90α-KO promotes BCR-ABL1 signal-

ing. 

4.1.5 In vitro characterization of HSP90α/β-KO K562 and KCL-22 cells 

After a detailed validation of the HSP90-KO cell lines on the protein level and analysis of the 

most important co-chaperones and clients, the next step was to analyse the leukemic cell 

growth. To this end, HSP90-KO cell lines were analysed in functional assays. For this purpose, 

a proliferation assay was performed by seeding the cells equally and measuring the viability 

and cell number every day. Subsequently, the viable cell number was plotted, and the data of 

the respective clones were pooled.  
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It was found that the HSP90β-KO cells behaved similarly to the EV control cells and that the 

proliferation was almost equal. The HSP90α-KO cells showed significantly (p(t96h) = 0.0092) 

faster proliferation (Figure 15A).  

CDK4 and CDK6 are clients of HSP90β and play a crucial role in cell cycle progression. There-

fore, cell cycle analysis was performed by permeabilizing the cells, staining with propidium 

iodide (PI) and subsequent analysis by flow cytometry. Quantification of the FACS data 

showed no differences in the cell cycle sub-G1, S, G0/G1 and G2/M phases between the K562 

EV cells and the HSP90α/β-KO cells (Figure 15B). 

 

Figure 15: Proliferation- and Nicoletti-assay for the in vitro characterization of HSP90α/β-KO K562 cells. 

(A) Proliferation assay showed significantly faster proliferation of HSP90α-KO K562 cells. (B) Nicoletti assay 

showed no differences in the cell cycle sub-G1-, S-, G0/G1- and G2/M-phases between the K562 EV cells and the 

HSP90α/β-KO cells. Results are shown as means ± SD of 3 independent experiments. P values were determined 

by a two-tailed unpaired t-test. 

Since the proliferation of the cell lines was altered, the cells' behaviour in methylcellulose-

based media was investigated in more detail. The cells were highly diluted and added isolated 

to the plates in a semi-solid medium, so that colony formation had to occur from a single cell, 

and the colonies could be easily distinguished. After eight days of incubation, the colonies were 

evaluated under the microscope. The K562 WT/EV control cells showed good colony for-

mation, and the colonies had sharp edges and a 3-dimensional structure. The HSP90α-KO cells 

formed comparably sized colonies, but these were less densely packed and did not have sharp 

edges. Rather, there was a greater distribution and migration of cells at the outer edge of the 

colonies. The HSP90β-KO cells formed smaller colonies, which were as densely packed as the 

colonies of the control cells (Figure 16A).  
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The colonies were also counted and normalized to the number of colonies formed by K562 WT 

cells. The results showed a non-significant increase in the number of colonies of the HSP90α-

KO cells and a significant (p = 0.0298; p = 0.0211) decrease in the number of colonies in both 

HSP90β-KO clones (Figure 16B). 

 

Figure 16: CFU assay for the in vitro characterization of HSP90α/β-KO K562 cells. 

(A) Microscopic images of colonies in semi-solid media. (B) The number of colonies normalized to K562 WT 

cells. Results are shown as means ± SD of 3 independent experiments. P values were determined by a two-tailed 

unpaired t-test. 

Similar assays were performed for the KCL-22 HSP90-KO cell lines to exclude cell line-spe-

cific effects. Measurement of cell proliferation again showed comparable growth of HSP90β-

KO cells, whereas HSP90α-KO cells were proliferating significantly (p(t115h) = 0.0275) faster 

(Figure 17A). 

The HSP90-KO KCL-22 cell lines were also seeded in methylcellulose-based media and eval-

uated microscopically after six days of incubation. The KCL-22 NT cells formed 3-dimensional 

colonies with sharp edges. The HSP90α-KO cells formed partly larger colonies, which were 

mainly 2-dimensional. The HSP90β-KO cells formed comparably smaller colonies, which were 

as densely packed as the colonies of the KCL-22 NT cells (Figure 17B).  

Colony counting showed a non-significant increase in the number of colonies of HSP90α-KO 

cells and a significantly (p = 0.0295; p = 0.0448) reduced number of colonies of HSP90β-KO 

clones C10 and C12. No reduced number of colonies was observed for HSP90β-KO clone C11 

(Figure 17C). 
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Figure 17: Proliferation- and CFU-assay for the in vitro characterization of HSP90α/β-KO KCL-22 cells. 

(A) Proliferation assay showed significantly faster proliferation of HSP90α-KO KCL-22 cells. (B) Microscopic 

images of colonies in semi-solid media. (C) The number of colonies normalized to KCL-22 NT cells. Results are 

shown as means ± SD of 3 independent experiments. P values were determined by unpaired t-test. 

In conclusion, in vitro characterization revealed a consistent growth advantage of K562 and 

KCL-22 HSP90α-KO cells. Furthermore, CFU capability of HSP90β-KO cells was impaired 

in terms of colony number and size. 

4.1.6 Exploring the in vivo engraftment capacity of HSP90α/β-KO K562 cells 

Besides the in vitro characterization of the HSP90-KO cell lines, the in vivo transplantation 

efficiency should be exploited. For this purpose, extremely immunodeficient NOD scid gamma 

(NSG) mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ from the Jackson Laboratory, RRID: 

IMSR_JAX:005557) were used. These mice harbour a severe combined immune deficiency 

(scid) mutation in the DNA repair complex protein PRKDC, which results in a deficiency of 

B- and T-cells. Furthermore, they have a deficiency in functional NK cells, resulting from the 

IL2rgnull mutation, which prevents cytokine signaling.163 

To successfully track the tumour cells in the mice, a chemiluminescent marker in the 

HSP90-KO cells was required. The visualization was achieved via bioluminescence imaging 

using the IVIS device. To this end, HSP90-KO K562 cells were genetically modified via viral 

transduction using a plasmid encoding for luciferase.  
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Positive cells were sorted for a high GFP signal, as the EV and the HSP90α-KO cells already 

harbour GFP. Next, the cells were monoclonal selected and validated by adding luciferin to 

lysed cells. Subsequently, 2.5 million Luciferase-GFP+ HSP90α/β-KO or K562 EV cells were 

injected intravenously (i.v.) into the tail vein of NSG mice. Mice were checked for successful 

transplantation of leukemia cells after ten days and were visualized every five days and later 

every ten days via IVIS. Visualization was done until all mice died or had to be sacrificed due 

to their high leukemic burden (Figure 18A). 

Analysis of the mice showed a different transplantation progression from day 15 on. In the EV 

control mice and the HSP90β-KO mice, signals were already measured predominantly in the 

spleen and the hind legs, whereas no signals were observed in the HSP90α-KO mice (Figure 

18B). Also, in the further course, the EV control cells and the HSP90β-KO cells behaved com-

parably, whereas the HSP90α-KO cells showed a weaker signal. This trend was also observed 

on day 25 and day 35, and the difference between the cell lines became even more pronounced. 

On day 46, three mice from the control group and three from the HSP90β-KO group were dead, 

whereas all mice from the HSP90α-KO group were still alive.  

Quantification of the region of interest (ROI) bioluminescence signal at day 35 showed a sig-

nificant (p = 0.0002) reduction in the transplantation of HSP90α-KO cells compared to EV 

control cells (Figure 18C). 

Besides the bioluminescence imaging for tracking engraftment, the survival of the mice was 

monitored. For the EV control mice, the first mouse had to be sacrificed after 35 days and the 

last after 46 days. For the mice transplanted with the HSP90α-KO cells, the first mouse had to 

be sacrificed after 55 days, and two survived for 68 days. The ones transplanted with the 

HSP90β-KO cells lived between 38 and 48 days. Most of them needed to be sacrificed due to 

health issues such as the formation of solid tumours and associated weight loss, weakness, and 

signs of paralysis.  

For the HSP90β-KO mice, the median survival was 42 days, showing no significant difference. 

In contrast, HSP90α-KO mice survived a median of 67 days, significantly (p = 0.0015) longer 

than the control mice (Figure 18B). 
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Figure 18: In vivo evaluation of injected HSP90α/β-KO K562 cells. 

(A) Schematic representation of the workflow. NSG mice were transplanted with 2.5·106 Luciferase-GFP+ 

HSP90α/β-KO or K562 EV cells intravenous. Figure: Created with BioRender.com. (B) Chemiluminescence im-

ages of mice on the days depicted outside the image panel (day 15 to 35). Visualization was done via IVIS. (C) 

The graph displays mean ± SD (n=5 mice/group) of the bioluminescence measurements of the region of interest 

(radiance; p/s/cm2/sr) at day 35. A significant reduction in the transplantation of HSP90α-KO cells compared to 

EV control cells was determined by a two-tailed unpaired t-test. (D) Kaplan-Meier survival curves showed a 

significantly prolonged overall survival of NSG mice transplanted with HSP90α-KO cells compared to HSP90β-

KO or EV control cells. Results are shown from n=5 mice/group. P value was determined by the Log-rank Mantel-

Cox test. In vivo evaluation of the HSP90-KO models, including injections and imaging, was done by the col-

leagues Katerina Scharov and Jia-Wey Tu. 

To sum up the observations of the in vivo exploration, a growth repression of BCR-ABL1+ cells 

upon HSP90α loss, as well as a prolonged survival of the mice was observed.  

4.1.7 High-throughput drug screening of HSP90α/β-KO K562 cells 

Combinational treatment of cancer cells by dual targeting represents a promising approach to 

overcome resistance and minimize toxicity, which may occur with single drug treatment. Drugs 

can interact with each other in different ways. On the one hand, they can have opposite effects 

when administered together, called drug antagonism. Furthermore, they can have an additive 

effect when the combined effect of two drugs is equal to the sum of the effects of the two drugs 

acting independently. In the best case, at least two drugs can have a greater effect than the sum 

of the two drugs alone, called drug synergism.164  
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Therefore, a high-throughput drug screening was done with the generated HSP90α/β-KO cell 

lines to identify novel therapeutic vulnerabilities. The library consisted of 93 inhibitors and 

contained chemotherapeutics and approved or in early to advanced stage clinical trials targeted 

inhibitors. The activity of the inhibitors was determined by CellTiter-Glo® assay. This assay 

identifies the living cell number by photometric quantification of ATP. Measurement of the 

luminescence signal, which is proportional to the ATP concentration, thus allows calculation 

of viability relative to DMSO-treated cells. The K562 HSP90α/β-KO cells and the K562 EV 

control were screened in biological triplicates, and then the half-maximal inhibitor concentra-

tion (IC50) was calculated. Last, multiple t-tests were performed, and the calculated p-values 

were plotted against the fold changes in a volcano plot. Furthermore, the results of the respec-

tive HSP90α-KO and HSP90β-KO clones were pooled to improve the consistency of the re-

sulting hits. 

HSP90α-KO cells showed increased resistance toward treatment with Everolimus, Barasertib, 

Miransertib, and Gilteritinib (Figure 19A). Everolimus belongs to the drug class of mTOR in-

hibitors, Miransertib is an AKT inhibitor, Barasertib is an Aurora B kinase inhibitor, and 

Gilteritinib is a TKI belonging to the subgroup of AXL inhibitors.165-167 It is striking that some 

drug classes are particularly well represented. In the case of Gilteritinib, the targets are tyrosine 

kinases, and in the case of Everolimus, Miransertib and Barasertib, the targets are serine/thre-

onine kinases. HSP90α-KO cells showed increased sensitivity toward treatment with CI-994, 

Clofarabine, Aurora A inhibitor, KUNB31, Cytarabine, THZ1, and Staurosporine as the most 

significant hit (Figure 19A). CI-994 is a selective class I HDAC inhibitor, KUNB31 is an iso-

form-selective inhibitor of HSP90β, THZ1 is a CDK7 inhibitor, and cytarabine and clofarabine 

are both cytostatics.168, 169 Staurosporine is a broad spectrum, a non-selective protein kinase 

inhibitor, including PKC, PKA and CaMK2.170  

HSP90β-KO cells showed increased resistance toward treatment with KUNB31, Cytarabine, 

YKL-5-124, a CDK7 inhibitor and Ricolinostat, a selective HDAC6 inhibitor with some activ-

ity against HDAC 1, HDAC 2, and HDAC 3 (Figure 19B).171 HSP90β-KO cells showed in-

creased sensitivity toward treatment with PU-H71, Geldanamycin, AUY922 and BIIB021, 

which are all HSP90 inhibitors. An increased sensitivity could also be observed against 

Birinapant, which selectively inhibits the activity of inhibitor of apoptosis proteins (IAPs), such 

as X chromosome-linked IAP (XIAP) and cellular IAPs (c-IAP1/2). (Figure 19B).172 

Taken together, HSP90α-KO cells were found hypersensitive toward CDK7i (THZ-1) and 

standard chemotherapeutics, whereas HSP90β-KO cells displayed hypersensitivity toward sev-

eral HSP90i.  
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Figure 19: Library drug screening to identify differences between K562 HSP90 KO and EV cell lines. 

