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Summary

1 Summary

Autophagy is a lysosomal degradation pathway that maintains cellular homeostasis by
removal of protein aggregates or damaged organelles. The dysregulation or selective forms
of autophagy have been linked to several human maladies, encouraging research to focus
on a detailed elucidation of the underlying autophagy signaling pathways. This work
contributes to a better understanding of the role of the class Il Ptdins3K complex during
autophagy induction and its crosstalk to the other autophagy-initiating ULK1 complex.
Here, nuclear receptor-binding factor 2 (NRBF2) could be identified as a novel PtdIns3K
complex protein interacting with Beclin 1 (BECN1). Cellular knockout experiments using the
DT40 system characterized NRBF2 as a positive regulator of the autophagic flux.

The extensive crosstalk between the ULK1 complex and the PtdIins3K complex is well
documented. Here, NRBF2 was identified as further target of ULK1, harboring multiple
ULK1-specific phospho-acceptor sites. Identification of corresponding amino acids was
achieved by mass spectrometry and was validated in intact cells. Further experiments using
phospho-mimicking mutations revealed an interference of phosphorylated NRBF2 with
Ptdins3K complex | assembly, which excludes ATG14 from the PtdIns3K core complex. The
general autophagic capacity is not affected, whereas the specific phosphatidylinositol 3-
kinase catalytic subunit type 3 (PIK3C3) activity is positively regulated by phosphorylated
NRBF2 following starvation conditions. This assigns a role to NRBF2 in fine-tuning the
PIK3C3 activity, possibly by priming the PtdIns3K complex | for activation upon starvation.
Apart from its regulatory function during autophagy, NRBF2 comprises autophagy
independent functions and is involved in the regulation of peroxisome proliferator-
activated receptor (PPAR)-dependent gene expression. NRBF2 interacts with PPAR alpha
and displays a weak constitutive nuclear localization. Pharmacological activation of the
PPAR isoforms alpha, beta/delta or gamma induced NRBF2-dependent upregulation of
cellular ULK1 and LC3-Il protein levels. Microarray experiments revealed the general
involvement of NRBF2 in gene expression under growth and starvation conditions. Several
transcription factors and genes related to immunological processes were identified to be
regulated by NRBF2-deficiency. NRBF2-dependent gene expression following PPAR
stimulation displayed only weak effects, nevertheless revealing a contrary and NRBF2-
dependent regulation of Ppara itself and of its heteromeric interaction partner Rxra.

Additionally, opposed effects were observed for activation of PPAR alpha and the two other

1
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PPAR family members beta/delta and gamma. In summary, NRBF2 represents a central

regulator of both autophagy and PPAR-dependent gene expression.

1.1 Zusammenfasssung

Autophagie beschreibt einen katabolischen Prozess und ist fur die Aufrechterhaltung der
zelluldren Homoostase durch den lysosomalen Abbau von Proteinaggregaten oder
geschadigten Zellorganellen verantwortlich. Dysregulationen oder selektive Formen der
Autophagie wurden unlangst mit verschiedenen menschlichen Erkrankungen in
Verbindung gebracht, was die Notwendigkeit einer detaillierten Aufklarung der
zugrundeliegenden Signalwege verdeutlicht. Diese Arbeit tragt zu einem besseren
Verstandnis der Rolle des Klasse Ill Ptdins3K-Komplexes wahrend der Initiationsphase der
Autophagie und der Vernetzung mit dem weiteren Autophagie-initiierenden ULK1-
Komplex bei.

Im Rahmen dieser Arbeit konnte der nuclear receptor-binding factor 2 (NRBF2) konnte als
bisher unbekannter Interaktionspartner von Beclin 1 (BECN1) und somit als Bestandteil des
PtdIns3K-Komplexes identifiziert werden. Durch Etablierung eines zellularen Knockouts im
DT40-System wurde NRBF2 als positiver Regulator autophagischer Prozesse
charakterisiert. Die starke Vernetzung zwischen dem ULK1-Komplex und dem Ptdins3K-
Komplex ist hinlanglich bekannt. Im Zuge dieser Arbeit wurde NRBF2 als weiteres Substrat
von ULK1 identifiziert, welches mehrere ULK1-spezifische Phosphorylierungsstellen
aufweist. Die Identifizierung der entsprechenden Aminosduren erfolgte mittels
Massenspektrometrie und konnte dariber hinaus in intakten Zellen validiert werden.
Durch weitere Experimente mit einer NRBF2-Version, welche einen konstitutiv
phosphorylierten Zustand simuliert, konnte eine Beeintrachtigung der Ptdins3K-Komplex I-
Zusammensetzung durch phosphoryliertes NRBF2 festgestellt werden, wobei ATG14 aus
dem Komplex ausgeschlossen wird. Dies hat keine Beeinflussung der generellen
autophagischen Kapazitat zur Folge, jedoch wird die spezifische phosphatidylinositol 3-
kinase catalytic subunit type 3 (PIK3C3)-Aktivitat durch phosphoryliertes NRBF2 in Folge
von Hungerbedingungen positiv reguliert. Somit Gbernimmt NRBF2 eine Feinregulierung
der PIK3C3-Aktivitat, welche eventuell als Vorbereitung des Ptdins3K Komplexes fiir die

Aktivierung in Folge von Hungerbedingungen dient.

2



Summary

Neben der regulatorischen Funktion innerhalb der zellularen Autophagie weist NRBF2
weitere, Autophagie-unabhangige Funktionen auf und ist an der Regulation der Peroxisome
proliferator-activated receptor (PPAR)-abhdngigen Genexpression beteiligt. NRBF2
interagiert mit PPAR alpha und zeigt eine schwache, konstitutive Kernlokalisation.
AuBerdem bewirkt eine pharmakologische Aktivierung von PPAR alpha, beta/delta oder
gamma die Erhéhung der zelluldren ULK1 und LC3-1l Proteinmengen in Abhangigkeit von
NRBF2. Durch Microarray-Experimente konnte zudem gezeigt werden, dass NRBF2
allgemein an der Genexpression unter Wachstums- oder Hungerbedingungen beteiligt ist.
Dabei wurden durch NRBF2-Defizienz mehrere Transkriptionsfaktoren und Gene, welche
mit immunologischen Prozessen in Zusammenhang stehen, reguliert. PPAR-Stimulation
zeigte generell nur schwache Effekte bezliglich einer NRBF2-abhangigen Genexpression,
jedoch wurde eine entgegengesetzte und NRBF2-abhdngige Regulation von Ppara selber
und dem heteromeren Komplex-Partner Rxra festgestellt. Zusatzlich wurden fir die
Aktivierung von PPAR alpha und der zwei weiteren PPAR-Familien Mitglieder beta/delta
und gamma teilweise entgegengesetzte Regulationseffekte beobachtet.
Zusammenfassend stellt NRBF2 einen zentralen Regulator sowohl der Autophagie als auch

der PPAR-abhdngigen Genexpression dar.
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2 Introduction

2.1 Autophagy

Autophagy is one of the two cellular processes responsible for the degradation of
intracellular material. Besides the ubiquitin proteasome system, which mediates the
selective breakup of proteins marked for degradation, autophagy is a catabolic process for
the breakup and recycling of intracellular material. In doing so, it keeps the cellular
homeostasis and fulfills cytoprotective functions by removal of long-lived or damaged
organelles and aggregated or misfolded proteins. Although autophagic processes occur on
a basal level in every cell, the molecular machinery of autophagy can be actively induced
by various stress conditions like nutrient deprivation, growth factor depletion, hypoxia or
pathogen infections. This adaption ensures a sufficient supply of energy or amino acids for

further protein synthesis thereby guaranteeing cellular survival.

Over 60 years ago, in 1955, Christian de Duve and colleagues identified a new subset of
cellular compartments, containing a high number of hydrolytic enzymes: the lysosomes .
This discovery was the foundation of a new field of research and it was again de Duve, who
observed the sequestration and subsequent delivery of intracellular material to these
newly identified organelles for degradation, ultimately discovering a novel catabolic
cellular process which he later on termed autophagy, originating from the Greek meaning
“self-eating” 2. The great medical importance of cellular autophagy, which up to nowadays
resulted in the awarding of two Nobel Prizes in Physiology or Medicine, could not be
estimated at that time point and nearly 30 years passed by without any major
achievements. Finally, Yoshinori Ohsumi identified 15 autophagy-related proteins (Atgs;
ATGs in mammals) which are essential for the process of autophagy in yeast3. These
findings initiated a new enthusiasm for the detailed elucidation of the molecular machinery
controlling autophagy. Nowadays it is known that functional autophagy is involved in
immunological processes and supports physical health whereas dysregulation is linked to

various diseases like cancer or neurodegenerative disorders (reviewed in 4).
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2.1.1 Types and morphology

Three distinct types of autophagy exist. Chaperone-mediated autophagy (CMA) is
characterized by the selective recognition of proteins containing the KFERQ-motif via the
cytosolic chaperone heat shock-cognate protein of 70 kDa (HSC70) and their active
transport directly into the lysosomal lumen by lysosome-associated membrane protein 2 A
(LAMP2A) (reviewed in®). Microautophagy describes the direct invagination of the
lysosomal membrane and the uptake and subsequent degradation of small cytosol
portions . Macroautophagy (which will be referred to as autophagy from now on) is the
last and best-studied type of autophagy. There, specialized double membrane vesicles
termed autophagosomes engulf cytosolic portions, which are then transported to
lysosomes. After fusion of these two vesicles, the cargo and the inner membrane of the
newly formed autolysosomes are degraded. The degradation products are released back
into the cytosol to fuel anabolic processes’. Besides this unselective form of bulk
degradation, also specialized forms of selective autophagy exist to enable the targeted
degradation of certain organelles (e.g. mitophagy, pexophagy or ribophagy, which
represent the selective degradation of mitochondria, peroxisomes or ribosomes,

respectively), cellular pathogens (xenophagy) or lipid droplets (lipophagy) &°.

The lifespan of an autophagosome, which is the prominent structural feature of autophagy,
comprises several stages: nucleation, expansion, maturation and degradation. The
nucleation occurs at the phagophore assembly site (PAS), a certain subcellular
compartment, which locates to subdomains of the endoplasmic reticulum (ER) and
mitochondria contact sites %1, The emerging isolation membranes (IM) protrude into the
cytosol and due to their morphology were termed omegasomes 2. A delivery of additional
lipids from various cellular compartments (e.g. plasma membrane, endosomes, Golgi
network or nuclear membrane) enables a constant elongation of these membrane
structures and a spherical growth around cytosolic cargo, ultimately resulting in the closure
and thus the birth of an autophagosome 3. During the maturation step, most of the
associated proteins involved in formation and elongation are stripped off. These vesicles
are then transported along microtubules until they meet their end by fusion with

lysosomes 14,
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The research performed by Ohsumi intensified the search for additional proteins involved
in the regulation of autophagy and their mammalian counterparts. Recently, Atg41 has
been identified in yeast 1°. Most of these yeast Atgs have orthologues in the human system
and some even have multiple isoforms. Nevertheless, non-ATGs like mechanistic target of
rapamycin (mTOR) or phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3) are

also involved in the regulation of autophagic signal transduction.

ATG9
vesicels

PE-LC3/GABARAP-
/ cO{\iugate

o Autophagy
/ receptors

O
%
& —

Endoplasmic
reticulum

Autophagosome

@ Mitochondria O Lipid droplets & Aggregated proteins

Figure 2.1: Autophagy at a glance. Cellular stress signals (amino acid or glucose starvation, hypoxia
or others) activate the ULK1-RB1CC1-ATG13-ATG101 protein kinase complex, which initiates
phagophore nucleation by phosphorylation of downstream components of the autophagy signaling
pathway like members of the class Il Ptdins3K complex | (PIK3C3, BECN1, ATG14, AMBRA1) or
LC3/GABARAP. After activation, the ULK1 complex and the Ptdins3K complex | including NRBF2,
which was identified as fifth component of the class Ill PtdIns3K complex (this thesis) relocalize to
phagophore assembly sites at the endoplasmic reticulum and initiate the spherical growth of
isolation membranes into the cytosol. The Ptdins3K complex | generates Ptdins3P, which enriches
at the isolation membranes and recruits the PtdIns3P binding effector proteins DFCP1 or members
of the WIPI protein family. ATG9 containing vesicles deliver lipid portions to support membrane
elongation. The ubiquitin-like proteins of the LC3 and GABARAP families are conjugated to PE
present at the autophagosomal membranes and enable direct cargo-binding or recognition of
autophagy receptors. After closure of the membrane structures, the autophagosomes fuse with
lysosomes, the sequestered cargo is degraded by hydrolytic enzymes and is released back to the
cytosol.
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2.1.2 The autophagy signaling pathway

Regarding their different functions and the order of their activation, autophagy related
proteins can be classified into five functional groups: 1) the ULK1 kinase complex including
ATG13, RB1CC1 and ATG101, 2) the class lll PtdIns3K core complex composed of PIK3C3,
PIK3R4, BECN1 and additional regulatory proteins, 3) the integral transmembrane protein
ATG9, 4) a complex of WIPI proteins with ATG2 and 5) the two ubiquitin-like proteins ATG12

and ATG8-family members and their corresponding conjugation machinery.

2.1.2.1 Induction of autophagy part 1 — the ULK1 complex

In yeast, Atgl is the only Atg displaying a protein kinase activity. It forms a complex with
the associate proteins Atgl3 and Atgl7 and together they are critically involved in the
initiation of autophagy. In higher eukaryotes, the Ser/Thr kinase UNC-51-like kinase 1
(ULK1) was identified as the Atgl homolog and exists in a stable complex with RB1-
inducible coiled-coil protein 1 (RB1CC1, also known as FIP200), the functional counterpart
for yeast Atg17, which is thought to have scaffold functions and ATG13, an adaptor protein
mediating the ULK1-FIP200 interaction 6. Unlike in budding yeast, the regulatory protein
ATG101 is also part of this complex and presumably functions in the recruitment of further
downstream components to the PAS 7 and stabilizes the ULK1 complex 8. Of note, five
Atgl orthologues have been identified in mammals (ULK1, ULK2, ULK3, ULK4 and STK36),
whereas only ULK1 and ULK2 and possibly ULK3 function in the regulation of

autophagy 1929,

The activity of the ULK1 kinase complex is tightly regulated by a network of upstream
kinases. Under normal growth conditions, ULK1 is kept in an inactive state by mechanistic
target of rapamycin (mTOR), which is why this protein was referred to as the gatekeeper
to autophagy. mTOR, the master regulator of cell growth and proliferation, exists in two
distinct complexes, which differ in the presence of associated proteins 1. Only the mTOR
complex | (mTORC1), which includes Raptor as additional scaffold protein 22, directly
regulates autophagy by association and phosphorylation of several phospho-acceptor sites
within ULK1 and ATG13 23. Incorporation of Rictor leads to formation of the mTOR

complex Il (MTORC2), which has distinct cellular functions 4.
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Since autophagy can be induced by a variety of stress stimuli, this inhibitory association
with mTORC1 can be disrupted by several metabolic relevant kinases. Increasing cellular
AMP levels (e.g. as a result of glucose starvation) leads to an activation of AMP-activated
protein kinase (AMPK) which in turn inhibits mTORC1 either directly by phosphorylation of
Raptor %> or indirectly by activation of the TSC1/TSC2 complex which in turn inhibits Rheb
and thereby mTORC1 2%, Additionally, AMPK is able to circumvent mTORC1 and directly
phosphorylate and activate ULK1 2’ and other downstream components of the autophagy
signaling network (e.g. PIK3C3 and BENC1) 282°. Apart from the regulation by AMPK, the
TSC1/TSC2 signaling node is crucial for the integration of other stress signals like hypoxia,
growth factor withdrawal or insulin signaling. In these cases, TSC1/TSC2 is either activated
by REDD1 or released from inhibitory effects of ERK1/2 or AKT, respectively 30-32,
Moreover, a very well established model for the induction of autophagy is amino acid
starvation via the Rag proteins, a family of small guanosine triphosphatases (GTPases),
which activate mTORC1 in response to amino acids 33. Ultimately, the immunosuppressive

drug rapamycin can directly bind and inactivate mTORC1 and thereby induce autophagy 3.
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Figure 2.2: Cellular stress factors and their impact on autophagy. The activity of the autophagy-
initiating ULK1 complex is tightly regulated by several metabolic signaling pathways. Under growth
conditions, mTORC1 binds and inactivates the ULK1 complex. mTORC1 activity is stimulated either
by amino acid levels via Rag proteins, by growth factors via ERK1/2 or insulin signaling via Akt. Low
cellular ATP levels, DNA damage or Ca?* signaling can activate AMPK via LKB1, SESN1/2 or CaMKKp,
respectively. In turn, AMPK can inactivate mTORC1 either directly or via activation of the TSC1/TSC2
complex. Additionally, AMPK can directly phosphorylate and thereby activate ULK1 or the
downstream components BECN1 and PIK3C3. Furthermore, mTORC1 can be inactivated via REDD1
after hypoxic conditions or by direct binding of pharmacologic compounds like rapamycin. Once
activated, the ULK1 complex phosphorylates further downstream components of the autophagy
signaling network and initiates autophagy. (modified from the postdoctoral thesis (Habilitation) of
Prof. Dr. Bjorn Stork)

All the above-described signal cascades lead to the inhibition of mTORC1 and the removal
of inhibitory ULK1 and ATG13 phosphorylations. In turn, ULK1 autophosphorylates and
transphosphorylates ATG13 and RB1CC1, ultimately resulting in the complete activation of

the ULK1 kinase complex 3°.

Several downstream components of the autophagy signaling network have been identified
to be ULK1 substrates, thereby promoting the induction of autophagy. Among them are
several members of the Ptdins3K complex. Phosphorylation of Beclin 1 (BECN1) is required
for PIK3C3 activation 3%, whereas the function of direct PIK3C3 phosphorylation remains
elusive 3. In addition, phosphorylation of Beclin 1-associated autophagy-related key
regulator (Barkor/ATG14) increases PtdIns3K complex activity and promotes autophagy 32.
Finally, phosphorylation of activating molecule in BECN1-regulated autophagy 1 (AMBRA1)
controls the dissociation of the AMBRA1-containing PIK3C3-BECN1 complex from the
dynein motor complex and allows relocalization to the PAS3°. ATG9 can also be

phosphorylated by ULK1, promoting vesicle trafficking in response to starvation °.

In addition, selective forms of autophagy can be controlled by ULK1. Accordingly,
proteotoxic  stress induces ULKl-mediated Sequestosome-1 (SQSTM1/p62)
phosphorylation and autophagic clearance of protein aggregates *%. Furthermore, ULK1 is
able to promote mitophagy by the phosphorylation of FUN14 domain-containing protein 1

(FUNDC1) and thereby increase its binding to microtubule-associated proteins 1A/1B light
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chain 3B (MAP1LC3B, short LC3B) 2. As a feedback mechanism, also Raptor becomes

phosphorylated during starvation conditions thereby inhibiting mTORC1 activity %3.

Following its activation, the ULK1 complex itself translocates to the PAS to participate in
the maturation process of autophagosomes. How exactly ULK1 is recruited is not entirely
clear. Several studies reveal a role for the ATG8 family members LC3B, GATE-16 and
Gamma-aminobutyric acid receptor-associated protein (GABARAP), with strong preference
for the latter one, which can target ULK1 to emerging isolation membranes via interacting
with the LC3-interacting region (LIR) domain %%, Recently, a positive regulation of
autophagy by redistribution of centrosomal GABARAP to phagophores was identified and

supports this theory .

2.1.2.2 Induction of autophagy part 2 — the class Ill Ptdins3K complex

Besides the ULK1 protein kinase complex, a second initiator complex controls the induction
of autophagy: the class Il Ptdins3K complex. The catalytic active component VPS34 in yeast
or its mammalian homolog PIK3C3, is the only known class Il PI13-kinase and was identified
to regulate membrane trafficking and endosome to lysosome sorting #’. The intracellular
membrane location of the complex is mediated by the N-terminally myristoylated adaptor
protein VPS15 (phosphoinositide 3-kinase regulatory subunit 4 (PIK3R4) in mammals) 2. In
combination with the scaffold protein Atg6 (BECN1 in mammals) these three proteins form
the class Il Ptdins3K core complex. Depending on the integration of additional regulatory
proteins, the Ptdins3K complex can be further divided into two sub complexes comprising
different cellular functions and localization. Binding of Atg14/ATG14 and Atg38 (nuclear
receptor-binding factor 2 (NRBF2) in mammals) defines the PtdIns3K complex I, which is
required for the formation of autophagosomes during early stages of autophagy #°. In this
thesis and by other research groups, NRBF2 was identified as a fifth constitutive subunit of
complex I. It interacts with both the VPS34/PIK3C3-VPS15/PIK3R4 and the Atg6/BECN1-
Atg14/ATG14 sub complexes and via dimerization of two Atg38 monomers a functional
complex | is assembled. Accordingly, Atg38 deficiency causes disintegration of these two
sub complexes. Interaction with Atg14, but not with VPS34 is mediated via an N-terminal

MIT domain in Atg38 *°. In budding yeast, the C-terminal dimerization domain of Atg38 was
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also found to mediate membrane localization of the Ptdins3K complex |°%. In contrast,
dimers of the eukaryotic Atg38 homolog NRFB2 are able to bridge two units of the Ptdins3K
complex |, thereby enhancing PIK3C3 activity up to 10-fold >2. Nevertheless, also oligomers
of a single complex | bound to one NRBF2-dimer exist, depending on the relative abundance
of both complexes °!. These findings were confirmed by studies investigating the role of
NRFB2 during autophagy, assigning a positive regulatory function to NRBF2 on the
simulation of PIK3C3 activity in response to stress conditions >>°4, Controversially to these
studies, negative regulatory activity of NRBF2 on autophagy was reported as well >, In
contrast, complex Il involves VPS38 (UV radiation resistance associated gene (UVRAG) in
mammals). This complex associates with Rab9-positive endosomes and regulates
endosomal trafficking and lysosomal fusion #°°°, The interactions of ATG14 or UVRAG are
mutually exclusive due to their overlapping binding regions in BECN1>’. Besides this
conserved complex architecture, some differences between yeast and eukaryotic cells can
be found. In mammals, the PtdIns3K complex | temporally interacts with AMBRA1, causing
subsequent relocalization to the PAS3°. Additionally, some evidence exists for the
involvement of complex Il in early stages of autophagosome biogenesis °8. Situational,
other proteins were found to transiently interact with the class Ill Ptdins3K complex,
enabling a temporal activity regulation. The interaction of anti-apoptotic Bcl-2 family
members with BECN1 is of high physiologic relevance *°, since it links an important
autophagy signaling node to the apoptosis pathway. Binding of Bcl-2 is able to segregate
BECN1 from the class Il Ptdins3K complex and thereby inhibits PIK3C3 activity and
suppresses autophagy . Phosphorylation of either Bcl-2 by c-Jun N-terminal protein
kinase 1 (JNK1) ¢! or of BECN1 by death-associated protein kinase (DAPK) 62 leads to the
disruption of the BECN1-Bcl-2 interaction and stimulates autophagy, whereas
phosphorylated Bcl-2 itself in combination with Bax inhibits apoptosis 3. This crosstalk of
autophagy and apoptosis further encompasses many critical ATGs (BECN1, SQSTM1, ATG3,
ATG7), which can be cleaved by activated caspases for the inactivation of their autophagic
functions %47,

Additionally, the class Il Ptdins3K complex can directly be inhibited or activated by several
growth or stress signals. Under growth conditions both, AKT and epidermal growth factor
receptor (EGFR) phosphorylate BECN1 and inhibit autophagy 8%°. Cellular stress in turn can

activate the class Il PtdIns3K complex via several pathways. The direct phosphorylations of
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BECN1 by ULK1 or AMPK have already been discussed 2°3¢, Additionally, the two members
of the p38 mitogen-activated protein kinase (MAPK) pathway MAPKAPK 2 and 3 have been
shown to positively regulate autophagy by phosphorylation of BECN1 7°. Once activated,
the class Il PtdIns3K complex | catalyzes the generation of PtdIns3P out of Ptdins, which
enriches in the nascent isolation membranes and recruits further downstream effector

proteins %2,

2.1.2.3 Closure, maturation and degradation of autophagosomes

DFCP1 or Atg18 family members are PtdIn3P effector proteins by recruitment to emerging
autophagosomal membrane structures. DFCP1 is able to bind PtdIns3P through interaction
with its FYVE-domain and thereby localizes to omegasomes 2. WD repeat domain
phosphoinositide-interacting proteins (WIPI) are the human Atg18 homologs. So far, four
members have been identified (WIPI 1-4), albeit only WIPI1 and 2 are involved in
autophagosome biogenesis and localize to isolation membranes via their seven-bladed B-
propeller, which enables Ptdins3P binding ’X. The complex of WIPI proteins and ATG2
enables the subsequent recruitment of Atg8 family members to the emerging isolation

membranes 2.

During the expansion phase of autophagosomal membranes, a continuous transport of
lipids from various cellular compartments, like recycling endosomes, early endosomes, late
endosomes or the trans-Golgi network occurs 7374, At these vesicles, the transmembrane
protein ATG9 can be found, which shuttles between cellular lipid reservoirs and the
emerging autophagosomal membranes and supports their elongation without being

incorporated into the isolation membranes itself 73.

The two ubiquitin-like ATG12-ATG5 and ATG8-phosphatidylethanolamine (PE) conjugation
systems are centrally involved in the expansion processes of autophagosomal
membranes 7> and presumably mediate the sealing of autophagosomes ’®. In eukaryotic
cells nine homologs of yeast Atg8 have been identified, which can be further divided into
the LC3 (LC3A (two isoforms), B, B2, C) and the GABARAP (GABARAP, GABARAPL1, 2, 3)
subfamily 7. In the first pathway, the ubiquitin-like ATG12 is activated by the E1-like

enzyme ATG7 and transferred to the E2-like enzyme ATG10 before it is finally conjugated

12



Introduction

to ATG5. This ATG12-ATG5 conjugate possess E3-like activity, which is needed for the
second conjugation cascade. Therefore, homo-oligomerization with ATG16L and
subsequent relocalization to autophagosomal membranes via interaction of ATG16L and
WIPI proteins are necessary requirements. Nascent pro-ATG8s are C-terminally cleaved by
ATG4 to expose a terminal glycine residue, which will be conjugated to PE later on. Again,
an activation step by the same E1-like enzyme ATG7 occurs, followed by the transfer to the
E2-like ATG3. The final conjugation to PE at the autophagosomal membranes is now

performed by the E3-like activity of ATG12-ATG5 conjugate (reviewed in ).

Beside their function in autophagosome expansion, the ATG8-PE conjugates mediate
recognition and recruitment of cytosolic substrates by interacting with LIR domains of cargo
receptors needed for selective forms of autophagy. Autophagy receptors like SQSTM1/p62,
neighbor of BRCA1 gene 1 (NBR1) or optineurin (OPTN) in turn can interact with

ubiquitinated proteins, thereby linking them to autophagosomal membranes 788,

After sequestration of the cytosolic cargo by fusion of the autophagosomal membranes,
the autophagosomes undergo a maturation processes. Thereby ATGs present at the outer
autophagosomal membrane are cleared and the autophagosomes are transported along
microtubule structures towards the lysosome 8. The fusion process is mediated by the
soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) proteins
syntaxin 17 (STX17) and synaptosomal-associated protein 29 (SNAP29) on the
autophagosomal membranes and vesicle-associated membrane protein 8 (VAMPS8) on the

lysosomal membrane &2,

This way, the lifespan of the autophagosome ends by the rise of the autolysosome and the

degradation of autophagosomal cargo by lysosomal hydrolases.

2.1.3 Implications of autophagy in health and disease

In healthy individuals, autophagy is executed on a normal/basal level, which is responsible
for maintenance of cellular homeostasis. The positive influence of physical activity and
regular exercise on general health is associated with a stimulation of basal autophagy

rates 8. Similarly, a decrease in autophagic capacity is well documented during aging 3.
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Recently, the dysregulation of autophagy could be linked to various human diseases from
neurodegeneration to cancer or immunological disorders, which will be summarized in the

following chapters.

2.1.3.1 Autophagy and neurodegenerative diseases

The most common forms of neurodegeneration like Alzheimer disease, Parkinson disease
or Huntington disease share one specific characteristic: the accumulation and aggregation
of misfolded proteins, which affects the cellular functions of neuronal cells (reviewed in 8).
Under normal conditions, the ubiquitin proteasome system is the main degradation
pathway for aggregated proteins, supported by autophagic degradation processes.
Thereby, a key position in recognition of ubiquitinated proteins is assigned to the

autophagy receptor p62/SQSTM1 86,

Additionally, impaired mitochondrial function and the resulting increase in cellular reactive
oxygen species (ROS) level has been identified as another frequent cause of
neurodegenerative disorders. Accordingly, mutations of PTEN-induced putative kinase 1
(PINK1) and Parkin, which specifically label damaged mitochondria for the selective

degradation through mitophagy, can be associated with neurodegenerative disorders &’.

In each case, activation of cellular autophagy is thought to be beneficial for prevention and
therapeutic approaches. Therefore, either a pharmacological inhibition of mTOR or an

activation of AMPK are currently explored 8889,

2.1.3.2 Autophagy and cancer

The general and close connection of the autophagy signaling pathway and oncogenic
signaling can be deduced from the inhibiting influence of activated oncogenes like AKT or
mTOR on autophagy. Additionally, several ATGs have tumor suppressive functions.
Accordingly, BECN1 was identified to act as tumor suppressor®® and is frequently
monoallelically deleted in up to 75% of several cancer types like breast, ovarian and

prostate cancer %,
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Unlike for neurodegenerative disorders, the role of autophagy in cancer has to be
evaluated in the specific context. In general, the cytoprotective functions of autophagy are
thought to prevent the formation of cancer, whereas suppression of autophagic capacity is
associated with a high risk in cancer development®2. Once a tumor is manifested,
autophagy presumably supports energy supply by its cytoprotective function and
attenuates therapy efficiencies ®3. Accordingly, it could be shown that certain types of
cancer strongly depend on autophagy °*. Moreover, the activation of autophagy occurs as

a side effect of several cancer therapies *°.

Consequently, inhibition of autophagy by pharmacological compounds currently attracts
great attention. However, some reports describe positive results through activation of

autophagy with regard to recruitment and recognition of immune cells ®.

Furthermore, additional factors can influence the physiological outcome of targeted
modulation of autophagy. In a mouse model of pancreatic ductal adenocarcinoma (PDAC)
inhibition of autophagy in the presence of p53 prevents tumor formation, whereas tumor

growth is accelerated by autophagy inhibition in the absence of p53 ¥7.

The fact that autophagy is involved in the shaping of tumor microenvironment by secretion
of exosomes containing cytosolic proteins like IL-6, lipids, RNA or DNA underlines the
importance for a targeted modulation °®%°. Furthermore, autophagy is thought to
downregulate various transcription factors related to epithelial-mesenchymal transition
(EMT), a way for adherent cells to acquire motility and thereby metastatic potential,
thereby hindering this process 1°°. Moreover, autophagy generally affects cell migration.
On the one hand increased turnover and remodeling of focal adhesions supports motility
and on the other hand degradation of proteins controlling actin dynamics inhibits cell

migration 101,102,

Since autophagy can support and impede cancer progression, medical therapies designed
to either activate or inhibit autophagy are possible, depending on the specific situation.
However, inhibition of autophagy seems to be commonly applicable and therefore
currently attracts more attention. Chloroquine (CQ) and hydroxychloroquine (HCQ)

prevent lysosomal acidification and thereby inhibit autophagic turnover 1%, These
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compounds were originally used for the treatment of malaria and meanwhile have been

applied successfully in several phase 2 clinical trials for therapy of various types of cancer .

