
 

 

Identification of 

DNA damage-induced autophagic cargo 

by mass-spectrometry based proteomics  

 

 

 

 

Dissertation 

zur Erlangung des Grades 

Doktor der Naturwissenschaften 

 

am Fachbereich Biologie 

der Johannes Gutenberg-Universität Mainz 

 

 

 

vorgelegt von  

Thomas Johannes Juretschke 

geboren am 11.05.1990 

in Frankfurt am Main, Deutschland 

 

 

Mainz, Oktober 2021 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:  

1. Gutachterin:  

2. Gutachter:  

Tag der mündlichen Prüfung: 03.12.21 



 

 

Preface 

 

  



 

 

 



Table of content 

I 

 

1 TABLE OF CONTENT 

 

1 Table of content ............................................................................................................................................... I 

2 List of publications ......................................................................................................................................... III 

3 Summary ........................................................................................................................................................ IV 

4 Zusammenfassung .......................................................................................................................................... V 

5 Introduction .................................................................................................................................................... 1 

5.1 Proteostasis ........................................................................................................................................... 1 

5.2 Autophagy ............................................................................................................................................. 2 

5.2.1 Autophagy initiation signaling ........................................................................................................... 5 

5.2.2 Autophagosome formation and the autophagic machinery ............................................................. 6 

5.3 Genome stability and the DNA damage response ................................................................................. 8 

5.3.1 DNA repair mechanisms .................................................................................................................... 9 

5.3.2 DNA double strand break repair ..................................................................................................... 10 

5.3.3 DNA TOPI and TOPII poisons ........................................................................................................... 12 

5.4 DNA damage-induced autophagy ........................................................................................................ 13 

5.4.1 DNA damage to autophagy signaling .............................................................................................. 14 

5.4.2 Transcriptional regulation of DNA damage-induced autophagy ..................................................... 17 

5.4.3 DNA damage-induced autophagic cargo ......................................................................................... 18 

5.4.4 Methods to validate autophagic cargo ........................................................................................... 21 

5.5 Quantification methods in MS-based proteomics ............................................................................... 22 

5.6 Aim of this study .................................................................................................................................. 25 

6 Results ........................................................................................................................................................... 26 

6.1 DNA damage induces autophagy......................................................................................................... 26 

6.2 The DDR kinases in autophagy ............................................................................................................ 29 

6.3 Autophagosomal content profiling ...................................................................................................... 32 

6.4 Computational analysis of the APEX2-FLAG-LC3B dataset .................................................................. 35 

6.5 Validation of autophagosomal target proteins ................................................................................... 39 

7 Discussion ...................................................................................................................................................... 42 

7.1 DNA damage induces autophagy......................................................................................................... 42 

7.2 Signaling events in DNA damage-induced autophagy ......................................................................... 43 

7.3 Investigating the role of the DDR kinases in DNA damage-induced autophagy .................................. 44 

7.4 Characterization of the autophagosomal content after DNA damage ................................................ 45 

7.5 Validation of potential cargo proteins of DNA damage-induced autophagy ...................................... 46 

7.6 Concluding remarks ............................................................................................................................. 48 

8 Material and methods ................................................................................................................................... 50 



Table of content 

II 

 

8.1 List of consumables, machines and software ...................................................................................... 50 

8.2 Cell culture ........................................................................................................................................... 54 

8.2.1 Cultivation of cells ........................................................................................................................... 54 

8.2.2 Transfection of cells ........................................................................................................................ 54 

8.2.3 Generation of U2OS cells stably expressing APEX2-FLAG-LC3B ...................................................... 55 

8.3 Cell-based assays ................................................................................................................................. 55 

8.3.1 Tandem-LC3B assay ......................................................................................................................... 55 

8.3.2 Annexin V assay ............................................................................................................................... 55 

8.3.3 Proteinase K protection assay ......................................................................................................... 55 

8.4 Protein biochemistry-related methods ............................................................................................... 56 

8.4.1 Cell lysis ........................................................................................................................................... 56 

8.4.2 Immunoblotting .............................................................................................................................. 56 

8.5 Autophagosome content profiling....................................................................................................... 56 

8.5.1 Proximity labeling ............................................................................................................................ 56 

8.5.2 Proteinase K digest & streptavidin pulldown .................................................................................. 56 

8.6 MS-based proteomics .......................................................................................................................... 57 

8.6.1 In-gel digestion ................................................................................................................................ 57 