(A) Volcano plot depicting the average IC50 values (n=3 replicates) comparing EV and HSP90α-KO. The CDK7 

inhibitor THZ1 is marked in red. (B) Volcano plot depicting the average IC50 values (n=3 replicates) comparing 

EV and HSP90β-KO. In the upper left quadrant are the inhibitors with increased resistance (blue dots), and in the 

upper right quadrant are the inhibitors with increased sensitivity (red dots). The threshold was set at a p-value of 

0.5 and a fold change greater/less than zero.  

Subsequently, some of the identified targets were investigated on the protein level. In the K562 

HSP90α-KO cells, an increased level of AKT was found, as already shown in chapter 4.1.4, 

for the downstream analysis of pro-survival signalling via BCR-ABL1. For Aurora A and Au-

rora B, there was no change in the expression level, and the phosphorylation status of pAurora 

A/B/C displayed no differences (Figure 20A). In the K562 HSP90β-KO cells, an increased 

level of XIAP and c-IAP1 was found (Figure 20B).  

 

Figure 20: Target investigation in K562 cells. 

(A) WB analysis of proteins in HSP90α-KO cells. Targets were selected based on the different sensitivity of the 

respective Inhibitor. (B) WB analysis of proteins in HSP90β-KO cells. Targets were selected based on the different 

sensitivity of the respective Inhibitor. 

In line with the drug screening results, an increased AKT level resulted in an increased re-

sistance against the AKT inhibitor Miransertib in the HSP90α-KO.  
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On the other hand, an increased level of XIAP and c-IAP1 resulted in an increased sensitivity 

against the inhibitor Birinapant in the HSP90β-KO cells. Moreover, HSP90β-KO cells exhib-

ited increased sensitivity against all tested HSP90 inhibitors, except for the HSP90β selective 

inhibitor KUNB31. 

4.1.7.1 Investigation of CDK7 in HSP90α-KO cell lines 

Increased sensitivity to a certain inhibitor provides a good starting point for developing a dual-

treatment strategy. For this purpose, a focused study on the CDK7 inhibitor THZ1 was per-

formed. The HSP90α-KO cells showed an IC50 log10 fold change of 0.45 with a p-value of 

0.000914. This represents an effective IC50 fold change of 2.81 and implies an IC50 reduction 

of 67 nM for K562 EV cells to 34 nM for K562 HSP90α-KO cells.  

Initially, changes at the protein level were investigated, and a strong upregulation of CDK7 

was found in the two HSP90α-KO clones. Subsequently, the CDK7 level in the two other 

HSP90-KO cell lines was examined to exclude the possibility of a cell line-specific effect. A 

strong upregulation of CDK7 in all three HSP90α-KO KCL-22 clones and an upregulation in 

the SUP-B15 HSP90α-KO cell pool could be identified (Figure 21A). Plates were designed to 

identify possible synergistic interactions between the CDK7i THZ1 and the inhibition of 

HSP90. To this end, the respective inhibitors were printed alone and in a combination matrix. 

PU-H71 was chosen as an HSP90 inhibitor. The cells were seeded onto the plates, and the 

evaluation via CTG was done after 72h. Drug combination cell viability data were used to 

calculate synergy scores with the SynergyFinder R package performed by Julian Schliehe-

Diecks.173 The zero-interaction potency (ZIP) method, which calculates the delta score matrix 

from a dose-response matrix, was chosen for the data representation. 174 The interpretation of 

the calculated synergy score depends on the value obtained. In the case of less than -10, it 

indicates an antagonistic interaction. In the case of -10 to 10, it indicates an additive interaction. 

In the case of larger than 10 it indicates a synergistic interaction. For example, a synergy score 

of 10 corresponds to 10% of response beyond expectation. For the combination of THZ1 and 

PU-H71, a synergy score of 18 was obtained in K562 WT and KCL-22 WT cells. This indicates 

a synergistic interaction between both drugs (Figure 21B/C).  

Furthermore, K562 and KCL-22 Imatinib (TKI) resistant cell lines were tested to evaluate 

whether the combination approach with PU-H71 and THZ1 can address the resistant pheno-

type. A maximum synergy score of 13 in K562r and a synergy score of 30 in KCL-22r cells 

was obtained, which indicates a synergistic interaction between both drugs (Figure 21B/C). In 

addition, a synergistic behavior was observed in the Ponatinib (TKI) resistant pro-B cell line 

BA/F3 (maximum score = 40) and the Imatinib (TKI) resistant SUP-B15 cells (maximum score 

= 35) (Figure 21D). 
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Figure 21: Investigation of CDK7 in HSP90α-KO cell lines and synergy drug screening. 

(A) WB analysis of CDK7 in HSP90α-KO K562, KCL-22 and SUP-B15 cells. (B) Synergy drug screening com-

bining the CDK7i THZ1 and the HSP90i PU-H71 in K562 WT and K562r (Imatinib resistant) cell lines. (C) 

Synergy drug screening combining the CDK7i THZ1 and the HSP90i PU-H71 in KCL-22 WT and KCL-22r 

(T315I, F317L; Imatinib resistant) cell lines. (D) Synergy drug screening in BA/F3r (T315I, Y272H; Ponatinib 

resistant) and SUP-B15r (T315I; Imatinib resistant) cell lines.  

The results of the cell lines were subsequently validated in patient-derived cell lines obtained 

from three relapsed patients with BCR-ABL1+ BCP-ALL. The leukemia cells were injected 

into NSG mice and isolated from bone marrow and spleen after successful transplantation. 

First, WB analysis was performed to determine the level of BCR-ABL1. All three patient cell 

lines were positive for P190BCR-ABL1, whereas the control KCL-22 CML cell line was positive 

for P210BCR-ABL1 (Figure 22A).  
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The smaller P190BCR-ABL1 isoform is predominantly found in B-ALL cell lines. Furthermore, 

the leukemia cells were purified and used directly for ex vivo drug sensitivity assays. For this 

purpose, the cells were seeded onto the previously used plates with THZ1 and PU-H71 and 

measured after 72 h by CTG. Again, matrix data were used to calculate ZIP synergy scores, 

and visualization was done using the SynergyFinder R package. For the combination of THZ1 

and PU-H71, a synergy score of 20 for patient one was obtained. For patient two, a synergy 

score of 21 and for patient three, a synergy score of 15 was obtained (Figure 22B-D). Subse-

quently, it was to be ensured that the combination treatment with PU-H71 and THZ1 is effec-

tive only or enhanced in leukemia cell lines. For this purpose, peripheral blood-derived mono-

nuclear cells (PBMCs) were isolated from three healthy individuals and treated with PU-H71, 

THZ1, either alone or in combination. To monitor the effect of the treatment, apoptosis induc-

tion was measured using the Caspase-Glo® 3/7 assay. In this assay, a proluminescent caspase-

3/7 DEVD-aminoluciferin substrate was used in combination with luciferase. The substrate 

gets cleaved in the cells by caspase 3/7 and the resulting product aminoluciferin served as sub-

strate for luciferase, resulting in a luminescence signal. The measured luminescence signal is 

proportional to the amount of caspase 3/7. 

PU-H71 was shown to increase caspase 3/7 activity 3.7-fold and THZ1 1.7-fold in K562 WT 

cells. Both inhibitors combined resulted in a 4.2-fold increase in caspase 3/7 activity. PBMCs 

showed a comparable increase in caspase activity by THZ1 of 2.3-, 2.1- and 1.6-fold, respec-

tively. Treatment with PU-H71 showed a smaller effect in PBMCs and an increase of 2.3-, 1.6- 

and 2.2-fold, respectively. Combination treatment with PU-H71 and THZ1 increased caspase 

3/7 activity in PBMCs by 2.2, 2.2, and 2.7-fold, respectively, resulting in a significantly re-

duced effect (p < 0.0001, p = 0.0002, and p < 0.0001) compared to K562 cells (Figure 22E). 
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Figure 22: Target validation in BCR-ABL1+ BCP-ALL patient cells. 

(A) WB analysis revealed that all three patient cell lines are positive for P190BCR-ABL1. (B-C) Synergy drug 

screening in three patient-derived BCR-ABL1+ BCP-ALL cell lines combining the CDK7i THZ1 and the HSP90i 

PU-H71. (E) Caspase 3/7 glo assay was conducted following the treatment of PBMCs obtained from three healthy 

individuals. These cells were treated with PU-H71, THZ1, either alone or in combination, and their response was 

compared to that of leukemia K562 cells. Error bars ± SD of three independent replicates; p-values were calculated 

by unpaired two-tailed t-test. 

Therefore, a synergistic interaction between both drugs (PU-H71 and THZ1) could be validated 

in patient-derived BCR-ABL1+ BCP-ALL cells. 

4.1.7.2 Mechanistic studies on combining HSP90i and CDK7i 

Effector proteins were examined to elucidate the mechanistic background of the observed syn-

ergistic effect of PU-H71 and THZ1 to address HSP90 and CDK7. For this purpose, K562 and 

KCL-22 cell lines were treated with either PU-H71 or THZ1 alone or together. Concentration 

was determined from drug screening data and chosen to ensure that the viability was above 

75% after treatment. After 24 h, cell viability and proliferation were checked, and pellets were 

taken. As an apoptotic marker, the level and the ratio between uncleaved and cleaved poly 

(ADP-ribose) polymerase (PARP) was checked.175 Cleaved PARP, which facilitates cell deg-

radation, is a target of several caspases and is one of the main cleavage targets of caspase 3.176 

Western blot analysis showed that single treatment with PU-H71 does not induce an increase 

in cleaved PARP. In contrast, single treatment with THZ1 induces a slight increase.  
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The dual treatment induces a greater increase in cleaved PARP levels, which is also associated 

with lower cell viability (Figures 23A/D). 

Furthermore, the RNA polymerase II subunit (RPB1) levels were investigated since the C-ter-

minal domain gets phosphorylated by CDK7 and inhibition with THZ1 directly affects RPB1 

activity and, thus, gene transcription.177 A decreased level of RPB1 was found in the THZ1-

treated cells, and a highly decreased level of RPB1, especially p-RPB1, was found in the dual-

treated cell lines. RPB1 is further associated with the transcription of HSR-related genes, such 

as HSP70.178 Therefore, the induction of HSR in the treated cells was investigated. Treatment 

with PU-H71 showed induction of HSR mediated by upregulation of HSF1, HSP90α, HSP70, 

and HSP40 (Figure 23B/E). A single treatment with THZ1 did not affect HSR-related genes. 

The dual treatment with PU-H71 and THZ1 also showed no induction of HSR in K562 and 

KCL-22 cells, which was also shown by the quantification of Western blot replicates.  

 

Figure 23: Mechanistic studies on combining HSP90i and CDK7i in K562 and KCL-22 cell lines. 

(A) WB analysis revealed a strong reduction of RPB1 and p-RPB1S5 with the dual treatment of PU-H71 and THZ1 

in K562 cells. (B) WB analysis of the heat shock protein panel in K562 cells after treatment with PU-H71 and 

THZ1 alone or in combination revealed no HSR induction after the dual treatment. (C) Quantification of HSP90α, 

HSP70, and HSP40 in K562 cells. (D) WB analysis revealed a strong reduction of RPB1 and p-RPB1S5 with the 

dual treatment of PU-H71 and THZ1 in KCL-22 cells. (E) WB analysis of the heat shock protein panel in KCL-

22 cells after treatment with PU-H71 and THZ1 alone or in combination revealed no HSR induction after the dual 

treatment. (F) Quantification of HSP90α, HSP70, and HSP40 in KCL-22 cells. Error bars = SD of three independ-

ent replicates. 
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It could be seen that single treatment of K562 cells with PU-H71 resulted in an increase of 

HSP90α up to 290 %, of HSP70 up to 330 %, and of HSP40 up to 170 %. The dual treatment 

resulted in a slight increase of HSP90α up to 120 % and of HSP70 up to 200 %. The level of 

HSP40 was decreased to 44% (Figure 23 C). In KCL-22 cells, the treatment with PU-H71 led 

to an increase of HSP90α up to 170 %, of HSP70 up to 612 % and of HSP40 up to 350 %. In 

the dual treatment, the HSP90α level was 90 %, the HSP70 level was 176 %, and the HSP40 

level was 115 % (Figure 23F). 

The mechanism identified in the cell lines was subsequently verified in BCR-ABL1+ B-ALL 

patient derived xenograft (PDX) cells. These were also treated alone or with PU-H71 and THZ1 

together, and differentially expressed proteins were examined. Strong downregulation of RPB1 

and p-RPB1 was found in THZ1 and dual-treated cells. Furthermore, as expected, induction of 

HSR mediated through HSP90α, HSP70, and HSP40 was observed in the PU-H71 treated cells 

(Figure 24A). Quantification revealed an increase of HSP90α up to 188 % of HSP70 up to 

344 %, and of HSP40 up to 127 %. The dual treatment did not increase the HSR-related genes. 