2.1.3.3 Autophagy and immunological processes

The involvement of autophagy in immunological processes was excessively shown and was
termed “immunological autophagy” as it refers to the involvement of autophagic processes
in innate or adaptive immune responses. It is of importance for the secretion of pro-
inflammatory cytokines, antigen presentation via the major histocompatibility complex
(MHC) class | and |IlI, the removal of intracellular bacteria and lymphocyte
development 194195 Furthermore, attenuations of autophagic capacity can be related to

autoimmune diseases like multiple sclerosis or diabetes type 2 106,

The selective removal of various cellular pathogens like Salmonella typhimurium is termed
xenophagy. Thereby, ubiquitin is attached to invading bacteria, which later on is recognized
by autophagy receptors and subsequently results in the degradation of the bacteria, similar
to other types of selective autophagy '%’. Of note, some bacteria are able to circumvent
their degradation by interfering with autophagosome maturation or block of the
autophagosomal-lysosomal fusion 1%, In some special cases, bacteria like Staphylococcus
aureus have evolved strategies not only to circumvent their autophagic degradation, but
to utilize the autophagic vesicles as intracellular transport mechanism for bacterial

propagation 1%

Nevertheless, like for neurodegenerative diseases, the induction of autophagy is thought

to be beneficial for the therapy of autoimmune diseases or bacterial infections 0.

2.1.4 Transcriptional control of autophagy

The short-term and rapid modulation of the autophagic flux in response to stress periods
has already been studied in detail, whereas the long-term transcriptional regulation of
autophagy remained largely unexplored until recently. However, the general involvement
of transcriptional processes has already been shown in 1999. In yeast, autophagy related
genes were upregulated within 30 minutes as response to nitrogen starvation 1. In the

meantime, over 20 transcription factors were linked to the regulation of autophagy related
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genes and autophagy itself, but their interconnection remains enigmatic (reviewed in 112).
The following chapter will sum up the transcription cascades found to have a major impact

on transcriptional control of autophagy.

The identification of transcription factor EB (TFEB), which is as a master regulator of the
lysosomal pathway itself, as regulator of a large set of ATGs involved in all distinct steps of
autophagy was a huge achievement on the way of connecting execution and transcriptional
control of autophagy 3. Under growth conditions, TFEB is present in a complex with
14-3-3 proteins as a result of phosphorylation by mTORC1, which prevents its nuclear
localization. Upon inhibition of mTORC1 by starvation, TFEB is freed of its inhibitory
phosphorylation, translocates to the nucleus and induces transcription of key ATGs like
Atg4, Map1llc3b, Uvrag, Wipi and genes responsible for lysosomal biogenesis 14, The zinc-
finger protein with KRAB and SCAN domains 3 (ZKSCAN3) acts as counterpart of TFEB and
represses transcription of various ATGs like Ulkl or Mapllc3b. During induction of
autophagy, this repression is released by translocation of ZKSCAN3 to the cytosol *'°, Since
the mere overexpression of TFEB or the knockdown of ZKSCAN3 is sufficient to induce
autophagy, these two transcription factors are currently explored as possible therapy-

targets in neurodegenerative diseases that might benefit from autophagy induction 1.

Another family of transcription factors, which was linked to the process of autophagy quite
early, are Forkhead box O (FOXO) proteins (FOXO1 and 3). Under growth conditions, the
nuclear localization of FOXOs is antagonized by inhibitory phosphorylation events
contributed by AKT or occupation of FOXO3 DNA binding sites by activated FOXK1, which
in turn is regulated by mTOR. The induction of starvation conditions now reverses these
conditions 7. Again, a large set of core ATGs (Atg5, Atg12, Atg13, Atgl4, Becnl, Bnip3,
Map1lc3b, Ulk1l or Pik3c3) is regulated by members of the FOXO family 8. Of note,

cytosolic FOXO1 is able to induce autophagy independent of its transcriptional function 11°.

The transcription factor E2F1 controls the expression of some ATGs like Atg5, Map1lc3b,
Ulk1 and Bnip3 '?°. In contrast, nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) competes with E2F1 and thereby restricts Bnip3 expression 2%, Nevertheless,
also a positive regulation of ATGs could be shown for NF-kB, as it can regulate expression

of Becnl and other ATGs 122,
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Expression of autophagy receptor Bnip3, which is involved in induction of mitophagy or cell
death (reviewed in 123), is induced as response to hypoxia by hypoxia-inducible factor 1

alpha (HIF1 alpha) 24,

The JNK-JUN pathway, which can be activated by several environmental stress conditions
or cytokines?, is also linked to the autophagy pathway. An increased nuclear
translocation of JUN as a reaction to starvation periods and an associated elevated

transcription of Becn1 or Map1lc3b was observed 126,

Also for the tumor suppressor protein TP53, an association to the promotor regions of

various ATG genes (Atg4, Atg7, Atg10 and Ulk1) has been observed 1?7,

Very recent findings link the FXR-PPAR alpha-CREB axis of nuclear receptors to the
transcriptional control of autophagy in the liver for the first time. Under growth conditions,
the farnesoid X receptor (FXR) represses a large set of core ATGs (Atg3, Atg5, Atg7, Atg10,
Becnl1, Gabarap, Map1lc3b, Ulk1 or Pik3c3). The release of this repression can be explained
by two separate models. On the one hand, FXR disrupts the functional complex of CRE-
binding protein (CREB) and CREB-regulated transcription coactivator 2 (CRTC2). Upon
induction of starvation, the CREB-CRTC2 complex assembles and induces transcription 122,
In a second model, peroxisome-proliferator-activated receptor alpha (PPAR alpha) controls
transcription of several ATGs, but shares specific DNA-binding regions (DR1 elements) with
FXR. Only by starvation these binding regions are released and PPAR alpha may induce
transcription 2. Interestingly, PPAR alpha is also able to induce transcription of Tfeb, which
itself is a master regulator of transcription of core ATGs *3°. In addition, PPAR gamma could
be linked to transcriptional regulation of autophagy, though its function as a positive or

negative regulator is still controversially discussed 13132,

The large number of transcriptional processes activated as response to starvation
conditions highlights the increasing importance of transcriptional control of autophagy.
How exactly these processes cooperate and if certain pathways are favored awaits further

elucidation.
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2.2 The PPAR nuclear receptor sub family

Nuclear receptors comprise a large spectrum of cellular functions from metabolic or
developmental processes to immune signaling (reviewed in 33). Three subtypes of nuclear
receptors are known. The first class comprises prototypical receptors like steroid hormone
receptors, which require ligand binding for activation, the second class encompass the
orphan receptors without ligands (because they are either not known or not needed). The
PPARs belong to the third class of metabolite-activated nuclear receptors, which form
obligatory heterodimers with the retinoic X receptor (RXR). Like all nuclear receptors,
PPARs display the typical domain organization of an N-terminal ligand-independent
activation function (AF1), a DNA-binding domain (DBD), a variable hinge region, a ligand-
binding domain (LBD) and a C-terminal ligand-dependent activation function (AF2) 34,
Three different PPAR family members have been identified: PPAR alpha, beta/delta and
gamma. Due to an unusually large ligand-binding pocket, a multitude of substances can
serve as endogenous ligands: various fatty acids (unsaturated, saturated or branched-
chained), eicosanoids, derivatives of linoleic acid, low-density lipoproteins (LDLs) and very-
low-density lipoproteins (VLDLs) '*. In the absence of ligands, a co-repressor complex
(nuclear receptor co-repressor/silencing mediator for retinoid and thyroid hormone
receptors, NCoR/SMRT) in association with histone deacetylases (HDACs) and chromatin-
modifying enzymes is bound to the receptor dimers to enable repression of target genes.
Upon ligand binding a conformational change is initiated, which leads to the exchange of
the co-repressor complex for co-activators, the binding of DNA via peroxisome proliferator
response elements (PPRE) and the induction of gene transcription. Unlike PPAR alpha and
gamma, which are cytosolic complexes in the absence of ligands, PPAR beta/delta is

constantly bound to DNA 138,
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Figure 2.3: Schematic representation of peroxisome proliferator-activated receptors and their
function. The three PPAR family members PPAR alpha, beta/delta and gamma form obligate
heterodimers with the retinoic X receptor (RX

R). In the unliganded state, binding of a co-repressor complex keeps the PPAR alpha and gamma
complex in an inactive form, whereas the PPAR beta/delta complex is constitutively bound to PPAR
response elements (PPRE) in the DNA and represses gene transcription. After ligand binding the co-
repressor complex is exchanged for a co-activator complex and gene transcription is initiated.

PPAR alpha is expressed in brown adipose tissue (BAT) or metabolically active tissue like in
the heart and hepatic tissue *¥’. It is a master regulator of energy levels by controlling the
cellular and systemic lipid catabolism, fasting responses and the expression of many target
genes involved in mitochondrial and peroxisomal B-oxidation of fatty acids 38. Additionally,
PPAR alpha is expressed in a variety of immune cells like lymphocytes, dendritic cells or
macrophages and negatively regulates inflammatory responses. Accordingly, activation of
PPAR alpha is linked to induction of apoptosis in pro-inflammatory cytokine stimulated
macrophages 3°. Due to its global regulation of lipid metabolism, impaired PPAR alpha

function can be linked to inflammatory diseases like atherosclerosis 4.

PPAR beta/delta is ubiquitously expressed in many tissues with a considerable strong

expression in BAT and muscle fibers. Like PPAR alpha, it controls expression of genes
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involved in fatty-acid metabolism and mitochondrial respiration 4. In BAT,
PPAR beta/delta is crucially involved in energy uncoupling and thereby influences
maintenance of body temperature **2, Furthermore, PPAR beta/delta promotes growth of
oxidative muscle fibers, which are resistant to high-fat diet induced obesity and display
improved insulin resistance. Additionally, PPAR beta/delta confers exercise physiology to
muscle fibers and mediates metabolic benefits of exercise training 3. Some reports link
PPAR beta/delta activation to the repression of inflammatory genes in macrophages 4.
Nevertheless, the general involvement in modulation of inflammatory processes remains

enigmatic and awaits further elucidation.

PPAR gamma expression is restricted mainly to adipose tissue and is centrally involved
during adipocyte differentiation into brown or white adipose tissue (WAT). Interestingly,
this function cannot be compensated by the other two PPAR family members 14°.
Additionally, PPAR gamma is a target of thiazolidinediones, which are commonly applied
for treatment of type 2 diabetes, and mediates increased insulin sensitivity by induction of
lipid repartitioning to the adipose tissue 6. Increased expression of PPAR gamma in non-
adipose tissue causes similar lipid deposition like in adipose tissue and is linked to heart or
liver malfunctions 46147 Besides activation of target genes, absence of ligands transforms
PPAR gamma into a major negative regulator of inflammatory gene expression. This
process, where repression occurs without any DNA-binding of the nuclear receptor
complex is called trans-repression and has emerged as an important mechanism of

macrophage differentiation 48,
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3 Aims of this work

Autophagy is a process to maintain cellular homeostasis by degradation of harmful protein
aggregates and damaged or dysfunctional organelles, which induction is controlled by two
multi-protein complexes, the ULK1 protein kinase complex and the class Ill PtdIns3K lipid
kinase complex. Autophagy balances cellular survival via a tightly regulated crosstalk to
apoptosis or senescence signaling pathways. Lately, selective forms of autophagy and the
general dysregulation of cellular autophagy were linked to several severe human maladies
like neurodegeneration, autoimmunity and cancer. In this context, the pharmacological
inhibition of autophagic processes has proven a promising option for cancer therapy,
indicating its clinical potential and a better understanding of the underlying signaling
pathways can enable a more precise interference, e.g. by pharmacological compounds. For
clinical research with special regard to the patients who will receive the medication, a
minimization of side effects is of great importance. This drives the need for the
identification of further, so far unknown and targetable proteins or interaction areas
involved in the regulation of the autophagy signaling network.

This work aimed for the identification of novel interacting proteins of the Ptdins3K complex
by enrichment of candidate proteins and their subsequent identification by mass
spectrometry.

A biochemical validation of putative candidates and a characterization of their roles during
autophagy should be performed in vivo. The potential crosstalk with the autophagy
initiating ULK1 kinase complex and the resulting modulating effects on the Ptdins3K
complex and on the general autophagic capacity should be investigated. Furthermore, the
identified proteins and their underlying regulation mechanisms should be evaluated for
their potential role as target for therapeutic autophagy modulation. In addition, the
existence of crosstalk with other cellular metabolic pathways and related autophagy

independent functions of the novel PtdIns3K-binding proteins should be explored.
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4 Material and Methods

4.1 Materials

All chemicals and biologically reactive reagents were purchased from Carl Roth (Karlsruhe,
Germany), Sigma Aldrich (St. Louis, MO, USA), Merck Millipore (VWR, Burlington, MA, USA),
Thermo Fisher Scientific (Gibco, Molecular Probes, Waltham, MA, USA), GE Healthcare
(Chalfont St Giles, UK). All chemicals were purchased in p.A. quality unless otherwise

indicated.

4.1.1 Vectors

Commercial vectors Application and source

pCR2.1®-TOPO TA-cloning® of PCR products; Thermo Fisher Scientific

pPEGFP-N3 Template of GFP cDNA for BECN1-GFP and GFP expression; Clontech
Laboratories

pBluescript SK I (-) Generation of targeting constructs; Statagene

pHisD, pBleo Source of resistance cassettes for targeting constructs; Tomohiro

Kurosaki (Yokohama, Japan)

pMSCVpuro Retroviral transduction; Clontech Laboratories

pBABEpuro Retroviral transduction; Addgene, #1764

pVSV-G Pseudotyping of retroviral particles; Clontech Laboratories
pPGEX-5x3 Expression of GST fusion proteins; GE Healthcare

pET-15b Expression of 6xHis fusion proteins; Novagene

4.1.1.1 Generated vectors

For the generation of pMSCVpuro-based retroviral expression constructs, total RNA was
isolated from HEK293 cells (see 4.2.1.13) and reverse transcribed in total cDNA (see
4.2.1.14). Protein coding cDNAs (BECN1 and NRBF2) were amplified by proof reading
polymerase using sequence specific primers (see 4.2.1.16.2). cDNA encoding for human
BECN1 was incubated with Tag polymerase to generate 3’-adenine overhangs and
subsequently used for TA-cloning® into pCR2.1®-TOPO vector (see 4.2.1.17). A 5’-Bglll
restriction site was introduced and the 3’-TGA stop codon was removed by PCR and the
PCR product was again introduced into pCR2.1®-TOPO vector via TA-cloning®.
Subsequently, cDNA was cloned via EcoRl into pEGFP-N3 and the ¢cDNA encoding for
BECN1-GFP fusion protein was cloned via Bglll and Hpal into pMSCVpuro. For generation
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of pMSCVpuro GFP, cDNA encoding for GFP was excised from pEGFP-N3 via restriction by
BamHI and Notl. 5’-overhangs were filled-in (see 4.2.1.5) and ligated (see 4.2.1.10) into
Hpal sites of pMSCVpuro. cDNA encoding for human NRBF2 harboring 5’- and 3’-overlap to
pPMSCVpuro sequences was amplified from reverse transcribed total RNA and directly
cloned via SLIC (see 4.2.1.18) into pMSCVpuro. cDNAs encoding for NRBF2 N- or C-
terminally fused to GFP were generated by amplification of NRBF2 from pMSCVpuro NRBF2
and of GFP from pEGFP-N3 and combined by SLIC. For generation of pBABEpuro NRBF2,
corresponding cDNA was amplified from pMSCVpuro NRBF2 and inserted into pBABEpuro
via SLIC. Mutated versions of NRBF2 (S5-A and S5-D) were generated by site-directed
mutagenesis (see 4.2.1.16.3) on pBABEpuro NRBF2. N-terminal HA-tag was introduced to
respective NRBF2 versions in pBABEpuro via SLIC. For generation of N-terminally HA-tagged
NRBF2 versions in pMSCVpuro, corresponding cDNAs were amplified from pBABEpuro

vectors and inserted into pMSCVpuro vector via SLIC.

For the generation of NRBF2 targeting constructs, left arm (LA) and right arm (RA)
sequences were amplified from DT40 genomic DNA using LA-Tag polymerase harboring a
EcoRV restriction site in between and cloned into pBluescript SK Il (-) vector via SLIC using
Spel and Sall restriction sites located in the multiple cloning site (MCS). Finally, resistance
cassettes were excised via BamHI, 5’-overhangs were filled-in and cloned via EcoRV into
pBluescript SK Il (-) between the LA and RA. Subsequently, a premature stop codon was

introduced by site-directed mutagenesis into exon 2 of the LA.

For generation of bacterial expression vectors, respective cDNAs were transferred to
PGEX-5x3 or pET-15b vectors. For pGEX-5x3 NRBF2 WT, internal BamHI restriction site of
pMSCVpuro NRBF2 WT was removed by site-directed mutagenesis without changing the
amino acid sequence of NRBF2. Then, cDNA encoding for NRBF2 was amplified via PCR and
5’-BamH]I and 3’-Xhol restriction sites were introduced. PCR product was directly incubated
with restriction endonucleases (see 4.2.1.4) and inserted into pGEX-5x3 via BamHI! and
Xhol. NRBF2 WT and 5S-A were transferred to pET-15b vector from corresponding

pMSCVpuro vectors via SLIC and restriction by Ndel.
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Vector Application

pBluescript NRBF2-HisD Targeting vector for chicken NRBF2 allele, histidinol
resistance cassette

pBluescript NRBF2-Bleo Targeting vector for chicken NRBF2 allele, bleomycin

resistance cassette

pMSCVpuro BECN1-GFP

Stable expression of human BECN1 fused to C-terminal GFP-
tag

pMSCVpuro GFP

Stable expression of GFP

pMSCVpuro NRBF2-GFP

Stable expression of human NRBF2 fused to C-terminal GFP-
tag

pMSCVpuro GFP-NRBF2

Stable expression of human NRBF2 fused to N-terminal GFP-
tag

pMSCVpuro NRBF2 WT

Stable expression of wild-type human NRBF2

pMSCVpuro HA-NRBF2 WT

Stable expression of wild-type human NRBF2 fused to N-
terminal HA-tag

pMSCVpuro HA-NRBF2 5S-A

Stable expression of serine to alanine quintuple mutant
human NRBF2 fused to N-terminal HA-tag

pMSCVpuro HA-NRBF2 55-D

Stable expression of serine to aspartate quintuple mutant
human NRBF2 fused to N-terminal HA-tag

pBABEpuro NRBF2 WT

Stable expression of wild-type human NRBF2, lower

expression levels than pMSCVpuro

pBABEpuro NRBF2 5S-A

Stable expression of serine to alanine quintuple mutant

human NRBF2, lower expression levels than pMSCVpuro

pBABEpuro NRBF2 5S-D

Stable expression of serine to aspartate quintuple mutant

human NRBF2, lower expression levels than pMSCVpuro

pBABEpuro HA-NRBF2 WT

Stable expression of wild-type human NRBF2 fused to N-

terminal HA-tag, lower expression levels than pMSCVpuro

pBABEpuro HA-NRBF2 5S-A

Stable expression of serine to alanine quintuple mutant
human NRBF2 fused to N-terminal HA-tag, lower expression

levels than pMSCVpuro

pBABEpuro HA-NRBF2 5S-D

Stable expression of serine to aspartate quintuple mutant
human NRBF2 fused to N-terminal HA-tag, lower expression

levels than pMSCVpuro

pPGEX-5x3 NRBF2 WT

Bacterial expression of wild-type human NRBF2 fused to N-
terminal GST-tag

pET-15b NRBF2 WT

Bacterial expression of wild-type human NRBF2 fused to N-
terminal 6xHis-tag

pET-15b NRBF2 5S-A

Bacterial expression of serine to alanine quintuple mutant
human NRBF2 fused to N-terminal 6xHis-tag
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4.1.2 Oligonucleotides

All oligonucleotides (primers) for polymerase chain reaction and qRT-PCR used in this thesis

were synthesized by Sigma-Aldrich (St. Louis, MO, USA) or Thermo Fisher Scientific

(Waltham, MA, USA). Small interfering RNAs (siRNA) were purchased from Dharmacon, GE

Healthcare (Lafayette, CO, USA).

Oligonucleotides for amplification of cDNA and genomic DNA

Primer name

5’ - 3’ sequence

chNRBF2_screening_for

GTGTTGTTTCACAGAGCCCATGCC

chNRBF2_screening_rev

CACCTCTCCTGGATGAGCAGTAAC

HisD_screening_rev

GCCGTGACCCTGCGCGTAAACGCCCTCAAGG

Bleo_screening_rev

CAACTGCGTGCACTTCGTGGCC

hBECN1_for

AAGGATCCGCCGCCACCATGGAAGGGTCTAAGAC

hBECN1 rev

AAGTTAACTCATTTGTTATAAAATTGTGAGG

BENC1+BgllI-TGA_for

AAAGATCTGCCGCCACCATGGAAGGGTC

BENC1+BgllI-TGA _rev

TTTTTGTTATAAAATTGTGAGGACACCCAAGC

NRBF2_in pGEX-5x3_for

AAGGATCCTGGAAGTAATGGAAGGACCCCTC

NRBF2_in pGEX-5x3_rev

AACTCGAGTTAATTATTCATAAATCCTTTCAGAATATCC

For screening of wild-type,

bleo- or hisD-targetet alleles, the forward primer

(chNRBF2_screening_for) was combined with respective reverse primer.

Oligonucleotides for SLIC

Primer name

5’ - 3’ sequence

Restriction

site in vector

chNRBF2_LA for

GAATTGGGTACCGGGCCCCCCCTCGAGGTCGACC | Sall
TCCGCTTTCTTCAACCAAGAGGC

chNRBF2_LA rev

GTCCTGGTGGTTTTCCCTTTTCTTGGGATATCGCC | Sall
AGATCGTTGATACTCCTGAGC

chNRBF2_RA for

GCTCAGGAGTATCAACGATCTGGCGATATCCCAA | Spel
GAAAAGGGAAAACCACCAGGAC

chNRBF2_RA rev

GCGGTGGCGGCCGCTCTAGAACTAGTCCGATCCA | Spel

ATTTAAGGCCCATGGG
NRBF2_SLIC in | CTCTAGGCGCCGGAATTAGATCTCTCGAGGCCGC | Xhol
pMSCVpuro_for CACCATGGAAGTAATGG
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NRBF2s SLIC in | CCTCCCCTACCCGGTAGAATTCGTTAACCTCGAGT | Xhol

pMSCVpuro_rev TAATTATTCATAAATCCTTTCAGAATATC

HA-NRBF2_SLIC in | CTCTAGGCGCCGGAATTAGATCTCTCGAGGCCGC | Xhol

pMSCVpuro_for CACCATGTATCCGTATG

NRBF2_SLIC in | GATCCCAGTGTGGTGGTACGTAGGAATTCGCCGC | EcoRl

pBABEpuro_for CACCATGGAAGTAATGGAAGGACCC

NRBF2s SLIC in | CATTCCACAGGGTCGACCACTGTGCTGGCGAATT | EcoRl

pBABEpuro _rev CTTAATTATTCATAAATCCTTTCAGAATATC

HA-NRBF2_SLIC in | GATCCCAGTGTGGTGGTACGTAGGAATTCGCCGC | EcoRl

pBABEpuro _for CACCATGTATCCGTATGATGTGCCGGATTATGCG
GAAGTAATGGAAGGACCCC

NRBF2_SLIC in pET- | CAGCGGCCTGGTGCCGCGCGGCAGCCATATGGAA | Ndel

15b_for GTAATGGAAGGACCCCTC

NRBF2_SLIC in pET- | GTTAGCAGCCGGATCCTCGAGCATATGTTAATTAT | Ndel

15b_rev TCATAAATCCTTTCAGAATATC

NRBF2-GFP_SLIC in | CTTCTCTAGGCGCCGGAATTAGATCTGCCGCCACC | Bglll

pMSCVpuro_NRBF2_for | ATGGAAGTAATGGAAGGACCCC

NRBF2-GFP_SLIC in | GTGAACAGCTCCTCGCCCTTGCTCACACTAGTATT | Bglll

pMSCVpuro_NRBF2_rev | ATTCATAAATCCTTTCAGAATATCCTC

NRBF2-GFP_SLIC in | GATATTCTGAAAGGATTTATGAATAATACTAGTGT | Bglll

pMSCVpuro_GFP_for GAGCAAGGGCGAGGAGC

NRBF2-GFP_SLIC in | GTAGAATTCGTTAACCTCGAGAGATCTTTACTTGT | Bglll

pMSCVpuro_GFP_rev ACAGCTCGTCCATGC

GFP-NRBF2_SLIC in | TCCTTCTCTAGGCGCCGGAATTAGATCTGCCGCCA | Bglll

pMSCVpuro_GFP_for CCATGGTGAGCAAGGGCGAGG

GFP-NRBF2_SLIC in | GGTTGAGGGGTCCTTCCATTACTTCACTAGTCTTG | Bglll

pMSCVpuro_GFP_rev TACAGCTCGTCCATGC

GFP-NRBF2_SLIC in | CTCGGCATGGACGAGCTGTACAAGACTAGTGAAG | Bglll

pMSCVpuro_NRBF2_for | TAATGGAAGGACCCCTC

GFP-NRBF2_SLIC in | GTAGAATTCGTTAACCTCGAGAGATCTTTAATTAT | Bglll

pMSCVpuro_NRBF2_rev

TCATAAATCCTTTCAGAATATC

Reverse primers for HA-NRBF2_SLIC in pMSCVpuro or HA-NRBF2_SLIC in pBABEpuro was
identical to reverse primer for NRBF2_SLIC in pMSCVpuro or NRBF2_SLIC in pBABEpuro,

respectively.
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Oligonucleotides for site directed mutagenesis

Primer name 5’ - 3’ sequence

chNRBF2_Stop codon_for

CAGGGAAATAAGAAGAAGCCATTTCTTG

chNRBF2_Stop codon_rev CTGCCAACAAGCGGTCTG

NRBF2_BamHI_for TTGACAGGGACCCAGACACAC
NRBF2_BamHI_rev AGATCCCCTGAATCTCAG

NRBF2_S15A_for TCATCAACAGGCCAGACGAGCAGACCGTTTATTAG
NRBF2_S15A_rev GCCAGGTTGAGGGGTCCT

NRBF2_S50A_for

GCTGACACAGGCAGAGCAGGC

NRBF2_S50A_rev

TTCATGGCTTCAGAAAGATATGCTGC

NRBF2_S56A_for

GGCTCATCTTGCACTGGAATTG

NRBF2_S56A_rev TGCTCTGACTGTGTCAGC
NRBF2_S101A_for TCTTCAGACAGCTCACAAACCCTC
NRBF2_S101A_rev TGGGCAGCTGCATCCTTG
NRBF2_S277A_for TATGGAGCTCGCTGAGGATATTC
NRBF2_S277A_rev AGAGGAAGTTCTGGAGATG

NRBF2_S15D_for

TCATCAACAGGACAGACGAGCAGACCGTTTATTAG

NRBF2_S50D_for

GCTGACACAGGACGAGCAGGCTC

NRBF2_S50D_rev

TTCATGGCTTCAGAAAGATATG

NRBF2_S56D_for

GGCTCATCTTGACCTGGAATTGCAAAGG

NRBF2_S101D_for

TCTTCAGACAGATCACAAACCCTC

NRBF2_S277D_for

TATGGAGCTCGATGAGGATATTC

Reverse primers for NRBF2_S15D, S56D, S101D and S277D were identical to reverse

primers for NRBF2_S15A, S56A, S101A and S277A.

Oligonucleotides for gRT-PCR

Primer name 5’ - 3’ sequence

chNrbf2_for GCTATCACTGGAATTACAAAGG
chNrbf2_rev GCATTCTGCTGAGCTTTCATC
18SrRNA_for CGGCTACCACATCCAAGGAA
18SrRNA_rev GCTGGAATTACCGCGGCT
Hprtl_for AAGTGTTGGATACAGGCCAGA
Hprtl_rev GGCTTTGTATTTGGCTTTTCC
Ulk1_for ACACTAGTTCCTGCCATCCC
Ulk1_rev CATCAAAGTCCATGCGGTCC
Atgl3_for TTGCCCTCAAGACTGTCCAA
Atgl3_rev GAACCAATCTGAACCCGTCG
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Becnl_for AGCTTTTCTGGACTGTGTGC
Becnl_rev CTTTCTCCACGTCCATCCTGT
Pik3C3_for CTACAAGAACTCCCGGCAGA
Pik3c3_rev GATGAGCCTTGGTGAGCTTG
Atgla_for ACCAAACAACGGGGACTACT
Atgla_rev ATGCTCCATGTCAGGTCCTT
Uvrag_for TGGAAAGACAGAAGAAAGCGC
Uvarg_rev TGCACTTCCTTTGTCCTGTAGA
Map1llc3b_for CAAGACCAAGTTCCTGGTGC
Map1llc3b_rev CAAGCGCCGTCTGATTATCT
Pink1_for TGAAGAACTACCCCTGTACCC
Pink1_rev GCAAGGTCATCATGGTAGCC
Bnip3_for GGGGAATTTTCTCAGCAGACTTT
Bnip3_rev TCCAATGTAGATCCCCAAGCC
Tscl_for CTCAATTCTGAACGTGGGCC
Tscl_rev GATGTGCAATACCGGCTGAG
Wdr45_for CAACCAAGACCAAAGCTGCT
Wdr45_rev CTGCTCGTGGTCAAGATGC
Ppara_for CCACGAAGCCTACCTGAAGA
Ppara_rev CATGTATGACAAAAGGCGGGT
Rxra_for GCTCCTCAGGCAAACACTATG
Rxra_rev GCAGGTGTAGGTCAGGTCTT
Rarg_for GGTCACCAGAAATCGATGCC
Rarg_rev CGTTCCTTACAGCTTCCTTGG
Stat2_for CCCCATCAGAGCCAACAGG
Stat2_rev ATGTCCAGCACCTCCTTTCT
Foxo3_for CTGCGGGCTGGAAGAACT
Foxo3_rev GCCCGTGCCTTCATTCTG
Jun_for GAGAACAGACTGTCAGGGCT
Jun_rev CTCTGTCGCAACCAGTCAAG
Nfkb1_for GAGCAACCAAAACAGAGGGG
Nfkb1l_rev CACTAGAGGCTCCCGGAAG
Irf7_for TGATCCTGGTGAAGCTGGAG
Irf7_rev GGACACACCCTCACGCTG
Pex7_for CTGGTCTCCTCACATCCCTG
Pex7_rev TCTGATCTCCTGAGGCTGAAG
l16_for TCTGCAAGAGACTTCCATCCA
116_rev GTTGTCACCAGCATCAGTCC
Acox1_for TCAAGAGAAGCGAGCCAGAG
Acox1_rev CCAGGAGCGGGAAGAGTTTA
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Sesn2_for GTCAACAAGTTACTGGCGCA
Sesn2_rev AGCAAGGCCTGGATATGCTC
Ctsf_for AGATGAGTCCAGCCAAGTCC
Ctsf_rev ACACATGCCCTGGTTCTTCA

Oligonucleotides for siRNA knockdown

SiRNA Supplier and reference number (#)
ON-TARGETplus Mouse Nrbf2 siRNA SMARTpool Dharmacon, #L-161736-00-0010
ON-TARGET plus Non-targeting Pool Dharmacon, #D-001810-10-05

4.1.3 Bacteria strains

Escherichia coli strains used in this thesis

Strain Genotype Application
DH5a F~ endAl gIlnv44 thi-1 recAl relAl gyrA96 deoR nupG | Propagation of
purB20 ®80dlacZAM15 A(lacZYA-argF)U169, hsdR17(r«c” | vector DNA
mg*), A~
BL21 E. coli str. B F- ompT gal dcm lon hsdSg(rg"ms~) A(DE3 [lacl | Bacterial protein
(DE3) lacUV5-T7p07 ind1 sam7 nin5]) [malB*]«.12(A°) expression

4.1.4 Enzymes for molecular biology

Enzyme Supplier and reference number (#)
Restriction endonucleases Thermo Fisher Scientific

Klenow Fragment Thermo Fisher Scientific, #£P0054
Fast AP (Alkaline Phosphatase) Thermo Fisher Scientific, #EF0654
T4 DNA Ligase Thermo Fisher Scientific, #£L0014
Phusion™ High-Fidelity DNA Polymerase | Thermo Fisher Scientific, #F-530S
Proteinase K Thermo Fisher Scientific, # 17916
Taqg DNA Polymerase Thermo Fisher Scientific, #10342020
Q5® High-Fidelity DNA Polymerase New England Biolabs, #M0493S
Kinase Ligase Dpnl (KLD) Enzyme Mix New England Biolabs, #M0554S
LA-Tag DNA polymerase Takara, #RR0O02A
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4.1.5 Antibodies

Primary antibodies

All antibodies used for immunoblotting in this thesis were supplied by Abcam (Cambridge,
UK), Bethyl Laboratories (Montgomery, TX, USA), Cell Signaling Technology (Danvers, MS,
USA), MBL International (Woburn, MA, USA), Merck Millipore (Burlington, MA, USA), Santa
Cruz Biotechnology (Dallas, TX, USA), Sigma-Aldrich (St. Louis, MO, USA), Thermo Fisher
Scientific (Waltham, MA, USA), ChromoTek (Planegg-Martinsried, Germany), Proteintech
(Rosemont, IL, USA), GE Healthcare (Chalfont St Giles, UK), Biolegend (San Diego, CA, USA),
Progen Biotechnik (Heidelberg, Germany), Bio-Rad (Hercules, CA, USA), LI-COR Biosciences

(Lincoln, NE, USA) or Jackson ImmunoResearch (Cambridgeshire, UK).