8.6.2 Desalting and concentration of peptides ........................................................................................ 57 

8.6.3 MS analysis ...................................................................................................................................... 57 

8.6.4 MS peptide identification ................................................................................................................ 58 

8.6.5 Data processing and visualization ................................................................................................... 58 

9 Appendix I ..................................................................................................................................................... 59 

9.1 Supplementaries .................................................................................................................................. 59 

9.2 List of abbreviations ............................................................................................................................ 59 

10 References ............................................................................................................................................... 64 

10.1 References according to appearance .................................................................................................. 64 

11 Appendix II ............................................................................................................................................. 105 

11.1 Acknowledgement ............................................................................................................................. 105 

11.2 Curriculum vitae ................................................................................................................................ 106 

 

 

  



List of publications 

III 

 

2 LIST OF PUBLICATIONS 

  



Summary 

IV 

 

3 SUMMARY 

Autophagy is a catabolic recycling pathway initiated under periods of starvation with energy-

saving and cytoprotective effects. Previously considered a non-targeted process that degrades 

bulk cytoplasmic material, the discovery of autophagy receptors revealed that autophagy also 

leads to the targeted turnover of different cargo. 

Upon its perception, DNA damage triggers tailor-made signaling and repair pathways, 

collectively designated as the DNA damage response (DDR) that can also result in apoptosis 

or cellular senescence. Kinases that orchestrate the DDR are ATM, ATR and DNA-PKcs. 

Autophagy succeeds DNA damage, but the signaling pathways required to transmit the 

information for autophagy activation from the nucleus to the cytoplasm as well as its purpose 

remain poorly understood. 

This study focused on two aspects of DNA damage-induced autophagy. First, I investigated 

whether the DDR kinases play a role in the activation of autophagy after DNA double strand 

breaks. Second, I employed mass spectrometry (MS)-based proteomics to probe the cargo of 

DNA damage-induced autophagy to investigate its relevance in the DDR. 

To assess the role of the DDR kinases in DNA damage-induced autophagy, the conversion of 

the autophagy marker protein LC3B into its lipidated form and the degradation of the receptor 

p62 were monitored in DDR kinase knockdown cells. As a complementary approach, the 

tandem-LC3B assay was engaged to measure DNA damage-induced autophagy in the presence 

of DDR kinase inhibitors. Using different read-out systems, we came to indecisive results 

indicating no, mild or strong involvement of the DDR kinases in DNA damage-induced 

autophagy. The off-target effects of commonly used DDR kinase inhibitors that might also 

cause the inhibition of the phosphatidylinositol-3-kinase VPS34 could explain observed 

inconsistency between the results obtained in knockdown and chemical inhibitor-treated 

cells. 

I established a MS-based proximity proteomics approach to identify systematically DNA 

damage-induced autophagic cargo. Applying this technique, many known and previously 

undescribed putative cargo proteins were identified. Computational analyses permitted to 

associate the identified cargo with focal adhesions proteins, ribosomal proteins, the subunits 

of the TRiQ/CCT chaperonin complex as well as with nuclear-localized proteins. The proteinase 

K protection assay enabled to validate most of the selected proteins as autophagic cargo. 

Ultimately, the cargo that was identified indicates that micronuclei might be degraded by 

autophagy after genotoxic stress. Further, identification of focal adhesions proteins and 

validation of the metastasis suppressor NME1 could indicate for a metastasis-promoting role 

of autophagy after treatment with chemotherapeutic agents. This study presents the first 

approach to investigate DNA damage-induced autophagic cargo using proximity proteomics 

and reveals a role for autophagy in the degradation of nuclear proteins in human cells.  
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4 ZUSAMMENFASSUNG 

Autophagie ist ein katabolischer Wiederverwertungsmechanismus der durch Mangel an 

Nahrungsmitteln ausgelöst wird und der energiesparende und zellschützende Auswirkungen 

hat. Ursprünglich als nicht zielgerichteter Prozess betrachtet, der lose und große Mengen 

cytoplasmatischen Materials abbaut, hat sich mit der Entdeckung selektiver 

Autophagierezeptoren gezeigt, dass Autophagie auch zum zielgerichteten Abbau 

unterschiedlicher Fracht führen kann. 

Schäden in der DNS können, sobald sie wahrgenommen wurden, maßgeschneiderte Signal- 

und Reparatur-Wege auslösen, die zusammengenommen als die DNS-Schadensreaktion (engl. 