On the contrary, the expression level of HSP90α, HSP70 and HSP40 was lower than in the 

DMSO-treated control cells (Figure 24B).  

The expression level of total HSP90 and HSP70 was further examined by immunofluorescence 

staining, and microscopic analysis showed a significantly stronger fluorescence signal of 

HSP90 (p = 0.0328) and HSP70 (p = 0.0035) in the PU-H71 treated PDX cells. In contrast, no 

increased signal was observed in the dual-treated cells and the signal was significantly lower 

(pHSP90 = 0.0269; pHSP70 = 0.0133) in comparison to the PU-H71 treated cells (Figure 24C/D). 
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Figure 24: Mechanistic studies on combining HSP90i and CDK7i in BCR-ABL1+ B-ALL cells. 

(A) WB analysis revealed a strong reduction of RPB1 and p-RPB1S5 and no HSR induction with the dual treatment 

of PU-H71 and THZ1 in the BCR-ABL1+ patient cells. (B) Quantification of HSP90α, HSP70, and HSP40 in 

PDX cells. Error bars = SD of two independent replicates. (C) Immunofluorescence imaging demonstrated no 

HSR induction with the dual treatment of PU-H71 and THZ1 in the BCR-ABL1+ patient cells. DAPI (red), HSP70 

(AlexaFluor 488; blue), HSP90 (AlexaFluor 594; green). (D) Quantification of HSP90 and HSP70 using Fiji soft-

ware. 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. 

Error bars = SD (n = 4); p-values were calculated by unpaired two-tailed t-test. 

Taken together, dual treatment with PU-H71 and THZ1 causes suppression of HSR, leading to 

synergistic behaviour. 

4.1.8 Proteogenomic profiling of HSP90α/β-KO K562 cell lines 

Proteogenomic profiling enables a better understanding of the differences between the genet-

ically modified K562 models and provides a comprehensive overview of protein expression 

and function. RNA sequencing (RNAseq) can be used to measure a wide variety of transcripts, 

but it can be difficult to distinguish between transcripts that are actually expressed and tran-

scripts that are pseudogenes or artifacts of the sequencing process.  
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The mass spectrometry (MS) based proteome analysis is more sensitive and can identify and 

quantify proteins with high specificity, whereby the overall analysis can be improved. 

4.1.8.1 RNA sequencing (RNAseq) of HSP90α/β-KO K562 cell lines 

RNA sequencing was carried out to investigate the transcriptomic disparities between the 

HSP90α/β-KO cell lines and the control cells. RNA sequencing was performed at the Biologi-

cal-Medical Research Center (BMFZ) -Genomics & Transcriptomics Laboratory (GTL) at the 

HHU in Düsseldorf.  

First, RNA was isolated, which was used to synthesize cDNA and for library amplification. 

The reads obtained after data processing were aligned to the Genome Reference Consortium 

Human Build 38 (GRCh38). To obtain an overview of the differentially expressed genes, they 

were plotted in a volcano plot with the log2 fold change against the negative log10 FDR. Dif-

ferential RNA expression analysis revealed 2095 genes (1090 up- and 1005 down-regulated) 

with altered expression in the K562 HSP90α-KO cells compared to the control cells (Figure 

25A). In contrast, 903 genes (368 up- and 535 down-regulated) were found to be altered in the 

K562 HSP90β-KO cells in comparison to the control cells (Figure 25B). 

In the HSP90α-KO cells, the mRNA level of HSP90α was shown to be most significantly 

downregulated with a fold change of 0.125. The most upregulated hit with a fold change of 

168.9 was observed to be the androgen receptor (AR). Also, the mRNA level of lymphocyte 

cytosolic protein 2 (LCP2) was upregulated with a fold change of 6.06. 

For the HSP90β-KO, the mRNA level of carbonic anhydrase 2 (CA2) was mostly upregulated 

with a fold change of 90.51. In line with previously observed results from chapter 4.1.1 and 

4.1.2, HSP90α was found to be upregulated with a fold change of 1.74. The mRNA level of 

HSP90β was slightly reduced with a fold change of 0.66. The most downregulated gene with a 

fold change of 0.0006 was Prostaglandin Reductase 1 (PTGR1). 



 

 

 

 

70 

 

 

Figure 25: RNA sequencing to identify differences between K562 HSP90 KO and EV cell lines. 

Volcano plots of the significantly (FDR ˂ 0.05; log2(FC) < -1 or log2(FC) ˃ 1) up- or down-regulated genes in 

the mRNA expression profile of (A) HSP90α-KO cells and (B) HSP90β-KO cells, in comparison to EV control 

cells. Grey dots represent genes that are not significantly regulated, while black dots represent significantly regu-

lated genes below the log2(FC) threshold. Blue and Red dots represent significantly downregulated and upregu-

lated genes, respectively.  

All differentially expressed genes, including up- and downregulated ones, were subsequently 

analyzed by fast gene set enrichment analysis (fGSEA). For this purpose, the human Molecular 

Signatures Database (MSigDB) was used, which contains 33196 gene sets divided into differ-

ent subgroups. This computational method calculates whether there are significant differences 

in defined gene sets between two conditions. The input was a gene set database and the molec-

ular profile of the samples, herein K562 EV control and the respective HSP90-KO samples. 

After filtering (10 % FDR), there were significant differences in the HSP90α-KO cells for gene 

sets that contain genes annotated by the same ontology term (C5: ontology gene sets), for gene 

sets that are curated from various sources, including online pathway databases and biomedical 

literature (C2: curated gene sets), and for hallmark gene sets (H: hallmark gene sets). In the 

HSP90α-KO cells, there was an upregulation of gene sets involved in the G protein-coupled 

receptor signalling and the MAPK cascade, including ERK signalling. Furthermore, there was 

an upregulation of gene sets involved in leukocyte, myeloid and mononuclear cell migration 

(Figure 26A). For the HSP90β-KO cells, there were significant differences for gene sets that 

contain genes annotated by the same ontology term (C5: ontology gene sets), including poor 

motor coordination (NES = -2), and basal ganglia calcification and visual loss (NES = 2) (Fig-

ure 26B).  
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Cluster profiler revealed no significant networks for the HPS90β-KO cells after filtering (10 % 

FDR), whereas in the HSP90α-KO cells, a huge and significant interaction network was found. 

The HSP90α-KO cells showed an upregulation of genes connected to the MAPK cascade, the 

regulation of ERK1 and ERK2, the cell motility, and the leukocyte development and function 

(Figure 26C). 

 

Figure 26: Fast gene set enrichment analysis of differently expressed genes in the HSP90α/β-KO cells.  

(A) Fast gene set enrichment analysis (fGSEA) showed significantly (FDR = 0.1) differentially regulated gene set 

signatures in HSP90α-KO cells. (B) Fast gene set enrichment analysis (fGSEA) showed significant (FDR = 0.1) 

differentially regulated gene set signatures in HSP90β-KO cells. (C) Gene clusters were obtained using Cluster 

profiler on the RNA-seq data of HSP90α-KO cells. Normalized enrichment scores (NES).  

Gene set enrichment analysis (GSEA) revealed a significant enrichment of androgen receptor 

(AR) signalling and reactome FcεRI-mediated MAPK activation in the transcriptome of 

HSP90α-KO cells (Figure 27A/B).  
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Figure 27: Gene set enrichment analysis of differently expressed genes in the HSP90α-KO cells. 

(A) GSEA plot depicts a significant enrichment of androgen receptor (AR) signalling in the transcriptome of 

HSP90α-KO cells. (B) GSEA plot depicts a significant enrichment of reactome FcεRI-mediated MAPK activation 

in the transcriptome of HSP90α-KO cells. 

In summary, RNA sequencing revealed differences in specific genes, like the downregulation 

of PTPRC and HSP90AA1 and the upregulation of LCP2 and AR in the HSP90α-KO cell lines. 

Furthermore, differences in gene sets associated with MAPK signaling cascade, cell motility- 

and immune-related signatures in the HSP90α-KO cell lines were found. 

4.1.8.2 Mass spectrometry (MS) based proteome analysis of HSP90α/β-KO K562 cell lines 

Mass spectrometry analysis was performed to analyse changes in the proteome between the 

HSP90-KO cell lines and the control cells. Quantitative LC-MS analysis was performed at the 

BMFZ - Molecular Proteomics Laboratory (MPL) at the HHU in Düsseldorf. To identify and 

quantify the peptides/proteins, the human sequence database from UniProtKB was used, and a 

total of 4676 protein groups were identified in the K562 cells (FDR = 0.01). To obtain an 

overview of the differentially expressed proteins, they were plotted in a volcano plot with the 

log2 fold change against the negative log10 p-value. Differential protein expression analysis 

revealed 375 proteins (180 up- and 195 down-regulated) with altered expression in the 

HSP90α-KO cells compared to the control cells (Figure 28A). In contrast, 213 proteins (103 

up- and 110 down-regulated) were found to be altered in the HSP90β-KO cells in comparison 

to the control cells (Figure 28B). 

As expected, in the HSP90α-KO, HSP90α was shown to be the most significant downregulated 

hit with a fold change of 0.014. Downregulated as well was protein tyrosine phosphatase 

(PTPRC or CD45). The most significant upregulated hit with a fold change of 17.47 was ob-

served to be LCP2. Upregulated as well was DNA topoisomerase 2 α (TOP2A). 

For the HSP90β KO, HSP90AB2P, a pseudogene, was the most significant downregulated hit 

with a fold change of 0.002. Furthermore, HSP90β was found to be downregulated with a fold 

change of 0.38. The most significant upregulated hit with a fold change of 25 was observed to 

be CA2. In line with previously observed results from chapters 4.1.1 and 4.1.2, HSP90α and 

HSP70 (HSPA1A) were upregulated with a fold change of 2.36 and 2.45, respectively. 
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Figure 28: Mass spectrometry-based proteome analysis to identify differences between K562 HSP90 KO 

and EV cell lines. 

Volcano plots of the significantly (p-value ˂ 0.05; log2(FC) < -1 or log2(FC) ˃ 1) up- or down-regulated proteins 

in (A) HSP90α-KO cells and (B) HSP90β-KO cells, in comparison to EV control cells. Grey dots represent genes 

that are not significantly regulated, while black dots represent significantly regulated genes below the log2(FC) 

threshold. Blue and Red dots represent significantly downregulated and upregulated proteins, respectively.  

All differentially expressed proteins, including up- and downregulated ones, were subsequently 

examined in more detail by fGSEA. After filtering (20% FDR), there were no significantly 

enriched gene sets with either negative or positive NES for the HSP90β-KO cells. For the 

HSP90α-KO cells, significant differences were shown for gene sets that contain genes anno-

tated by the same ontology term (C5: ontology gene sets) and for gene sets that are curated 

from various sources, including online pathway databases and biomedical literature (C2: cu-

rated gene sets). In the HSP90α-KO cells, there was an upregulation of gene sets involved in 

the cell cycle. In addition, an upregulation was found for chromosomal organization, DNA 

repair, cell division, chromosome segregation, and the mitotic cell cycle process (Figure 29A). 

Downregulation of gene sets related to the NADH dehydrogenase complex, oxidative phos-

phorylation, and respiratory electron transport were found. Cluster profilers revealed the down-

regulation of energy metabolism (Figure 29B).  

In the next step, the RNA sequencing and mass spectrometry data were compared, and the top 

hits, as well as overlapping targets, were compared by log fold change and FDR values. LCP2 

and TOP2A were consistently upregulated on mRNA and protein levels in the HSP90α-KO. 

The androgen receptor, on the other hand, was only detected in the RNA sequencing analysis. 

HSP90AB1 was not significantly changing on the mRNA and protein level.  
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HSP90AA1, PTPRC, and glucose-6-phosphate dehydrogenase (G6PD) were consistently 

downregulated (Figure 29C).  

In HSP90β-KO cells, CA2 and HSP90AA1 were upregulated, and HSP90AB1 was consistently 

downregulated on the mRNA and protein level. HSPA1A (HSP70) was found to be upregulated 

on the protein level, whereas on the mRNA level, it was downregulated (Figure 29D). 

 

Figure 29: Fast gene set enrichment analysis of differently expressed proteins in the HSP90α-KO cells.  

(A) fGSEA showed significantly (FDR = 0.2) differentially regulated gene set signatures in HSP90α-KO cells. 

(B) Gene clusters were obtained using Cluster profiler on the RNA-seq data of HSP90α-KO cells. Normalized 

enrichment scores (NES).  (C-D) Table with log FC values comparing RNAseq and MS analysis in the HSP90α/β-

KO cells. 

The top-hit LCP2 and TOP2A were subsequently validated via WB, and both proteins were 

found to be strongly upregulated. Both proteins were also examined in the HSP90α-KO 

KCL-22 clones and the HSP90α-KO SUP-B15 pool cells to exclude cell line-specific effects. 

A slight upregulation of TOP2A and a strong upregulation of LCP2 was observed in the 

KCL-22 clones. A strong upregulation of LCP2 and TOP2A was also observed in the SUP-B15 

pool cells (Figure 30A).   