Antibody Supplier and reference number (#) Application
Mouse anti-Vinculin Sigma Aldrich, #v9131 IB
Mouse anti-ACTB Sigma Aldrich, #A5316 IB
Mouse anti-GAPDH Abcam, #ab8245 IB
Rat anti-GFP ChromoTek, #3H9 IB
Goat anti-GST GE Healthcare, #27-4577-01 IB
Mouse anti-HA BioLegend, #901501 IB
Rabbit anti-NRBF2 Cell Signaling Technology, #8633 IB, IP, PLA
Rabbit anti-NRBF2 Bethyl Laboratories, #A301-851A IF
Rabbit anti-BECN1 Santa Cruz Biotechnology, #11427 IB
Rabbit anti-PIK3C3 Thermo Fischer Scientific, #PA1-46456 IB
Rabbit anti-PIK3R4 Cell Signaling Technology, #14580 IB
Rabbit anti-ATG14 MBL International, #PD026 IB
Goat anti-ATG14 Santa Cruz Biotechnology, #164767 IP
Rabbit anti-UVRAG Cell Signaling Technology, #13115 IB
Rabbit anti-ULK1 Cell Signaling Technology, #8054 IB
Rabbit anti ULK1 pSer757 Cell Signaling Technology, #6888 IB
Rabbit anti-LC3 Cell Signaling Technology, #2775 IB
Rabbit anti-LC3 MBL International, #PM036 IF
Guinea pig anti-SQSTM1/p62 Progen Biotechnik, #GP62-C IB
Mouse anti-WIPI2 Bio-Rad, #MCA5780GA IF
Rabbit anti-PPAR alpha Thermo Fischer Scientific, #PA1-822A IB
Rabbit anti-PPAR gamma Cell Signaling Technology, #2430 IB
Rabbit anti-RXR alpha Proteintech, #21218-1-AP IB
Mouse anti-phospho-serine Merck Millipore, #05-1000 PLA
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Secondary antibodies

Antibody Supplier and reference number (#) Application
Goat anti-mouse IRDye®680RD LI-COR Biosciences, #925-68070 IB
Goat anti-rabbit IRDye®680RD LI-COR Biosciences, #925-68071 IB
Goat anti-mouse IRDye®800CW LI-COR Biosciences, #926-32210 IB
Goat anti-rabbit IRDye®800CW LI-COR Biosciences, #926-32211 IB
Donkey anti-guinea pig | LI-COR Biosciences, #925-68030 IB
IRDye®680LT

Donkey anti-goat IRDye®680LT LI-COR Biosciences, #926-68024 IB
Goat anti-rabbit Alexa Fluor ® 647 | Jackson ImmunoResearch, #111-605-003 | IF
Goat anti-mouse Alexa Fluor ® | Jackson ImmunoResearch, #115-605-003 | IF
647

4.1.6 Compounds and recombinant proteins

Compound Supplier and reference number (#)
Bafilomycin A; Alfa Aesar, #61835

Puromycin InvivoGen, #ant-pr-1

Histidinol Sigma-Aldrich, #H6647

Bleocin® Calbiochem, #203408
Telmisartan Selleckchem, #51738
GW501516 Selleckchem, #55615

GW7647 Cayman Chemical, #10008613
Wy14643 Selleckchem, #58029

MRT6730 Selleckchem, #57948
bortezomib Merck Millipore, #5.043.140.001
MG-132 Merck Millipore, #474790
GST-ULK1 [human] Sigma-Aldrich, #SRP5096
GST-p40PX Echelon Biosciences, #G0302

4.1.7 Buffers and solutions

1 xTBS

150 mM NaCl; 50 mM Tris

Tris/HCI

0.5-1.5 M Tris; pH adjusted to 6.8 - 8.8 with HCI

4% PFA in PBS

PFA dissolved in PBS using NaOH, pH adjusted to 7.0 with HCI
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4.1.8 Media and supplements for cell culturing

DMEM (4.5 g/L D-Glucose)

Thermo Fisher Scientific, #41965-039

RPMI 1640 Thermo Fisher Scientific, #21875-091
DMEM/F-12, GlutaMAX™ supplement Thermo Fisher Scientific, #10565018
DPBS (1x) Thermo Fisher Scientific, #14190-094
EBSS Thermo Fisher Scientific, #24010-043

Penicillin/Streptomycin
(10,000 U/mL 10,000 pg/mL)

Thermo Fisher Scientific, #15140-122

Trypsin/EDTA solution (0.05% / 1x)

Thermo Fisher Scientific, #25300-054

Fetal Calf Serum (FCS)

Thermo Fisher Scientific, #10270

Chicken Serum (CS)

Sigma-Aldrich, #C5405

Beta-mercaptoethanol

Sigma-Aldrich, #M3148

GlutaMAX

Thermo Fisher Scientific, #35050-038

Insulin-Transferrin-Selenium (ITS) (100 x)

Thermo Fisher Scientific, #41400045

Dexamethasone

Sigma-Aldrich, #D4902

4.1.9 Additional materials

Autoradiography Hypercasette

Amersham, GE Healthcare

X-ray film BioMax® MR Kodak
Developing solution AGFA, #G150
Fixation solution AGFA, #G150

[3?P] ATP

Hartmann Analytic, #SRP-301

ATP (10 mM)

Cell Signaling Technology

dNTP mix (10 mM each)

Promega

NucleoSpin® Plasmid purification kit

Macherey-Nagel

NucleoBond® xtra Maxi EF kit

Macherey-Nagel

NucleoSpin® Extract Il Gel extraction kit

Macherey-Nagel

NucleoSpin® RNA II Kit

Macherey-Nagel

TA-Cloning® Kit

Thermo Fisher Scientific, #202040

Lipofectamine® RNAiIMAX transfection reagent

Thermo Fisher Scientific, #13778

DuolLink® In Situ Red Starter Kit Mouse/Rabbit

Sigma-Aldrich, #DU0092101

Protein Assay Kit

Bio-Rad

GFP-Trap®

ChromoTek, #gta-200

PtdIns

Avanti Polar Lipids, #840042

Nitrocellulose membrane

GE Healthcare

PVDF membrane (Immobilon-FL)

Merck Millipore, #IPFLO0010

High-Capacity cDNA Reverse Transcription Kit

Thermo Fisher Scientific, #4368814

RNAse inhibitor

Thermo Fisher Scientific, #10777-019
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GoTaq® gPCR Master Mix

Promega, #A6002

FUGENE® 6

Promega, #E2691

GeneRuler 1 kb DNA ladder

Thermo Fisher Scientific, #M0314

GeneRuler 100 bp Plus DNA ladder

Thermo Fisher Scientific, #8M0321

DNA Gel loading dye (6x)

Thermo Fisher Scientific, #R0611

PAGERuler TM Prestained Protein Ladder

Thermo Fisher Scientific, #26616

Digitonin Wako, 043-21376
Mowiol®4-88 Carl Roth, #0713
DAPI Carl Roth, #6335

Glass cover slips, 10 mm

Paul Marienfeld, #0111500

Freezing Container, Mr. Frosty™

Thermo Fisher Scientific

Gel filtration Calibration Kit LMW/HMW

GE Healthcare

Lysozyme

Carl Roth

0.45 um PVDF filter unit

Carl Roth

Nunc™ Lab-Tek™ Chambered Coverglasses

Thermo Fisher Scientific

Neubauer counting chamber

Paul Marienfeld

Polybrene

Sigma-Aldrich

Protease Inhibitor Cocktail

Sigma-Aldrich

Protein G sepharose

GE Healthcare, #17061801

Glutathione sepharose

GE Healthcare, 17075601

Superdex 200 Increase 10/300 GL column

GE Healthcare

Tissue culture equipment (dishes, pipettes etc.

Greiner, Sarstedt, Nunc

Dounce homogenizer

Wheaton

HD Green Plus DNA stain

Intas Science Imaging, #ISII-HDGreen Plus

Agarose

Bio-Budget, # 10-35-1020

Dimethyl pimelimidate (DMP)

Sigma-Aldrich, #80490-5G

4.1.10 Technical equipment

Bacteria incubator, Certomat BS-1

Sartorius

Cell culture bench, HERAsafe®

Thermo Fisher Scientific

Cell culture incubator, HERAcell® 240 CO,

Thermo Fisher Scientific

Centrifuge, Heraeus™ fresco™ 17

Thermo Fisher Scientific

Centrifuge, Heraeus™ pico™ 17

Thermo Fisher Scientific

Centrifuge, Megafuge 40R

Thermo Fisher Scientific

Milligram balance, MSE1203S-100-DE

Sartorius

FPLC AKTApurifier

GE Healthcare

PCR cycler, GeneAmp® PCR System 9700

Applied Biosystems

pH Meter, Five Easy

Mettler Toledo
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Thermomix comfort Eppendorf
Spectrophotometer, nanodrop1000 PeqglLab
TSP SP2 inverse confocal laser scanning microscope with | Leica

a Plan APO 63x water objective

LSM 710 inverse confocal laser scanning microscope with | Zeiss

a Plan Apochromat 63x/1.4 oil objective

Microplate reader Synergy MX BioTek

Nucleofector |

Amaxa Biosystems

Amaxa™ Cell Line Nucleofector™ Kit T

Lonza

Odyssey® Infrared Imaging System |

LI-COR Biosciences

Applied Biosystems 7300 Real Time PCR System

Thermo Fisher Scientific

Ultrasonic homogenizers, Sonoplus HD 2070 Bandelin
Agarose gel electrophoresis chambers PeqglLab
Mini Electrophoresis system, Mini-PROTEAN Tetra Bio-Rad
Wide-mini Electrophoresis system, SE640 Hoefer
Rotaiting Wheel Neolab
Skaking unit, Duomax 1030 Heidolph
Wet transfer unit Bio-Rad
Gel-drying apparatus, model 583 Bio-Rad

Heating block (MBT 250)

Kleinfeld Labortechnik

4.1.11 Software
CorelDraw® X7

Imagel

Microsoft® Office 2016
Image Studio Light v. 4

SnapGenev.1.1.3

The PyMOL Molecular Graphics System, Version 2.0.7 Schrodinger, LLC.

SDS (Real-Time PCR) Software v. 1.4
Cytoscape v. 3.2.1 with ClueGO Plugin

Mendeley v. 1.19.1
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4.1.12 Websites and databases
http://multalin.toulouse.inra.fr/multalin/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.expasy.org
http://www.ncbi.nlm.nih.gov
http://www.rcsb.org/pdb/home/home.do
http://www.uniprot.org
http://www.ensembl.org

http://primer3.ut.ee/

4.2 Methods

4.2.1 Methods in molecular biology

4.2.1.1 Generation of chemically competent E. coli bacteria

5 mL LB medium were inoculated with the E. coli strain and incubated at 37 °C under
constant shaking (180 rpm) overnight. The next day, 150 mL LB medium were inoculated
with 900 uL of the overnight culture. The culture was grown until an ODegpo of 0.45 - 0.55.
The bacteria suspension was kept on ice for 10 min and then harvested at 2,000 rpm at 4 °C
for 10 min. The supernatant was removed and the bacteria were resuspended in 30 mL of
TFB I-solution and incubated for 10 min on ice. The bacteria were centrifuged and
resuspended in 6 mL ice-cold TFB ll-solution. 50 pL portions of this cell suspension were
transferred into 1.5 mL reaction tubes and flash frozen with liquid nitrogen. The competent

bacteria were stored at -80 °C.

LB medium 20 g LB-medium; ad 1000 mL dH,0; autoclaved and stored at 4 °C

TFB | 100 mM KCI; 10 mM CaCl; - 2 H20; 30 mM KOAc, pH 6.0; 15% (v/v) glycerol;
adjusted to pH 6.1 with HOAc; autoclaved; addition of 50 mM MnCl; - 4 H,O

(sterile filtered); stored at 4 °C
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TFB Il 75 mM CaCl; - 2 H,0; 10 mM KCl; 10 mM MOPS; 15% (v/v) glycerol; adjusted
to pH 7.0 with KOH; autoclaved; stored at 4 °C

4.2.1.2 Transformation of chemically competent E. coli bacteria

An aliquot of the chemically competent bacteria was thawed on ice. An appropriate
amount of plasmid DNA or 5 ulL of a ligation, site directed mutagenesis or SLIC reaction
were added to the bacteria. The mixture was incubated on ice for 15 min, heat-shocked at
42 °C for 45 s and returned to ice for 2 min. Then, 300 pL LB medium were added and the
mixture was incubated at 37°C for 30 min under constant agitation (300 rpm).
Subsequently, the bacteria were spread onto LB plates containing an appropriate antibiotic
and incubated at 37 °C overnight. Bacteria transformed with the pCR2.1®-TOPO vector
were spread on LB/ampicillin/IPTG/X-Gal containing plates for blue/white selection. Single

bacteria colonies were used for isolation of plasmid DNA (see 4.2.1.3).

LB agar 20 g agar per 100 mL LB medium; autoclaved and cooled to 60 °C;
addition of antibiotic (ampicillin to a final concentration of
100 pg/mL, kanamycin to a final concentration of 50 ug/mL); stored
at4°C

X-Gal/IPTG plates LB agar containing ampicillin, supplemented with 10 pg/mL X-Gal and
25 mM IPTG; stored at 4 °C

4.2.1.3 Isolation of Plasmid DNA

5 mL LB medium supplemented with appropriate antibiotics were inoculated with a single
bacterial colony at 37 °C under constant shaking (180 rpm) overnight. Cells were
centrifuged and the plasmid DNA isolation was performed using the NucleoSpin® Plasmid
kit (Macherey-Nagel) according to the manufacturer’s instructions. For the production of
larger amounts of plasmid DNA, up to 300 mL bacterial culture were used. The plasmid DNA
isolation was performed using the NucleoBond® xtra Maxi EF kit (Macherey-Nagel)

according to the manufacturer’s instructions.

37



Material and Methods

4.2.1.4 Digestion of DNA with restriction endonucleases
Sequence specific cleavage of DNA molecules was performed by incubation with restriction

endonucleases (Thermo Fischer Scientific) according to the manufacturer’s instructions.

4.2.1.5 Fill-in of 5’-overhangs of dsDNA

Fill-in of 5’-overhangs of dsDNA resulting from restriction endonuclease digestion was
performed by Klenow fragment (Thermo Fisher Scientific). Digested dsDNA was incubated
with 2 U Klenow fragment and dNTPs at 37 °C for 15 min. DNA molecules were separated

by agarose gel electrophoresis (see 4.2.1.7) and isolated by gel extraction (see 4.2.1.8).

4.2.1.6 Dephosphorylation of vector DNA

To prevent re-ligation, linearized vector DNA harboring blunt ends generated by digestion
with restriction nucleases was dephosphorylated prior to ligation at the 5°- and 3’-positions
using alkaline phosphatase (FastAP, Thermo Fisher Scientific). Therefore, FastAP was
directly added to linearized vector DNA after digestion with restriction endonucleases and
incubated according to the manufacturer’s instructions. DNA molecules were separated by

agarose gel electrophoresis (see 4.2.1.7) and isolated by gel extraction (see 4.2.1.8).

4.2.1.7 Agarose gel electrophoresis of nucleic acids

After digestion of DNA molecules by restriction endonucleases or after polymerase chain
reactions (see 4.2.1.16) the produced DNA fragments were separated by agarose gel
electrophoresis. Gels were prepared by dissolving 0.8 - 2% agarose (w/v) in TAE buffer by
heating in a microwave. HD Green DNA stain was added and the solution was filled into a
gel casting platform. The DNA samples were mixed with 6 x DNA loading buffer and loaded
onto the gel. As reference, a DNA molecular weight standard was used (Thermo Fisher
Scientific). The electrophoresis was performed in electrophoresis chambers (Peglab)

containing TAE buffer at 120 - 240 V.

TAE buffer (50x) 2 M Tris; 1 M HOAc; 50 mM EDTA; adjusted to pH of 8.5 with NaOH
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4.2.1.8 Extraction of DNA fragments from agarose gels
Extraction of DNA fragments from agarose gels was performed using the NucleoSpin®
Extract Il Gel extraction kit (Macherey-Nagel) according to the manufacturer’s instructions.

DNA was eluted with dH-0.

4.2.1.9 Photometric determination of DNA and RNA concentrations
DNA and RNA concentrations were determined using the Nanodropl000 (Peqlab)
according to the manufacturer’s instructions. The concentration and purity of DNA and RNA

were estimated by the following formulas:
1 Azeo unit = 50 pg/mL for dsDNA pure DNA: Axeo/A2s0 > 1.8

1 Azeo unit = 40 pg/mL for ssSRNA pure RNA: Aze0/A2s0 = 2.0

4.2.1.10 Ligation of DNA fragments

For the ligation of linearized vectors and DNA fragments (inserts) the T4 DNA ligase was
used (Thermo Fisher Scientific), which catalyzes the formation of phosphodiester bonds
between 5'-phosphate and 3'-hydroxyl termini in dsDNA. Ligation reactions were
performed with a molar ratio of 1:3 (vector:insert DNA). Used DNA amounts were

calculated by the following formula:

vector length (bp) concentration of insert 1

= X
insert length (bp) concentration of vector 3

The ligation reactions were incubated at RT for 1 h or at 16 °C overnight and directly used

for transformation of chemically competent bacteria (see 4.2.1.2).

4.2.1.11 DNA sequence analysis
Sequencing of DNA molecules was performed by Microsynth Seqlab (Go6ttingen, Germany)

using the Sanger sequencing technique %°.
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4.2.1.12 Isolation of genomic DNA from eukaryotic cells

Genomic DNA as template for genomic screening PCR was isolated from approximately
5 x 10° DT40 cells. Therefore, cells were centrifuged, the pellet was resuspended in 50 pL
buffer Kand incubated for 1 h at 56 °C. After inactivation of proteinase K for 15 min at 95 °C
the prepared genomic DNA solution was directly used as PCR template using LA-Tag (see

4.2.1.16.1) or stored at -20 °C.

Buffer K 10 mM Tris/HCI, pH 8.0; 50 mM KCl; 0.45% NP-40; 0.45% Tween® 20;

100 pg/mL proteinase K

4.2.1.13 Isolation of total RNA from eukaryotic cells
Total RNA was isolated from approximately 1 x 108 cells using the NucleoSpin® RNA 11 Kit
(Macherey-Nagel) according to the manufacturer’s instructions. Isolated RNA was either

directly used for reverse transcription reaction (see 4.2.1.14) or stored at -80 °C.

4.2.1.14 Reverse transcription (RT) reaction

First strand cDNA was generated using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions. 1 ug of isolated
total RNA and Random Hexamer Primers, additional RNAse inhibitor (Thermo Fisher
Scientific) and standard cycling conditions (10 min at 25 °C, 120 min at 37 °C, 5 min at 85 °C)
were used for amplification. Generated cDNAs were directly used for gRT-PCR or stored at

-20 °C.

4.2.1.15 Real-time quantitative reverse transcription PCR (qRT-PCR)

Quantitative real-time PCR analysis was performed using the Applied Biosystems 7300 Real
Time PCR System (Thermo Fisher Scientific) and GoTaq® qPCR Master Mix (Promega). 25 ng
of total cDNA (see 4.2.1.14) were amplified in triplicates in the presence of 500 nM primers

with a standard temperature profile (2 min at 50 °C, 10 min at 95 °C, 40 cycles of 155 at
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95 °C and 1 min 60 °C) followed by a dissociation run (15 s at 95 °C, 1 min at 60 °C, gradual

increase of 1 °C/min up to 95 °C).

Threshold (Cr) values were computed automatically. Amplification efficiencies (E) of
designed primer pairs were obtained by measurement of template cDNA serial diluted by
factor 10. Cr values for each dilution step were plotted against the dilution factor, linear
regression was computed and amplification efficiencies were calculated from the ascent of

compensation lines by the following formula:

1
E = 10 slope

Absolute copy numbers of respective genes were normalized to absolute copy numbers of

Hprtl as reference gene and relative gene expression was calculated by the following

formula:

(E )ACT target gene (control—-sample)
, target gene
ratio =

ACt reference gene (control—-sample
(Ereferencegene) rref 9 ( ple)

4.2.1.16 Polymerase chain reaction (PCR)

The polymerase chain reaction enables the exponential amplification of DNA fragments in
vitro. Short synthetic oligonucleotides (primers), which are complementary to the 5’-
(forward primer) and the 3’- regions (reverse primer) of the donor DNA (template) serve as
starting points for the DNA polymerase *°%1>1, A PCR consist of three distinct steps
(denaturation, annealing, elongation), which are performed at different temperatures and
are repeated for several cycles. Generally, both primers (forward and reverse) were set up
in a 10 uM master mix, which was used for PCR. To avoid non-specific DNA amplification,
all PCRs were performed as hot start PCR by keeping the reactions on ice and subsequently

transferring them to a preheated PCR cycler at 95 °C.

4.2.1.16.1 Amplification of genomic DNA
Amplification of genomic DNA fragments larger than 1 kb for the generation of knockout
targeting vectors or for subsequent screening PCR was performed by long range PCR using

the LA-Tag DNA polymerase (Takara).
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PCR reaction f
2.0 uL

2.5uL

0.5 pL

2.0puL

0.5 pL

0.08 uL

ad 25 pL

or amplification of genomic DNA
genomic DNA

10 x LA-Taq buffer

dNTP mix (10 mM each)

MgCl; (25 mM)

primer mix (10 uM each)

LA-Taq

dH>0

PCR program for genomic (screening) PCR

step description T[°C] time

1 initial denaturation 98 2 min

2 denaturation 98 30s

3 annealing Tm-5°C 30s 35x
4 elongation 72 30s/ kb

5 final elongation 72 10 min

6 cooling 12 oo

4.2.1.16.2 Amplification of cDNA

Amplification of protein coding cDNA from eukaryotic cells was done by Phusion™ DNA

polymerase (Thermo Fisher Scientific). This enzyme displays a 3’ - 5’ exonuclease activity

and thereby enables accurate DNA amplification. The used cDNA templates were

generated by reverse transcription (see 4.2.1.14) of isolated total RNA (see 4.2.1.13).

PCR reaction for amplification of cDNA

5-50 ng
10 pL
1.0 uL
1.0 uL
0.5 uL
ad 50 pL

cDNA template

5 x Phusion reaction buffer

dNTP mix (10 mM each)

primer mix (10 uM each)

Phusion™ High-Fidelity DNA polymerase (2 U/uL)
dH20
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PCR program for amplification of cDNA

step description T[°C] time

1 initial denaturation 98 30s

2 denaturation 98 30s

3 annealing Tm-5°C 30s 30 x
4 elongation 72 30s/ kb

5 final elongation 72 10 min

6 cooling 12 oo

4.2.1.16.3Site-directed mutagenesis PCR

For site-directed mutagenesis of DNA sequences was performed by in vitro amplification of
the complete cDNA-containing vector using synthetic oligonucleotides containing the
desired mutations in combination with the Q5° site-directed mutagenesis kit (New England
Biolabs) according to the manufacturer’s instructions. Generally, mutagenesis primers
were designed adjoining and non-overlapping and the forward primer contained the
desired mutations. After completed PCR amplification template DNA isolated from dam
positive E. coli cells was digested for 1 h at 37 °C by Dpnl restriction endonuclease, which
specifically cleaves non-mutated, dam methylated DNA. 1 uL of the PCR reaction was
incubated with kinase-ligase-Dpnl (KLD) reaction mix for 5 min at room temperature (RT).
Subsequently, chemically competent bacteria were transformed with 5 pL of the reaction
mix. For verification of accurate DNA modification, plasmid DNA was isolated (see 4.2.1.3)

and analyzed by DNA sequencing (see 4.2.1.11).

PCR reaction for Site-directed mutagenesis PCR
1-25ng template DNA

12.5 uL Q5® Hot Start High-Fidelity 2 x Master Mix
1.25 uL primer mix (10 uM each)

ad 25 puL dH20
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step description T[°C] time

1 initial denaturation 98 30s

2 denaturation 98 10s

3 annealing Tm-5°C 30s 25 x
4 elongation 72 30s/ kb

5 final elongation 72 10 min

6 cooling 12 oo

4.2.1.17 Cloning of PCR products

PCR products harboring 3’-adenine overhangs produced by Tag DNA polymerases, were
directly cloned into pCR2.1®-TOPO vector by TA-Cloning® Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions. The multiple cloning site is located within the
coding region of the a-peptide of B-galactosidase, which is interrupted by successful
integration of PCR products, thus allowing for blue/white screening of positive
transformants (see 4.2.1.2). For cloning of PCR products without 3’-adenine overhangs
produced by polymerase displaying exonuclease activity like Phusion™ DNA polymerase,
the PCR reactions were inactivated by -80 °C for 20 min, 0.2 uL Tag DNA polymerase
(Thermo Fisher Scientific) and fresh dNTPs were added and additionally incubated at 72 °C

for 10 min, prior to TA-cloning®.

4.2.1.18 Sequence and ligation-independent cloning (SLIC)

The sequence and ligation-independent cloning technique was used to replace traditional
cloning by restriction endonucleases and ligation of DNA fragments '°2. The original SLIC
protocol was performed with minor modifications. Inserts containing approximately 30 bp
overlap to adjoining sequences were generated by PCR (see 4.2.1.16) using the proof-
reading Phusion™ DNA polymerase and vector backbones were digested by restriction
endonucleases (see 4.2.1.4). After clean-up of DNA fragments by agarose gel
electrophoresis (see 4.2.1.7) and gel extraction (see 4.2.1.8), single strand synthesis was
performed by incubation with Klenow Fragment (Thermo Fisher Scientific) for 30 min at

37 °C, followed by heat inactivation for 15 min at 75°C. Annealing reactions were
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performed at 1:1 molar ratios of insert and vector DNA. 5 pL of the reaction mixture were

directly used for transformation of chemically competent bacteria (see 4.2.1.2).

4.2.2 Methods in cell biology

4.2.2.1 Cell culturing

All cell lines used in this thesis were cultivated in a cell incubator at 37 °C, 5% CO; and a
humidified atmosphere. Handling was performed under a laminar flow cell culture bench.
Fetal calf serum (FCS) and chicken serum (CS) were heated to 56 °C for 30 min prior to use
for inactivation of complement factors. Cell number was determined using a Neubauer
counting chamber. Cells were pelleted using a refrigerated centrifuge for 3 min at 1200 rpm

and 4 °C unless otherwise indicated.

4.2.2.1.1 Cell lines
HEK293 (ATCC Number: CRL-1573)

The HEK293 cell line was established by transformation of human embryonic kidney (HEK)
cells with adenovirus type 5 DNA %3, During this thesis, cells expressing BECN1-GFP, GFP,
NRBF2-GFP or GFP-NRBF2 were generated by retroviral transduction (see 4.2.2.6) with

cDNA encoding for the corresponding genes.

DG75 (ATCC Number: CRL-2625)

DG75 cells are human B lymphocytes, originally derived from the pleural effusion of a child
with a primary abdominal lymphoma. This cell line differs from lymphoblastoid cell lines in
its growth characteristics and morphology and displays IgM-kappa immunoglobulins on the
cell surface 4. During this thesis, cells expressing BECN1-GFP or GFP were generated by

retroviral transduction with cDNA encoding for the corresponding genes.
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DT40 (ATCC Number: CRL-2111)

The chicken DT40 B cell line is derived from a bursal lymphoma induced by avian leucosis
virus (ALV), originally induced by a viral infection of a 1 day old chicken with Rous associated
virus 1 (RAV-1) %>, DT40 cells express surface IgM and undergo continued IgL gene
conversion during culturing 1°¢. DT40 cells display several unique features like a high ratio
of targeted to random integration of foreign DNA **’. During this thesis NRBF2+/- and
NRBF2-/- cells were generated. Additionally, the NRBF2 knockout cell lines were retrovirally
transduced with empty pMSCVpuro vector (DT40 NRBF2-/- vector) or cDNA encoding for
human NRBF2 (DT40 NRBF2-/- hNRBF2). Cells were obtained from the Leibniz Institute
German Collection of Microorganisms and Cell Cultures (DSMZ, #ACC 636).

Alpha mouse liver 12 (AML12) cells (ATCC Number: CRL-2254)

The AML12 (alpha mouse liver 12) cell line was established from hepatic cells from
transgenic mice overexpressing human transforming growth factor (TGF) alpha *°8. The
cells were kindly provided by Prof. Beller (Institute for Mathematical Modeling of Biological

Systems, Heinrich Heine University Disseldorf, Germany).

Mouse embryonic fibroblasts (MEFs)

Wild-type and nrbf2 KO MEFs containing an insertion of a gene-trap vector in the Nrbf2
gene were kindly provided by Prof. Zhenyu Yue (Icahn School of Medicine at Mount Sinai,

New York, USA) and have been described previously 4.

During this thesis, nrbf2 KO cells were retrovirally transduced with empty pMSCVpuro
vector (MEF nrbf2 KO vector) or cDNA encoding for N-terminally HA-tagged human wild-
type NRBF2 (MEF nrbf2 KO HA-NRBF2 WT) or mutated versions were all five identified
phospho-acceptor sites have been exchanged for alanine (MEF nrbf2 KO HA-NRBF2 5S-A)
or aspartate (MEF nrbf2 KO HA-NRBF2 5S-D). These cells were used for size exclusion
chromatography experiments. Additionally, nrbf2 KO cells were retrovirally transduced

with empty pBABEpuro vector (MEF nrbf2 KO vector) or cDNA encoding for untagged
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human wild-type NRBF2 (MEF nrbf2 KO NRBF2 WT) or mutated versions were all five
identified phospho-acceptor sites have been exchanged for alanine (MEF nrbf2 KO
NRBF2 55-A) or aspartate (MEF nrbf2 KO NRBF2 5S-D). These cells were used for
determination of the autophagic flux per immunoblot or immunofluorescence or for

measurement of in vitro or in vivo PIK3C3 activity.

Wild-type and ulk1/2 KO MEFs were prepared from 13.5 days old post coitus embryos and

immortalized by transfection with a plasmid containing SV40 genomic DNA 1>°,

Platinum-E (Plat-E)

Plat-E cells is a potent retrovirus packaging cell line based on the highly transfectable
HEK293T cell line. These cells express the viral structural genes gag, pol and env which are
under the control of an EFla promotor and can be used for the high-titer production of
replication-incompetent retroviruses 0. Plat-E cells represent the third generation of
packaging cell lines and allow the generation of Moloney murine leukemia virus (MMLV)-
derived retroviral particles. Plat-E cells were kindly provided by Toshio Kitamura (Institute

of Medical Science, University of Tokyo, Japan).

4.2.2.1.2 Cell line specific culturing conditions

DT40 B lymphocytes and derivatives were cultured in RPMI 1640 containing 10% FCS,
1% CS, 3 mM L-glutamine, 50 uM B-ME, 50 U/mL penicillin, and 50 pug/mL streptomycin.
DG75 B lymphocytes and derivatives were cultured in RPMI 1640 containing 10% FCS,
50 U/mL penicillin and 50 pg/mL streptomycin. HEK293 cells and derivatives, MEF cells and
derivatives and Plat-E cells were cultured in DMEM containing 10% FCS, 50 U/mL penicillin
and 50 pg/mL streptomycin. AML12 cells were cultured in DMEM/F-12 containing 10% FCS,
40 ng/mL dexamethasone, 1 x Insulin-Transferrin-Selenium (ITS), 50 U/mL penicillin, and
50 pg/mL streptomycin. The adherent HEK293, MEF, AML12 and Plat-E cell lines were kept
at densities up to 90%. Splitting was performed every 2-3 days by DPBS and trypsin/EDTA

solution. The suspension was diluted 1:4 to 1:15. The suspension cell lines DT40 and DG75
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were kept at densities below 1 x 10° cells/mL and were spitted 1:5 to 1:50 every 2-3 days.
For amino acid starvation, cells were washed once with DPBS and incubated in EBSS for the
indicated times. For stimulation of PPARs, medium was supplemented with
pharmacological PPAR activators at the indicated concentrations and cells were incubated

for 24 h.

4.2.2.2 Freezing and thawing of eukaryotic cells

Cells were pelleted and resuspended in freezing medium (90% (v/v) FCS; 10% (v/v) DMSO).
1 mL cell suspension was transferred into a cryo-tube and immediately cooled down to
-80 °C with a freezing rate of approximately 1 °C/min. For long time storage, the cells were
transferred into liquid nitrogen. For thawing, the cells were warmed to 37 °C, transferred

to 10 mL culture medium, centrifuged and resuspended in fresh medium.

4.2.2.3 Transfection of DT40 lymphocytes by electroporation

Transfection of DT40 cells with knockout targeting vectors was performed by
electroporation. Therefore, approximately 1 x 107 cells were centrifuged, washed once with
DPBS and resuspended in 90 pL nucleofector solution T. After addition of 10 uL linearized
plasmid (1 pg/uL) the suspension was transferred to an electroporation cuvette, incubated
for 10 min on ice and electroporation was done using program B-23 of an Nucleofector |
(Amaxa Biosystems). Subsequently, cells were transferred to 20 mL rewarmed medium.
After additional 24 h, cells were centrifuged, resuspended in 80 mL of medium
supplemented with either 80 pug/mL Bleocin® alone or with Bleocin® in combination with
1 mg/mL Histidinol and transferred to four 96-well dishes (200 pL/well). After 5 - 10 days,
visible colonies of stably transfected cells were transferred to 24-well dishes and analyzed

by genomic screening PCR (see 4.2.1.16.1).
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4.2.2.4 siRNA-mediated knockdown in MEF cells

RNA interference experiments were performed using Lipofectamine® RNAIMAX
transfection reagent (Thermo Fisher Scientific) according to the manufacturer’s
instructions. MEF wild-type cells were seeded one day prior to transfection. On day of
transfection, cells were treated with 50 nM Nrbf2 (Dharmacon) or control siRNA
(Dharmacon), respectively. After 24 h, cells were seeded for proximity-ligation assay (see

4.2.2.7) and analyzed after additional 48 h.

4.2.2.5 Transfection of Plat-E cells for the production of recombinant viruses

Plat-E cells were used as packaging cell line for the production of recombinant, replication-
incompetent retroviruses for subsequent transduction of target cell lines (see 4.2.2.6).
Plat-E cells were grown on 6 cm dishes and adjusted to about 60% confluency at the day of
transfection. The transfection mixture of 200 pL serum-free target cell medium, 15 pL
FUGENE6® (Promega), 1.9 ug pMSCV based retroviral expression vector was prepared in
separate reaction tube and incubated for 15 min at RT. For transduction of HEK293, DG75
or DT40 cells, virus particles had to be pseudotyped by addition of 1.0 ug pVSV-G vector to
the transfection mixture. The Plat-E medium was replaced with 3.5 mL of full target cell
medium and the transfection mixture was added dropwise. Cells were incubated 48 h for

the production of recombinant (VSV-G pseudotyped) retroviral particles.

4.2.2.6 Retroviral transduction of target cells

Retroviral supernatant was centrifuged for 4 min at 300 x g. For suspension cells, 1 x 10°
cells were resuspended in 3 mL of retroviral supernatant and transferred to 6 cm dishes
containing 1.5 mL full target cell medium supplemented with 4.5 pL of freshly prepared
polybrene solution (3 mg/mL polybrene in DPBS; sterile filtered). For adherent cells, 5 x 10*
cells were seeded in a 6 cm dish the day before transduction. Medium was changed to
1.5 mL polybrene-supplemented full target cell medium and 3 mL of retroviral supernatant
were added. After 24 h medium was exchanged for full target cell medium and additional

24 h later, medium was exchanged for selection medium containing puromycin (0.5 pug/mL
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for DTA40 cells and 2.5 pg/mL for DG75, HEK293 and MEF cells). All retroviral infections were

performed according to S2 standards and safety instructions.

4.2.2.7 Confocal laser scanning microscopy, immunofluorescence and proximity ligation
assay (PLA)

DG75 cells stably expressing BECN1-GFP or GFP were centrifuged, resuspended in RPMI at

a density of 2.5 -4 x 108 cells/mL and transferred to chambered cover glasses (Thermo

Fischer Scientific). After sedimentation, cells were immediately analyzed by confocal laser

scanning microscopy using a Leica TSP SP2 inverse confocal laser scanning microscope with

a Plan APO 63x water objective. GFP fluorescence was excited using a 488 nm laser line of

an argon laser and emission was detected at 495 - 630 nm.

For immunofluorescence, MEF cells were grown on glass cover slips one day prior to
stimulation. Fixation was done with 4% formaldehyde in DPBS for 15 min on ice, followed
by quenching with 50 mM NH4Cl for 15 min at RT and permeabilization with 50 pg/ml
digitonin for 5 min. Samples were blocked with 3% BSA in DPBS and incubated with primary
antibodies diluted 1:100 for 1 h. After incubation with secondary antibody (diluted 1:500)
in the dark, samples were washed two times with 0.2% Tween® 20 in DPBS. Cells were
embedded in Mowiol® 4-88 containing 1 ug/ml DAPI. Imaging was performed with a Zeiss
LSM 710 inverse confocal laser scanning microscope with a Plan Apochromat 63x/1.4 oil
objective. Quantification of images was done with Fiji 161, Signals and nuclei were counted

for single images and the ratio signal to nuclei was calculated.

The proximity ligation assay (PLA) was performed as previously described *® using the
DuolLink® system (Sigma-Aldrich). Sample preparation was performed analogously to
immunofluorescence. Primary antibodies were diluted 1:200 and incubated for 1 h at RT.
Secondary antibody probing, ligation and amplification were performed according to the
manufacturer’s instructions. Z stack imaging was performed using a Leica TSP SP2 inverse
confocal laser scanning microscope with a Plan APO 63x water objective. Stacks were

merged with maximum intensities and signals were quantified using Fiji 1.
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4.2.3 Methods in biochemistry

4.2.3.1 Preparation of cleared cellular lysates (CCLs)

For preparation of cleared cellular lysates (CCLs) for immunoblot analyses, adherent cells
were harvested by scraping and centrifugation and suspension cells by centrifugation. Cell
pellets were washed once with DPBS and resuspended in an appropriate volume of ice-cold
lysis buffer (LB). Cells were incubated for 30 min on ice and vortexed every 5 min. Insoluble
fragments and nuclei were removed by centrifugation for 10 min at 18,000 x g and 4 °C.
The supernatant was transferred to a new reaction tube and total protein concentration
was determined (see 4.2.2.3). For preparation of CCLs for immunopurifications, CHAPS was

used instead of Triton™ X-100 as detergent in the lysis buffer.

Immunoblot LB 20 mM Tris/HCI, pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 1%
(v/v) Triton™ X-100; 1 mM Na3VOgs; 10 uM NazMoQg; 2.5 mM

NaPP; 10 mM NaF and protease inhibitor cocktail

Immunopurification LB 20 mM Tris/HCI, pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0,3%
(w/v) CHAPS; 1 mM Na3VOas; 10 uM Na;Mo0s; 2.5 mM NaPP;

10 mM NaF and protease inhibitor cocktail

4.2.3.2 Preparation of S100 cytoplasmic extracts

S$100 cytoplasmic extracts were prepared for size exclusion chromatography (see 4.2.3.7).
Therefore, cells were harvested, centrifuged and the cell pellets were resuspended in
Roeder A buffer. After 10 min incubation at RT, cells were disrupted with 10 strokes in a
1 mltight Wheaton douncer. NaCl concentration was adjusted to 150 mM and lysates were
centrifuged at 18,000 x g for 15 min at 4 °C. Supernatants were filtered through a 0.45 um
PVDF filter unit and total protein concentration was determined (see 4.2.3.3). S100
cytoplasmic extracts were directly used for size exclusion chromatography or stored

at -80 °C.

Roeder A buffer 10 mM HEPES, pH 7; 10 mM KCI; 1.5 mM MgCly; 0.5 mM DTT and

protease inhibitor cocktail
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4.2.3.3 Determination of total protein concentrations

Determination of total protein concentration was performed according to the method of
Bradford, which is a spectroscopic assay for aqueous protein solutions. Upon protein
binding the absorbance maximum of the dye Coomassie® Brilliant Blue G-250 shifts from
465 nm to 595 nm 162, This assay was performed in 96-well format. Samples were set up in
duplicates by mixing 10 uL of CCLs (dilution range 1:10 to 1:100) with 200 pL Bradford
reagent (Protein Assay Kit; Bio-Rad; diluted 1:5). After 5min incubation at RT the
absorbance of each sample was detected at 595 nm (Biotek, Synergy MX) and protein
concentration was calculated by comparison to a BSA standard curve from 0 to 400 pg/mL

BSA in DPBS.

4.2.3.4 Immunopurification (IP), chemical antibody-crosslinking and co-affinity
purification (co-AP)
For immunopurification of GFP- or HA-tagged proteins, CCLs were incubated with either
GFP-Trap® or anti-HA agarose at 4 °C overnight with rotation. For immunopurification of
untagged proteins, CCLs were incubated with corresponding antibodies at 4 °C overnight
with rotation. The next day, protein G sepharose was added and samples were additionally
incubated for 2 h at 4 °C with rotation. Immunopurified proteins were washed 3 times with
lysis buffer and analyzed by immunoblotting (see 4.2.3.6). Chemical crosslinking of
antibodies to protein G sepharose was done by incubation with 0.2 M triethanolamine,
pH 8.2, containing 3 mg/mL dimethyl pimelimidate (DMP) at 4 °C overnight with rotation.
The next day, unreacted DMP was quenched by incubation with 10 mM ethanolamine,
pH 8.2, for 1 h at 4 °C overnight with rotation. After washing three times with DPBS,
antibodies chemically crosslinked to protein G sepharose were used directly for
immunopurification or stored a 4 °C. For co-affinity purification experiments, recombinant
GST-fusion proteins bound to glutathione sepharose (see 4.2.3.8) were incubated with CCLs
at 4 °C overnight with rotation. The next day, samples were washed 3 times with lysis buffer
and analyzed by immunoblotting. Unless otherwise indicated, 2 mg total protein were used

for immune- or co-affinity purifications.
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4.2.3.5 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

One-dimensional, discontinuous polyacrylamide gel electrophoresis (PAGE) enables
separation of proteins from CCLs or immunopurifications according to their molecular
weight (MW). The use of sodium dodecyl sulfate (SDS) causes denaturation of proteins and
confers a negative surface charge 163164 Laemmli gels are composed of an upper stacking
gel, which concentrates the protein samples, and a lower separating gel, where the
separation process occurs. The polyacrylamide gel matrix is formed by crosslinking
polymerization of acrylamide monomers with N,N’-methylene-bisacrylamide in the
presence of radical starter APS and polymerization catalyst TEMED. For stacking gels, the
final acrylamide concentration was 5%, whereas for separating gels acrylamide
concentrations from 8% to 15% were used, depending on the MW of the respective
proteins. CCLs after determination of protein concentration were adjusted 25 pg total
protein per 20 pL using lysis buffer and 6 x SDS sample buffer. Samples obtained from
immuno- or affinity purifications were mixed with an appropriate volume of 2 x SDS sample
buffer. Samples were heated to 95 °C for 5 min and gels were loaded. A MW standard
(Thermo Fisher Scientific) was used. Protein separation was carried out in SDS running
buffer either at a constant current of 40 mA per mini gel (Bio-Rad) or of 100 mA per wide

mini gel (Hoefer). Subsequently, gels were subjected to immunoblot analysis (see 4.2.3.6).

Stacking gel 1.0 M Tris/HCl, pH 6.8; 5% acrylamide; 0.74% (w/v) SDS; 0.1%
TEMED; 0.1% APS

Separating gel 1.0 M Tris/HCI, pH 8.8; 6-15% acrylamide; 0.38% (w/v) SDS;
0.1% TEMED; 0.1% APS

SDS running buffer 250 mM Tris; 19 M glycine; 0.1% (w/v) SDS

2 x SDS sample buffer 125 mM Tris/HCl; 17.2% (v/v) glycerol; 4.1% (w/v) SDS; 2%
(v/v) B-ME; 0.02% (w/v) bromophenol blue

6 x SDS sample buffer 375 mM Tris/HCl; 25.8% (v/v) glycerol; 12.3% (w/v) SDS; 6%
(v/v) B-ME; 0.06% (w/v) bromophenol blue
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4.2.3.6 Immunoblot analysis and densitometry

After completed SDS-PAGE, proteins were electrophoretically transferred onto
polyvinylidene fluoride (PVDF) membranes for the subsequently performed detection by
protein-specific antibodies. Blotting was performed in transfer buffer using a wet transfer
unit (Bio-Rad) according to the manufacturer’s instructions. PVDF membranes were
activated prior to use by incubation in MeOH for 1 min. Proteins from SDS gels were
transferred at a constant voltage of 100V for 1 h at 4 °C. After completed transfer, the
PVDF membranes were incubated in blocking solution for 1 h under constant agitation to
prevent unspecific antibody binding. Afterwards, membranes were washed three times
with TBS-T for 5 min and incubated with primary antibodies (1:1,000 in TBS-T containing
0.05% NaNs) for 1 h at RT or at 4 °C over night under constant agitation. Membranes were
washed three times with TBS-T for 5 min and incubated with appropriate IRDye® 680- or
IRDye® 800-conjugated secondary anti-IlgG antibodies (LI-COR Biosciences; diluted
1:10,000 to 1:20,000 in TBS-T) for 1 h at RT under constant agitation. Again, membranes
were washed three times with TBS-T for 5 min and dried between gel blotting papers. Dry
membranes were analyzed using an Odyssey® Infrared Imaging System | (LI-COR
Biosciences) and densitometry was performed using Image Studio Light Version 4 (LI-COR

Biosciences).

Transfer buffer 39 mM glycine; 43.58 mM Tris
TBS-T 0.05% (v/v) Tween® 20 in TBS
Blocking solution 5% (w/v) non-fat dried milk in TBS-T

4.2.3.7 Size exclusion chromatography

For size exclusion chromatography, 2 mg total protein or S100 cytoplasmic extracts were
applied onto a Superdex 200 Increase 10/300 GL column (GE Healthcare). The column was
calibrated with Thyroglobulin (669 kDa), Ferritin (440 kDa), Aldolase (158 kDa) and RNaseA
(14 kDa). Proteins were eluted with washing buffer (50 mM Tris; 150 mM NaCl) at a flow

rate of 0.5 mL/min. 0.5 ml fractions were collected. For quantification of protein levels in
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each fraction, immunoblotting and densitometry were performed (see 4.2.3.6). Values are

ratios to the input and were normalized to the fraction with the highest signal intensity.

4.2.3.8 Expression of recombinant proteins

pGEX-5x3 and pET-15b vectors encoding for NRBF2 variants were transfected in E.coli BL21.
Bacteria were grown in SB medium to an optical density (ODsoo) of 0.6 and protein
expression was induced by addition of 1 mM IPTG. Bacteria were incubated at RT and mild
agitation for 6 h and harvested by centrifugation at 5,000 rpm. For purification of GST
fusion proteins, bacteria were lysed in bacterial LB. After 5 min incubation on ice,
0.5 mg/ml lysozyme was added and the suspension was additionally incubated for 30 min
on ice before sonification and centrifugation at 10,000 rpm and 4 °C for 30 min. Lysates
were incubated with glutathione sepharose at 4 °C overnight with rotation. The next day
reactions were washed 3 times with bacterial lysis buffer and affinity-purified proteins
were stored at -80 °C. Purification of 6xHis fusion proteins were performed in cooperation
with the Institute of Biochemical Plant Physiology, Heinrich Heine University Diisseldorf,
Germany. For purification, bacteria were resuspended in bacterial LB and cells were lysed
by passing through a pre-cooled French pressure cell at 20,000 psi (1 psi = 6.9 kPa).
Insoluble cell debris was separated by ultracentrifugation at 229,600 x g for 60 min and
4 °C. Phenylmethylsulfonyl fluoride (PMSF) was added at 0.002% (w/v) to the supernatant
before loading at 4 °C on a 5 ml HisTrap HP column connected to an AKTAprime plus (both
GE Healthcare Life Sciences). The column was washed with 50 mL lysis buffer, followed by
40 mL lysis buffer supplemented with 50 mM, 100 mM and 150 mM imidazole,
respectively. The 6xHis fusion proteins were eluted in 40 mL elution buffer (lysis buffer
containing 200 mM imidazole). The eluted proteins were concentrated (10-kDa-NMWL,
Amicon Ultra-15, Merck) and buffer was changed to 50 mM Tris, pH 7.6; 300 mM NacCl and
0.002% (w/v) PMSF using a PD-10 column (GE Healthcare Life Sciences). Finally, the protein
sample was centrifuged at 229,600 x g for 30 min at 4 °C to remove potential aggregates.

The protein samples were stored at -80 °C.

SB medium 35 g/L tryptone; 20 g/L yeast extract; 5g/L
Nacl
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Bacterial LB for GST fusion proteins 50 mM Tris, pH 7.5; 300 mM NaCl; 5 mM EDTA,;
5mM EGTA; 0.01% (v/v) lIgepal; protease

inhibitor cocktail

Bacterial LB for 6xHis fusion proteins 50 mM Tris, pH 7.6; 300 mM NaCl; 5% (w/v)
glycerol; protease inhibitor cocktail; DNasel

(10 ug/mL)

4.2.3.9 In vitro kinase assay

For in vitro phosphorylation, 1 mg bacterially expressed GST or 6xHis fusion proteins were
used as substrate and were incubated with either crude cellular lysates of HEK293 cells or
0.5 pg recombinant GST-ULK1. Reactions were performed in kinase assay reaction buffer
supplemented with 0.1 mM [gamma-32P]JATP (Hartmann Analytic) for 30 min at 37 °C. The
reactions were stopped by the addition of SDS sample buffer and samples were subjected
to SDS-PAGE (see 4.2.3.5). After Coomassie staining and drying of the gel (see 4.2.3.10),

autoradiography was performed for the indicated times (see 4.2.3.11).

Kinase assay reaction buffer 50 mM Tris, pH 7.5; 0.1 mM EGTA; 0.1 mM DTT; 5 mM
MgAc

4.2.3.10 Coomassie staining and drying of polyacrylamide gels

Visualization of protein bands after SDS-PAGE was achieved by Coomassie staining.
Therefore, polyacrylamide gels were incubated in staining solution for 30 min at RT under
gentle agitation. Gels were washed several times in destaining solution until protein bands

were clearly visible.

Staining solution 50% (v/v) MeOH; 10% (v/v) HOAc; 0.5% (w/v) Coomassie®
Brilliant Blue G-250

Destaining solution 20% (v/v) MeOH; 10% (v/v) HOAc
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To obtain sharper signals during autoradiography, coomassie-stained polyacrylamide gels
were dried prior to exposure to X-ray films. Therefore, gels were placed on a blotting paper

covered with cellophane foil and placed in a gel-drying apparatus (Bio-Rad).

4.2.3.11 Autoradiography of polyacrylamide gels

Coomassie stained and dried polyacrylamide gels were placed in an autoradiography
Hypercassette (GE Healthcare) exposed to X-ray film BioMax® MR (Kodak) for the indicated
times. Until development, film cassette were stored at -80 °C. Development of X-ray films

was done by incubation for 1 min in developing (AGFA) and fixation solution (AGFA).

4.2.3.12 In vitro PIK3C3 activity assay

The in vitro PIK3C3 activity assay has been described previously 38. Briefly, class 11l PtdIns3K
complex was immunopurified from 2 mg CCL using anti-ATG14 antibody. Immunopurified
proteins were washed 3 times with lysis buffer, once with 2.5 x substrate buffer,
resuspended in 1 x substrate buffer supplemented with 250 pg/mL Ptdins (Avanti Polar
Lipids) and kept on ice for 10 min. After additional 5 min incubation at RT, kinase reactions
were initiated by addition of 10 mM ATP (Cell Signaling Technology). Reactions were
stopped after 30 min incubation at RT by spotting on nitrocellulose membrane (GE
Healthcare). Membranes were blocked with 1% milk powder in DPBS for 1 h and incubated
with 0.5 pg/ml of GST-p40PX (Echelon) in DPBS containing 3% BSA and 0.1% (v/v)
Tween® 20 for 2 h. After 4 times washing with DPBS containing 3% BSA and 0.1% (v/v)
Tween® 20, the membrane-bound amount of GST-p40PX was detected by development

with anti-GST and IRDye®680-conjugated secondary antibody.

2.5 x substrate buffer 75 mM Tris, pH 7.5; 125 mM NaCl; 12.5 mM MnCl;
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4.2.3.13 Mass spectrometry (MS)

4.2.3.13.1Mass spectrometric analysis of interacting proteins
These experiments were performed in cooperation with the Molecular Proteomics

Laboratory, BMFZ, Heinrich Heine University Disseldorf, Germany.

The samples for liquid chromatography (LC)-MS/MS analysis were concentrated by SDS-
PAGE. After silver staining, corresponding protein bands were cut out, destained and dried
in a vacuum centrifuge. Following two separate incubation steps with 10 mM DTT in 50 mM
NH4HCO3 and 55 mM iodoacetamide in 50 mM NH4HCOs3, samples were again dried in a
vacuum centrifuge and either directly digested overnight at 37 °C by trypsin solution or

stored at -20 °C.

Peptide extraction from gel samples was done by addition of extraction solution and
subsequent incubation for 15 min in an ultrasonic bath. Supernatant was transferred to a
new reaction tube, residual samples were resuspended again in extraction solution and
mixtures were sonicated. Supernatant was removed, combined with the previous one and
dried in a vacuum centrifuge. Samples were either resuspended in 0.1% TFA for LC-MS/MS

analysis or stored at -20 °C.

For LC, an Ultimate 3000 liquid chromatography system (Dionex/Thermo Fisher Scientific)
was used. Removal of contaminations and pre-separation of peptides was achieved on a
precolumn (Acclaim PepMap €18, 100 um inner diameter, 3 um particle size, 100 A pore
size, 2 cm length, Thermo Fisher Scientific). Sample separation was performed on the main
analytical column (Acclaim PepMap C18, 75 um inner diameter, 2 um particle size, 100 A
pore size, 25 cm length, Thermo Fisher Scientific) and separated by a 60 min gradient.
Following LC, samples were ionized via a nanoelectrospray ion source and analyzed by a
hybrid ion trap-orbitrap mass spectrometer (Orbitrap Elite, Thermo Fisher Scientific). The
ion source was operated at 1.4 kV and capillary temperature was maintained at 275 °C.
Single-charged ions were excluded from fragmentation and data acquisition was
performed in a top 15 data-dependent mode, where the fifteen most intensive signals of

an overview scan were selected, isolated and fragmented again.
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Raw data were analyzed with MaxQuant v. 1.3.0.5 % and spectra were matched against
human UniProtkB/SwissProt database (date 06/2013). Further analysis was performed
with Perseus v. 1.4.0.20. Proteins, which were not identified in all replicates were removed.

Differential interaction partners were identified by t test (P value < 0.05).

4.2.3.13.2 Mass spectrometric analysis of phosphorylation status
These experiments were performed in cooperation with the Institute of Cardiovascular

Physiology, Heinrich Heine University Disseldorf, Germany.

In vitro kinase assays were performed as described above (see 4.2.3.9) with minor
modifications. An amount of 5 mg GST fusion protein and 1 pg recombinant GST-ULK1 were
used. Instead of [32P]ATP, 0.5 mM non-radioactive ATP was used. After 30 min incubation,

samples were subjected to mass spectrometry.

Acetone precipitation of protein samples was performed for 4 h at -20 °C. After incubation,
the proteins were resuspended in 40 mM ammonium bicarbonate and digested with
trypsin (Promega, trypsin:protein ratio 1:100) over night at 37 °C. Instead of acetone
precipitation, one sample was treated by ethyl acetate extraction ¢ after digestion.
Peptide samples were concentrated in vacuum. Peptide separation was performed on an
UltiMate3000 LC system (Thermo Fisher Scientific). After concentration on a 100 um ID
reversed-phase (RP) precolumn (in-house packed, ReproSil-Pur C18-AQ 3 um resin, Dr.
Maisch GmbH), peptides were loaded on a 75 um ID x 18 cm column (in-house packed,
ReproSil-Pur C18-AQ 3 um resin, Dr. Maisch GmbH) with solvent A (0.1% formic acid) and
were separated with a binary gradient (solvent B: 0.1% (v/v) formic acid in 84% (v/v)
acetonitrile) at a flow rate of 230 nL/min: 2-40% solvent B in 65 min and 40-98% solvent B

in 5 min.

Peptides were directly eluted into the nanoelectrospray ion source of an LTQ orbitrap
instrument (Thermo Fisher Scientific). The ion source was operated at 1.5V and the
capillary temperature was maintained at 200 °C. Data acquisition was performed in data
dependent mode. First, a full scan (m/z 350-2000, automatic gain control target value of

1e®, resolution r = 60,000 at m/z 400) was performed in the orbitrap analyzer. MS/MS
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spectra of the ten most intense multiple charged ions were sequentially acquired in the
linearion trap by collision induced dissociation (normalized collision energy 35%, automatic
gain control 5,000 ions). A dynamic exclusion of 30 s reduced repeated sequencing events.

Multistage activation was enabled using neutral loss masses of 98, 65, 49 and 32.6 Da.

Raw data were analyzed with MaxQuant v. 1.5.3.30 1>, MS/MS spectra were matched
against protein sequences of generated fusion proteins and human ULK1 (Swiss-Prot
2016_08) with default search parameters unless otherwise stated. The search included
phosphorylation of serine, threonine and tyrosine, oxidation of methionine and acetylation
of protein N-termini as variable modifications. Phosphorylated peptides were considered
as validated if a score greater than 40 and a posterior error probability score (PEP) less than
0.01 were given. Only phosphorylation sites with a localization probability score over 0.75

were accepted as unambiguous sites.

4.2.3.14 Gene expression analysis by microarray
These experiments were performed in cooperation with the Genomics & Transcriptomics

Laboratory, BMFZ, Heinrich Heine University Disseldorf, Germany.

Total RNA preparations were checked for RNA integrity by Agilent 2100 Bioanalyzer quality
control. All samples in this study showed high quality RNA Integrity Numbers
(RIN: mean =9.9). RNA was further analysed by photometric Nanodrop measurement and

guantified by fluorometric Qubit RNA assays (Life Technologies).

Synthesis of biotin labeled cDNA was performed according to the manufacturers’ protocol
(WT Plus Reagent Kit; Affymetrix, Inc.). Briefly, 100 ng of total RNA were converted to cDNA.
After amplification by in vitro transcription and 2nd cycle synthesis, cDNA was fragmented
and biotin labeled by terminal transferase. Finally, end labeled cDNA was hybridized to
Affymetrix Mouse Gene 2.0 ST Gene Expression Microarrays for 16 h at 45 °C, stained by
streptavidin/phycoerythrin conjugate and scanned as described in the manufacturers’

protocol.
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Data analyses on Affymetrix CEL files were conducted with GeneSpring GX software (Vers.
12.5; Agilent Technologies). Probes within each probeset were summarized by
GeneSprings” ExonRMA16 algorithm after quantile normalization of probe level signal
intensities across all samples to reduce inter-array variability /. Input data pre-processing

was concluded by baseline transformation to the median of all samples.

To further improve signal-to-noise ratio, a given probeset had to be expressed above
background (i.e. fluorescence signal of a probeset was detected within the 20th and 100th
percentiles of the raw signal distribution of a given array) in all three replicates in at least

one of two, or both conditions to be subsequently analyzed in pairwise comparisons.

Differential gene expression was statistically determined by moderated t tests. If
applicable, resulting P-values were corrected for multiple testing (Benjamini-Hochberg
FDR). The significance threshold was set to P = 0.05 or P (o) = 0.05, respectively.
GeneOntology (GO) analyses were done using the DAVID Functional Annotation Tool
(http://david.abcc.nciferf.gov/) 198 testing for enrichment of differentially expressed
transcripts in distinct functional GO categories / KEGG pathways. Significant GO term or

pathway enrichment were determined at an EASE score of P<0.1.
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5 Results

5.1 Identification of NRBF2 as part of the class Il Ptdins3K complex and

characterization of its role in autophagy

5.1.1 Mass spectrometric identification of BECN1-interacting proteins

Molecular signaling networks are characterized by a complex organization and a large
interconnectivity of the individual proteins. A frequently used way to regulate cellular
signal transduction is the assembly and subsequent breakup of signaling proteins into
larger complexes 1%, Extensive crosstalk between different signaling pathways enables a
dynamic and fast regulation of diverse cellular processes. This also applies for the
connection of autophagy and apoptosis signaling cascades, where the Ptdins3K-Bcl-2
interaction represents an important signaling node for both pathways (see 2.1.2.2).

This work aimed for the identification of novel regulatory proteins of the autophagy
signaling network based on the class lll Ptdins3K complex. Potential candidates identified
by mass spectrometric analysis were further characterized for their specific roles in
autophagy. To accomplish this task, a label-free protein enrichment and subsequent
identification by mass spectrometry was performed. BECN1 as essential subunit of the class
[l Ptdins3K complex was generated as a GFP fusion protein to be used as a bait and
subsequent enrichment of interacting proteins was performed by the GFP-Trap® system
(ChromoTek). For further detection of cell-type dependent differences, BECN1-GFP was
expressed in an epithelial (HEK293) and a lymphatic (DG75) human cell line. To discriminate
unspecific binding, free GFP was used as control. The successful expression of these

proteins was verified and the results are depicted in figure 5.1.
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Figure. 5.1: The human cell lines HEK293 and DG75 stably express BECN1-GFP. (A) Wild type (WT)
HEK293 and DG75 cells were retrovirally transfected with either empty vector or cDNA encoding
for BECN1-GFP or GFP. Cleared cellular lysates were prepared and analyzed by immunoblotting for
vinculin, BECN1 and GFP. (B) DG75 cells retrovirally transfected with cDNA encoding for either
BECN1-GFP or GFP were transferred to chambered cover glasses and directly used for detection of
GFP fluorescence by confocal microscopy. Imaging was performed using an inverse confocal laser
scanning microscope. Scale bar: 20 um.

Immunoblot analysis for GFP displayed a single protein band above 70 kDa for cells
transfected with cDNA encoding for BECN1-GFP. This band correlates with the calculated
theoretical molecular mass of ca. 81 kDa of the BECN1-GFP fusion protein. Expression of
free GFP was detectable in cells transfected with cDNA encoding for GFP, indicated by a
protein band detected at 25 kDa. Additional analysis for BECN1 confirmed expression of
endogenous BECN1 in each cell line, demonstrated by corresponding bands above 55 kDa.
In addition, cells transfected with BECN1-GFP displayed a strong signal, corresponding
again to the BECN1-GFP fusion protein. In these samples, additional bands were detected
below 70 kDa and the signal for endogenous BECN1 seemed reduced (Fig 1 A). Additional
analysis of GFP-fluorescence by confocal microscopy was done exemplarily for DG75 cells.
Localization of BECN1-GFP is restricted to the cytosol and no fluorescence signal was
detected in the nuclei. On the contrary, free GFP was detected ubiquitously inside the cells

(Fig 5.1 B).

After the expression of BECN1-GFP and free GFP was validated in both cell lines, samples

for mass spectrometric analysis were prepared. Therefore, cells were incubated in full
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medium (DMEM and RPMI for HEK293 and DG75 cells, respectively) or in starvation
medium lacking serum (EBSS) as pro-autophagic stimulus. This treatment was performed
for 1 h on DG75 and for 2 h on HEK293 cells. Subsequently, cleared cellular lysates were
prepared, 25 mg total protein was used for GFP immunopurifications and the samples were
analyzed by mass spectrometry (Molecular Proteomics Laboratory, BMFZ, Heinrich Heine
University Diisseldorf). For statistical evaluation, experiments were performed in triplicates
and the obtained mass spectrometric results and a further validation of identified

interacting proteins is shown in figure 5.2.