To address TOP2A, the inhibitor mitoxantrone can be used. This inhibitor is commonly used 

as a cytostatic agent in cancer treatment, including AML.179, 180 To identify a possible syner-

gistic interaction between the TOP2Ai mitoxantrone and the inhibition of HSP90, plates were 

designed with the respective inhibitor alone and with a combination matrix. PU-H71 was again 

chosen as an HSP90 inhibitor. K562 and KCL-22 cells were seeded onto the plates, and the 

evaluation via CTG was done after 72h. Drug combination cell viability data were used to 

calculate synergy scores.  
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For the combination of mitoxantrone and PU-H71, a synergy score of 20 was obtained in K562. 

In the KCL-22 cells, a synergy score of 32 was obtained, indicating a synergistic interaction 

between both drugs (Figure 30B-C).  

The obtained results of the cell lines were subsequently validated in patient-derived cell lines. 

These cells were obtained from two relapsed patients with BCR-ABL1+ BCP-ALL. For this 

purpose, the cells were seeded onto the previously used plates with mitoxantrone and PU-H71 

and measured after 72 h by CTG. Again, matrix data were used to calculate ZIP synergy scores, 

and visualization was done using the SynergyFinder R package. For the combination of mito-

xantrone and PU-H71, synergy scores of 20 for patient one and 40 for patient two were obtained 

(Figure 30D-E).  

 

Figure 30: Target validation in HSP90α-KO K562, KCL-22 and SUP-B15 cell lines and synergy screening. 

(A) WB analysis showed a consistent upregulation of TOP2A and LCP2 in all HSP90α-KO clones. (B-C) Synergy 

drug screening in K562 and KCL-22 cell lines combining the TOP2Ai mitoxantrone and the HSP90i PU-H71. (D-

E) Synergy drug screening in two patient-derived BCR-ABL1+ BCP-ALL cell lines combining the TOP2Ai mi-

toxantrone and the HSP90i PU-H71. 

Therefore, a synergistic interaction between both drugs could be validated in patient-derived 

BCR-ABL1+ BCP-ALL cells. 

Taken together the observations indicates, that dual targeting of HSP90 and TOP2A offers a 

promising therapeutic combination. 
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4.1.8.3 MS-based Secretome analysis of HSP90α/β-KO K562 cell lines 

Quantitative MS-based secretome analysis was performed to analyse changes in secreted pro-

teins in the extracellular space between the HSP90-KO cell lines and the control cells. The cells 

were washed and incubated for 12 h in a serum-free medium to exclude contamination by se-

rum proteins in the cell culture medium. 

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). 

Differentially expressed proteins were plotted in a volcano plot with the log2 fold change 

against the negative log10 p-value. Differential protein expression analysis revealed 149 pro-

teins (87 up- and 62 down-regulated) with altered expression in the HSP90α-KO cells com-

pared to the control cells (Figure 31A). In contrast, 124 proteins (57 up- and 49 down-regulated) 

were found to be altered in the HSP90β-KO cells in comparison to the control cells (Figure 

31B). 

In the secretome of the HSP90α-KO cells, HSP90α was shown to be the most significant down-

regulated hit with a fold change of 0.00088. The most significant upregulated hit with a fold 

change of 36.43 was observed to be Insulin-like growth factor-binding protein 2 (IGFBP2). 

TOP2A was slightly upregulated, whereas LCP was not detected in the secretome of 

HSP90α-KO cells. PTPRC was significantly downregulated (Figures 31A/C). Another protein, 

HSPA5, a member of the HSP70 family, was found to be downregulated.181 

In the secretome of the HSP90β-KO cells, HSP90AB2P was the most significant downregu-

lated hit with a fold change of 0.019, closely followed by HSP90AB1 with a fold change of 

0.027. In line with previously observed results, HSP90α was upregulated in the secretome with 

a fold change of 2.44. The most significant upregulated hit with a fold change of 136.13 was 

echinoderm microtubule-associated protein-like 4 (EML4). CA2 was significantly upregulated 

as well (Figure 31B/D). 
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Figure 31: Secretome analysis to identify differences between K562 HSP90 KO and EV cell lines. 

Volcano plots of the significantly (p-value ˂ 0.05; log2(FC) < -1 or log2(FC) ˃ 1) up- or down-regulated proteins 

in (A) HSP90α-KO cells and (B) HSP90β-KO cells, in comparison to EV control cells. Grey dots represent genes 

that are not significantly regulated, while black dots represent significantly regulated genes below the log2(FC) 

threshold. Blue and Red dots represent significantly downregulated and upregulated proteins, respectively. 

Comparing the secreted proteins with previously analysed transcriptome and proteome in the 

cells, consistent downregulation of HSP90AA1 and PTPRC was observed. Furthermore, a con-

sistent upregulation of TOP2A was detected in the HSP90α-KO cell lines. 

4.1.8.4 Investigating PTPRC (CD45) and LCK signaling 

PTPRC was consistently downregulated in RNA sequencing data, the proteome, and in the 

secretome of HSP90α-KO cells. PTPRC, in the following referred to as CD45, is a transmem-

brane protein that is predominantly expressed in hematopoietic cells and functions as a tyrosine 

phosphatase, which is essential for regulating the balance of protein phosphorylation.182 

Extracellular antibody staining using a CD45-APC tagged antibody and subsequent FACS 

analysis was performed to validate lower levels of the surface protein CD45. Compared to the 

histogram of the stained K562 EV control cells, the peak of the HSP90α-KO clones was shifted 

to a lower signal (Figure 32A). For the KCL-22 HSP90α-KO clones C10 and C14, a small shift 

to a lower signal could be observed, whereas no shift for C15 could be observed (Figure 32B). 
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As an orthogonal approach, CD45 protein levels were explored via WB analysis. It was vali-

dated that the CD45 protein level in the K562 and KCL-22 HSP90α-KO clones was strongly 

reduced compared to the control cells. Since CD45, with its phosphatase activity, can 

dephosphorylate and thereby activate or inactivate proteins of the SRC family, effector proteins 

were investigated.183 

The total level of SRC was slightly reduced in the HSP90α-KO clones in both cell lines. Fur-

thermore, there was a distinct increase in the p-SRCY416 (activating phosphorylation) level in 

KCL-22 cells. In the K562 cells, the phosphorylated species could not be detected. For the 

tyrosine kinase LYN and p-LYNY507 (inactivating phosphorylation), no altered expression 

could be observed in both cell lines. 

For the protein kinase LCK, a very low expression level was found in both cell lines and only 

a slight increase of total LCK was detected in the KCL-22 HSP90α-KO cells. Investigation of 

the inactivating phosphorylation p-LCKY505 revealed a slight increase in the K562 

HSP90α- KO cells and a strong increase in the KCL-22 HSP90α-KO cells. Investigation of the 

activating phosphorylation p-LCKY394 revealed no differences in the K562 cells, but a strong 

increase in the KCL-22 HSP90α-KO cells (Figure 32C-D). 

 

Figure 32: FACS data of CD45 stained K562 and KCL-22 cells and downstream signalling analysis of CD45. 

K562 EV and K562 HSP90α-KO cells (A), KCL-22 NT and KCL-22 HSP90α-KO cells (B) were stained with 

CD45-APC conjugated antibody and analysed via FACS. K562 HSP90α-KO cells (C) and KCL-22 HSP90α-KO 

cells (D) were analysed for the downstream SRC family proteins of CD45 via WB. Green-marked entities repre-

sent activating phosphorylation sited, and red-marked entities represent inactivating phosphorylation sites.  
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To sum up the observations for CD45 and downstream signaling analysis, a strong and con-

sistent downregulation of CD45 in K562 and KCL-22 cell lines could be detected, which was 

in line with previously observed transcriptomic and proteomic data. Furthermore, downstream 

analysis revealed an increased level of p-LCKY505. 
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4.2 Characterization of small molecule HSP90 inhibitors 

4.2.1 Identification of C-terminal HSP90 dimerization inhibitors 

Selective targeting of HSP90 with small molecules, especially with C-terminal inhibitors, of-

fers a promising approach in tumour therapy. The rational development and evaluation of the 

peptidomimetic aminoxyrone (AX) demonstrated the efficacy of this inhibitor class in vitro 

and in vivo using CML cell lines and patient-derived CML cells and no induction of HSR.75 

The efficacy of AX is based on the ability to fold into a unique 28-helical conformation, 

whereby the α-aminoxy hexapeptide can mimic the HSP90 dimerization hot spot residues 

(I688, Y689, I692, and L696), which localize on α-helix H5 and account for most of the protein 

dimerization energy.75 Dimerization is essential for the activity of HSP90. Based on this 

knowledge, small molecule inhibitors were subsequently designed and synthesized by the 

working group Gohlke and Kurz, which should also address the HSP90 CTD dimerization in-

terface. The following data presented for compound 1a are published in Bhatia, S. et. al.159 

For this purpose, a compound library based on a tripyrimidonamide scaffold was synthesized 

and subsequently, the cytotoxic ability against the leukemia cell line K562 was evaluated via 

CTG. The pre-selection was performed by colleagues from the working group Bhatia. Compu-

tational binding mode predictions showed that tripyrimidonamides could adopt the required 

confirmation and mimic the side chain orientation of an α-helix (Figure 33A). The lead struc-

ture of the first generation HSP90 CTD dimerization inhibitor 1a revealed an IC50 value of 

4.55 µM against the CML cell line K562 (Figure 33B, Entry 1). The tripyrimidonamide 1a 

mimics the hot spots I688, I692, and L696. Subsequently, derivatives of 1a were prepared, 

including compound 1b, which was obtained by removing the benzoyl group from ring C of 

1a (Figure 33B, Entry 2). Compound 1b was found to have enhanced antileukemic activity 

with an IC50 value of 2.26 µM against the CML cell line K562. Further biological studies 

showed that 1a and 1b also exhibit anti-proliferative activity against other leukemia subgroups, 

such as AML, B-ALL and patient-derived cells (data not shown). In general, 1b showed in-

creased activity over 1a. Furthermore, the antileukemic activity of 1b was shown in Imatinib-

resistant K562 cells (data not shown). Neither compound induced HSR, indicated by no in-

crease in HSP70, HSP40, and HSP27 (data not shown). 
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Figure 33: Structure and predicted binding mode of α-helix mimetics.  

(A) Left: residues forming the CTD dimerization interface located on helices H4, H4′, H5, and H5′. Right: pre-

dicted binding mode of tripyrimidonamides at the C-terminal dimerization domain of HSP90α. Figure adapted 

from Bhatia, S. et al.159 (B) IC50 values for the K562 cell line after treatment with the indicated tripyrimidonamides 

1a and 1b. 

Due to the poor physicochemical properties of the two tripyrimidonamides, structural optimi-

zation was subsequently carried out, mainly to improve solubility and to simplify the structure. 

This was accomplished by introducing a basic N,N-dimethylaminoethyle group on ring A, as 

well as scaffold hopping from the tripyrimidonamide to the bipyrimidonamide and bipyrim-

idinamide structure type. The bipyrimidonamide 2, functionalized with an iso-butyl (R1) and a 

sec-butyl (R2) side chain, showed comparable antileukemic activity with an IC50 value of 2.26 

µM (Table 22A). Finally, modification to the bipyrimidinamide 3 increased the activity, and 

an IC50 value of 1.56 µM could be achieved (Table 22B). 

Table 22: IC50 values for the K562 cell line after treatment with (A) the bipyrimidonamide 2 and (B) the bipyrim-

idinamide 3. 

 

Taken together, small molecule HSP90 inhibitors based on α-helix mimetics could be synthe-

sized with antileukemic activity against the CML cell line K562 in the low µM range. Scaffold 

hopping and structural modifications led to a 3-fold increased cytotoxic activity and improved 

biophysical properties. 
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4.2.2 Mode of action (MoA) of HSP90 CTD inhibitors  

A thermal shift assay, which is used to detect the thermostability of a protein, was performed 

to investigate the mode of action of the compounds.184 The heating of a recombinant protein 

leads to denaturation, which can be monitored using the fluorescent protein-dye SYPRO or-

ange. This dye binds to hydrophobic side chains, which gets exposed during protein reorienta-

tion during denaturation. The addition of small molecules that bind to the target protein usually 

leads to stabilization and thus to an increase in the melting temperature (Tm).185 

Measurement of HSP90 stabilization upon ligand binding in a thermal shift assay has previ-

ously been reported.186 

The use of known N-terminal HSP90 inhibitors in combination with NTD-HSP90 leads to sig-

nificant (p < 0.0001) stabilization and an increase in melting temperature (∆Tm Geldanamycin: 

+3.36 °C; ∆Tm Tanespimycin: +3.64 °C; ∆Tm AUY922: +3.27 °C; ∆Tm PU-H71: +3.73 °C) (Figure 

34A). The use of the known C-terminal HSP90 inhibitor CmA1 in combination with CTD-

HSP90 leads to a stabilization and a significant (p = 0.0046) increase of the melting temperature 

by 4.24 °C (Figure 34B). 

 

Figure 34: Thermal shift assay with reference NTD/CTD HSP90i. 

(A) Thermal protein degradation curves using recombinant GST-NTD-HSP90 with N-terminal inhibitors Gel-

danamycin, Tanespimycin, AUY922 and PU-H71. HSP90 NTDi induced a significant positive shift, indicating 

protein stabilization. (B) Thermal protein degradation curves using recombinant His-CTD-HSP90 with the C-

terminal inhibitor Coumermycin A1. CmA1 induced a significant positive shift, indicating protein stabilization. 

Results are shown as means (N = 6). P values were determined by unpaired t-test by comparing Tm values. 

The use of the experimental inhibitors in combination with CTD-HSP90 led to a significant 

reduction in the melting temperature and, thus, to the destabilization of HSP90. Adding tri-

pyrimidonamides 1a and 1b resulted in a negative shift of -8.45 °C and -8.43 °C (Figure 

35A/B).  
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The use of bipyrimidonamide 2 resulted in a shift of -3.74 °C, and with adding bipyrimidina-

mide 3, a shift of -6.07 °C could be observed (Figure 35B/C). The destabilization can be ex-

plained by the fact that the inhibitors presumably lead to a disruption of the CTD dimer. 

 

Figure 35: Thermal shift assay with experimental CTD HSP90i. 

Thermal protein degradation curves using recombinant His-CTD-HSP90 with experimental inhibitors 1a (A), 1b 

(B), 2 (C) and 3 (D). All inhibitors induced a significant negative shift, indicating protein destabilization. Results 

are shown as means (N = 3). P values were determined by unpaired t-test by comparing Tm values. 

The inhibitors were evaluated in an orthogonal assay to verify the assumption of dimer disrup-

tion. For this purpose, a crosslinker assay was established, which allows the chemical cross-

linking of proteins and, thus, the analysis of the oligomeric state. The crosslinker used is bis(sul-

fosuccinimidyl)suberate (BS3), which contains an amine-reactive N-hydroxysulfosuccinimide 

(NHS) ester at each end of an 8-carbon spacer arm. These esters can react with primary amines 

in the side chains of lysine residues and thus capture the dominant oligomerized state of the 

protein, despite denaturation during sample preparation. In the case of HSP90, an analysis 

should be made for monomers, dimers, and higher oligomers and visualization was done via 

western blot analysis. Assessment of HSP90 dimerization using BS3 crosslinking has previ-

ously been reported.187, 188 

Without the addition of BS3, almost exclusively monomeric CTD-HSP90α was present. The 

addition of BS3 decreased the amount of monomeric HSP90α and increased the amount of 

dimeric and oligomeric (> 180 kDa) HSP90α. Treatment with the N-terminal inhibitor Tanespi-

mycin caused no change because it does not bind to the C-terminal domain of HSP90α.  
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In contrast, treatment with the C-terminal inhibitor CmA1 led to an increase of monomers, and 

slightly reduced dimers and oligomers, as previously described in the literature.188, 189 

Adding 1a resulted in a decreased amount of HSP90α dimer and an increased amount of oligo-

mers with increasing the concentration to 25 µM and 50 µM. Inhibitor 1b showed a lower 

oligomer level and a distinct concentration-dependent reduction of dimers at a concentration of 

20 µM and 50 µM. The compound-induced oligomerization of HSP90α with adding inhibitors 

2 and 3 was markedly stronger, especially at a concentration of 50 µM. Inhibitor 2 showed an 

apparent reduction of dimers, whereas inhibitor 3 showed less dimer disruption. The monomer 

levels remained largely unaffected (Figure 36).  

 

Figure 36: BS3 crosslinker assay followed by WB revealing HSP90α dimer disruption. 

Presented are HSP90 monomers (21 kDa), dimers (42 kDa), and higher order oligomers (> 180 kDa). 

Evaluation of the experimental HSP90 inhibitors in the thermal shift binding assay showed that 

the compounds interact with the CTD of HSP90 and that binding to HSP90 lead to a reduction 

in thermostability. Further investigation using a crosslinker assay showed that the compounds 

lead to a reduction of HSP90 dimers and an enrichment of HSP90 oligomers. Taken together, 

these studies indicate that the novel HSP90 inhibitors address the CTD dimerization interface. 

4.2.3 Characterization of CTD HSP90i in an HSP90 activity-based assay 

The previously performed assays provided insight into the binding mode of the experimental 

inhibitors to HSP90. A thermal shift based binding assay showed that the α-helix mimetics bind 

to the CTD of HSP90 and lead to a dimer disruption as indicated by the negative thermal shift 

and the crosslinker assay. In the following, it should be investigated if the compounds inhibit 

HSP90 chaperone function. For this purpose, the luciferase refolding assay was established, 

which can be used to study the HSP90 folding capacity as previously described.188, 190, 191  
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For this assay, recombinant firefly luciferase was used, which in the folded, active state catal-

yses the ATP-dependent oxidation of D-luciferin under light emission. The chaperone-medi-

ated renaturation of firefly luciferase has previously been reported. The concentration of HSP90 

and HSP70 correlate with the ATP-dependent restoration of luciferase activity.192 

The first step was to optimize the thermal denaturation of luciferase. After all buffer conditions 

and concentrations were optimized, the reference and experimental inhibitors were tested and 

related to the maximum renaturation under untreated conditions. An incubation of eight 

minutes at 38 °C was the optimal condition, and the luciferase activity dropped to about 2%. 

Many factors are essential for the successful renaturation of luciferase, including optimal ATP, 

Mg2+ and K+ concentration. Furthermore, the lysate is important, and in this setup, rabbit retic-

ulocyte lysate was used. The special characteristic of this lysate is that it contains abundant 

quantities of heat shock proteins like HSP90, HSP70, and STI1/HOP. Furthermore, it contains 

relevant co-chaperones for protein folding. The measurable light emission is proportional to 

the luciferase activity and, thus, indirectly to the activity of HSP90. 

The pre-incubation with the N-terminal HSP90i Tanespimycin, PU-H71, and AUY922 signif-

icantly (p ˂ 0.0001, p = 0.0002 p ˂ 0.0001) reduced the amount of renatured luciferase to 37%, 

56%, and 35%, respectively.  Incubation with the C-terminal HSP90i CmA1 significantly (p ˂ 

0.0001) reduced the amount of renatured luciferase to 11%. The maximal inhibition referred to 

in the following was calculated by subtracting the recovered luciferase activity [%] of the re-

spective inhibitor from the maximal luciferase activity of 100 %.  

Treatment with 1a exhibited maximal HSP90 inhibition of 56% at 100 µM, and inhibitor 1b 

achieved maximal HSP90 inhibition of 57% at 100 µM. Treatment with 2 achieved maximal 

HSP90 inhibition of 54% at 100 µM, and treatment with 3 achieved maximal HSP90 inhibition 

of 48% at 100 µM.  

 

Figure 37: Luciferase refolding assay revealing HSP90 on-target efficacy. 

Results are shown as means ± SD. P values were determined by a two-tailed unpaired t-test. *p ≤ 0.05; **p ≤ 0.01; 

***p ≤ 0.001; ****p ≤ 0.0001. 
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Overall, all inhibitors induced a concentration-dependent inhibition of HSP90 (Figure 37).   

The luciferase refolding assay demonstrated that the experimental CTD HSP90 inhibitors lead 

to a decrease in luciferase refolding. These findings provided the assumption that the novel 

inhibitors, in addition to binding to HSP90, lead to inhibition of HSP90 chaperone activity. 

4.2.4 High-throughput drug screening of compounds 2 and 3 

The activity of the two most advanced compounds, 2 and 3, were tested in a variety of leukemia 

cell lines and were compared to reference NTD HSP90i. For this purpose, the leukemia cell 

lines were plated on the compound library plates, incubated for 72 h and subsequently measured 

via CTG. Drug sensitivity scores (DSS) were then calculated, determined by the integral over 

the dose range exceeding a certain activity minimum. In some cases, the calculated IC50 value 

may be identical, but the dose-response curves may show significant differences, making the 

DSS more meaningful. Subsequently, the differential DSS, calculated from the difference be-

tween the drug response quantified in patient cells or cancer cell lines and the average drug 

response of (healthy) control samples, was further calculated. This provides the opportunity to 

compare inhibitors with widely divergent efficacy and to identify those that are effective over 

a relatively broad therapeutic window.193  

Healthy placental cord blood derived CD34+ hematopoietic stem cells served as control cells. 

Analysis of Inhibitor 2 showed significantly (p = 0.0068) higher dDSS than the reference 

HSP90i in T-ALL cell lines. In B-ALL cell lines, there was a more significant (p = 0.0002) 

efficacy of Inhibitor 2. The same trend was seen for inhibitor 3, with significantly (p = 0.0031) 

higher dDSS in the T-ALL cell lines. Inhibitor 3 also showed significantly (p < 0.0001) higher 

dDSS in the B-ALL cell lines. Strikingly, both inhibitors showed much higher dDSS, especially 

in the SEM (relapse B-ALL, t(4;11) KMT2A-AFF1) and the NALL-1 (PAX5-ETV6+) cell line 

(Figure 38A). 

Furthermore, the two inhibitors were tested against a variety of PDX leukemia samples. Inhib-

itor 2 had a significantly higher dDSS in high-hyperdiploid B-ALL cells (HHD), ETV6-

RUNX1 and T-ALL patient cells. In contrast, inhibitor 3 had significantly higher dDSS in 

BCR-ABL1, HHD and transcription factor 3 (TCF3)-rearranged patient cells (Figure 38B). 
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Figure 38: Heat maps showing the differential drug sensitivity score (dDSS). 

(A) Heat map showed the dDSS of reference HSP90i and inhibitor 2 and 3 for T-ALL and B-ALL cell lines. (B) 

Heat map showing the dDSS of reference HSP90i and inhibitors 2 and 3 for PDX cell lines. P values were deter-

mined by a two-tailed unpaired t-test combining all dDSS from the reference Inhibitors and all dDSS from Inhib-

itor 2 and 3. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 

In summary, both compounds showed significantly higher dDSS in T-ALL and B-ALL cell 

lines compared to standard N-terminal HSP90 inhibitors. Furthermore, both compounds 

showed high antileukemic activity in PDX cell lines with different preferences to various ge-

netic subgroups. In general, the bipyrimidonamide 2 and the bipyrimidinamide 3 offer a prom-

ising structural motif as novel CTD HSP90 inhibitors.  
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4.3 Characterization of HSP90 targeting PROTACs 

4.3.1 Generation of K562-HiBiT cells via gene knock-in (KI) 

To assess intracellular protein expression within a cellular context while minimizing interfer-

ence with cellular processes, the implementation of HiBiT technology proves highly advanta-

geous. This innovative approach enables the examination of proteins at their endogenous level, 

retaining their original promoter conditions. To achieve this, a CRISPR/CAS9 knock-in can be 

utilized to introduce an 11 bp tag to the target protein, facilitating its detection without disrupt-

ing cellular functionality.194 

To generate stable HSP90α/β HiBiT-tagged K562 cells, the transient method via ribonucleo-

protein (RNP) nucleofection was used. In this case, recombinant CAS9, two gRNAs for each 

isoform targeting a section at the C-terminal end of the proteins, and respective single-strand 

oligodeoxynucleotide (ssODNs), containing the HiBiT sequence was used (Figure 39A). The 

presence of the ssODN enables homologous recombination (HR) in cells after the CAS9-me-

diated DNA cut. The genetically modified cell pool was afterwards evaluated by WB analysis. 

To this end, a HiBiT antibody was used and successful insertion of the HiBiT-tag to the endog-

enous protein HSP90 could be validated, as the occurring band was at the right size with around 

90 kDa (Figure 39B). Afterwards, the cells were monoclonal selected and growing clones were 

isolated. Genetically modified clones were validated using the Nano-Glo® HiBiT lytic detec-

tion system containing the complementing polypeptide LgBiT. By adding this reagent to the 

cells, the LgBiT unit interacts with the HiBiT unit at the protein and forms the luminescent 

NanoBit® enzyme. The resulting luminescence signal is proportional to the amount of HiBiT-

tagged protein. Three clones were isolated from each pool, and it could be seen that unedited 

K562 cells and some clones do not show any signal (g1C1, g2C1, g2C2). For further experi-

ments, one positive clone with HiBiT-tagged HSP90α (g2C2) and one clone with HiBiT-tagged 

HSP90β (g1C2) was chosen, and the insertion was validated via Sanger sequencing (Figure 

39C). 
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Figure 39: Generation of HSP90-HiBiT tagged K562 cells via gene KI using RNP nucleofection.  

(A) Schematic representation of RNP nucleofection using the respective gRNAs and ssODN donor templates. 