A
HEK293

HEK293 DG75
protein name gene symbol | fold change [ t-test significance | fold change | t-test significance
Beclin 1-associated autophagy-related key regulator ATG14 3128 *** (2.61E-04)
Tuberous sclerosis 1 (Hamartin) TSC1 42 ** (8.43E-03)
Tuberous sclerosis 2 (Tuberin) T7SC2 16 ** (1.44E-03)
Phosphoinositide 3-kinase regulatory subunit 4 PIK3R4 54965 *** (3.47E-05) 10792 ** (8.94E-03)
Phosphatidylinositol 3-kinase catalytic subunit type 3 PIK3C3 15552 *** (5.32E-04) 2169 *** (6.34E-03)
Beclin 1 BECN1 15008 *** (1.85E-04) 3605 ** (3.28E-04)
UV radiation resistance-associated protein UVRAG 1626 *** (9.15E-05) 1160 ** (1.27E-03)
Nuclear receptor-binding factor 2 NRBF2 700 *** (5.41E-04) 121 ** (5.97E-03)
Run domain Beclin-1 interacting and cystein-rich containing protein RUBCN 152 *** (5.47E-04) 104 * (1.61E-02)
14-3-3 protein zeta / delta YWHAQ 6.4 * (1.39E-02)
14-3-3 protein theta YWHAZ 1.55 * (4.6E-02)
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Figure. 5.2: Identification and validation of BECN1-interacting proteins. (A) Number of proteins
significantly enriched by BECN1-GFP purification for HEK293 and DG75 cells after medium
treatment Results are depicted as Venn diagrams. 98 proteins were identified exclusively for
HEK293 cells and 34 exclusively for DG75 cells. An overlap of 31 proteins was identified for both cell

64



Results

lines. (B) Based on low p-values in combination with high fold change ratios between BECN1-GFP
and GFP, a hierarchic list of identified proteins was created considering all identified proteins. (C)
DG75 cells retrovirally transfected with cDNA encoding either for BECN1-GFP or GFP were
incubated for 1 h in full medium (RPMI) or starvation medium (EBSS). Cleared cellular lysates were
prepared, GFP immunopurifications were performed overnight and samples were analyzed by
immunoblotting for BECN1, GFP and NRBF2. (D) Wild-type HEK293 cells were incubated for 2 h in
full medium (DMEM) or starvation medium (EBSS). Cleared cellular lysates were prepared, NRBF2
immunopurifactions using antibody covalently coupled to protein G sepharose were performed
overnight and samples were analyzed by immunoblotting for BECN1 and NRBF2.

Mass spectrometric analysis identified a total number of 163 proteins, which were
significantly enriched by pulldown of BECN1-GFP from cells treated with medium. Of these,
98 proteins were identified exclusively in lysates from HEK293 cells, 34 exclusively in lysates
from DG75 cells, and 31 for both cell lines (Fig 5.2, A). By arranging identified proteins
according to low p-values in combination with high fold change ratios between BECN1-GFP
and GFP, a hierarchic list was created (Fig 5.2, B). Identification of established BECN1-
interacting proteins was achieved in both cell lines. The class Il PtdIns3K complex members
PIK3R4, PIK3C3, BECN1, UVRAG and RUBCN were identified as strongest interacting
proteins, and solely for ATG14 no significant enrichment was detected in DG75 samples.
Among the other identified proteins, nuclear receptor-binding factor 2 (NRBF2) displayed
the highest enrichment scores in both cell lines and was therefore chosen for further
characterization for its role in autophagy. So far, NRBF2 has been identified by a large-scale
proteomic analysis of autophagy interaction networks 7%, but no further characterization
has been carried out in that report. Among others, the regulators of mTORC1-signaling
hamartin (TSC1) and tuberin (TSC2) or distinct members of the 14-3-3 scaffold and adapter
protein family 1! were identified exclusively in HEK293 or DG75 cells, respectively. For
further biochemical validation of the detected BECN1-NRBF2 interaction, co-
immunopurification experiments were performed. Purification of GFP-tagged BECN1 from
DG75 cells expressing BECN1-GFP resulted in a clear co-purification of NRBF2 (Fig 5.2, C).
Validation of the BECN1-NRBF2 protein interaction by immunopurification of endogenous
NRBF2 from HEK293 cells also confirmed these results. Anti-NRBF2 antibody covalently
coupled to protein G sepharose was able to co-purify BECN1, which was not the case for

protein G sepharose without antibody (Fig 5.2, D).
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5.1.2 Generation of a NRBF2 knockout DT40 cell line and characterization of NRBF2 as

positive regulator of autophagy

To study the importance of a specific protein in a cellular context, the generation of a
corresponding genetic knockout cell system is often favored 2. For further
characterization of NRFB2 and its functional role in autophagy, such a genetic knockout
approach was performed in this thesis. For that, the DT40 cell system was used, since other
systems like ZFNs and TALENs were not applicable and the CRISPR/Cas9 system was not
established at that time. The DT40 cell line is a chicken B cell line derived from an avian
leucosis virus (ALV) induced bursal lymphoma '*°. One unique feature that enables their
use as a tool for the generation of cellular knockout systems is an elevated ratio of targeted
to random recombination events and thereby the specific integration of foreign DNA >/,
The applied genetic targeting strategy and the subsequent screening of DT40 clones for

NRBF2 deficiency is depicted in figure 5.3.
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Figure. 5.3: Targeting strategy and screening of DT40 cells genetically deficient for NRBF2. (A)
Targeting vectors were designed to replace parts of exon 4 of both alleles of chicken NRBF2
(ENSGALG00000002959) gene by insertion of a bleomycin (bleo) or histidinol (hisD) resistance
cassette. Additionally, a premature stop codon was integrated in exon 2. Locations of primers for
genomic screening PCR and gRT-PCR are annotated. (B) Successful targeting of both NRBF2 alleles
was tested by genomic screening PCR using primers for wild-type, bleo- or hisD-targeted alleles.
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One heterozygous clone (35) was subjected to a next round of transfection and selection, resulting
in the establishment of one homozygous clone (35-3) lacking both NRBF2 wild-type alleles. (C)
Presence of NRBF2 mRNA in wild-type, heterozygous targeted and homozygous targeted DT40 cells
was analyzed by qRT-PCR. 185rRNA was used as control.

The used targeting plasmids were designed to replace a 756 bp region at the 5’ end of
exon 4 of chicken NRBF2 gene by two resistance cassettes. Additionally, a premature stop
codon was integrated in exon 2. To favor homologous recombination events, up- and
downstream sequences of the targeted DNA region were amplified and placed flanking the
resistance cassettes in the targeting plasmids (Fig 3 A). Wild-type DT40 cells were
transfected with the first targeting vector by electroporation and cultured under
corresponding antibiotic selection. After detection of successful integration of the first
resistance cassette, a second round of transfection and selection was performed using the
second targeting plasmid. Confirmation of successful replacement of the wild-type allele
was assessed by genomic screening PCR (Fig 3 B). In addition, absence of NRBF2 mRNA was
controlled by real-time quantitative reverse transcription PCR (gRT-PCR, Fig3C).
Conclusively, a NRBF2-deficient DT40 cell line was generated successfully and was used for

further analysis of the physiological role of NRBF2.

A standard method to monitor the overall autophagic flux is to measure the conversion
from the cytosolic form of LC3 (LC3-I) into its membrane-associated form LC3-Il, e.g. by
immunoblotting 173, Thus, cellular LC3-Il levels correlate with the number of
autophagosomes present at a defined time point. To further differentiate the obtained
results with regard to effects related to synthesis or degradation processes, starvation is
used as pro-autophagic stimulus and the V-ATPase inhibitor bafilomycin A; (BafA1) is used
to block lysosomal degradation processes '’4. For the detection of effects specifically
related to NRBF2 deficiency, NRBF2-/- DT4O0 cells were retrovirally transfected with either
empty vector of cDNA encoding for human NRBF2. These cells were used for analysis of

LC3-turnover (Fig 5.4).
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Figure 5.4: Measurement of autophagic capacity in DT40 cells lacking NRBF2. (A) DT40 wild-type
(WT) or NRBF2-/- cells either untransfected or retrovirally transfected with empty vector or cDNA
encoding for human NRBF2 were analyzed for NRBF2 expression by immunoblotting. Cleared
cellular lysates were prepared and analyzed for actin and NRBF2. Detection of endogenous chicken
NRBF2 in DT40 wild-type cells with applied antibody is not possible. (B) The annotated cell lines
were incubated for 1 h in full medium (RPMI) or starvation medium (EBSS) in the absence or
presence of 10 nM bafilomycin A; (BafA;). Cleared cellular lysates were prepared and analyzed for
ACTB and LC3. (C) Signal intensities of immunoblots were quantified. Diagrams show fold changes
calculated by dividing each normalized ratio (protein to loading control) by the average of the
normalized ratios of the control samples (medium conditions without BafA;). Results are mean +
SEM. Statistical analysis was done by one-way ANOVA (corrected by Tukey’s multiple comparisons
test), n.s. not significant, ****P < 0.0001. n = 3. Only significant differences for EBSS/BafA; are
annotated. A complete list of P values for all calculated significant differences can be found in the
addendum.

Antibody-based detection of endogenous NRBF2 from DT40 wild-type cells was not
possible. Amino acid sequence alterations of chicken NRBF2 hampered antibody binding,
whereas human NRBF2 was detected successfully after reconstitution (Fig5.4 A). The
immunoblot analysis displayed two distinct signals for LC3, the upper one at 15 kDa

corresponding to the cytosolic form (LC3-I) and the lower one to its lipidated form (LC3-II).
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A functional autophagic flux, characterized by the respective increase of LC3-1l following
BafA; or EBSS treatment, could be detected for each cell line (Fig 5.4, B). For a better
evaluation, quantification of signal intensities and normalization to the respective medium
conditions was done (Fig 5.4, C). Here, an influence of NRBF2 deficiency on the maximal
amplitude of LC3-Il accumulation represented by combination treatment with EBSS and
BafA1 was detected. Absence of NRBF2 causes a reduction of about 50% of normalized LC3-
[l levels for EBSS + BafA1 treatment compared to wild-type cells. Cells lacking one functional
NRBF2 allele already displayed a significant reduction of LC3-1l compared to wild-type DT40
cells. Reconstitution with cDNA encoding for human NRBF2 reversed the observed
alterations and no significant differences were detected anymore. In contrast, vector

transfected cells still displayed the phenotype caused by NRBF2 deficiency.

Taken together, these experiments following the identification of NRBF2 as a novel BECN1-
interacting protein indeed attributed a role to NRBF2 as a positive regulator of starvation-
induced autophagy. Additional experiments for a detailed elucidation of how exactly NRBF2
affects the autophagic flux or which structural domains of NRBF2 mediate the interactions
with the class Ill PtdIns3K complex were planned. However, three independent groups
simultaneously published comprehensive analyses of NRBF2 and its involvement in
autophagy >3°. Accordingly, two alternative aspects of NRBF2 signaling were investigated
in more detail:

1) the involvement of NRBF2 in the transcriptional control of autophagy-related and other
genes

2) posttranslational modification of NRBF2 by phosphorylation.
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5.2 NRBF2 interacts with the nuclear receptor PPAR alpha and is involved in the

transcriptional control of various genes

5.2.1 NRBF2 interacts with the nuclear receptor PPAR alpha

Rat NRBF2 was initially characterized in a yeast two-hybrid screen as an interacting partner
of nuclear receptors, displaying a gene-activating function 17>, Later on, a human homolog
was identified and named comodulator of PPAR and RXR (COPR2) 7%, albeit the name
COPR2 did not prevail. In 2010, the previously mentioned large-scale proteomic analysis of
autophagy interaction networks by Behrends et al. located NRBF2 as a member of the
autophagy regulation network 17°. Subsequently, Lee and coworkers reported that the
nuclear receptors peroxisome proliferator-activated receptor-alpha (PPAR alpha) and the
farnesoid X receptor (FXR) regulate gene expression of a large set of autophagy related
genes. They observed an activation of PPAR alpha in the liver of fasted mice and
furthermore, a reversal of suppressed autophagy in the fed state by pharmacological
activation of PPAR alpha!?®. Moreover, two other research groups independently
demonstrated that pharmacological activation of PPAR beta/delta and PPAR gamma also
causes an increase in autophagy related marker proteins (BENC1 and LC3-1l) and enhances
autophagy dependent degradation processes 177178, These findings led to the hypothesis
that the execution and transcriptional regulation of autophagy are possibly interconnected
by NRBF2.

Thus, the second part of this thesis aimed for a further elucidation if NRBF2 indeed
functions as a link between short time (e.g. execution of autophagic flux) and long time
(e.g. transcription of autophagy related genes) control of autophagy. The postulated
interaction of NRFB2 and nuclear receptors and a putative role for NRBF2 in transcriptional
regulation was explored in further experiments. Therefore, results of the original yeast
two-hybrid experiments were validated by several co-immunopurification approaches. In
addition, the subcellular localization of NRBF2 and putative influences of PPAR-stimulation

on protein and gene expression was monitored.
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Figure 5.5: NRBF2 interacts with the nuclear receptor PPAR alpha. (A) HEK293 cells retrovirally
transfected with cDNA encoding for either GFP or NRBF2 harboring a C-terminal (NRBF2-GFP) or an
N-terminal GFP tag (GFP-NRBF2) were incubated for 2 h in full medium (DMEM) or starvation
medium (EBSS). Cleared cellular lysates were prepared, GFP immunopurifactions were performed
overnight and samples were analyzed by immunoblotting for GFP, PIK3C3, UVRAG, BECN1, NRBF2,
PPAR alpha and RXR alpha. Asterisks indicate unspecific bands. (B) Cleared cellular lysates of wild-
type HEK293 cells were prepared and NRBF2-immunopurifactions were performed overnight. The
NRBF2 antibody was either covalently coupled to protein G sepharose or mixed with protein A/G
sepharose without crosslinking. Samples were analyzed by immunoblotting for NRBF2 and PPAR
alpha. (C) Cleared cellular lysates of wild-type HEK293 cells were prepared and incubated overnight
with GST-only or GST-NRBF2, respectively. Samples were analyzed by immunoblotting for NRBF2,
GST, PIK3C3, PPAR alpha and PPAR gamma.
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Co-immunopurification experiments using lysates from HEK293 cells transfected with
either GFP, NRBF2-GFP or GFP-NRBF2 showed successful co-purification of the class Il
Ptdins3K complex proteins PIK3C3, UVRAG, BECN1 and NRBF2 for both fusion proteins. No
co-immunopurification was detectable for free GFP. Notably, only GFP-NRBF2 was able to
co-purify PPAR alpha, but not RXR alpha (Fig 5.5 A). Immunopurification of endogenous
NRBF2 from wild-type HEK293 cells with or without crosslinking of the antibody again
resulted in successful co-purification of PPAR alpha (Fig 5.5, B). Finally, interaction of NRBF2
with PPAR alpha, but not with PPAR gamma was confirmed by co-affinity purification from

lysates of wild-type HEK293 cells using recombinant GST-NRBF2 (Fig 5.5, C).

A further requirement for a transcription factor to control gene expression is a temporal
nuclear localization to enable interaction with either DNA or DNA-bound regulatory
proteins 17°. To enable this localization, nuclear import can occur either by active or by
passive transport &, Therefore, the subcellular localization of NRBF2 was investigated by

confocal microscopy (Fig 5.6).
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Figure5.6: Subcellular localization of NRBF2 by immunofluorescence. Wild-type MEFs were grown
on glass cover slips overnight and incubated either in full medium (DMEM), in starvation medium
(EBSS) for 2 h or in medium supplemented with pharmacological activators for PPAR gamma
(Telmisartan, 20 uM), PPAR beta/delta (GW501516, 20 uM) or PPAR alpha (GW7647, 1 uM and
Wy14643, 100 uM) for 24 h. Cells were fixed, permeabilized and immunostained for NRBF2 and
nuclei were stained with DAPI. Imaging was performed using an inverse confocal laser scanning
microscope. Asterisks indicate strong nuclear accumulation of NRBF2. Scale bar: 50 um.
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Wild-type MEF cells were incubated in full medium, EBSS or medium supplemented with
pharmacological activators of PPAR gamma (Telmisartan), beta/delta (GW501516) and
alpha (GW7647 and Wy14643). After staining of endogenous NRBF2 these cells were
analyzed by confocal microscopy. Signal intensity of NRBF2-immunostaining was not very
high. Nevertheless, NRBF2 signal was detected in the cytoplasm and to a lower extent in
the nucleus after treatment with full medium. Administration of either EBSS-starvation or

PPAR-stimulation caused an increase in nuclear localization of NRBF2 (Fig 6).

5.2.2 NRBF2-is involved in the regulation of protein and gene expression

Following the detection of the interaction between NRBF2 and PPAR alpha and the nuclear
localization of NRBF2, the physiological relevance of these findings was examined. As stated
under 5.2.1, several groups reported upregulation of the autophagy related proteins BECN1
and LC3-ll after pharmacological stimulation of PPAR activity. To test a putative
involvement of NRBF2 in these processes, the described pharmacological activation of
PPARs was performed during cell culturing of diverse cell lines and effects on ULK1, BECN1
and LC3 protein levels were monitored. In a first experiment, the murine hepatocyte cell
line alpha mouse liver 12 (AML12), which is an established physiological model for PPAR-
activation 12°, was used. Subsequently, effects of PPAR-activation were transferred to MEF
cells deficient for NRBF2 in order to highlight effects specifically mediated by NRBF2.

Results of these experiments are displayed in figure 5.7.
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Figure 5.7: Regulation of autophagy related protein levels after pharmacological activation of the
PPAR family is partially NRBF2-dependent. (A) AML12 cells were incubated either in full medium
(DMEM:F12), in starvation medium (EBSS) for 2h or in full medium supplemented with
pharmacological activators for PPAR gamma (Telmisartan), PPAR beta/delta (GW501516) or PPAR
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alpha (GW7647 and Wy14643) at the indicated concentrations for 24 h. Cleared cellular lysates
were prepared and analyzed by immunoblotting for ULK1, BECN1, GAPDH and LC3. (B) Signal
intensities of immunoblots were quantified. Diagrams show fold changes calculated by dividing
each normalized ratio (protein to loading control) by the average of the normalized ratio of the
control sample (medium conditions). Results are mean + SEM. Statistical analysis was done by one-
way ANOVA (corrected by Tukey’s multiple comparisons test), *P < 0.05. n = 3. (C) MEF wild-type
(WT) or nrbf2 KO cells either untransfected or retrovirally transfected with empty vector or cDONA
encoding for human NRBF2 were analyzed for NRBF2 expression by immunoblotting. Cleared
cellular lysates were prepared and analyzed for actin and NRBF2. (D) Same experimental setup like
for (A) was performed for MEF wild-type (WT) or nrbf2 KO cells either untransfected or retrovirally
transfected with empty vector or cDNA encoding for human NRBF2. Here, only one concentration
was used for PPAR activation (20 uM Telmisartan, 20 uM GW501516, 1 uM GW7647 and 100 uM
Wy14643). (D) Signal intensities of immunoblots were quantified. Diagrams show fold changes
calculated by dividing each normalized ratio (protein to loading control) by the average of the
normalized ratios of the control samples (medium conditions). Results are mean + SEM. Statistical
analysis was done by one-way ANOVA (corrected by Tukey’s multiple comparisons test), *P < 0.05.
n = 3. Only selected significant differences are annotated. A complete list of P values for all
calculated significant differences can be found in the addendum.

AML12 cells were incubated for 24 h in medium supplemented with two different
concentrations of each PPAR agonists. Following immunoblot analysis for protein
expression of ULK1, BECN1 and LC3 (Fig 5.7, A), the quantified and normalized signal
intensities displayed a clearly visible upregulation for ULK1 and BECN1 protein level, albeit
no significant differences could be obtained for BECN1. LC3-Il protein levels were only
slightly affected (Fig 5.7, B). To transfer these observations to a NRBF2-specific model
system, NRBF2 deficient MEF cells were retrovirally transfected with either empty vector
or cDNA encoding for human NRBF2. Expression was confirmed by immunoblotting
(Fig 5.7, C). The same experimental setup like before was now applied for the two pairs of
cell lines (MEF wild-type and nrbf2 KO or MEF nrbf2 KO transfected with NRBF2 or empty
vector). Based on titration experiments for each PPAR-agonist in MEF cells (data not
shown), one concentration was chosen for each pharmacological PPAR activator: 20 uM for
Telmisartan (PPAR gamma), 20 uM for GW501516 (PPAR beta/delta) and 1 uM and 100 uM
for GW7647 and Wy14643, respectively, (PPAR alpha). Differences for LC3-Il and ULK1
protein expression were observed after immunoblot analysis (Fig 5.7, D). Quantification
and normalization of signal intensities confirmed these observations and further revealed

a NRBF2-dependent difference in protein expression. Alterations of ULK1 protein levels
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were detected for both cell line pairs. In both cases, cells expressing NRBF2 displayed a
stronger upregulation of protein expression after PPAR stimulation compared to cells
deficient for NRBF2, where also a slight downregulation of protein expression compared to
medium conditions was detectable. This opposed regulation pattern was also identified
with regard to LC3-Il by comparison of reconstituted and vector transfected cells. However,
significant differences could only be calculated sporadically. For BECN1, varying protein

levels, but no general NRBF2-dependent regulation pattern was detected (Fig 5.7, E).

Since stimulating effects of PPAR activation on protein expression of various ATGs were
confirmed and more importantly, a specific NRBF2-dependent effect underlying these
processes was indicated, the effect of NRBF2 on global gene regulation was investigated.
Therefore, a microarray approach using nrbf2 KO MEFs transfected with either empty
vector or cDNA encoding for wild-type NRBF2 in combination with full medium and
starvation treatment for 4 h was performed. Total mMRNA was isolated and samples were
analyzed by Affymetrix microarray (Genomics & Transcriptomics Laboratory, BMFZ,

Heinrich Heine University Dusseldorf). Obtained results are shown in figure 5.8.
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protein name gene symbol | fold ct t-test significance | fold change | t-test significance

Signal transducer and activator of transcription 2 Stat2 0.74 ***(1.18E-04)

Interferon regulatory factor 7 Irf7 0.65 ***(1.24E-04)

Peroxisomal targeting signal 2 receptor (Peroxin-7) Pex7 1.21 * (8.89E-02) 1.31 **(5.77E-03)
Interleukin 6 116 1.41 **(7.95E-03)

vector NRBF2
protein name gene symbol | fold change t-test significance | fold change t-test significance

Autophagy-related protein 13 Atg13 1.69 ** (1.47E-03)

Retinoic X receptor alpha Rxra 1.72 ***(9.96E-04)

Retinoic acid receptor gamma Rarg 1.23 ** (8.45E-08)

Transcription factor AP-1 Jun 0.61 *** (3.45E-04)

Nuclear factor NF-kappa-B p105 subunit Nfkb1 0.68 ***(9.75E-04)

Unc-51 like autophagy activating kinase 1 Ulk1 1.56 ***(3.02E-05) 1.52 **(1.43E-03)
Phosphatidylinositol 3-kinase catalytic subunit type 3 Pik3c3 1.60 *** (4.62E-04) 1.43 *** (3.29E-04)
Beclin 1-associated autophagy-related key regulator Atg14 2.63 *** (4.97E-06) 2.23 *** (2.74E-05)
UV radiation resistance associated gene Uvrag 1.44 *** (4.81E-05) 1.38 *** (6.06E-04)
Microtubule-associated protein 1 light chain 3B Map1lc3b 1.74 *** (1.24E-05) 1.67 *** (4.16E-05)
BCL-2 interacting protein 3 Bnip3 2.98 *** (3.96E-07) 2.44 *** (4.43E-07)
WD repeat domain phosphoinositide-interacting protein 4 Wdr45 1.67 ***(1.13E-04) 1.37 ***(9.84E-05)
Tuberous sclerosis 1 (Hamartin) Tsct 1.41 *** (3.81E-06) 1.66 ***(7.17E-04)
Interleukin 6 116 0.35 *** (5.82E-05) 0.53 **(1.21E-03)
Forkhead box protein O3 Foxo3 1.45 ** (8.70E-03) 1.31 **(2.00E-03)
PTEN-induced putative kinase 1 Pink1 1.48 **(1.09E-03)
Cathepsin F Ctsf 1.51 *** (1.48E-04)
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Figure 5.8: Influence of NRBF2 on global gene expression. Number of identified regulated genes
by comparison of (A) NRBF2 expressing and NRBF2 deficient MEF cells under full medium or
starvation conditions or (B) starvation and full medium treatment for NRBF2-expressing or NRBF2-
deficient cells. Genes display minimal regulation of 10% (A) or 20% (B), respectively. The number of
identified genes accounts for identification numbers assigned by the manufacturer of the
microarray chip (Affymetrix). Not all of these identifiers have corresponding GenBank®
identification numbers, which explains variations between the total numbers of identified genes by
microarray (A and B) and the regulated genes depicted by Venn diagrams (C), where solely
GenBank® identifiers were employed. (C) Venn diagrams displaying number of regulated genes
which were significantly differentially expressed in the scenarios described under A and B. (D)
Experiments were performed in triplicates and based on low p-values in combination with high fold
change ratios between the scenarios described under (A) and (B), hierarchic lists of identified
regulated genes were created considering all identified regulated genes.

The performed microarray analysis comprised detailed information about differential gene
regulation for the comparison of the following scenarios: 1) genes differentially regulated
between NRBF2 expressing and NRBF2 deficient cells (evaluated for full medium and
starvation treatment), and 2) genes differentially regulated between full medium and
starvation treatment (evaluated for NRBF2 expressing and NRBF2 deficient cells). For the
first scenario, over 1200 genes were identified to be differentially regulated (Fig 5.8, A). In
Venn diagrams, a total number of 1851 differentially regulated genes was identified, 918
of them exclusively for full medium treatment, 847 exclusively for administration of
starvation and 86 genes as an overlap of both conditions. Maximal amplitudes of the
detected regulations were up to factor two, but the majority of the identified genes was
up- or downregulated only by ca. 30%. With regard to the second scenario, an elevated
number of 2700 differentially regulated genes was detected for vector transfected cells.
Here, the maximal amplitudes were increased to factor five. Again, illustration as Venn
diagrams displayed the specific distribution of identified gens. Here, a total number of 3148
differentially regulated genes was identified, 1806 exclusively for vector transfected cells,
321 exclusively for cells reconstituted with NRBF2 and 1021 genes as overlap of both cell
lines.

Based on low p-values in combination with high fold change values the most prominent
candidates were chosen and arranged in hierarchic lists (Fig 5.8, D). For the first scenario

(NRBF2 expressing versus deficient cells), only few genes matched these criteria, namely
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Stat2, Irf7, Pex7 and Il6. For the second scenario (full medium versus starvation conditions),
more genes could be selected, among these many directly related to autophagy (Atg13,
Ulk1, Map1lc3b, Pik3c3, Atg14, Uvrag, Bnip3, Wdr45, Tsc1 and Pink1), to transcriptional

processes (Rxra, Rarg, Jun, Nfkb1 or Foxo3) and other genes (//6 and Ctsf).

For further validation of the results obtained by microarray and for a comprehensive
analysis of influences by PPAR stimulation, gRT-PCR experiments were performed 81, The
examined genes were chosen on basis of the performed microarray. Becn1 was included in
order to allow for comparison to the previously performed experiments regarding
regulation of protein level, Ppara was included as NRBF2-interaction partner and putative
mediator of gene responses, and Acox1 and Sesn2 were included as further positive
controls for PPAR alpha regulated gene expression 12°.

Due to the high number of genes to be investigated, gRT-PCR primer pairs were designed
individually and detection of amplified PCR products was achieved by BRYT Green®
chemistry. Since the quantification accuracy of qRT-PCR experiments crucially depends on
the exact exponential doubling of the amplified PCR-products 82, the individually designed
primer pairs had to be tested for proper applicability in advance to the actual gene

expression measurements. This is exemplarily shown for Atg13 in figure 5.9.
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Figure 5.9: Evaluation of primer efficiency for gqRT-PCR. (A) Measurement of Cr values for Atgl3
primer pair and serial dilution of template cDNA was performed and linear regression was
calculated. (B) Amplification efficiencies for all designed primers were calculated based on the
ascent of compensation lines after serial dilution.

The evaluation of primer efficiency was performed by gRT-PCR using serial dilutions of
template cDNA by factor 10. After measurement, the calculated threshold (Cr) values for
each dilution step were plotted against the dilution factor and linear regression was
computed. Based on the ascent of compensation lines the amplification efficiencies (E)
were calculated for each primer pair. Depending on the relative abundancy of some genes,
no Cr values could be obtained for the maximal dilution steps. Anyhow, calculation of
amplification efficiencies was not hampered. Solely for Ppara no primer efficiency could be
calculated and therefore an optimal efficiency of 2 was assumed. Thus, all individually

designed primers could be used for further gene expression studies by qRT-PCR.
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In a first qRT-PCR experiment the relative gene expression of all chosen genes was tested
for cells expressing and lacking NRBF2. In a next step, influence of starvation conditions
was assessed in both cell lines (Fig 5.10). Fold change values of gene expression were

calculated according to Pfaffl’s method 182,
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Figure 5.10: Expression profiling of selected genes by qRT-PCR. (A) nrbf2 KO MEFs retrovirally
transfected with empty vector or cDNA encoding for human NRBF2 were incubated in full medium
(DMEM). Total mRNA was isolated, reverse transcribed into cDNA and used for qRT-PCR. Diagram
displays fold change of gene expression by comparison of NRBF2-expressing and NRBF2-deficient
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cells. (B) Same experimental setup was performed, only cells were additionally incubated for 4 h in
starvation medium (EBSS). Diagrams display fold change of gene expression by comparison of
starvation and full medium treatment. For both experiments, genes were arranged according to
their cellular functions. Results are mean + SEM. Statistical analysis was done by Student t test (2-
tailed, 2-sample assuming unequal variances), no significant differences were obtained. n = 3.

Most of the investigated autophagy related genes were only slightly affected by NRBF2
deficiency. For Ulk1, Atgl13, Pik3c3, Uvrag and Mapllc3b lack of NRBF2 caused an
upregulation displaying the strongest effect for Mapllc3b, whereas Atgi4, Pinkl and
Wdr45 were slightly downregulated. For the investigated transcription factors, lack of
NRBF2-expression caused a strong downregulation of Ppara, whereas Rxra and Rarg
displayed only a mild decrease. In contrast, an upregulation was observed for Stat2 and Irf7
and to a lower extent also for Jun and Nfkb1. For the other investigated genes, only Ctsf
was slightly upregulated by lack of NRBF2-expression, whereas all other genes (Pex7, 116,
Acox1 and Sesn2) displayed a mild decrease in gene expression (Fig 5.10, A). The expansion
of this experimental setup to further incorporate effects caused by administration of
starvation is displayed in figure 5.10 B. Here, all examined genes, except for Rxra, were
somehow regulated by amino acid starvation, but in any case no significant differences
could be calculated for the comparison of NRBF2-expressing and NRBF2-deficient cells.
Autophagy related genes displayed a general upregulation to varying degrees. Most of the
transcription factors and other genes were also upregulated by starvation, except for Rxra,
which was not affected. Ppara and to a stronger extent Nfkb1 and //6 displayed a clear
downregulation. The genes used as positive controls (Acox1, Sesn2 and Ctsf) were also
upregulated by starvation.