Figure: Created with BioRender.com. (B) WB results with anti-HiBiT antibody showing a successful integration 

of the HiBiT-tag to the endogenous protein at the right size around 90kDa. (C) Nano-Glo HiBiT lytic detection 

assay of K562 pool cells compared to monoclonal cells. Positive clones g2C2 (HSP90α) and g1C2 (HSP90β) were 

Sanger-validated and selected for further experiments. Results are shown as means ± SD. 

4.3.2 Selection and characterization of HSP90 PROTACs 

PROTAC technology enables targeted protein degradation and can overcome problems asso-

ciated with traditional protein inhibition. The design and synthesis of the PROTACs was done 

by the working group Hansen. The HSP90 inhibitor Geldanamycin was used as a starting point. 

Geldanamycin is an established N-terminal HSP90 inhibitor used as a fluorescence probe in 

commercial assays. The knowledge of the existing crystal structure of HSP90 with FITC la-

belled GM offers descriptive possibilities for a structure-based design. For the development of 

PROTACs, the inhibitor needs to be chemically modified, and the binding affinity and speci-

ficity must be maintained. The following data presented for compound 4 are published in 

Wurnig, S. et. al.195 Starting from the crystal structure, it can be seen that the C-17 atom is 

solvent exposed and thus represents an ideal exit vector to add a linker. Subsequently, a series 

of potential PROTACs was synthesized with varying lengths of alkyl- or PEG-based linkers. 

Furthermore, a CRBN-recruiting, pomalidomide-derived ligand was chosen for the E3 ligase. 

The pre-selection, including Western Blot analysis and the fluorescence polarization (FP) as-

say, was performed by the colleague Niklas Dienstbier. K562 cells were treated with all poten-

tial PROTACs at 1 µM, incubated for 24h and harvested to perform a pre-selection. Quantita-

tive JESS was used to evaluate the expression level of HSP90α, HSP90β and total HSP90. In 

general, degradation of both isoforms was found to be weak at 1 µM of PROTACs. The rela-

tively strongest degradation was obtained with 4 (SW10-1-1).  
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Therefore, this compound with a PEG2-based linker was selected for further analysis (Figure 

40A). To determine the on-target binding affinity, a fluorescence polarization assay was per-

formed. This assay is based on the competition of FITC-labelled GM for binding to purified 

recombinant HSP90α. The results showed that 4 binds to the ATP binding pocket of HSP90α-

NTD with only slightly lower affinity than GM. Subsequently, K562 cells were treated with 

the degrader 4 in a concentration range between 31 nM and 375 nM, incubated for 24h and 

harvested. Quantitative JESS was used to evaluate the expression level of HSP90α and 

HSP90β. HSP90α was strongly degraded mainly at low concentrations between 31 nM and 125 

nM, with a maximum degradation of 56.8 % at 125 nM. With higher PROTAC concentration 

between 188 nM and 375 nM, HSP90α increased to 77 % of the initial level. HSP90β gradually 

degraded with increasing concentration of PROTAC until a plateau was reached with a maxi-

mum degradation of around 33 % (Figure 40B/C).  

The effect of 4 was then tested in an orthogonal assay using the K562 HiBiT target lines. Cells 

were treated with the degrader 4 in a concentration range between 15 nM and 250 nM, incu-

bated for 24 h and analyzed with the Nano-Glo® HiBiT lytic detection system. It was found 

that HSP90α was getting more degraded than HSP90β at low concentrations and that a maxi-

mum degradation of 40.58 % was reached at 125 nM. Subsequently, the level of HSP90α in-

creased to 81 % of the initial level. The HSP90β level decreased continuously and reached a 

maximum degradation of 43.13 % at 250 nM (Figure 40D).  

 

Figure 40: Evaluation of 4 (SW10-1-1) in HSP90-HiBiT tagged K562 cell lines.  

(A) Chemical structure of 4. (B) Representative image of JESS results shows HSP90α/β levels with increasing 

concentration of the degrader 4. (C) Quantification of JESS results. Results are shown as means ± SD (N = 3). 

(D) Luminescence signal of HSP90-HiBiT tagged K562 cell lines treated with 4.  
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Both methods gave comparable results, and the same trend that HSP90α gets strongly degraded 

at low concentrations and the level starts to increase again at higher concentrations of PROTAC 

and that HSP90β decreases more delayed at higher concentrations of PROTAC was observed. 

The evaluation of 4 in HSP90-HiBiT tagged K562 cell lines, including the treatment with the 

proteasome inhibitor MG132 and the CRBN ligand pomalidomide was done in collaboration 

with the Master student Julian Hogenkamp. 

To exclude the possibility that 4 non-specifically induces a reduction of HSP90, a non-degrad-

ing control nc-4 (nc-SW10-1-1) was synthesized. This control has a modification on the piper-

idine-2,6-dione moiety of the CRBN ligand by introducing a methyl group at the nitrogen, 

which enables the compound to still bind to HSP90 but not to CRBN. Evaluation by HiBiT 

lytic assay showed no degradation of HSP90β with 100 nM and 200 nM of nc-4. For HSP90α, 

it was observed that there is a significant upregulation at 100 nM to 140 % and at 200 nM to 

145 %. Furthermore, the N-terminal HSP90 inhibitor Geldanamycin was used as a control. The 

treatment with Geldanamycin also resulted in a constant HSP90β level of around 100 % and a 

strong upregulation of HSP90α. The level of HSP90α increased to approximately 130 % (Fig-

ure 41A). 

Competition experiments were performed to investigate the mechanism of PROTAC-induced 

degradation of HSP90. For this purpose, the CRBN ligand pomalidomide was used on the one 

hand and the proteasome inhibitor MG132 on the other. The HSP90-HiBiT tagged K562 cell 

lines were treated with 200 nM 4 and different concentrations of pomalidomide (100 nM to 

2000 nM).  

 

Figure 41: Evaluation of 4 in HSP90-HiBiT tagged K562 cell lines 

(A) HiBiT lytic assay using 4, nc-4 and Geldanamycin. (B) HiBiT lytic assay using the proteasome inhibitor 

MG132 and the CRBN ligand pomalidomide to show that 4 degrade HSP90 via the ubiquitin-proteasome pathway 

and ternary complex formation. Results are shown as means ± SD of 3 independent experiments. P values were 

determined by a two-tailed unpaired t-test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 

The evaluation with the HiBiT lytic assay showed a gradual increase of HSP90 in a dose-de-

pendent manner under the influence of pomalidomide. The HSP90α level could be almost re-

stored and reached 90 % (Figure 41B). 
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Furthermore, cells were treated with 200 nM 4 and different concentrations of MG-132 (100 

nM to 540 nM). Inhibition of the proteasome resulted in a significant increase in HSP90α/β. 

HSP90α reached a maximum of 95 % and HSP90β of 96 % from the initial value (Figure 41B). 

In summary, the most promising GM-based HSP90 PROTAC 4 effectively degraded both 

HSP90α and HSP90β via the ubiquitin proteasome pathway and ternary complex formation. 
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5. Discussion 

Since discovering the anti-tumour activity of the natural product Geldanamycin, HSP90 has 

gained considerable importance as a cancer target. Although HSP90 gets abundantly expressed 

in all cells and is essential for cell survival, differences between HSP90 in cancer cells and 

HSP90 in non-transformed cells have been identified and have contributed significantly to the 

understanding and development of cancer drugs. In many tumour cells, induction of HSP90-

mRNA and -protein occurs, resulting in increased HSP90 expression levels.196, 197 Furthermore, 

tumour cells exhibit increased dependence due to more difficult survival conditions in the harsh 

tumour microenvironment. HSP90 is strongly activated in tumour cells, for example, by post-

translational modifications, which can lead to different localizations of HSP90 by secretion into 

the extracellular space.198, 199  

The distinct roles of HSP90α/β and the incorporation into a variety of complex signal networks 

is not fully understood.46 A better understanding of the two cytosolic isoforms HSP90α/β will 

enable a contribution to developing new inhibitor classes and therapeutic approaches. 

5.1 HSP90α/β isoforms in BCR-ABL1+ leukemia 

5.1.1 HSP90β-KO/KD induces upregulation of HSP90α in K562 cells 

Most studies related to HSP90 are done with pan-HSP90 inhibitors or transient knockdown 

models, which address both cytosolic isoforms equally. Studies that address HSP90α/β iso-

form-specific roles, for example, concerning client proteins, use isoform-selective HSP90i or 

transient knockdown approaches. In this work, therefore, HSP90α and HSP90β isoform-spe-

cific knockout models were generated and biologically characterized in leukemia-relevant cell 

lines using CRISPR/CAS9 technology.  

It was shown that the loss of HSP90α does not affect the HSP90β level, whereas the loss of 

HSP90β induces overexpression of the HSP90α isoform at the mRNA and protein levels (Fig-

ure 9C/D and 10C/D). The stress-inducible HSP90α isoform can be regulated much more rap-

idly than the HSP90β isoform because of the 5′ flanking sequences that contain multiple heat 

shock elements and are involved in the inducible gene expression of HSP90α.200 Therefore, it 

was expected that the cells would counteract the stress of HSP90β deletion and compensate for 

the loss by upregulating HSP90α to maintain the total HSP90 level. A more detailed character-

ization of the effect of the knockouts on HSR showed that not only HSP90α was upregulated 

in K562 cells but also HSF1, HSP70, and HSP40 (Figure 11C). Accordingly, HSR was shown 

to be an HSP90β-isoform-specific response. Nevertheless, the induction of HSR in the 

HSP90α-KO cells was still possible and as strong as in the control cells, mainly due to the 

overexpression of HSP70 (Figure 11D/E).  
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HSP90-KD models in K562 cells further showed that the upregulation of HSP90α in the 

HSP90β-KO cells was not a time-dependent effect, as there was also an upregulation of 

HSP90α and HSP70 in the HSP90β-KD cell lines already after 96 h and 192 h on protein level 

(Figure 13C/E). 

Interestingly, no changes in the expression of previously reported HSP90-isoform-dependent 

client proteins, such as CDK4, CDK6, and SURVIVIN, were observed (Figure 12A/B). With 

HSP90-isoform selective inhibitors, downregulation of client proteins could be observed in 

previously reported studies.50 This suggests that the generation of an HSP90-KO causes a long-

term adaptation that involves the acquisition of the functions of the other isoform. Inhibitor 

treatment may not result in compensation due to the short response time. This strong compen-

satory ability of the two HSP90 isoforms has been described previously.201 

5.1.2 HSP90α-KO leads to faster proliferation in vitro 

The in vitro characterization of the K562 and KCL-22 HSP90-KO cell lines revealed a signif-

icantly faster proliferation of HSP90α-KO cell lines and a different colony formation capability 

(Figure 15A, 16, and 17).  

This can be explained by the decisive role of HSP90β in stabilizing BCR-ABL1 and mainte-

nance of the localization in the cytoplasm. The CC domain of BCR-ABL1 can bind to HSP90β 

and, when bound, prevents the transport of BCR-ABL1 into the nucleus. Nucleus-trapped 

BCR-ABL1 leads to reduced proliferation and apoptosis.162 In the case of HSP90α-KO cell 

lines, only HSP90β is available in the cells, resulting in increased stabilization of BCR-ABL1. 

This leads to increased activation of BCR-ABL1 tyrosine kinase in the cytoplasm. In line, 

Western blot analysis revealed increased BCR-ABL1 expression and enhanced downstream 

signalling via p-STAT5a and p-CRKL (Figure 14). 

Another explanation for the increased proliferation of HSP90α-KO cell lines could be the lower 

levels of CD45 tyrosine phosphatase. This transmembrane protein is mainly expressed by hem-

atopoietic cells and can activate or inactivate various signalling processes.202 Using RNA se-

quencing, mass spectrometry and secretome analysis, a consistent down-regulation of CD45 

was identified (Figure 25A, 28A, and 31A). Downstream analysis revealed that this leads to 

increased levels of activated p-SRCY416 due to decreased dephosphorylation by CD45 (Figure 

32D). Activated SRC (p-SRCY416) can then facilitate cell survival via AKT or induce enhanced 

proliferation via MAPK signalling. An increased AKT level could also be observed in the 

HSP90α-KO cell lines (Figure 14A). 

Another factor that has an impact on proliferation is LCP2. Lymphocyte cytosolic protein 2 

was consistently upregulated at the mRNA and protein levels in the HSP90α-KO cells. It was 

present 6-fold higher on mRNA and 17.5-fold higher on protein level, making it the strongest 

and most significant hit in mass spectrometry analysis (Figure 25A and 28A).  
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Activation of LCP2 can lead to various downstream responses, including activation of the 

MAPK signalling cascade.203 These results align with the results found by fGSEA and Cluster 

Profiler analysis of RNA sequencing data, where the MAPK signalling cascade, including 

ERK1/ERK2 signalling, was upregulated in the HSP90α-KO cell lines (Figure 26A/C). Like-

wise, GSEA showed enrichment of the FcεRI-mediated MAPK activation gene set (Figure 

27B). Taken together, activation of the MAPK signalling cascade leads to migration, differen-

tiation, and proliferation. 204 

Alternatively, the in vitro characterization of the K562 and KCL-22 HSP90β-KO cell lines 

demonstrated no alterations in proliferation when compared to their respective controls (Figure 

15A and 17A). Nevertheless, the elimination of the HSP90β isoform resulted in a notable de-

crease in colony formation capability and reduced size of colonies (Figure 16 and 17B/C). Due 

to the absence of HSP90β in the cells, BCR-ABL1 gets less stabilized, which also leads to 

significantly weaker BCR-ABL1 signalling via p-BCR-ABL1. Furthermore, lower levels of 

STAT5a and weaker pSTAT5a signalling were observed, which is also due to the destabiliza-

tion of p210BCR-ABL1, because p210BCR-ABL1 shows a significantly stronger activation of the 

STAT5 transcription factor.205 Moreover, HSP90β-KO revealed an increase in the P190BCR-

ABL1 isoform (Figure 14). The observed reduction in both, the number and size of colonies, 

following the loss of the HSP90β isoform in BCR-ABL1+ leukemia cells may serve as a plau-

sible explanation for this phenomenon. 

 

5.1.3 Prolonged survival of mice injected with HSP90α-KO cells  

In addition to the in vitro characterization of the HSP90-KO cell lines, the cells were injected 

into NSG mice, and the engraftment was monitored. The in vitro behaviour of the cell lines is 

interesting for the analysis of molecular mechanisms and provides information about the re-

sponse to genetic modification. In vivo characterization, on the other hand, is indispensable in 

terms of biological effects and the transfer and incorporation into the clinical context.  

Based on the in vitro results, it was initially hypothesized that the HSP90β-KO cell lines might 

distribute more slowly due to reduced colony-forming ability, and the HSP90α-KO cell lines 

may distribute more rapidly due to increased proliferation. Interestingly, a slowed engraftment 

of the HSP90α-KO cell lines was observed in the mice (Figure 18). These results highlight the 

strong differences between the behaviour of the cell lines in cell culture and a living, complex 

organism and demonstrate the restricted transfer. 

Among others, secreted proteins play a crucial role in this complex system. Secretome analyses 

of HSP90-KO cell lines showed, as expected that HSP90α is not secreted in HSP90α-KO cell 

lines (Figure 31A).  
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In non-modified cells, however, HSP90α is expressed extracellularly and is a mediator of tu-

mour cell invasion and plays an important role in cell motility and cancer metastasis.206-209 

Furthermore, less HSPA5 protein, a member of the HSP70 family, was found in the secretome 

of HSP90α-KO cell lines (Figure 31C). In addition to HSP90α, extracellular HSP70 may also 

drive tumour metastasis and progression.210, 211 

Taken together, the strong reduction of extracellular heat shock proteins, especially HSP90α, 

may have an inhibitory effect on the rapidity of tumour engraftment and distribution of leuke-

mia cells in mice and, thus, a positive effect on survival. 

Another important factor for the in vivo investigation is the anti-tumour immune response. Alt-

hough the mouse line used is highly immunodeficient with a deficiency of B- and T-cells and 

a deficiency in functional NK cells, they have a reduced function of the innate immune system. 

This non-specific immune defence includes immune cells such as macrophages, dendritic cells, 

and neutrophils.212 Accordingly, after injection into the mice, there may be a partial and atten-

uated immune response against the different HSP90-KO cell lines with altered effects. 

LCP2 has emerged as a novel prognostic biomarker for immune cell infiltration into the tumour 

microenvironment.213 As mentioned, LCP2 was upregulated in HSP90α-KO cells at the mRNA 

and protein levels (Figure 25A and 28A). In vitro, the increased LCP2 level may contribute to 

enhanced cell proliferation mediated via MAPK signalling. In vivo studies showed a positive 

correlation between LCP2 and tumour-infiltrating immune cells.214 This was particularly evi-

dent for B-cells, CD8+ T-cells and CD4+ T-cells, which play no role in the NSG mice, but also 

for macrophages, neutrophils and dendritic cells found in the used mice. A high expression 

level of LCP2, as found in the HSP90α-KO cell lines, can thus lead to increased infiltration of 

immune cells, and thus decelerate tumour engraftment. 

Another factor that plays an important role in vivo are the surface markers on the cells. Such 

antigen surface structures can subsequently influence a variety of signalling cascades intracel-

lularly. In the HSP90α-KO cell lines, PTPRC, also called CD45, was downregulated in all 

proteogenomic analyses, after which western blot and FACS analyses confirmed the findings 

(Figure 29C, 31C, and 32). The studies in this work further revealed that the decreased level of 

CD45 resulted in an increased level of inactivated p-LCKY505 (Figure 32C/D). In the inactive 

state, LCK cannot initiate or drive pro-proliferative, migratory, and angiogenic processes.215, 

216 Thus, HSP90α-KO cell lines may be less capable of metastasis. This hypothesis is also 

supported by the fact that an increased level of CD45 is associated with a poor prognosis of the 

patients. It has been shown that CD45 acts as a risk factor for patients with AML.217 

Accordingly, a lower level of CD45 may lead to a decreased distribution of K562 HSP90α-KO 

cell lines in mice and, thus, to prolonged survival. 
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5.1.4 Drug screening of HSP90α/β-KO cells 

The process of drug screening enabled the identification of inhibitors targeting other classes of 

targets that are dependent on the HSP90α/β isoforms. Enhanced sensitivity played a pivotal 

role in recognizing potential synergistic partners during this screening. HSP90α-KO cells were 

found to be differentially sensitive (more resistant) to the drug class of tyrosine kinase inhibi-

tors, including Barasertib (Aurora B kinase), Gilteritinib (TKI belonging to the subgroup of 

AXL inhibitors), Miransertib (AKT), and Everolimus (mTOR) (Figure 19A).  

For the HSP90β-KO, HSP90 inhibitors, including Geldanamycin, PU-H71, AUY922, Gane-

tespib, and BIIB021, were the most striking. The HSP90β-KO cell lines were more sensitive 

towards the treatment with these inhibitors (Figure 19B). Since only HSP90α was still present 

in these cell lines, which was upregulated by the HSP90β-KO as compensation, indicating in-

creased dependence, the cells are more sensitive to HSP90 inhibition. Interestingly, HSP90β-

KO cell lines showed increased resistance to the HSP90 inhibitor KUNB31 (Figure 19B). This 

inhibitor is HSP90β specific and, therefore, cannot address its target.50 

The most pronounced IC50 fold change, indicating the greatest sensitization due to HSP90β-

KO, was observed for Birinapant, a potent inhibitor of c-IAP1/2 and a less potent inhibitor of 

XIAP.218 Interestingly, c-IAP1 and XIAP were shown to be upregulated in the HSP90β-KO 

cell lines, although c-IAP1 is an HSP90β-specific client (Figure 20B). Previous studies have 

shown that the loss of HSP90β leads to the degradation of c-IAP1.219 Despite the complete loss 

of HSP90β in the KO cell lines, protein overexpression occurred in these studies. c-IAP1 and 

c-IAP2 regulate the pro-survival canonical NF-κB pathway, which became more important 

with increased dependency in the cell lines due to the HSP90β-KO. Inhibition with Birinapant 

leads to degradation of c-IAP1, caspase activation, and PARP cleavage.220, 221 

5.1.5 CDK7i is a novel therapeutic vulnerability upon HSP90α loss 

Another inhibitor identified by drug screening that showed increased sensitivity in the HSP90α-

KO cell lines is THZ1, a CDK7 inhibitor (Figure 19A). In the HSP90α-KO cell lines, an in-

creased level of CDK7, on the one hand, and an enhanced AR signalling in the transcriptome, 

on the other hand, could be found (Figure 21A and 27A). Furthermore, a synergistic behaviour 

between HSP90 and CDK7 inhibitors could be validated (Figure 21 and 22B/C/D).  

CDK7 is part of the transcription factor IIH protein complex and plays a crucial role in AR 

signalling. First, CDK7 phosphorylates the C-terminal domain of RNA polymerase II, which 

leads to disruption of the CTD and the mediator and releases RNA polymerase II from the 

promoter-proximal pause.  

Furthermore, CDK7 phosphorylates the kinase CDK9, which then, in complex with pTEFb, 

also phosphorylates the CTD of RNA polymerase II, ultimately inducing the release of RNA 

polymerase II from the promoter, allowing transcriptional elongation.222  
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Furthermore, CDK7 is involved in the modulation of AR activity via MED1. The presence of 

AR in the nucleus and binding to distal enhancers or super-enhancers causes recruitment of the 

mediator complex, which interacts with RNA polymerase II and the preinitiation complex, in-

cluding TFIIH. This leads to chromatin looping to the promoter and ultimately promotes tran-

scription.  

To fulfil its role as a transcription factor in the nucleus, AR needs to undergo nuclear traffick-

ing. Under normal circumstances, this occurs through binding a ligand and the subsequent di-

merization of AR and disruption of the HSP90-AR complex.223 HSP90 generally leads to the 

stabilization of AR in the cytoplasm. However, the exact mechanism is not entirely understood, 

and possibly dissociation of the AR-HSP90 complex, even ligand independently, already leads 

to the nuclear transport of AR.224 This ligand-independent reaction could be induced by 

HSP90-KO or HSP90 inhibition. Loss of HSP90α thus can lead to an increased accumulation 

of AR in the nucleus. Activation of this pathway can induce pro-survival effects, which can be 

circumvented by CDK7 inhibition (Figure 42). 

Furthermore, there is a link to the expression of heat shock genes, as the expression is controlled 

at the level of polymerase II elongation. In response to heat shock, for example, induced by 

HSP90 inhibition, polymerase II gets recruited to the heat shock loci.225, 226 Inhibition and in-

activation of CDK7 thus results in decreased levels of transcriptionally active polymerase II 

along heat shock genes, as the kinase is essential for activation.227 

 

Figure 42: Proposed mechanism of how co-targeting of HSP90α and CDK7 can result in a synergistic effect. 

Dual targeting of HSP90 and CDK7 results in the inhibition of RNA polymerase II elongation and no increasement 

in HSR-related proteins, allowing HSP90i to act more effectively and synergistically with CDK7i. Figure: Created 

with BioRender.com, modified from X. Li et. al.228 and used under CC BY 4.0. 
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Co-targeting of HSP90α and CDK7 showed a complete loss of phosphorylated RNA polymer-

ase II and no induction of HSR-related genes, like HSP90α, HSP70, and HSP40 (Figure 23 and 

24). In contrast, single treatment with PU-H71 caused the induction of HSR as an escape mech-

anism, which the combinational treatment could suppress. Thus, co-targeting of HSP90 and 

CDK7 leads to a synergistic effect and offers a promising approach to overcome HSP90i-asso-

ciated resistances and limitations.  

Furthermore, the investigations in this work showed that the combination approach with PU-

H71 and THZ1 provides a treatment option in refractory or relapsed leukemia cells of patients 

with clinically relevant BCR-ABL1 mutations. Also, a synergistic behavior in TKI resistant 

cell lines (Imatinib and Ponatinib) could be measured, allowing the potential use as secondary 

treatment after failure of TKI inhibitors or to overcome TKI-induced mutations in BCR-ABL1 

(Figure 21B/C/D). In PBMCs from healthy individuals, the combination treatment did not re-

spond (Figure 22E). This offers a promising therapeutic window for the use of the inhibitors in 

further in vivo applications. 

5.2 Small molecule HSP90 C-terminal dimerization inhibitors  

The targeting of HSP90 with small molecules has received considerable attention in recent 

years, especially regarding its use in various subtypes of leukemia with poor prognosis. The 

importance increased due to the role of HSP90 as a chaperone for clients, such as BCR-ABL1, 

relevant in CML or B-ALL.114 

Despite the development of various N-terminal HSP90i, difficulties in advanced clinical trials 

continue to occur due to side effects, such as ocular toxicity.229 In general, the use of the NTD 

HSP90i class causes the initiation of HSR.138, 139 

Addressing HSP90 via the C-terminal domain offers a promising approach to circumvent the 

drawbacks of NTD HSP90 inhibitors. Previous studies showed that C-terminal HSP90 inhibi-

tors exhibit anti-proliferative activity in prostate, breast cancer, and ewing sarcoma tumour cell 

lines via allosteric inhibition.188, 230 Subsequently, the first protein-protein interaction HSP90 

CTD inhibitor was developed by cooperation partners, which disrupts the dimerization of 

HSP90. The peptide-based inhibitor AX further showed no initiation of HSR and promising 

efficacy in Ph-like and BCR-ABL1+ BCP-ALL cell lines, among others.  