By comparison of results obtained by qRT-PCR experiments and the ones obtained by
microarray, similar regulation tendencies were found for the effect of either NRBF2-
deficieny or administration of starvation, whereas the absolute values differed slightly.
Thus, an effect on gene expression by starvation was shown and confirmed previous
observations. Further investigation of PPAR-stimulated gene expression with regard to
influencing effects of NRBF2 were performed in MEF cells expressing or lacking NRBF2

similar to previous experiments.
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Figure 5.11: PPAR-stimulated gene expression with regard to NRBF2 deficiency. nrbf2 KO MEFs
retrovirally transfected with empty vector or cDNA encoding for human NRBF2 were incubated for
24 h in medium supplemented with pharmacological activators of PPAR gamma (Telmisartan,
20 uM), PPAR beta/delta (GW501516, 20 uM) or PPAR alpha (GW7647, 1 uM and Wy14643,
100 uM). Total mRNA was isolated, reverse transcribed into cDNA and used for gRT-PCR. Diagrams
display fold change of gene expression by comparison of PPAR-stimulation to medium conditions.
Genes were arranged according to their cellular functions as autophagy related (A), nuclear
receptors (B), general transcription factors (C) and other genes (D). Results are mean + SEM.
Statistical analysis was done by Student t test (2-tailed, 2-sample assuming unequal variances), no

significant differences were obtained. n =3

83



Results

In most cases, changes in gene expression were detected, yet a general regulation pattern
was not obvious. Overall, the amplitude of observed effects was considerably lower
compared to gene expression stimulated by starvation. In addition, variations between
single measurements hampered the calculation of significant differences. No regulation
was detectable for Pik3c3, Mapllc3b, Tscl, Rarg, Foxo3, Pex7 and Ctsf. In contrast, several
genes were affected by stimulation of any PPAR family member, namely Ulk1, Atgil3,
Becnl, Uvrag, Ppara, Rxra, Nfkb1 and Irf7. Here, effects caused by activation of PPAR alpha
by Wy14643 were most prominent. Bnip3, Wdr45 and to a lower extent Acox1 and Sesn2
were regulated solely following activation of PPAR alpha, whereas Stat2 and //6 were
influenced by activation of either PPAR beta/delta or gamma. Pinkl was moderately
regulated by stimulation of PPAR beta/delta, whereas no gene was regulated solely
following activation of PPAR gamma. Only for Ppara and Rxra a general and furthermore
opposed regulation pattern was detectable. Here, Ppara was downregulated in cells
expressing NRBF2 following any treatment, which was attenuated for cells lacking NRBF2.
In contrast, Rxra was upregulated in NRBF2-expressing cells and slightly downregulated by
NRBF2 deficiency.

In summary, several effects of PPAR-activation on gene expression were observed,
frequently affected by NRBF2-deficency. However, a general regulation pattern was not

obvious.
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5.3 ULK1 regulates the class lll Ptdins3K complex via the phosphorylation of NRBF2

5.3.1 Identification of a ULK1-dependent phosphorylation of NRBF2

As described above and shown by other groups, NRBF2 is a member of the class Il PtdIns3K
complex and acts as a modulator of autophagy. However, its exact function is still
controversially discussed >3=>°. Regulation of a protein’s function, which is a necessary
requirement for the adaptation to rapidly changing conditions, is a vital cellular regulation
mechanism and in many cases achieved by post-translational modification (PTM) of
proteins 183, Lately, NRBF2 research focused on the aspect whether and to what extent the
activity of NRBF2 is controlled by phosphorylation, which accounts for the most common
type of PTM experimentally observed ®%. Evidence for an mTORC1-mediated
phosphorylation of NRBF2 as a modulation of the autophagic machinery was recently
presented by Ma and colleagues 8>,

ULK1 is the main autophagy-initiating kinase with a constantly growing list of substrates
identified as downstream components of the autophagy signaling network 8¢, Among
these, the class Il PtdIns3K complex components PIK3C3, BECN1, ATG14 and AMBRA1 are
phosphorylated and thereby activated for their specific roles in autophagosome
biogenesis 3673°, The last part of this thesis focused on the existence and the possible
influence of NRBF2-phosphorylation executed by the autophagy-initiating kinase ULK1.

To test the hypothesis that ULK1 also phosphorylates NRBF2 and thereby further regulates
the activity of the class lll PtdIns3K complex, in vitro kinase assays using recombinant NRBF2

as substrate were performed (Fig 5.12).
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Figure 5.12: ULK1 phosphorylates NRBF2 in vitro. (A) In vitro kinase assays using GST-only or GST-
NRBF2 WT as substrates and crude cellular lysates from HEK293 cells as kinase were performed.
Coomassie staining of the gel (left panel) and autoradiography (48 h exposure; right panel) are
shown. (B) In vitro kinase assays were performed using 6xHis-NRBF2 WT as substrate and
recombinant GST-ULK1 as kinase. The ULK1 inhibitor MRT67307 was added at the indicated
concentrations. Coomassie staining of the gel (left panel) and autoradiography (6 h exposure; right
panel) are shown.

The initial testing of a general cellular NRBF2 phosphorylation was done by utilization of
crude cellular lysates of HEK293 cells as “phosphorylating agent” and GST-NRBF2 or GST-
only as substrates in an in vitro kinase assay. Purity of the used GST-NRBF2 was very low,
as many additional bands were detected after coomassie staining. Nevertheless, a weak
phosphorylation signal for NRBF2 was observed (Fig5.12, A). In a next step, only
recombinant GST-ULK1 as kinase and 6xHis-tagged NRBF2 were used for in vitro kinase
assay. Again, a phosphorylation of NRBF2 was detected, this time by a clearly visible signal
after autoradiography. Furthermore, NRBF2 phosphorylation was nearly completely
inhibited by application of the ULK1 inhibitor MRT67307 #7 (Fig 5.12, B).

To gain more information about this detected ULK1-dependent phosphorylation of NRBF2,
a mass spectrometric phosphorylation analysis was performed (Institute of Cardiovascular
Physiology, Medical Faculty, Heinrich Heine University Diisseldorf) and the obtained results

were validated again by in vitro kinase assay (Fig 5.13).
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Figure 5.13: Identification and validation of candidate phospho-acceptor sites in NRBF2. (A) /n
vitro kinase assays were subjected to mass spectrometry. Identified phosphor-acceptor sites and
scores are listed. (B) Schematic representation of NRBF2. Structural domains and identified
phosphosites are annotated (phospho-acceptor sites identified within this work are annotated in
black, previously identified phospho-acceptor sites in red). (C) Alignment of NRBF2 protein
sequences from various eukaryotic species (amino acid numbering of human NRBF2). Identified
phosphor-acceptor sites are conserved between species and are highlighted by blue background;
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amino acids fitting to the ULK1 consensus sequence requirements are highlighted in grey. NRBF2
MIT domain (amino acids 8 to 52) is annotated. (D) Crystal structure model of NRBF2 MIT domain
(PDB entry 4ZEY). Ser15, Ser50 and Ser56 are highlighted in red. (E) In vitro kinase assays using
6xHis-NRBF2 WT or 6xHis-NRBF2 5S-A as substrates and recombinant GST-ULK1 as kinase were
performed. Coomassie staining of the gel (left panel) and autoradiography (13 h exposure; right
panel) are shown (5S-A: serine to alanine quintuple mutant).

Five serine residues within NRBF2 harboring a phospho-group following in vitro
phosphorylation were identified by mass spectrometry: Serl5, Ser50, Ser56, Ser101, and
Ser277 (amino acids numbered according to human NRBF2, Fig5.13, A). A schematic
representation of NRBF2 domain organization including all five identified phospho-
acceptor sites is depicted in figure 5.13, B. Additional phospho-acceptor sites have
previously been identified 18>18-190 (Fig 5,13, B). All identified phospho-acceptor sites,
except for Ser101 in mouse, are conserved between different eukaryotic species. Regarding
a reported ULK1 consensus motif (i.e. bulky and hydrophobic amino acids at the -3, +1 and
+2 position) 37, three of the identified sites (Ser50, Ser55, Ser277) fulfill these requirements
partially. Of note, chicken NRBF2 protein sequence harbors additional eight and three
amino acids at the N-terminus and within the protein sequence, respectively (Fig 5.13, C).
Two of the identified sites, Ser50 and Ser56, are located at an accessible position between
two helical elements at the C-terminal end of the a-helical microtubule interacting and
trafficking molecule (MIT) domain. These locations were annotated in a crystal structure
model of NRBF2 MIT domain (PDB entry 4ZEY, Fig 5.13, D). A mutated version of NRBF2
where all serine residues were exchanged for alanine (5S-A: serine to alanine quintuple
mutant) was generated and the identified phosphorylated residues were confirmed in in
vitro kinase assays. ULK1-dependent phosphorylation of NRBF2 5S5-A was largely abolished
(Fig 5.13, E).

Results obtained by in vitro methods can be affected by a set of factors that differ from
physiological situations, like presence or absence of certain reaction components. This is
why data from in vitro experiments can be used as evidence for certain theories, but a
validation by independent and most favorably by in vivo methods is generally aimed for.

An in vivo detection of posttranslational protein modifications, especially of
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phosphorylation events, is a challenging task. In most cases, phospho-specific antibodies
are used for these purposes, but their generation is tedious and therefore they are available
only for a limited number of proteins *°1. In order to validate the results obtained by in vitro
kinase assay, the ULK1-dependent phosphorylation of NRBF2 in intact cells was monitored
by an adapted version of the proximity ligation assay (PLA). This method enables the
detection of protein-protein interactions or, in this case, of protein modifications by
antibody-recognition combined with an exponential signal amplification by PCR using
fluorescently labelled nucleotides %2, Here, anti-NRBF2 and anti-phospho-serine

antibodies were used and the results are shown in figure 5.14.
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Figure 5.14: Evidence for ULK1-mediated phosphorylation of NRBF2 in intact cells. (A) Wild-type
or nrbf2 KO MEFs were seeded onto glass cover slips. Next day cells were used for proximity ligation
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assay with anti-NRBF2 and anti-phospho-serine antibodies. Nuclei were stained with DAPI (left
panel). Signals and nuclei per image were counted and the signal:nuclei ratio was calculated (right
panel). Results are mean + SEM. Statistical analysis was done by Student t test (2-tailed, 2-sample
assuming unequal variances), *P < 0.05. (B) Wild-type MEFs were transfected with 50 nM of either
non-targeting control siRNA or Nrbf2 siRNA for 72 h. Successful knockdown of NRBF2 was
confirmed by immunoblotting for vinculin and NRBF2 (upper right panel). 24 h after transfection,
MEFs were seeded onto glass cover slips. After additional 48 h, cells were incubated for 1 h in full
medium (DMEM), starvation medium (EBSS) or in starvation medium containing 10 uM of the ULK1
inhibitor MRT67307. Proximity ligation assay was performed analogously to (A) (left panel). Signals
and nuclei per image were counted and the signal:nuclei ratio was calculated (lower right panel).
Results are mean £ SEM. Statistical analysis was done by Student t test (2-tailed, 2-sample assuming
equal variances), *P < 0.05, **P < 0.01. In both experiments, a minimum of five images was
analyzed. Scale bar: 20 um.

To evaluate the general applicability of this method, wild-type and nrbf2 KO MEF cells
cultured under full medium conditions were compared. A significant reduction of PLA signal
count was observed in nrbf2 KO MEFs (Fig 5.14, A). For further exclusion of factors like
genetic variations between the used cell lines, the PLA was repeated using wild-type MEF
cells transfected with either non-targeting control siRNA or Nrbf2 siRNA. An efficient
knockdown was confirmed by immunoblotting. Once more, a clear reduction in PLA signal
count was observed in cells with decreased NRBF2 expression compared to cells
transfected with non-targeting siRNA. This reduction was significant for all treatments.
Importantly, the PLA results clearly show an increase in NRBF2 phosphorylation in starved,
autophagic cells. Furthermore, since PLA signals were clearly reduced by application of the
ULK1 inhibitor MRT67307, at least a partial control of NRBF2 phosphorylation status by

ULK1 was reasoned.

5.3.2 NRBF2 phospho-status regulates the composition of the class Il Ptdins3K

complex |

Previous reports stated that NRBF2 stimulates autophagic capacity by enhancing the lipid
kinase activity of the class Ill PtdIns3K complex | via dimerization of two monomeric forms.
The dimerization itself is thought to be mediated by self-oligomerization of NRBF2 °2. To
evaluate if the identified phosphorylation of NRBF2 by ULK1 affects the class Il PtdIns3K

complex assembly, size exclusion chromatography experiments were performed.
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Therefore, nrbf2 KO MEFs either transfected with empty vector or cDNA encoding for
human HA-tagged wild-type NRBF2, the non-phosphorylatable 5S-A version of NRBF2, or a
phospho-mimicking serine to aspartate 5S-D version of NRBF2 were analyzed under full
medium conditions. As prerequisite for these experiments, the expression of the above-
mentioned NRBF2-versions was examined by immunoblotting. The results depicted in
figure 5.15 confirm expression of all NRBF2 variants, although a slightly different migration

pattern was observed for the 55-A mutant.
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Figure 5.15: Expression of mutant NRBF2 variants. Cleared cellular lysates of nrbf2 KO MEFs
retrovirally transfected with either empty vector or cDNA encoding for human HA-tagged wild-type
NRBF2, NRBF2 5S-A or NRBF2 55-D were prepared and analyzed by immunoblotting for vinculin or
HA.
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Figure 5.16: NRBF2 affects assembly of class 11l Ptdins3K complex. (A) S100 extracts of nrbf2 KO
MEFs transfected with either empty vector or cDNA encoding for human HA-tagged wild-type
NRBF2, NRBF2 5S-A or NRBF2 55-D incubated in full medium (DMEM) were prepared and separated
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by size exclusion chromatography on a Superdex 200 Increase column. Obtained fractions were
analyzed by immunoblotting for the indicated proteins. (B-C) Band intensities of immunoblots were
quantified and identical proteins are displayed per diagram. The PtdIns3K core complex
components PIK3C3, PIK3R4 and BECN1 are depicted in (B). The additional Ptdins3K complex
components NRBF2 (detection by anti-NRBF2 and anti-HA), ATG14 and UVRAG are depicted in (C).
Diagrams show protein levels for each fraction. Values are ratios of the input and are normalized
to the fraction containing the highest amount of the analyzed protein.

The Ptdins3K core complex components PIK3C3, PIK3R4 and BECN1 can be observed at a
molecular mass range corresponding to 400-670 kDa for all tested cell lines, regardless of
loss or mutation of NRBF2 (Fig 5.16, B; fractions 16-22). In contrast, the additional class Il
Ptdins3K complex | or complex Il components ATG14 and NRBF2 or UVRAG, respectively,
displayed several alterations. Firstly, for wild-type and the 55-A version of NRBF2 two major
“populations” were detected. A smaller one co-eluding with the Ptdins3K core complex at
high molecular mass ranges and a more prominent one at molecular masses below 160
kDa. Notably, the NRBF2 5S-D variant eluted exclusively at low molecular masses and was
not detected in fractions corresponding to the PtdIns3K core complex. Anti-HA and anti-
NRBF2 antibodies were used for the detection of NRBF2 versions, but no differences were
detected (Fig 5.16, C, first two panels). Secondly, migration of ATG14 is dependent on the
presence or the phosphorylation status of NRBF2. In cells expressing wild-type NRBF2,
ATG14 co-eluded exclusively in fractions corresponding to the Ptdins3K core complex.
NRBF2-deficency caused a division of the ATG14 population. A smaller part shifted to
slightly higher molecular mass ranges, but the major part of ATG14 was detected below
160 kDa. Presence of the two NRBF2-phospho mutants caused different variations of the
above-described scenarios. Presence of the NRBF2 55-A version caused ATG14 to again co-
elute with the Ptdins3K core complex below 600 kDa, but a second population was
detected below 160 kDa similar to NRBF2 deficient cells. Presence of the NRBF2 5S-D
version shifted the ATG14 population nearly exclusively to the low molecular mass ranges,
only small amounts of ATG14 were detected around 400 kDa hence at lower molecular
mass than the PtdIns3K core complex (Fig 5.16, C, third panel). Thirdly, for cells deficient
for NRBF2 or expressing either the wild-type or the 5S-A variant of NRBF2, the PtdIins3K
core complex contains only little amounts of UVRAG, whereas the most prominent UVRAG

population was detected below 160 kDa. Presence of the NRBF2 5S-D version caused a
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complete absence of UVRAG from the PtdIns3K core complex (Fig 5.16, C, fourth panel).
With regard to the oligomerization status of the class Il PtdIns3K complex, no indication
for an involvement of NRFB2 phosphorylation was detected. The monomeric and the
dimeric forms are thought to migrate at 440 kDa and 669 kDa, respectively >2. Here, a

continuous transition between these two stages was observed.

For further clarification, size exclusion chromatography experiments using lysates of
ULK1/2 double-deficient MEFs were performed (Fig 5.17). In these cells, NRBF2 is present,

but no ULK1-dependent phosphorylation can occur.
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Figure 5.17: Size exclusion chromatography experiments for ULK1/2 deficient cells. (A) 5100
extract of ulk1/2 KO MEFs incubated in full medium (DMEM) was prepared and separated by size
exclusion chromatography on a Superdex 200 Increase column. Obtained fractions were analyzed
by immunoblotting for the indicated proteins. (B) Band intensities of immunoblots were quantified,
and the diagram shows protein levels for each fraction. Values are ratios of the input and are
normalized to the fraction containing the highest amount of the analyzed protein.

For these cells, ATG14 was detectable in a broad molecular mass range from above 600 kDa
to lower than 400 kDa and thus again co-eluted with the PtdIns3K core complex, similar to

MEF cells expressing wild-type or the 55-A version of NRBF2 (compare Fig 5.16).

5.3.3 The phosphorylation status of NRBF2 does not affect the overall autophagic flux,
but the specific PIK3C3 activity

After modulating effects of NRBF2 phosphorylation for the composition of the class |l
PtdIns3K complex were observed, additional experiments were performed to analyze how
these phosphorylations events affect the autophagic flux in general. It has to be considered

that the role of NRBF2 has been controversially discussed in previous reports °3>>. The
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presence of a regulatory NRBF2 phosphorylation might be helpful in connecting these

divergent results. Here, the analysis of autophagic flux was done either by analysis of LC3

and p62/SQSTM1 turnover by immunoblotting (Fig 5.18) or by immunofluorescence of LC3

puncta formation (Fig 5.19). In both cases, starvation was used as pro-autophagic stimulus

and bafilomycin A; was used to block lysosomal degradation processes (compare 1.1.2).
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Figure 5.18: Impact of mutated NRBF2 versions on autophagic flux by LC3 and SQSTM1-turnover.

(A) nrbf2 KO MEFs retrovirally transfected with empty vector or cDNA encoding for the indicated
NRBF2 variants were incubated for 2 h in full medium (DMEM) or starvation medium (EBSS) in the
presence or absence of 40 nM bafilomycin A; (BafA;). Cleared cellular lysates were prepared and
analyzed by immunoblotting for ULK1, ULK1 phospho-Ser757, SQSTM1, LC3 and GAPDH. (B) Band
intensities of immunoblots were quantified. Diagrams show fold changes calculated by dividing
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each normalized ratio (protein to loading control) by the average of the normalized ratios of the
control sample (NRBF2 WT treated with medium). Results are mean + SEM. Statistical analysis was
done by one-way ANOVA (corrected by Tukey’s multiple comparisons test), *P < 0.05, **P < 0.01,
***¥P<0.001, ****P <0.0001. n = 3. Only selected significant differences are annotated. A complete
list of P values for all calculated significant differences can be found in the addendum.

Activation of ULK1 by starvation was confirmed by detection of decreased Ser757
phosphorylation, which represents an inhibitory phosphorylation mediated by mTORC1 %’.
Comparison of LC3-1l levels only revealed significant differences for different treatment of
the same cell lines and no differences among cell lines. SQSTM1 turnover displayed higher
similarities between cells expressing wild-type and 5S-D version of NRBF2 and between
NRBF2 5S-A-expressing and NRBF2-deficient cells. Accordingly, sporadic significant
differences were found within the NRBF2 5S-A-expressing cells and between them and

wild-type and 5S-D-expressing cells (Fig 5.18, B).
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Figure 5.19: Impact of mutated NRBF2 versions on autophagic flux by LC3 immunofluorescence.
(A) nrbf2 KO MEFs retrovirally transfected with empty vector or cDNA encoding for the indicated
NRBF2 variants were grown on glass cover slips overnight and incubated for 2 h in full medium
(DMEM) or starvation medium (EBSS) in the presence or absence of 40 nM bafilomycin A; (BafA;).
Cells were fixed, permeabilized and immunostained for LC3. Imaging was performed using an
inverse confocal laser scanning microscope. Scale bar: 50 um. (B) A minimum of 100 cells per
condition was analyzed and quantification was done using Fiji. Diagrams show number of dots per
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cell normalized to the control sample (NRBF2 WT treated with medium). Results are mean + SEM.
Statistical analysis was done by one-way ANOVA (corrected by Tukey’s multiple comparisons test),
*P < 0.05, ****P < 0.0001. n = 3. Only selected significant differences are annotated. A complete

list of P values for all calculated significant differences can be found in the addendum.

Analogously to the performed immunoblot experiments, several significant differences
could be detected for different treatments within the same cell lines with regard to LC3
puncta formation. Again, no reasonable differences were found between different cell lines
and the observed overall autophagic flux for cells expressing NRBF2-mutants was similar to

cells expressing wild-type NRBF2 (Fig 5.19, B).

Since the influence exerted by the ULK1-dependent NRBF2-phosphorylation on the class llI
Ptdins3K complex assembly did not manifest in an altered autophagic activity, the specific
PIK3C3 activity was investigated in more detail. Therefore, an in vitro PIK3C3 activity assay
was utilized in a first approach (Fig 5.20). Additionally, analysis of WIPI2 accumulation in
vivo was performed (Fig 5.21).

For the in vitro PIK3C3 activity assay, the class Ill Ptdins3K complex | was immunopurified
from cells using anti-ATG14 antibodies. After addition of phosphatidylinositol (PtdIns) and
ATP, the in vitro PtdIns3P production was indirectly assessed by immunoblotting for the
PtdIns3P-binding protein GST-p40PX 32, In a first approach, the experimental setup was
tested in wild-type MEF cells and then applied for cells expressing the different NRBF2

versions.
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Figure 5.20: Measurement of in vitro PIK3C3 activity. (A) Schematic representation of the
performed in vitro PIK3C3 activity assay. (B) Establishment of PIK3C3 activity assay for wild-type
MEFs. Cells were incubated for 2 h in full medium (DMEM) or starvation medium (EBSS). Cleared
cellular lysates were prepared, ATG14 immunopurifications of 2 or 4 mg total protein were
performed and subsequently incubated with PtdIins and ATP. The PtdIns3P production was assessed
by dot blot analysis and detection of a PtdIns3P binding protein (upper panel). Intensities were
quantified and diagrams show fold change values normalized to control (medium treatment, lower
panel). (C) PIK3C3 activity assay was performed analogously to B for nrbf2 KO MEFs retrovirally
transfected with empty vector or cDNA encoding for the indicated NRBF2 variants. Detection of a
PtdIins3P binding protein was measured (upper panel). Intensities were quantified and diagrams
show fold change values normalized to controls (medium conditions). Results are mean £ SEM. One-
way ANOVA (corrected by Tukey’s multiple comparisons test) did not reveal any significant changes.
n = 4 (lower panel).
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The assessment of in vitro PIK3C3 activity for wild-type MEFs displayed an increase in
PtdIns3P production after administration of amino acid starvation for 2 h. The amount of
applied total protein for ATG14 immunopurifications did not influence the obtained results
(Fig 5.20, B). For cells expressing mutated versions of NRBF2, an increase in PIK3C3 activity
after starvation was detected for cells transfected with cDNAs encoding wild-type or 5S-D-
NRBF2, with the stronger effect for the latter one. In contrast, for nrbf2 KO or 5S-A-
expressing MEFs no increase in Ptdins3P production after starvation was detected. Instead,
a slight decrease was overserved. Due to high variations between the single experiments,

differences were not considered significant (Fig 5.20, C).

Analogously to the validation of results obtained by the in vitro kinase assay described
above (compare 1.3.1), the in vitro PIK3C3 activity measurements were confirmed by an
independent, physiological readout. In this case, the recruitment of the early autophagy
protein WIPI2 to the emerging autophagosomes was monitored. Accumulation of WIPI2 is
directly dependent on the PtdIns3P amount present at autophagosomal membranes

generated by PIK3C3 7! and can be analyzed by confocal microscopy.
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Figure 5.21: Mutations of NRBF2 phospho-acceptor sites regulate class Il Ptdins3K complex
activity. (A) nrbf2 KO MEFs retrovirally transfected with empty vector or cDNA encoding for the
indicated NRBF2 variants were grown on glass cover slips overnight and incubated for 2 h in full
medium (DMEM) or starvation medium (EBSS). Cells were fixed, permeabilized and immunostained
for WIPI2. Imaging was performed using an inverse confocal laser scanning microscope. Scale bar:
50 um. (B) A minimum of 100 cells per condition was analyzed and quantification was done using
Fiji. Diagrams show number of dots per cell normalized to the control samples (corresponding
medium treatment). Results are mean + SEM. Statistical analysis was done by one-way ANOVA
(corrected by Tukey’s multiple comparisons test), *P < 0.05, **P < 0.01, ****P < 0.0001. Only
selected significant differences are annotated. A complete list of P values for all calculated
significant differences can be found in the addendum.
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Induction of WIPI2 puncta formation after starvation was not detected for nrbf2 KO MEFs,
but for all cell lines expressing any version of NRBF2. Cells expressing either wild-type or
5S-A-NRBF2 displayed a similar increase in WIPI2 puncta formation following starvation
treatment. The phospho-mimicking NRBF2 5S-D variant displayed the strongest increase in
PIK3C3 activity, which is in line with the previously performed in vitro PIK3C3 activity assay
(Fig 5.21, B).

In summary, NRBF2 was identified as a member of the class Il Ptdins3K complex.
Impairment of the autophagic flux after deletion of NRBF2 in DT40 cells identified this
protein as a positive regulator of autophagy. Additionally, autophagy-independent
functions of NRBF2 were observed by investigations of PPAR-controlled gene regulation.
NRBF2 interacts with PPAR alpha, localizes to the nucleus and is involved in the differential
gene expression of Ppara itself and some other transcription factors after pharmacological
activation of PPARs. Furthermore, a crosstalk of the ULK1 complex and the Ptdins3K
complex in terms of ULK1-dependent NRBF2 phosphorylation was identified. A phospho-
mimicking nRBF2 mutation hampered the PtdIins3K complex assembly by exclusion of
ATG14 and NRBF2, which had no effect on the overall autophagic flux, but rather regulated

the PIK3C3 activity in response to starvation.
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6 Discussion

This thesis dealt with a detailed elucidation of the autophagy signaling pathway with special
regard to the class lll PtdIns3K complex. PIK3C3, the catalytically active component of this
complex, is the only known class Ill PI3-kinase in eukaryotic cells and crucial for the
formation of autophagosomal membrane structures and thus the initiation of autophagy.
The aim was to investigate previously unknown regulatory mechanisms of the autophagy
signaling pathway, which might also be of relevance for crosstalk with other cellular
signaling pathways, such as programmed cell death (apoptosis). Especially with regard to
medical research, this work might contribute to an extended understanding of various
diseases and to a further development of pharmacological therapies. In healthy individuals,
autophagy maintains cellular homeostasis and thereby contributes to the prevention of
cancer or neurodegenerative diseases by circumventing DNA damage or clearance of
protein aggregates and dysfunctional organelles. However, once cancer has developed,
these cells can generate an increased nutrient supply and resistance to chemotherapeutics
or radiation therapy by an upregulation of autophagic processes. In such cases, a targeted
intervention to inhibit cellular autophagy would be the way of choice for clinical treatment.
Meanwhile, chloroquine and hydroxychloroquine, which inhibit lysosomal acidification,
have been applied successfully in phase 2 clinical trials for therapy of various types of
cancer %, In contrast, treatment strategies for neurodegenerative diseases like Alzheimer
or Parkinson disease aim for an induction of autophagic processes to counteract the
formation of harmful protein aggregates (compare 2.1.3.1). In both cases, a detailed
understanding of the underlying regulatory mechanisms of autophagy is essential.

In this context, NRBF2 was identified as a novel member of the Ptdins3K complex | and
positive regulator of the autophagic flux. NRBF2 is a phosphorylation-target of the
autophagy initiating kinase ULK1 to fine-tune the PIK3C3 activity in response to starvation,
adding another level of crosstalk between the two autophagy-initiating protein complexes.
Interestingly, NRBF2 comprises additional, autophagy-independent cellular functions, as it
interacts with the nuclear receptor PPAR alpha and is involved in the regulation of its gene

expression in response to PPAR stimulation.

102



Discussion

6.1 Identification of NRBF2 as member of the class Illl Ptdins3K complex and

characterization of its role in autophagy

The basis of this work was the performed mass spectrometric screening for novel
interaction partners of BECN1. Nowadays the application of mass spectrometric methods
for the identification of enriched or unknown proteins in a large scale has become an
established methodology for the detailed characterization of entire signaling networks. In
the present study, a label-free method using BECN1-GFP as a bait was performed in two
human cell lines under growth and starvation conditions.

Protein identification by mass spectrometry displays some limitations like varying
reproducibility due to relative protein abundancy or peptide cleavage. To overcome these
limitations, the experiments were performed as technical replicates to enable a statistical
analysis. All of the so far known interaction partners of the class Ill Ptdins3K complex were
identified (PIK3C3, PIK3R4, BECN1, UVRAG and RUBCN) as significant interactors of BECN1.
This outcome certifies the analysis as reliable and furthermore indicates that other
identified proteins in this analysis are highly likely to be “true” interaction partners of
BECN1 as well. Consequently, the fact that ATG14 was not enriched significantly in DG75
cells might not be due to inaccuracy. It might also be possible that complex formation is
transient and not as stable for ATG14 in DG75 compared to other cell lines. Reaction
conditions e.g. pH, salt and/or detergent concentration as well as sheer stress applied to
samples during lysate generate might also have a more severe effect in DG75 cells.

In addition to the established BECN1 interaction partners, NRBF2 was found in the
intersection between both cell lines, which displayed a weaker but still highly significant
enrichment. Prior to the herein performed BENC1-interaction partner screening, Behrends
and colleagues published a comprehensive analysis of the autophagy network emerging
from several central nodes 17°. In this study, NRBF2 was identified as interaction partner of
various members of the PtdIins3K complex and was even used as bait to identify further
interaction partners. Probably due to the previously suspected divergent cellular function
of NRBF2 (which is also evident from the origin of its name “nuclear-receptor binding
factor 2”), this finding did not attract increased attention. The here achieved confirmation
of the NRBF2 interaction with the PtdIns3K complex and the strong accumulation after

immunopurification suggested an important function for NRBF2 in the regulation of
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autophagy. For this reason and since no further studies were performed at that time, the
further characterization of NRBF2 became the central project of this thesis.

It is noteworthy that the performed BECN1-interaction partner screening should not be
considered as mere confirmation of Behrends et al., but is considered as an extension to
the already existing data. First, an epithelial and a lymphatic cell line was allowing for
investigation of possible cell type- and line-specific differences. This way, members of the
14-3-3 scaffold and adapter protein family were identified as binding partners of BECN1
exclusively in DG75 cells. The influence of 14-3-3 proteins on the autophagy signaling
pathway by binding of various proteins as a result of phosphorylation has already been
observed several times. Examples of negative effects on autophagy regulation like the
binding and inactivation of TSC2 after phosphorylation by AKT, which results in an
activation of mTORC1 32, or the binding of phosphorylated PIK3C3 and the corresponding

193 3re well documented. Examples for stimulation of

reduction of lipid kinase activity
autophagic processes by 14-3-3 proteins have been shown as a result of binding and
inactivation of raptor after AMPK phosphorylation > or interaction with ULK1 1%,
Interestingly, direct or indirect effects on BECN1 could be shown specifically for 14-3-3
theta, which is one of the two 14-3-3 proteins identified in this thesis. As a result, an
induction of autophagy was described for osteosarcoma and glioma cells, while an
autophagy inhibition was shown in lung cancer cells 197197, This suggests that in DG75 cells
autophagy might also be affected by direct interaction of 14-3-3 protein and BECN1. Since
lymphomas are not subjected to impaired nutrient supply, it would be interesting to
investigate whether and for what reason autophagy should be up- or downregulated in
these cells. Exclusively for HEK293 cells and next to ATG14, an interaction of BECN1 with
TSC1 and TSC2 was observed. The influence of TSC proteins on autophagy through
modulation of mTORC1 activity has already been described (compare 2.1.2.1). However,
direct interaction with BECN1 and thus a protein of the autophagy signaling pathway was
only reported for TSC1 170, Again, it would be interesting to investigate to what extent a
feedback mechanism exists between the PtdIns3K and the mTORC1 complex.