The small molecule HSP90i in this work were designed to bind to the C-terminal domain of 

HSP90. They were synthesized to prevent the dimerization necessary for HSP90 activity by 

mimicking the HSP90 dimerization hot spot residues similar to AX.231 

As an initial small molecule inhibitor, compound 1a was obtained, which showed an antileu-

kemic activity of 4.55 µM in K562 cells (Figure 33B). Small modifications resulted in 1b with 

a two-fold improved activity of 2.26 µM in K562 cells (Figure 33B). In a thermal shift assay, 

the experimental inhibitors 1a and 1b induced a strong negative shift of -8 °C (Figure 35A/B).  
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Accordingly, the compounds did not stabilize HSP90-CTD as initially expected and as ob-

served with CmA1 but destabilized HSP90-CTD (Figure 34B). Therefore, a different MoA can 

be defined. In the apo state, HSP90-CTD forms a dimer, and the addition of the inhibitors 

results in a loss of stabilizing subunit interactions and disruption of the CTD dimer.232 Interest-

ingly, only one melting curve was observed after the addition of the inhibitors, which indicates 

either a complete disruption of the dimers and a complete presence of monomers or a non-

specific destabilization. A non-specific effect is also indicated by the melting curve merely 

starting earlier, but the peak maximum does not shift strongly. 

Furthermore, experimental inhibitors 1a and 1b show a loss of dimers in the BS3 crosslinker 

assay (Figure 36). Compound 1a also induces a strong oligomerization of HSP90 CTD to spe-

cies even larger than the tetrameric form. Compound 1b does not show this oligomerization. 

Both compounds inhibited the activity of HSP90 in a luciferase refolding assay, showing sim-

ilar profiles with increased inhibitory activity with higher inhibitor concentrations (Figure 37). 

By scaffold hopping, bipyrimidonamide-based structures and bipyrimidinamide-based struc-

tures were synthesized. Initially, this did not improve the antileukemic activity and an IC50 

value of 2.26 µM was obtained for compound 2 in K562 cells (Table 22A). However, com-

pound 3 showed a three-fold improvement in activity with an IC50 value in the low µmolar 

range (1.56 µM) (Tabel 22B). Furthermore, introducing a basic N,N-dimethylaminoethyl group 

at the C-terminus of ring A improved the physicochemical properties of both inhibitors 2 and 

3 regarding solubility. In the thermal shift assay, both experimental inhibitors produced a neg-

ative shift, which was weaker for compound 2 at -3.74 °C and again improved for compound 

3 at -6.07 °C (Figure 35C/D). Both compounds induced a dimer loss in the BS3 crosslinker 

assay and a strong oligomerization of HSP90 CTD to species larger than the tetrameric form 

(Figure 36). Overall, the advanced series of inhibitors was also shown to inhibit the dimeriza-

tion of HSP90. Compound 3 inhibited the activity of HSP90 in a luciferase refolding assay and 

showed increased inhibitory activity with increasing inhibitor concentration, like compounds 

1a and 1b. Compound 2, on the other hand, showed strong inhibition of HSP90 already at 

25 µM, which could not be significantly increased by increasing the concentration (Figure 37). 

The drug screening showed that the experimental inhibitors 2 and 3 have significantly increased 

and thus improved dDSS compared to the reference HSP90-NTD inhibitors in ALL cell lines 

(Figure 38A). Furthermore, they were also convincing for PDX samples with different genetic 

lesions (Figure 38B). For example, inhibitor 2 showed significantly increased efficacy in 

ETV6-RUNX1+ cells (most common inter-chromosomal alteration with 25%), and HHD cells 

(in 30 % of all pediatric BCP-ALL) have particular significance in childhood BCP-ALL. In-

hibitor 3, however, showed improved efficacy in BCR-ABL1+ leukemia. 
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This is the case even though the experimental CTD HSP90i show significantly lower IC50 val-

ues and can be explained by the fact that the experimental inhibitors show no or very low ac-

tivity against the healthy CD34+ control cells. In contrast, the NTD HSP90i show partially 

increased toxicity. Thus, significantly better results can be achieved with experimental inhibi-

tors 2 and 3, as they have higher selectivity towards leukemia cells and offer an excellent ther-

apeutic window. 

5.3 HSP90 PROTACs 

Targeting proteins with PROTACs to modulate protein function via target degradation has 

gained significant importance in recent years and has already succeeded in clinical applications. 

Since the targeting of HSP90, especially with conventional NTD HSP90i, triggers HSR and 

leads to an upregulation of HSP90 itself, PROTAC technology offers promising opportunities. 

Selective degradation of HSP90 may allow circumvention of the side effects that occur with 

small molecule inhibitors. To date, there has been only one study concerning HSP90 that has 

designed and evaluated BIIB021-based PROTACs. This study investigated the degradation of 

total HSP90, and no isoform-specific classification or specification was performed.233 In this 

work, HSP90 PROTACs were designed based on Geldanamycin and induced degradation using 

a CRBN-recruiting, pomalidomide-derived ligand. 

The most promising degrader 4 showed binding to HSP90 in mechanistic studies via FP-assay 

and degradation of HSP90α and HSP90β. Isoform-specific analysis showed that at lower con-

centrations (< 125 nM), HSP90α gets primarily degraded, whereas, at higher concentrations 

(> 125 nM), HSP90β gets more degraded (Figure 40B/C). In this concentration range, an in-

creased HSP90α level was also detected. Genetically modified HiBiT K562 cell lines showed 

the same trend in an orthogonal system (Figure 40D). Also, a specific degradation using a non-

degrading control and degradation via the ubiquitin-proteasome pathway and the recruitment 

of CRBN could be confirmed (Figure 41). Furthermore, PROTAC 4 showed anti-proliferative 

activity in K562 cells, with an IC50 value in the low µmolar range. This rather high value can 

be explained by the maximum degradation of HSP90α and HSP90β of only 40.58 % and 

43.13 %, respectively. As shown in Chapter 4.1.1, an isoform-specific deletion via HSP90α- or 

HSP90β-KO is not lethal for the cells, and therefore cell death occurs due to a complete 

HSP90α/β deletion. Furthermore, it could be observed that the increase of PROTAC concen-

tration, which induced a stronger degradation of HSP90β, resulted in higher levels of HSP90α 

(Figure 40B/C). These results show strong similarities to the findings obtained with the 

HSP90β-KO cell lines, which also upregulated HSP90α. This escape mechanism can also be 

observed upon treatment with small molecule inhibitors but is much more pronounced. The 

treatment with an NTD HSP90i results in a several-fold expression level increase of HSP90α, 

whereas PROTAC treatment still leads to a lower HSP90α level.234 
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Overall, this work was the first demonstration of a Geldanamycin-based HSP90 degrader and 

its evaluation concerning HSP90α and HSP90β.  
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6. Outlook 

6.1 HSP90α and β isoforms in BCR-ABL1+ leukemia 

In this section, the generation of genetic knockout models for both HSP90 cytosolic isoforms 

(α and β) was undertaken for the first time, aimed at deciphering the precise roles of these 

isoforms in BCR-ABL1+ leukemia cell lines. Numerous in vitro and in vivo experiments, pro-

teogenomic profiling, including RNA sequencing, mass spectrometry, and secretome analysis, 

allowed a detailed characterization of the isoform-specific deletions. 

Future investigations could explore the reversibility of HSP90α/β-KO-specific effects on pro-

liferation, colony-forming ability, and the expression of effector and client proteins. To perform 

so-called rescue experiments, it would be necessary to genetically modify the KO cell lines by 

introducing the corresponding HSP90 isoform. This approach facilitates the subsequent exam-

ination of whether the wild-type phenotype can be restored, providing crucial support for the 

hypothesis that the observed phenotype is a consequence of genetic impairment. 

HSP90α-KO also resulted in prolonged mouse survival and slowed tumour cell distribution. 

Proteogenomic profiling revealed that one factor affecting tumour metastasis and progression 

was the loss of HSP90α secretion. Furthermore, the upregulation of LCP2 levels was observed 

upon the ablation of the HSP90α isoform. This upregulation may contribute to an increased 

infiltration of immune cells, thereby potentially impeding tumor spread. Investigation of im-

mune activation upon loss of HSP90α isoform should be conducted through the utilization of 

immunocompetent mouse models. 

In this work, drug screening of HSP90-KO cell lines identified an approach for the combinato-

rial treatment of BCR-ABL1+ cell lines. Increased sensitivity of HSP90α-KO cell lines to the 

CDK7 inhibitor THZ1 was found. Further studies showed that combining the HSP90 inhibitor 

PU-H71 and THZ1 resulted in synergistic lethality in the cell lines. This is based on suppressing 

the resistance and escape mechanism, the induction of HSR mediated via treatment with 

PU-H71 alone. In the following, it would be interesting to investigate whether other CDK7 

inhibitors in advanced clinical trials, such as (covalent CDK7i) YKL-5-124 and (non-covalent 

CDK7i) SY-5609, act synergistically in combination with HSP90 inhibitors and whether this 

is also due to suppression of HSR. Since the proposed mechanism is based on the activation of 

RNA Pol II, there would be another approach to verify this. Activation may also occur via 

phosphorylation by CDK9 (pS2) beside phosphorylation by CDK7 (pS5 and pS7). Thus, treat-

ment with the CDK9 inhibitor AZD4573 could provide further insights into the underlying 

mechanism. In addition to the use of inhibitors, genetic knockdown or knockout approaches 

can also be used. For this purpose, generating and characterising CDK7 KD cell lines would 

be useful.  
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This would allow an even more precise delimitation, excluding and overcoming off-target ef-

fects and non-specificity of inhibitors. The next essential step involves in vivo tests, where 

leukemia cell engrafted mice would undergo treatment with the combination approach and be 

compared to those treated with a single reagent. SY-5609, a CDK7 inhibitor, and Pimitespib, 

an HSP90 inhibitor, would be suitable candidates for this experiment, given their advanced 

clinical trial phases. 

Taken together, this study offers a comprehensive understanding of the roles and significance 

of the two cytosolic HSP90 isoforms. The identified differences in molecular signaling associ-

ated with HSP90 cytosolic isoforms (α and β) will significantly influence the future develop-

ment of therapeutic strategies for addressing BCR-ABL1+ leukemia characterized by abnormal 

HSP90 protein expression. Moreover, this research introduces an innovative approach by con-

currently targeting HSP90 and CDK7 to overcome the HSR induction triggered by HSP90 in-

hibitors. 

6.2 Small molecule HSP90 C-terminal dimerization inhibitors 

This study introduces first-in-class HSP90 C-terminal dimerization inhibitors, representing a 

hitherto unexplored mechanism of action (MoA) within small-molecule HSP90 inhibitors. 

These experimental inhibitors have demonstrated noteworthy success in terms of their antileu-

kemic activity. Nevertheless, the tripyrimidonamide-, bipyrimidonamide-, and bipyrimidina-

mide-based inhibitors (1a, 1b, 2, and 3) have IC50 values in the low µmolar range and are thus 

still several steps away from the IC50 values of the NTD HSP90i. In this work, it could be 

shown that scaffold hopping and further structural modifications improved the inhibitors' ac-

tivity and solubility. Therefore, research on new structural analogues is ongoing. In the follow-

ing, it would be interesting to validate further the new structure analogues concerning MoA 

and to characterize the binding mode in more detail. For this purpose, it would be an option to 

perform co-crystallization experiments to obtain a crystal structure of HSP90-CTD with the 

bound inhibitor. Furthermore, it would be important to test the inhibitors for in vivo applica-

tions, including solubility- and dose-tolerance studies. Subsequently, leukemia-engrafted 

mouse models could be treated with these inhibitors to see if they reduce the tumour burden 

and prolong or improve the survival of the mice. 

Recent research has primarily emphasized the development of HSP90β-selective inhibitors. 

However, this study reveals that selectively deleting or reducing HSP90β induces the HSR and 

upregulates HSP90α, potentially compromising the efficacy of HSP90 inhibitors and prompt-

ing an escape mechanism. Consequently, there is a need to characterize or specifically modify 

inhibitors for HSP90α selectivity. In summary, this work contributes to enhancing small mol-

ecule C-terminal dimerization inhibitors with antileukemic activity. 
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6.3 HSP90 PROTACs 

A first-in-class series of GM-based HSP90 degraders was presented in this work. The most 

promising degrader showed a maximal degradation of 40.58 % of HSP90α and 43.13 % of 

HSP90β, and it could be validated that the degradation proceeds via ternary complex formation 

and the ubiquitin-proteasome pathway. In the future, it would be interesting to prepare other 

structure analogues to analyse whether the degradation activity can be improved using the GM-

based HSP90 degraders. Moreover, obtaining optimized degraders that can keep HSP90α levels 

low would be very important, preventing the occurring escape mechanism. Furthermore, it 

would be interesting to investigate the biological effects of HSP90 degradation concerning 

HSP90 clients or co-chaperones. Functional assay, such as colony formation assay, could also 

be performed. Additionally, it would be important to evaluate the HSP90 PROTACs for in vivo 

applications. This would first require solubility and dose-tolerance studies since the PROTACs 

generally have a high molecular weight and, afterwards, efficacy studies.   
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