Further differentiations to the work carried out by Behrends et al. were the additional
inclusion of autophagy-inducing conditions and the way of protein enrichment. Due to high
purity of immunopurifications using GFP nanobodies and the utilization of free GFP as a

control, this system is preferable to the use of HA and FLAG antibodies.
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In retrospect, it would have been interesting to extend the performed experiments to
several cancer cell lines for which an increased response to inhibition of autophagy has
already been shown. However, the PtdIns3K complex might not necessarily be the primary
target of dysregulation, which is why the whole autophagy signaling network should have
been investigated. Additionally and with regard to the usage of EBSS as pro-autophagic
stimulus, it has to be considered that this treatment does not reflect any physiological
conditions. The supplementary use of pharmacological inducers of autophagy such as
rapamycin or the novel class of highly selective mTOR inhibitors like Torin2 1 could be
considered in future experiments. Furthermore, it has to be taken into account that the
baits used in this experiment were artificially overexpressed and that endogenous BECN1
was still present in the cell lines used.

For further characterization, a biochemical validation of the BECN1-NRBF2 interaction was
achieved. Various co-immunopurification experiments on either overexpressed or
endogenous protein level were successfully performed.

A comprehensive analysis of a protein’s function and its specific effects is often achieved
by removing the protein to be investigated from the cellular context and a subsequent
investigation of the resulting changes. Methods to reduce cellular protein amounts, such
as siRNA-mediated knockdown, are easy to apply, but the strength of the observable
effects differs significantly from those of cellular knockout models. The establishment of
such a cellular NRBF2 knockout, specific for DT40 cells, was aimed for and was achieved
during this work. In the temporal context of these experiments, the DT40 cell system
represented an attractive alternative to the prevailing knockout methods by ZFNs or
TALENs. The increased rates of targeted to random integration of foreign DNA enable
targeting of almost every gene at a reasonable cost/time ratio. Since DT40 cells are a
chicken B-cell line, a high similarity of signaling pathways to other eukaryotic species can
be assumed and furthermore a direct comparison to the previously used DG75 cell line is
possible. However, the antibody-based detection of proteins is often hampered by larger
differences in protein sequences, which was also the case for NRFB2. These problems can
be minimized by the use of DNA/RNA-based screening methods and reconstitution with
human proteins. From today's perspective, however, this system has lost its eligibility due
to establishment of the simple, fast, reliable and intensely studied CRISPR/Cas9 knockout

system. The groundbreaking possibility of targeted modification of any gene in any
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transfectable cell system has recently led to a major progress in research . In particular,
the possibility of modifying genes and proteins under endogenous expression conditions
by tagging or mutation can be linked as general opportunity for improvement to several of
the experiments performed within this thesis. Therefore, the CRISPR/Cas9 system could be
applied to expand performed analysis to a wide range of cell lines e.g. various cancer cell
lines as suggested before. Nevertheless, the generated NRBF2 DT40 knockout was
genetically validated and, in combination with reconstitution by human NRBF2, was used
for further experiments. A function for NRBF2 as a positive regulator of autophagy was
shown by measurement of LC3 turnover by immunoblot and should be examined in more
detail by further experiments like immunofluorescence microscopy of GFP-WIPI or RFP-
GFP-LC3. In addition, a more precise determination of domains mediating the interaction
with the Ptdins3K complex should be performed by generation of truncated NRBF2
versions and subsequent pulldown experiments. The fact that nearly simultaneously three
independent research groups published comprehensive characterizations of NRBF2 in the
eukaryotic system underlined the relevance of this project. While Zhong and colleagues
identified NRBF2 as a negative regulator of the Ptdins3K complex and thus of autophagy >,
Lu et al. and Cao et al. observed a positive influence on induced autophagy, while basal
autophagy rates were not affected >34 The discrepancy between these observations
shows that a final, unifying theory of the NRBF2 function in autophagy has yet to be
established.

In the context of this work, two yet unexplored aspects were examined more closely:

1) Is NRBF2, besides its function as a regulatory protein during autophagy, also involved in
the long-term transcriptional control of autophagy-related genes?

2) Is the autophagic function of NRBF2 influenced by phosphorylation as a post-

translational modification?

6.2 NRBF2 interacts with the nuclear receptor PPAR alpha and is involved in the

transcriptional control of various genes

As already described in the introduction, an involvement of various transcription factors in
the transcription of autophagy-related genes was shown as a cellular response to

prolonged starvation periods. A particularly outstanding position can be accounted to the
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FXR-PPAR alpha-CREB axis due to the regulation of a large number of core ATG genes.
However, what has never been shown so far is the direct involvement of certain ATGs in
the transcriptional control of other ATGs. Such a function was suspected for NRBF2 and
examined in more detail in the second part of this thesis. The assumption of such a theory
is due to the apparently ambivalent cellular functions of NRBF2. The original identification
of NRBF2 as an interaction partner of nuclear receptors by yeast two-hybrid screening 17>
was followed by the clarification of the regulatory function within the autophagy signaling
network >3°, The later observed extensive transcriptional regulation of core ATGs by PPAR

125 now suggests a connection between these two cellular functions of NRBF2. This

alpha
theory is also supported by further publications, which could show an additional influence
of the nuclear receptors PPAR beta/delta and PPAR gamma on the regulation of autophagic
processes 77178,

Such a direct link between short- and long-term control of autophagic processes would
represent a new dimension of regulatory mechanism. Feedback signals coming directly
from the autophagic flux could enable a more precise temporal control of transcriptional
processes or convey the need for a prolonged upregulation. Specialized feedback signals
adjusted to the occurring stress situations might also be conceivable. PPAR alpha is a
general regulator of fatty acid oxidation and ketogenesis in the liver, which might suggest
an additional link to lipophagy, the specific breakdown of lipid droplets by autophagic
processes. As a further support of this theory, it has to be stated that nuclear functions
could already be demonstrated for other ATGs independently of their role in autophagy.
ULK1 for example is involved in the regulation of necrotic cell death by activation of nuclear
PARP1 2%,

As prerequisites for a transcriptional function of NRBF2, the subcellular localization and the
interaction with members of the PPAR nuclear receptor family had to be investigated. By
various co-immuno- and affinity-purification experiments, an interaction of NRBF2 with
PPAR alpha was confirmed, whereas this was not possible for the interaction with PPAR
gamma. PPAR beta/delta was not examined in more detail due to the lack of suitable
antibodies. It should be noted that the use of C-terminally tagged NRBF2 prevented
interaction with PPAR alpha. Furthermore, immunofluorescence microscopy was able to
detect both a cytosolic and a weaker nuclear localization of NRBF2, which was influenced

by induction of autophagy or pharmacological activation of the individual PPAR family
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members. According to an in silico prediction based on observations by Kosugi and
colleagues %1, NRBF2 itself has a bipartite nuclear localization signal (NLS, amino acid 175
to 204) that occupies most of the coiled coil region (amino acid 168 to 209). However, only
a weak nuclear localization is calculated for this NLS, which supports the results obtained
by immunofluorescence microscopy.

77 or Li and

In further experiments, observations reported by Palomer and colleagues
colleagues 78 about upregulation of BECN1 and LC3-II protein levels after pharmacological
activation of PPARs were examined for their dependence on NRBF2. In the murine hepatic
cell line AML12, which was also used by Lee and colleagues, these described effects could
be confirmed, thereby also confirming the effectiveness of the employed pharmacological
PPAR agonists. In addition, a regulation as a response to PPAR activation was also shown
for ULK1 as another protein relevant for the regulation of autophagy. This experimental
setup was then transferred to NRBF2-deficient MEF cells. By comparison of wild-type and
NRBF2-deficient cells or of nrbf2 KO cells which were either reconstituted or vector-
transfected, an influence of NRBF2 on the observed regulation of protein expression was
indeed observed. The most prominent effects were consistently observed for the PPAR
alpha agonist Wy14643. Already Lee and colleagues used the PPAR alpha agonist Wy14643
for cell culture applications, while the other PPAR agonist GW7647 was used for the
treatment of living mice. However, it must be noted that the observed effects in MEF cells,
especially for BECN1, were considerably weaker compared to AML12 cells. One reason
might be the fact that the used MEF cell lines are not of hepatic or adipose origin where
the PPAR family exerts their main functions. The fact that nevertheless some effects could
be observed in epithelial cells might indicate a conserved regulatory mechanism.

At this point, the potential of the CRISPR/Cas9 technology has to be considered once again.
The establishment of a NRBF2 deficient hepatic cell line could have enabled investigations
in an accurate physiological context. Firstly, it should be noted that increased protein levels
are not necessarily due to transcriptional changes. Stabilization effects due to post-
translational modifications might also be a possible explanation 2°2. Secondly, increased
protein levels of some ATGs are not equivalent to an increased induction of autophagy. This
assumption must always be accompanied by additional measurements of the autophagic

flux. In the context of the here performed experiments, a more precise quantification of
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protein levels for example by ELISA would be helpful for a better evaluation of actual
treatment efficiency.

In summary, a NRBF2-dependency of PPAR-stimulated protein expression of several ATGs
was observed, which supports the theory of a transcriptional function of NRBF2. In the
further course of this thesis, the influence of NRBF2 on the general cellular transcription
was monitored by microarray analysis. Therefore, the NRBF2-knockout MEF cells either
reconstituted or vector-transfected were used. In addition, the influence of starvation was
investigated by EBSS treatment.

The obtained results have to be evaluated with regard to their point of comparison. In order
to estimate the influence of NRBF2-deficiency, the genes differentially regulated between
both cell lines have to be examined under growth and starvation conditions. Only about
1300 genes were differentially regulated and only to a moderate level. To assess the
influence of starvation conditions, the differentially regulated genes of each cell line must
be compared between medium and EBSS treatment. In NRBF2-deficient cells, an elevated
number of almost 3000 genes was identified. Additionally, stronger regulations up to
factor 5 were detected.

The representation as Venn diagram helps to distinguish which subset of regulated genes
might be of particular interest. For comparison of the two cell lines, all differential
expressed genes are caused by NRBF2-deficiency and hence are interesting candidates. The
intersection of 86 candidates marks the gene regulations, which occur regardless of the
culturing conditions and therefore are of “general” importance after NRBF2-defiency.
Nevertheless, the 918 candidate genes identified under medium conditions or the 847
candidate gens for starvation conditions are still interesting candidates, albeit restricted to
external stimulation. By consideration of significance- and fold-change values, only Stat2,
Irf7, 116 and Pex7 remained for this comparison. The first three genes can be directly related
to autophagy due to their roles in "immunological autophagy". This term refers to the
involvement of autophagic processes in innate or adaptive immune responses for
elimination of intracellular bacteria or for processing and presentation of antigens by the
major histocompatibility complex class | and 11 %4105, Various cytokines like interleukin (IL)-
1, IL-2, IL-6, tumor necrosis factor (TNF) alpha and both type | and type Il interferon (IFN)
are autophagy inducers, while IL-4, IL-10 and IL-13 have restrictive functions 203204, |n

addition, a reversed regulatory influence of autophagy on cytokine production can be
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observed. Thus, increased rates of autophagy cause increased production and secretion of
IL-6 by activation of STAT3 29°, while an interruption of normal autophagic flux is associated
with increased secretion of pro-inflammatory cytokines IL-1B and IL-18 296207 |n turn, IRF7
and IRF3 are involved in the production of pro-inflammatory type | interferons after the
activation of Toll-like receptors (TLR) 2 and 42 Type | IFN like IFN a cause signal
transduction via the JAK/STAT pathway 2%, where also STAT2 is located. These identified
regulated genes suggest a putative involvement of NRBF2 in immunological processes.
However, it has to be questioned how suitable the used MEF cell system is for the detection
and further investigation of immunological processes. In the future, these results have to
be confirmed in a more suitable model system like Raw267 cells, a macrophage cell line for
the study of pro-inflammatory cytokines.

On the other hand, no obvious connection to autophagy can be found for Pex7, which was
differentially regulated under both medium and EBSS treatment. As a cargo receptor, PEX7
is responsible for the recognition of proteins which contain peroxisomal targeting signal
(PTS) 2 motifs and their subsequent import into the peroxisome, where B-oxidation of fatty
acids takes place 21°. A connection to autophagy is suggested only by a common subcellular
localization with TSC1, TSC2 and Rheb on peroxisomes. In response to ROS, TSC1 and TSC2
are bound by PEX19 and PEXS5, thereby hampering mTORC1 activity 2'1. With regard to the
cellular functions of peroxisomes, which are key metabolic organelles for fatty acid beta-

oxidation 212

, a close connection to PPAR alpha signaling is obvious. Expression of many
genes involved in peroxisomal beta-oxidation is controlled by PPAR alpha 213, the herein
used Acox1 as positive control for PPAR alpha stimulation is one of them. Furthermore, the
molecular mechanisms of pexophagy, the selective degradation of peroxisomes, constantly
emerges. Displaying a half-life of about 2 days, the formation and degradation of
Peroxisomes suggests a dynamic process 214, Upon impairment of peroxisomal function,
ubiquitination of PEX5 enables interaction with SQSTM1/p62 or NBR1 and subsequent
autophagic degradation 2*>. Additionally, PEX14 is able to directly interact with LC3 %6, So
far, no direct involvement of PEX7 in these processes is known, nevertheless the NRBF2-
dependent differential regulation of a PPAR alpha target gene suggests a functional
connection. This may not exclusively be an autophagic function, also a general, lipid kinase

related function might be possible. This could be further investigated with regard to

pexophagy or in tissue specific context with PPAR alpha function (e.g. in hepatic tissue).
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The microarray data was further analyzed in the context of the influence of growth
conditions. Differential regulation of several ATGs necessary for the induction of autophagy
was identified in NRBF2-expressing cells after starvation, which was abolished by NRBF2
deficiency. For this situation, an increased number of transcription factors like Jun, Nfkb1,
Rarg and Rxra were found among the regulated genes. The latter two even belong to the
class of nuclear receptors, where Rxra is of essential importance for the transcriptional
activity of PPARs as it represents the heteromeric interaction partner of all PPAR family
members 27, It is a hypothetical consideration, whether this regulation of Rxra in NRBF2-
deficient cells represents some kind of feedback or compensation mechanism, since in this

I”

scenario NRBF2 is not available for “normal” PPAR alpha-mediated transcription.

In addition, an in silico performed cluster analysis of the most promising gene-subsets
displayed a frequent occurrence of genes involved in lipid metabolism, which is not
surprising regarding the cellular function of PPAR alpha, but illustrates a possible link to
NRBF2 function.

With regard to the cell lines used for microarray analyses, it must generally be kept in mind
that not all detected differences must be attributed to the absence of NRBF2. It is a
common phenomenon that in response to the lack of a certain protein, cells perform
various types of compensation mechanisms 28, Ideally, conditional knockout systems can
be used, where the protein to be examined is removed from the cellular context
immediately before analysis. Regardless of advantages by the CRISPR/Cas9 technology, the
generation of such systems is still quite elaborate. Instead of performing a microarray
analysis, where identification is based on hybridization reactions with known gene
sequences immobilized on the microarray chip, it would nowadays be possible to perform
RNA-Seq experiments. This method uses new deep-sequencing technologies to enable a
direct sequencing of RNA and is therefore not limited to a certain number of known
genes 212, Since RNA-Seq enables the identification of e.g. regulatory RNAs, which are
commonly not entirely covered by a microarray-chip, this method can be advantageous,
but would have provided only minor improvements during this thesis.

Validation of the genes identified by microarray was done by relative quantification of real-
time quantitative reverse transcription (qRT)-PCR experiments 82, Due to the large number
of genes to be investigated, primer pairs were individually designed and successfully tested

for their amplification efficiencies. Thus, influence of the NRBF2 knockout on the
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expression of the respective genes was further investigated. The obtained results were
consistent with those from the microarray analysis and displayed only mild regulation of
about 20% for most genes. As expected, Stat2 and especially Irf7 were downregulated
strongly by comparison of NRBF2-deficient and NRBF2-expressing cells. The observed
strong downregulation of Ppara in NRBF2-defienct cells in combination with no alterations
of the heteromeric interaction partner Rxra were somehow surprising, especially since
Ppara was not identified by microarray analysis. These findings might indicate a positive
interplay between NRBF2 and PPAR alpha, and in this way, the absence of NRBF2 also
hampers Ppara expression.

Treatment with EBSS as a pro-autophagic stimulus significantly altered expression of all
analyzed genes except for Rxra and Jun. For all ATGs expected upregulations were
confirmed, which was quite strong e.g. for Bnip3 112220, The investigated transcription
factors were either clearly up- (Rarg, Stat2, Foxo3 and Irf7) or clearly downregulated (Nfkb1
and Ppara), which was not expected for the latter ones. Besides the positive influence on
autophagy by increased transcription of some ATGs, also an activation of mTOR and the
subsequent inactivation of autophagy following TNF treatment 22! was shown for the
NF-kB signaling pathway, which might explain the observed repression of Nfkbl
transcription. However, it is not clear why transcription of Ppara was repressed by EBSS
treatment, since PPAR alpha was linked to the transcriptional upregulation of various ATGs
after starvation ?°. If this downregulation represents some kind of feedback mechanism
remains speculative. Furthermore, the clear repression of //6 contradicts the observations
made by Zhang and colleagues, which postulated a positive effect of increased
autophagy 2%°. Upregulation of Irf7 transcription supports the reported beneficial effects of
autophagy on immunological processes. The genes Acox1, Sesn2 and Ctsf were used as
positive controls for PPAR alpha regulated gene expression 2° and all displayed clear
upregulations. However, NRBF2-dependent differences were not observed. The use of the
pro-autophagic stimulus EBSS can be a possible explanation, since NRBF2 might be engaged
in the execution of autophagic pathways and therefore has lower transcriptional activity.
To conclude the investigations on the influence of NRBF2 on transcriptional processes,
gene regulation following pharmacological PPAR-activation was investigated. Here, many
of the examined genes were not affected at all, or the observed effects were rather small

compared to the previously performed EBSS treatment. The most prominent differential
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gene regulation could again be observed after activation of PPAR alpha by Wy14643, but a
general influence of NRBF2 was not obvious. Strikingly, Uvrag was the only ATG to show a
repression after activation of PPAR gamma and beta/delta, but was upregulated after PPAR
alpha activation. Accordingly, some other ATGs (e.g. Bnip3, Tsc1 or Wdr45) were slightly
downregulated by PPAR gamma activation. This might indicate different functional
connections between the PPAR family members and the transcriptional control of
autophagy. As stated under 2.1.5, PPAR gamma is centrally involved in adipocyte
differentiation and its function cannot be compensated by PPAR alpha or beta/delta.
Lately, an involvement of autophagy in adipocyte maintenance was unraveled. Beige
adipocytes, the second form of thermogenic adipose tissue %22, can lose the morphological
and molecular characteristics and acquire characteristics of white adipose tissue. This
transformation is associated with an increase in mitochondrial clearance by autophagy 223
and might counteract the physiological functions of PPAR gamma, which is why the here
observed downregulation of ATGs could function as a supporting mechanism of adipocyte
differentiation. The simultaneous upregulation of Uvrag and other ATGs by PPAR alpha
activation underlines the importance of a specific context for autophagy regulation. If the
observed slight increase in gene expression of these ATGs corresponds to an increased
autophagic activity in PPAR alpha specific tissue (e.g. hepatic cells) should be investigated
and presumably correlates with increased lipid catabolism.

Many of the genes associated with immunological processes of autophagy like Nfkb1, Irf7,
Stat2 and /16 displayed similar repression after activation of PPAR gamma and beta/delta.
The observed negative regulation of immunological relevant genes suggests a general role
for PPAR gamma and beta/delta opposed to PPAR alpha and might illustrate their different
functions for lipid metabolism and adipose tissue differentiation already described in 2.1.5.
Supporting evidence can be drawn from the proposed anti-inflammatory functions
described for PPAR gamma 22, For further investigations of this observed negative
regulation of pro-inflammatory immune signaling, a more suitable cell system than murine
embryonic fibroblasts should be applied.

However, the most interesting finding was a general and opposing regulation pattern for
Ppara and Rxra, which additionally seemed to be NRBF2-dependent. NRBF2-deficient cells
tended to show little change, while cells in which NRBF2 was expressed displayed

repression of Ppara and upregulation of Rxra after stimulation of any PPAR. This repression
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of Ppara was also found in the previous experiments using EBSS as stimulus. Whether this
might be some kind of compensation process after activation of a corresponding PPAR has
to be further investigated. That NRBF2-deficient cells did not display this regulation pattern
for Ppara might be due to the already existing downregulation of Ppara due to NRBF2
deficiency.

However, it must also be noted that the genes Acox1 and Sesn2 used as positive controls
for PPAR alpha stimulation showed only minimal reactions after treatment with Wy14643,
which is in contradiction to the observations made by Lee and colleagues '*°. However,
ineffectiveness of the used PPAR agonists can be excluded due to the successful application

in previous experiments.

To conclude this part of the thesis, it can be stated that NRBF2 has indeed an influence on
transcriptional processes. Autophagy-related genes are not necessarily regulated, but
rather a number of transcription factors and cytokines involved in immunological
autophagy. The fact that the use of the pro-autophagic stimulus EBSS in murine embryonic
fibroblasts did not result in any NRBF2-dependent differences in gene transcription might
indicate a function for NRBF2 only in combination with certain types of stimuli and/or in
special cell type backgrounds. This might be an immunological stimulus, indicated by the
many immunological relevant genes found to be differentially regulated by NRBF2
deficiency. Additionally, it might be worthwhile trying a combined stimulation by EBSS and
PPAR-activation, to investigate if PPAR-dependent gene regulation can be shifted by
starvation conditions to affect more ATGs. A reason, why the applied activation of PPARs
did not result in strong changes of gene expression might be that the investigated genes
were chosen on the basis of the performed microarray analysis using EBSS as stimulus.
Starvation and PPAR activation do not necessarily induce similar transcriptional responses.
A focus on validated PPAR target genes might reveal stronger NRBF2-dependent
transcriptional reactions. In addition, NRBF2 seems to have an influence on its direct
interaction partner PPAR alpha and thus also on RXR alpha, which might suggest a possible
connection to PPAR alpha-mediated processes of lipid metabolism (possibly via lipophagy,
the autophagosomal degradation of lipid droplets). However, how exactly the autophagic
and transcriptional functions of NRFB2 are interconnected needs to be investigated in

future experiments. Is NRBF2 initially involved in autophagosome biogenesis and are the
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transcriptional functions only executed when its function is no longer mandatory during
late stages of the autophagic flux? Alternatively, are both functions performed in parallel,
or does a hierarchy of relevance exist? Can one function be specifically stimulated without
influencing the other? All these questions might be further clarified by identification of
NRBF2-domains required for interaction with PPAR alpha. A sequence motif necessary for
interaction with nuclear receptors has already been identified in NRBF2, but its relevance
has to be characterized in more detail. However, due to the co-immunopurification
experiments performed here, the importance of the C-terminus of NRBF2 is likely. A
participation of further co-factors in mediating the interaction or nuclear localization
cannot be excluded either. Here, further information could be generated by artificially
introducing a strong NLS or even a nuclear export signal (NES) into the NRBF2 sequence. It
might also be of interest to clarify the differences between the individual PPAR family
members with regard to NRBF2-dependent transcription processes. Are these function- or
cell type-dependent? Future experiments should focus on the two remaining PPAR
isoforms gamma and beta/delta. Although no evidence for a direct interaction of NRBF2
and PPAR gamma has been found so far, some transcriptional connections seem to exist.
Especially, regulation of genes related to immunological processes might fit to the cellular
functions of PPAR gamma.

Finally, it can be assumed that more prominent effects for PPAR alpha activation can be
observed in a hepatic cell system. This should also be considered for further investigation
of the identified immunological genes. The CRISPR/Cas9 system can be utilized to

accomplish some of these aspects.

6.3 ULK1 regulates the class Ill Ptdins3K complex via the phosphorylation of NRBF2

In the third and last part of this thesis, aspects of a putative phosphorylation of NRBF2 by
ULK1, the central kinase of the autophagy signaling pathway, and its possible influence on
the class lll PtdIns3K complex and on the general autophagic capacity were investigated.

Although the integration of NRFB2 into the PtdIns3K complex as an additional subunit has
been demonstrated sufficiently, there is still no consensus on the exact regulatory function
of NRBF2. The existence of an additional regulation of NRBF2 function by PTM such as

phosphorylation might help to connect these controversial theories. Since the direct
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regulation of downstream components of the autophagy signaling pathway by ULK1,
possibly due to the relatively low sequence specificity, is a frequently occurring regulation
mechanism and might also apply for NRBF2. Additionally, the recent identification of
autophagy-independent functions of NRBF2 in the previous part of this work indicates the
need for regulatory mechanisms to control these two functions independently and possibly
by phosphorylation. In advance to this work, two large scale kinase screens already
identified two phospho-acceptor sites in NRBF2 (Ser113 and Ser168), without further
clarification of the exact function or the mediating kinase 188-1%, Later on, Ser113 and
additionally Ser120 were attributed to mTORC1 1%,

Further evidence for the existence of a NRBF2 phosphorylation was gathered by an initial
in vitro kinase assay using GST-NBRF2 and crude cellular lysates of HEK293 cells, revealing
a weak phosphorylation signal mediated by one or more kinases. By optimization of the
substrate purification process and by utilization of recombinant ULK1 as kinase, a specific
NRBF2 phosphorylation by ULK1 was demonstrated in vitro. For further confirmation the
ULK1 inhibitor MRT67307 was used, which prevented phosphorylation of NRBF2. It has to
be noted that MRT67307 is not solely ULK1 specific, but possesses highest selectivity for
TBK1 instead ®7. However, since purified ULK1 was used in the experiment, this point does
not need further consideration. Additionally, a possible degradation band could be
observed for the used substrate, which also showed a weak signal in autoradiography. The
phosphorylation status of NRBF2 following in vitro kinase assay was analyzed by mass
spectrometry, identifying phosphorylation of five serine residues. This elevated number of
phospho-acceptor sites may be due to the rather low sequence specificity of ULK1, which
may lead to non-specific phosphorylation events during in vitro experiments. Nevertheless,
a reduction of the phosphorylation signal to background values was achieved in an in vitro
kinase assay after mutation of all five identified phospho-acceptor sites to alanine.

In addition, the identified phosphor-acceptor sites displayed a high degree of conservation
between several eukaryotic species. However, a comparison with the recently identified
NRBF2 orthologue ATG38 in yeast > is not possible due to high sequence differences. With
regard to the reported ULK1 consensus motif, Ser50, Ser56 and Ser277 meet the criteria of
hydrophobic amino acids at the -3, +1 or +2 position. Regarding the crystal structure of the
MIT domain of human NRBF2, strikingly Ser50 and Ser56 are located in the connection of

two alpha-helical structures and thus are easily accessible, whereas Serl15 is located at the
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center of a helical region. Since association with the PtdIns3K complex is mediated via an
interaction of the NRBF2 MIT domain and a coiled coil domain of ATG14, this location of
the two phospho-acceptor sites is particularly interesting with regard to possible structural
changes. Ser101, similar to both mTORC1-dependent phospho-acceptor sites Ser113 and
Ser120, is located centrally in the protein sequence, but this certain section is missing in a
second isoform of NRBF2 (COPR1, also identified in the original yeast two-hybrid screen by
Flores et al.). The fifth identified ULK1-dependent phospho-acceptor site Ser277 is located
at the C-terminal end of NRBF2. According to Ohashi et al. °! and Araki et al. °°, the NRBF2
C-terminus is responsible for the homodimerization of two monomeric forms of NRBF2 and
localization to the PAS. Additionally, this serine may be of interest with regard to the role
of NRBF2 C-terminus for the interaction with PPAR alpha described in this thesis.

For verification of the obtained in vitro kinase assay results in intact cells, a modified version
of the PLA was performed to detect post-translational modifications like phosphorylations
by using an antibody that recognizes phosphorylated serine residues. The comparison of
wild-type and NRBF2-deficient MEF cells after treatment with medium displayed a clear
reduction of PLA signals in NRBF2-deficient cells. However, to exclude possible influences
due to the genetic heterogeneity between these two cell lines, no further experiments
investigating the effect of EBSS-stimulation were performed. Instead, wild-type MEF cells
were depleted for NRBF2 by siRNA knockdown and subsequently used for PLA following
either medium, EBSS or combination treatment of EBSS and the ULK1 inhibitor MRT67307.
Again, a significant reduction of PLA signals was observed in cells with reduced NRBF2
expression. In addition, an increase due to EBSS treatment was blocked by inhibition of
ULK1. Taken together, the performed in vitro kinase assays suggest a ULK1-dependent
phosphorylation of NRBF2 at multiple sites. This hypothesis is supported by PLA
experiments in intact cells. Due to its unconventional use, some aspects have to be
considered about the performed PLA. The siRNA knockdown efficiency and the utilized
antibodies exert a major influence on the obtained results. By using an antibody against
phosphorylated serine residues, also the detection of serine-phosphorylated interaction
partners of NRBF2 is possible in theory. Although this becomes less likely with increasing
distance, it cannot be excluded within the 40 nm limit specified by the manufacturer.
However, there are few alternatives for an in vivo detection of protein phosphorylation

without the use of phospho-specific NRBF2 antibodies. Methods based on selective dye
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labelling or the specific retention of phospho-groups in a gel matrix such as Pro-Q®
Diamond or Phos-tag™ do not offer sufficiently high sensitivity. Enrichment by
immunopurification and subsequent detection by immunoblotting or the recently available
homogeneous time resolved fluorescence (HTRF) or bioluminescence resonance energy
transfer (BRET) methods would again be based on the use of anti-phospho-serine
antibodies. However, by inclusion of several control experiments, it would be possible to
validate the specificity of the performed PLA. Treatment with A-phosphatase could
generally determine whether the detected signals are caused by phosphorylation.
Furthermore, mutation of the five identified phospho-acceptor sites in the NRBF2 gene
using the CRISPR/Cas9 technique could verify whether specific NRBF2 phosphorylation is
detected.

After accomplishing the identification of putative phospho-acceptor sites, these were
analyzed for their cellular function. In addition to the already used pan serine to alanine
mutant (5S-A), a pan serine to aspartate mutant (5S-D) was generated to mimic a
constitutive phosphorylation status. These two NRBF2 variants were stably expressed in
NRBF2-deficient MEF cells and, together with the already reconstituted and vector
transfected cells, they were used for subsequent experiments. A strong expression was
detected for all NRBF2 versions by immunoblot, whereby the 55-A version showed a slight
difference in migration pattern. An increased proteasomal degradation was excluded by
application of the proteasomal inhibitors bortezomib or MG-132 (data not shown).
However, an additional testing of protein stability after inhibition of de novo protein
synthesis by cycloheximide could be performed.

In the further course, the influence of NRBF2 phosphorylation on the composition of the
class lll PtdIns3K complex was investigated by size exclusion chromatography experiments.
Generally, the PtdIins3K complex was detected in a molecular mass range from 670 to
400 kDa for all investigated cell lines. No preference for a monomeric or a dimeric form of
the complex, but rather a continuous transition between both forms was observed, which
is in contrast to observations made by Ohashi and colleagues, who described an
oligomerization status depending on the relative abundance of NRBF2 >1. However, these
observations were made after addition of recombinant NRBF2 to the purified
heterotetrameric complex of PIK3R4, PIK3C3, ATG14 and BECN1 from HEK293T cells, which

might account for differences compared to the in vivo results obtained in this work.
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The core complex of PIK3C3, PIK3R4 and BECN1 was not affected by the phosphorylation
status or deficiency of NRBF2, but significant changes were observed for the additional
complex | or Il components NRBF2, ATG14 or UVRAG, respectively. The majority for each
NRBF2 variant was observed around 180 kDa and thus not incorporated in the Ptdins3K
complex, though small amounts of the wild-type and unphosphorylated NRBF2 were
integrated into the core complex under medium conditions. The existence of a low
molecular mass population also indicates the possibility of further, possibly autophagy-
independent cellular functions of NRBF2, which might be connected to the above described
transcriptional effects of NRBF2. For ATG14, each cell line displayed a somehow different
migration pattern. For the presence of wild-type NRBF2, ATG14 is located exclusively in the
Ptdins3K core complex, whereas the NRBF2 5S-A mutant causes the appearance of a
second ATG14 population below 160 kDa. The NRBF2 55-D mutant causes ATG14 to migrate
exclusively in this new population, while NRFB2 deficiency causes a partial shift of ATG14
to a molecular mass range slightly higher than the core complex. UVRAG was detectable
under 160 kDa for all conditions and, besides for the 55-D mutant, small parts of UVRAG
were always present in the core complex. Without further investigations of autophagic
capacity, it is difficult to assign a certain meaning to these observations. However, it must
be kept in mind that these observations were made on the basis of phosphorylation

III

mimicry, which might not be an equivalent substitute for a “real” phosphorylation. In
general, most proteins are not abundantly present in a phosphorylated or
unphosphorylated state, but more realistically pools of the same protein with varying
modification status exists which ratios are subjected to change upon stimulation.
Therefore, ectopic expression of the NRBF2 phospho-acceptor mutants generates a very
artificial system omitting the significance of hierarchical transition of protein modifications.
Furthermore, in case of the NRBF2 5S-D variant, only one single protein is present in a
phosphorylated state, while all other components of the PtdIns3K complex are likely
unphosphorylated. It cannot be excluded that physiological interactions request a
coordinated phosphorylation status of all components, which is why these experiments
should be repeated under autophagy-inducing conditions. In addition, the introduced

amino acid substitutions can affect the protein structure and thereby the interaction

capacity, which should be further investigated by co-immunopurification experiments.
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Furthermore, increased and non-physiological protein expression levels might also
influence the performed experiments.

For further validation of the obtained results, additional size exclusion chromatography
experiments were performed using ULK1/2 double-deficient MEF cells. Here a NRBF2 and
ATG14 migration pattern similar to wild-type or unphosphorylated NRBF2 could be
observed, supporting the previous experiments.

To assess the general autophagic capacity, the turnover of LC3-1l and SQSTM1 and the LC3-
dot formation were investigated by immunoblot and immunofluorescence microscopy.
Regardless of the NRBF2 phosphorylation status, no strong effect on the autophagic flux
was detected. However, Lu and colleagues already highlighted that NRBF2 does not play an
essential role in basal autophagy, but rather modulates PIK3C3 activity in response to
various stimuli °*. This assumption is supported by the results of NRBF2-deficient cells,
which displayed an autophagic flux comparable to wild-type cells.

As an experimental validation of this assumption, the PIK3C3 activity was monitored in
relation to the phosphorylation status of NRBF2. First, an in vitro assay was performed
where the PIK3C3 activity of the PtdIns3K complex co-immunopurified via ATG14 is
measured by detection of the in vitro generated Ptdins(3)P amount. This method was
successfully tested in wild-type MEF cells and transferred to MEF cells expressing mutant
NRBF2 versions. A slight increase in PIK3C3 activity was observed for wild-type NRBF2 and
a clearly stronger increase for the 55-D mutant, while the 55-A mutant and NRBF2-deficient
cells displayed a slight reduction in PIK3C3 activity. In retrospect, however, the results of
this assay have to be evaluated critically. The exclusion of ATG14 and NRBF2 5S-D from the
PtdIns3K complex observed by size exclusion chromatography questions the applicability
of immunopurifications via ATG14. The fact that despite a possibly hampered co-
immunopurification of the PtdIns3K complex still an increase in PIK3C3 activity was
measured for the 55-D mutant might indicate a strong influence of NRBF2 phosphorylation
on the Ptdins3K complex. Nevertheless, this experiment has to be repeated for
immunopurifications of another Ptdins3K complex component. The additional use of
radioactively labeled ATP could replace fluctuating immunoblot detections.

As completion of the third part of this thesis and for the validation of PIK3C3 activity, the
accumulation of the PtdIns(3)P-binding protein WIPI2 was investigated in vivo using

immunofluorescence microscopy. The results obtained mainly coincide with the previously
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performed in vitro assay. No increase in WIPI2 accumulation after EBSS treatment and thus
an unchanged PIK3C3 activity could be determined for NRBF2-deficient cells, which again
is in line with Lu et al. However, the presence of any NRBF2-version caused an increase in
WIPI2 dots after stimulation. In contrast to the in vitro assay, the 55-A mutant displayed a
comparatively weak induction of PIK3C3 activity, while the 55-D mutant again showed the
most pronounced increase in PIK3C3 activity. Fluorescence microscopic analysis of other
PtdIns(3)P-binding proteins such as DFCP1 or GFP-2xFYVE should be performed for a

possible verification of these results.

In summary, the ULK1-dependent phosphorylation of NRBF2 on multiple sites was detected
in vitro and could be confirmed by PLA in intact cells. After mutation of these residues, an
influence on the PtdIins3K complex assembly was determined. Under medium conditions,
phosphorylated NRBF2 excludes itself, ATG14, and UVRAG from the PtdIns3K core complex.
This did not result in interference of the general autophagic flux, but a significant increase
in specific PIK3C3 activity in the presence of the NRBF2 55-D mutant was detected.

This observation might be explainable as follows: The ULK1-dependent phosphorylation of
NRBF2 causes a sensitization of the PtdIns3K-complex | for activation by nutrient
deprivation, which manifests in an increased PIK3C3 activity after pro-autophagic
stimulation. At lower ULK1 activity under basal conditions, mimicry of the NRBF2
phosphorylation seems to interfere with the complex assembly and thus hampers the basal
activity of PtdIns3K complex I. It is possible that the order of ULK1-dependent
phosphorylation events of the complex components BECN1, ATG14, PIK3C3 and NRBF2 are
of importance for the activation or the activity of Ptdins3K complex I. This chronological
hierarchy is artificially disturbed by the integration of phosphorylated NRBF2 without
accompanying phosphorylation of the other complex components.

Nevertheless, some similar aspects between results obtained during this thesis and
observations reported by Araki and Ma and colleagues are obvious. Araki et al. observed
that in yeast one ATG38 dimer interacts via the N-terminal MIT domain with the ATG14-
ATG6 and via an unknown domain separately with the VPS34-VPS15 sub complexes,
thereby assembling them into a functional Ptdins3K complex | *°. This illustrates the general
possibility to disintegrate the Ptdins3K complex | into sub complexes. This might also

account for the observed exclusion of ATG14 from the PtdIns3K complex | in presence of
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the phosphorylation mimicking NRBF2 5S-D variant. However, this dos not explain, why
BECN1 remains part of the Ptdins3K complex. In addition to this, Ma et al. postulated, that
MTORC1-mediated phosphorylation of NRBF2 at Ser113 and Ser120 shifts NRBF2 binding
preferences from the autophagy inducing BECN1-ATG14 sub complex to the non-
autophagy inducing PIK3C3-PIK3R4 sub complex 8. To what extent this theory of mTORC1-
dependent NRBF2 phosphorylation and subsequent inhibition of PtdIns3K complex activity
is compatible with the here identified positive regulatory effect of ULK1-mediated NRBF2
phosphorylation remains to be clarified. It seems somehow contradictory that
phosphorylation events at positions 113 and 120 inhibit PIK3C3 activity '8, while Ser101 in
a spatial proximity is supposed to have opposed effects. The identified ULK1-dependent
phosphorylation may only occur after the mTORC1-dependent phosphorylation has been
removed, which merely accompanies the fact that ULK1 is inactive unless mTORC1 is
suppressed. This theory might also be confirmed by repetition of the size exclusion
chromatography experiments for autophagy-inducing conditions. Additionally, co-
immunopurification experiments using the mutated NRBF2 variants should be performed
to examine the potentially affected interaction capacity of the NRBF2 5S-D version.
Therefore, both mutated NRBF2 versions (55-A and 55-D) harboring different epitope tags
to facilitate immunopurification could be expressed in the same cell line. After subsequent
immunopurifications, the specific interaction capacities could be assessed.

In addition, a further narrowing of the identified phospho-acceptor sites to their respective
relevance and function, would minimize structural changes due to unnecessary mutations.
In this context, it would be interesting to investigate whether Ser50 and Ser56 due to their
higher correspondence to the ULK1 consensus sequence and their structural position at the
C-terminal end of the MIT domain, may be primarily responsible for the observed effects

on ATG14.
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6.4 Conclusions and future perspectives

The initially stated goal of creating new approaches for a targeted therapeutic modulation
of induced autophagy by identification of previously unknown interaction partners or areas
in the autophagy signaling pathway was only partially achieved. Indeed, an influence of the
NRBF2-ATG14 interaction depending on the phosphorylation status and thus the
autophagic activity can be suspected. After further characterization, especially the
interaction interfaces of NRBF2 and ATG14 can still prove to be potential therapeutic
targets. In particular, the possibility of inhibiting this interaction should be further
investigated. Depending on the effects such an inhibition may have on the additional
transcriptional function of NRBF2, synergistic or antagonistic effects can be of
consequence. Further investigations regarding the transcriptional effects of NRBF2 in a
tissue-specific context or if applicable in samples from patients could open up new
possibilities for clinical treatment. At present, tumor treatment by anti-cancer drugs in
combination with inhibitors of autophagy is a promising option, while targeted modulation
of specific transcriptional processes is difficult to achieve. Anyhow, the possibility of a
broader and easier application of gene therapy in the near future, thanks to the rapid
progress of the CRISPR/Cas9 system, should not be ignored. Accordingly and after
validation of the observed transcriptional effects in a suitable cellular context, future
studies will have to reveal whether the autophagy-regulatory or the transcription-

regulatory function of NRBF2 can provide a clinically relevant target.
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8.1 Complete list of P values for all calculated significant differences

Figure 5.4 C: Immunoblot analysis of LC3-Il turnover of wild-type, NRBF2+/-, NRBF2-/- or
NRBF2-/- DT40 cells transfected with empty vector or cDNA encoding for human NRBF2.
Values calculated by one-way ANOVA (corrected by Tukey’s multiple comparisons test), *P

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

Sample Adjusted P Value
WT Med vs. WT Med+BafA; *** 00,0006
WT Med vs. WT EBSS ** 0,0012
WT Med vs. WT EBSS+BafA; *¥*** <0,0001
WT Med vs. NRBF2+/- EBSS+BafA; *¥*%* <0,0001
WT Med vs. NRBF2-/- EBSS+BafA1 ** 0,0084
WT Med vs. hNRBF2 Med+BafA; *** 0,0005
WT Med vs. hNRBF2 EBSS+BafA; *¥*** <0,0001
WT Med vs. vector EBSS+BafA; ** 0,0013
WT Med+BafAivs. WT EBSS+BafA; ***k* <0,0001
WT Med+BafAivs. NRBF2+/- Med *** 0,0006
WT Med+BafAivs. NRBF2+/- EBSS+BafA: * 0,0427
WT Med+BafAivs. NRBF2-/- Med *** 0,0006
WT Med+BafAivs. NRBF2-/- EBSS * 0,0337
WT Med+BafAivs. hNRBF2 Med *** 0,0006
WT Med+BafAivs. hNRBF2 EBSS+BafA; ** 0,0023
WT Med+BafAzvs. vector Med *** 00,0006
WT Med+BafAjvs. vector Med+BafA; * 0,0289
WT EBSS vs. WT EBSS+BafA; *¥*** <0,0001
WT EBSS vs. NRBF2+/- Med ** 0,0012
WT EBSS vs. NRBF2+/- EBSS+BafA; * 0,023
WT EBSS vs. NRBF2-/- Med ** 0,0012
WT EBSS vs. hNRBF2 Med ** 0,0012
WT EBSS vs. hNRBF2 EBSS+BafA; ** 0,0011
WT EBSS vs. vector Med ** 0,0012
WT EBSS+BafAivs. NRBF2+/- Med *¥*%* <0,0001
WT EBSS+BafAivs. NRBF2+/- Med+BafA: *¥*** <0,0001
WT EBSS+BafAivs. NRBF2+/- EBSS *kkkk <0,0001
WT EBSS+BafA1vs. NRBF2-/- Med *kkk*k <0,0001
WT EBSS+BafAi1vs. NRBF2-/- Med+BafA; *¥*** <0,0001
WT EBSS+BafAivs. NRBF2-/- EBSS *kkk* <0,0001
WT EBSS+BafAi1vs. NRBF2-/- EBSS+BafA; *kkkk <0,0001
WT EBSS+BafA1vs. hNRBF2 Med *¥*** <0,0001
WT EBSS+BafAi1vs. hANRBF2 Med+BafA; *¥*** <0,0001
WT EBSS+BafAjvs. hANRBF2 EBSS *¥*** <0,0001
WT EBSS+BafAjvs. vector Med *¥*** <0,0001
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WT EBSS+BafA1vs. vector Med+BafA;
WT EBSS+BafA1vs. vector EBSS

WT EBSS+BafA1vs. vector EBSS+BafA;1
NRBF2+/- Med vs. NRBF2+/- EBSS+BafA;
NRBF2+/- Med vs. NRBF2-/- EBSS+BafA;
NRBF2+/- Med vs. ANRBF2 Med+BafA;
NRBF2+/- Med vs. ANRBF2 EBSS+BafA;
NRBF2+/- Med vs. vector EBSS+BafA;

NRBF2+/- Med+BafAivs. NRBF2+/- EBSS+BafA:

NRBF2+/- Med+BafAivs. hNRBF2 EBSS+BafA;
NRBF2+/- EBSS vs. NRBF2+/- EBSS+BafA;
NRBF2+/- EBSS vs. hNRBF2 EBSS+BafA;
NRBF2+/- EBSS+BafA1vs. NRBF2-/- Med
NRBF2+/- EBSS+BafAivs. NRBF2-/- Med+BafA;
NRBF2+/- EBSS+BafA1vs. NRBF2-/- EBSS
NRBF2+/- EBSS+BafAivs. NRBF2-/- EBSS+BafA;
NRBF2+/- EBSS+BafA;vs. hNRBF2 Med
NRBF2+/- EBSS+BafA1vs. hNRBF2 Med+BafA;
NRBF2+/- EBSS+BafA1vs. hNRBF2 EBSS
NRBF2+/- EBSS+BafAvs. vector Med
NRBF2+/- EBSS+BafAyvs. vector Med+BafA;
NRBF2+/- EBSS+BafAyvs. vector EBSS
NRBF2+/- EBSS+BafAvs. vector EBSS+BafA;
NRBF2-/- Med vs. NRBF2-/- EBSS+BafA;
NRBF2-/- Med vs. hNRBF2 Med+BafA;
NRBF2-/- Med vs. hNRBF2 EBSS+BafA;
NRBF2-/- Med vs. vector EBSS+BafA;
NRBF2-/- Med+BafAivs. hANRBF2 EBSS+BafA:
NRBF2-/- EBSS vs. hNRBF2 Med+BafA;
NRBF2-/- EBSS vs. hNRBF2 EBSS+BafA;
NRBF2-/- EBSS+BafAivs. ANRBF2 Med
NRBF2-/- EBSS+BafAivs. ANRBF2 EBSS+BafA;
NRBF2-/- EBSS+BafAyvs. vector Med

hNRBF2 Med vs. hNRBF2 Med+BafA:
hNRBF2 Med vs. hNRBF2 EBSS+BafA;
hNRBF2 Med vs. vector EBSS+BafA;

hNRBF2 Med+BafAivs. hNRBF2 EBSS+BafA;
hNRBF2 Med+BafA1vs. vector Med

hNRBF2 Med+BafAivs. vector Med+BafA;
hNRBF2 EBSS vs. hNRBF2 EBSS+BafA;
hNRBF2 EBSS+BafAivs. vector Med

hNRBF2 EBSS+BafAivs. vector Med+BafA;
hNRBF2 EBSS+BafAivs. vector EBSS

hNRBF2 EBSS+BafAivs. vector EBSS+BafA1
vector Med vs. vector EBSS+BafA;

137

%k %k %k k

%k %k %k k

%k %k %k k

%k %k %k k

%k %

* %k

%k %k %k k

%k %

%k %k %k

%k %k %k k

% %k %k %k

% %k %k %k

% %k %k %k

% %k %k %k

% %k %k %k

* %

% %k %k %k

% %k %k

% %k %k %k

% %k %k %k

% %k %k %k

k%

* %k

%k %k %k %k

%k %

%k %k %k k

%k %k %k k

%k %

* %k

%k %

* %k

%k %k %k k

%k %

%k %

* %k

% %k %k %k

% %k %k %k

% %k %k %k

% %k %k %k

%k %

k%

<0,0001
<0,0001
<0,0001
<0,0001
0,0084
0,0005
<0,0001
0,0013
<0,0001
<0,0001
<0,0001
<0,0001
<0,0001
<0,0001
<0,0001
0,0034
<0,0001
0,05
0,0002
<0,0001
<0,0001
<0,0001
0,0215
0,0084
0,0005
<0,0001
0,0013
<0,0001
0,0285
<0,0001
0,0084
0,0001
0,0084
0,0005
<0,0001
0,0013
0,0028
0,0005
0,0245
<0,0001
<0,0001
<0,0001
<0,0001
0,0011
0,0013



Addendum

Figure 5.7 B: Immunoblot analysis of AM12 cells. Values calculated by one-way ANOVA

(corrected by Tukey’s multiple comparisons test), *P < 0.05.

Sample \ Adjusted P Value
ULK1 Med vs. ULK1 200 pM Wy14643 * 0,0491
LC3-1l Med vs. LC3-1I EBSS *0,0421

Figure 5.7 D: Immunoblot analysis of nrbf2 KO MEF cells transfected with empty vector or
cDNA encoding for human NRBF2. Values calculated by one-way ANOVA (corrected by

Tukey’s multiple comparisons test), *P < 0.05, **P < 0.01.

Sample Adjusted P Value
ULK1 EBSS vs. ULK1 GW501516 * 0,0459
ULK1 EBSS vs. ULK1 GW7647 * 0,0183
ULK1 EBSS vs. ULK1 Wy14643 * 0,0201
LC3-Il EBSS vs. LC3-11 EBSS * 0,0111
LC3-1l EBSS vs. LC3-1l Telmisartan ** 0,0094
LC3-Il EBSS vs. LC3-11 GW501516 ** 0,0073
LC3-1l EBSS vs. LC3-1l GW7647 ** 0,0054
LC3-IlI EBSS vs. LC3-11 Wy14643 ** 0,0028

Figure 5.14 A: PLA of wild-type and nrbf2 KO MEF cells. Values calculated by Student t test

(2-tailed, 2-sample assuming unequal variances), *P < 0.05.

Sample \ P Value
MEF WT vs. MEF nrbf2KO |  * 0,0139

Figure 5.14 B: PLA of wild-type MEF cells transfected with non-targeting control siRNA or
Nrbf2 siRNA. Values calculated by Student t test (2-tailed, 2-sample assuming equal
variances), *P < 0.05, **P < 0.01.

Sample | P Value

control siRNA Med vs. Nrbf2 siRNA Med ** 0,0011
control siRNA EBSS vs. Nrbf2 siRNA EBSS * 0,0152
control siRNA EBSS+MRT67307 vs. Nrbf2 siRNA EBSS+MRT67307 * 0,0266
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Figure 5.18 C: Immunoblot analysis of LC3-Il and SQSTM/p62 turnover of nrbf2 KO MEF
cells transfected with empty vector or cDNA encoding for NRBF2-variants. Values
calculated by one-way ANOVA (corrected by Tukey’s multiple comparisons test), *P < 0.05,
**p<0.01, ***P<0.001, ****P < 0.0001.

LC3-II

Sample Adjusted P Value
vector Med vs. vector EBSS+BafA; * 0,0233
vector Med vs. NRBF2 WT EBSS+BafA; ** 0,0032
vector Med vs. NRBF2 55-A EBSS+BafA; *¥*Ek*k <0,0001
vector Med vs. NRBF2 5S-D EBSS+BafA; ** 00,0045
vector Med+BafA; vs. NRBF2 WT EBSS+BafA; * 0,0257
vector Med+BafA1 vs. NRBF2 5S-A EBSS+BafA1 *¥*¥* 0,0003
vector Med+BafA; vs. +BafA;NRBF2 5S5-D EBSS+BafA; * 0,0349
vector EBSS vs. vector EBSS+BafA; ** 0,008
vector EBSS vs. NRBF2 WT EBSS+BafA1 ** 0,001
vector EBSS vs. NRBF2 5S-A EBSS+BafA; *¥¥** <0,0001
vector EBSS vs. NRBF2 5S-D EBSS+BafA; ** 0,0014
vector EBSS+BafA; vs. NRBF2 WT Med ** 00,0036
vector EBSS+BafA; vs. NRBF2 WT EBSS * 0,0128
vector EBSS+BafA; vs. NRBF2 55-A Med * 0,0115
vector EBSS+BafA; vs. NRBF2 55-A EBSS * 0,0246
vector EBSS+BafA; vs. NRBF2 55-D Med * 0,0121
vector EBSS+BafA; vs. NRBF2 55-D EBSS * 0,0183
NRBF2 WT Med vs. NRBF2 WT EBSS+BafA; *** 0,0004
NRBF2 WT Med vs. NRBF2 55-A EBSS+BafA; *¥xxx <0,0001
NRBF2 WT Med vs. NRBF2 5S-D EBSS+BafA; *¥** 0,0006
NRBF2 WT Med+BafA; vs. NRBF2 WT EBSS+BafA1 ** 0,0091
NRBF2 WT Med+BafA1 vs. NRBF2 55-A EBSS+BafA1 *¥xxx <0,0001
NRBF2 WT Med+BafA; vs. NRBF2 55-D EBSS+BafA; * 0,0126
NRBF2 WT EBSS vs. NRBF2 WT EBSS+BafA; ** 0,0017
NRBF2 WT EBSS vs. NRBF2 55-A EBSS+BafA; *¥xx* <0,0001
NRBF2 WT EBSS vs. NRBF2 55-D EBSS+BafA1 ** 0,0024
NRBF2 WT EBSS+BafA; vs. NRBF2 55-A Med ** 0,0015
NRBF2 WT EBSS+BafA; vs. NRBF2 5S-A EBSS ** 0,0034
NRBF2 WT EBSS+BafA; vs. NRBF2 55-D Med ** 0,0016
NRBF2 WT EBSS+BafA; vs. NRBF2 55-D EBSS ** 0,0025
NRBF2 5S5-A Med vs. NRBF2 5S-A EBSS+BafA: *¥*x* <0,0001
NRBF2 55-A Med vs. NRBF2 5S5-D EBSS+BafA; ** 0,0021
NRBF2 5S-A Med+BafA; vs. NRBF2 5S5-A EBSS+BafA; ** 0,0015
NRBF2 5S-A EBSS vs. NRBF2 5S5-A EBSS+BafA; *¥*x* <0,0001
NRBF2 5S-A EBSS vs. NRBF2 5S-D EBSS+BafA; ** 0,0048
NRBF2 5S-A EBSS+BafA; vs. NRBF2 55-D Med *¥*** <0,0001
NRBF2 5S-A EBSS+BafA; vs. NRBF2 5S-D Med+BafA; ** 0,0086
NRBF2 5S-A EBSS+BafA; vs. NRBF2 5S-D EBSS *¥*** <0,0001
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NRBF2 5S-D Med vs. NRBF2 5S-D EBSS+BafA; ** 0,0022
NRBF2 5S-D EBSS vs. NRBF2 5S-D EBSS+BafA; ** 0,0035
SQSTM/p62

Sample Adjusted P Value
vector Med vs. NRBF2 5S-A EBSS+BafA; * 0,0189
vector Med+BafA; vs. NRBF2 5S-A EBSS+BafA; ** 0,0028
vector EBSS vs. NRBF2 55-A EBSS+BafA; *¥** 0,0005
vector EBSS+BafA; vs. NRBF2 WT Med * 0,0385
vector EBSS+BafA; vs. NRBF2 WT EBSS ** 0,0087
NRBF2 WT Med vs. NRBF2 55-A EBSS+BafA; **%* 0,0003
NRBF2 WT Med+BafA1 vs. NRBF2 55-A EBSS+BafA1 ** 0,0014
NRBF2 WT EBSS vs. NRBF2 55-A EBSS+BafA; *¥xx* <0,0001
NRBF2 WT EBSS+BafA; vs. NRBF2 5S-A EBSS+BafA; * 0,0132
NRBF2 5S-A Med vs. NRBF2 5S5-A EBSS+BafA; * 0,0132
NRBF2 5S-A EBSS vs. NRBF2 55-A EBSS+BafA; ** 0,0019
NRBF2 5S5-A EBSS+BafA; vs. NRBF2 55-D Med * 0,0221
NRBF2 5S-A EBSS+BafA1 vs. NRBF2 55-D Med+BafA; * 0,0109
NRBF2 5S5-A EBSS+BafA1 vs. NRBF2 55-D EBSS *¥** 00,0007
NRBF2 5S5-A EBSS+BafA1 vs. NRBF2 55-D EBSS+BafA; * 0,0366

Figure 5.19 B: Immunofluorescence of LC3 of nrbf2 KO MEF cells transfected with empty
vector or cDNA encoding for NRBF2-variants. Values calculated by one-way ANOVA

(corrected by Tukey’s multiple comparisons test), *P <0.05, **P<0.01, ***P <0.001, ****p

< 0.0001.

Sample Adjusted P Value
vector Med vs. vector EBSS+BafA; *¥xx* <0,0001
vector Med vs. NRBF2 WT Med+BafA; * 0,0218
vector Med vs. NRBF2 WT EBSS+BafA; *¥xx* <0,0001
vector Med vs. NRBF2 55-A Med+BafA1 *¥** 0,001
vector Med vs. NRBF2 5S-A EBSS+BafA; *¥*** <0,0001
vector Med vs. NRBF2 5S-D EBSS+BafA; *¥*** <0,0001
vector Med+BafA; vs. vector EBSS+BafA; *¥*** <0,0001
vector Med+BafA; vs. NRBF2 WT EBSS+BafA; *¥*** <0,0001
vector Med+BafA; vs. NRBF2 5S-A EBSS+BafA; *¥*** <0,0001
vector Med+BafA; vs. NRBF2 5S-D EBSS+BafA; *¥*** <0,0001
vector EBSS vs. vector EBSS+BafA; *¥*** <0,0001
vector EBSS vs. NRBF2 WT EBSS+BafA1 *¥*** <0,0001
vector EBSS vs. NRBF2 55-A EBSS+BafA; *¥*** <0,0001
vector EBSS vs. NRBF2 5S-D EBSS+BafA; *¥*x* <0,0001
vector EBSS+BafA; vs. NRBF2 WT Med *¥*** <0,0001
vector EBSS+BafA; vs. NRBF2 WT Med+BafA; *¥*** <0,0001
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vector EBSS+BafA; vs. NRBF2 WT EBSS *¥*** <0,0001
vector EBSS+BafA; vs. NRBF2 5S-A Med *¥*** <0,0001
vector EBSS+BafA; vs. NRBF2 55-A Med+BafA: ** 0,0081

vector EBSS+BafA; vs. NRBF2 5S5-A EBSS *¥*** <0,0001
vector EBSS+BafA; vs. NRBF2 55-D Med *¥*** <0,0001
vector EBSS+BafA; vs. NRBF2 55-D Med+BafA; *¥*** <0,0001
vector EBSS+BafA; vs. NRBF2 5S-D EBSS *¥*** <0,0001
NRBF2 WT Med vs. NRBF2WT EBSS+BafA; *¥*** <0,0001
NRBF2 WT Med vs. NRBF2 5S5-A EBSS+BafA; *¥*** <0,0001
NRBF2 WT Med vs. NRBF2 5S-D EBSS+BafA; *¥*** <0,0001
NRBF2 WT Med+BafA1 vs. NRBF2 WT EBSS+BafA1 *¥xx* <0,0001
NRBF2 WT Med+BafA1 vs. NRBF2 55-A EBSS+BafA1 ** 0,0015

NRBF2 WT Med+BafA; vs. NRBF2 55-D EBSS+BafA; *¥** 00,0007

NRBF2 WT EBSS vs. NRBF2 WT EBSS+BafA; *¥xx* <0,0001
NRBF2 WT EBSS vs. NRBF2 55-A EBSS+BafA; *¥** 00,0002

NRBF2 WT EBSS vs. NRBF2 55-D EBSS+BafAz *¥xx* <0,0001
NRBF2 WT EBSS+BafA; vs. NRBF2 55-A Med *¥xx* <0,0001
NRBF2 WT EBSS+BafA; vs. NRBF2 55-A Med+BafA; *¥xx* <0,0001
NRBF2 WT EBSS+BafA; vs. NRBF2 5S-A EBSS *¥xxx <0,0001
NRBF2 WT EBSS+BafA; vs. NRBF2 55-D Med *¥xx* <0,0001
NRBF2 WT EBSS+BafA; vs. NRBF2 55-D Med+BafA1 *¥xx* <0,0001
NRBF2 WT EBSS+BafA; vs. NRBF2 5S-D EBSS *¥xx* <0,0001
NRBF2 5S-A Med vs. NRBF2 55-A Med+BafA; * 0,0133

NRBF2 5S-A Med vs. NRBF2 5S5-A EBSS+BafA; *¥xx* <0,0001
NRBF2 55-A Med vs. NRBF2 5S5-D EBSS+BafA; *¥*x* <0,0001
NRBF2 5S-A Med+BafA; vs. NRBF2 55-D Med ** 0,0048

NRBF2 5S-A Med+BafA; vs. NRBF2 55-D EBSS+BafA1 * 0,0357

NRBF2 5S-A EBSS vs. NRBF2 5S-A EBSS+BafA; *¥*x* <0,0001
NRBF2 5S-A EBSS vs. NRBF2 5S-D EBSS+BafA; *¥*x* <0,0001
NRBF2 5S-A EBSS+BafA; vs. NRBF2 55-D Med *¥*** <0,0001
NRBF2 5S-A EBSS+BafA; vs. NRBF2 55-D Med+BafA; *** 10,0002

NRBF2 5S-A EBSS+BafA; vs. NRBF2 5S-D EBSS *¥*** <0,0001
NRBF2 55-D Med vs. NRBF2 5S-D EBSS+BafA; *¥*x* <0,0001
NRBF2 55-D Med+BafA; vs. NRBF2 55-D EBSS+BafA; *¥*x* <0,0001
NRBF2 5S-D EBSS vs. NRBF2 5S-D EBSS+BafA; *¥*x* <0,0001

Figure 5.21 B: Immunofluorescence of WIPI2 of nrbf2 KO MEF cells transfected with empty
vector or cDNA encoding for NRBF2-variants. Values calculated by one-way ANOVA

(corrected by Tukey’s multiple comparisons test), *P < 0.05, **P < 0.01, ****P < 0.0001.

Sample Adjusted P Value
vector Med vs. NRBF2 WT EBSS * 0,0324
vector Med vs. NRBF2 5S-A EBSS * 0,0436
vector Med vs. NRBF2 5S-D EBSS *¥*** <0,0001
vector EBSS vs. NRBF2 WT EBSS * 0,0218
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vector EBSS vs. NRBF2 5S-A EBSS * 0,0285
vector EBSS vs. NRBF2 5S-D EBSS *Ekx* <0,0001
NRBF2 WT Med vs. NRBF2 WT EBSS * 0,0309
NRBF2 WT Med vs. NRBF2 5S-A EBSS * 0,0414
NRBF2 WT Med vs. NRBF2 5S-D EBSS *Ex* <0,0001
NRBF2 WT EBSS vs. NRBF2 5S-A Med * 0,0223
NRBF2 WT EBSS vs. NRBF2 55-D Med * 0,0213
NRBF2 WT EBSS vs. NRBF2 55-D EBSS * 0,0108
NRBF2 5S-A Med vs. NRBF2 5S-A EBSS * 0,0282
NRBF2 5S-A Med vs. NRBF2 5S-D EBSS *Ex* <0,0001
NRBF2 5S-A EBSS vs. NRBF2 5S-D Med *0,0268
NRBF2 5S-A EBSS vs. NRBF2 5S-D EBSS **0,0013
NRBF2 55-D Med vs. NRBF2 5S-D EBSS **kE* <0,0001

8.2 Publications
Parts of this thesis are included in the following manuscript
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