DDR) bezeichnet werden und auch zur Apoptose oder der zellulären Seneszenz führen 

können. ATM, ATR und DNA-PKcs sind die Kinasen, welche die DDR orchestrieren. Auf Schäden 

in der DNS folgt die Autophagie, aber die Signalwege, welche erforderlich sind, um die 

Information zur Autophagieaktivierung vom Nukleus in das Cytoplasma zu übertragen sowie 

ihr Zweck, sind wenig verstanden. 

Diese Studie hat sich auf zwei Aspekte der durch DNS-Schäden induzierten Autophagie 

fokussiert. Erstens habe ich untersucht, ob die DDR-Kinasen eine Rolle in der 

Autophagieaktivierung nach DNS-Doppelstrangbrüchen spielen. Zweitens habe ich 

Massenspektrometrie (engl. MS)-basierte Proteomik verwendet, um die Fracht der durch 

DNS-Schäden induzierten Autophagie und ihre Relevanz in der DDR zu untersuchen. 

Um die Rolle der DDR Kinasen in der durch DNS-Schäden induzierten Autophagie festzustellen, 

wurde die Konvertierung des Autophagiemarkerproteins LC3B in seine lipidierte Form und der 

Abbau des Rezeptors p62 in Knockdownzellen der DDR-Kinasen untersucht. In einem 

komplementären Ansatz wurde der Tandem-LC3B Assay in Anspruch genommen, um die 

durch DNS-Schäden induzierten Autophagie in Anwesenheit von Inhibitoren der DDR-Kinasen 

zu messen. Mittels verschiedener Auslesesysteme sind wir zu nicht eindeutigen Ergebnissen 

gekommen, welche auf keine, eine milde oder eine starke Beteiligung der DDR-Kinasen in der 

durch DNS-Schäden induzierten Autophagie hinweist. Die Fehlschusseffekte allgemein 

üblicher Inhibitoren der DDR-Kinasen, die auch die Hemmung der Phosphaditylinositol-3-

Kinase VPS34 verursachen könnten, könnte die beobachteten Widersprüchlichkeiten 

zwischen den Ergebnissen aus Knockdownzellen und mittels chemischer Inhibitoren 

behandelter Zellen erklären. 

Ich habe einen MS-basierten Annäherungs-Proteomik Versuch etabliert, um systematisch die 

durch DNS-Schäden induzierte Autophagiefracht zu identifizieren. Diese Technik verwendend, 

konnten viele bekannte und vorher nicht beschriebene potentielle Frachtproteine identifiziert 

werden. Eine bioinformatische Analyse stellte die identifizierte Fracht mit fokalen 

Adhäsionsproteinen, ribosomalen Proteinen und Untereinheiten des TRiQ/CCT-Chaperonin 

Komplexes, aber auch mit Proteinen nuklearer Lokalisation in Verbindung. Der Proteinase K 

Schutz-Assay ermöglichte es die meisten der ausgewählten Proteine als autophagische Fracht 
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zu validieren. Schlussendlich weist die identifizierte Fracht darauf hin, dass Mikronuklei durch 

DNS-Schäden induzierten Autophagie abgebaut werden. Des Weiteren könnte die 

Identifizierung von fokalen Adhäsionsproteinen und die Validierung der Metastase 

unterdrückenden Proteins NME1 auf eine Metastase fördernde Rolle der Autophagie nach 

Behandlung mit chemotherapeutischen Mitteln hindeuten. Diese Studie präsentiert den 

ersten Versuch die durch DNS-Schäden induzierten Autophagiefracht mittels Annäherungs-

Proteomik zu untersuchen und konnte eine potentielle Rolle der Autophagie im Abbau 

nuklearer Proteine in Humanzellen aufzeigen. 
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5 INTRODUCTION 

5.1  PROTEOSTASIS 

The proteome of a cell is defined as the sum of all proteins. It is under constant change as 

proteins can fold wrong or encounter damage, which requires their control and regulation. 

Keeping the proteome in balance ensures correct development, response to environmental 

stresses and healthy aging [1]. Two major protein quality control mechanisms have evolved 

that regulate the proteome: the autophagy-lysosome pathway and the ubiquitin-proteasome 

system (UPS) [2,3]. Autophagy is a recycling system that collects cellular entities such as 

proteins or cell organelles in specific vesicles, autophagosomes, that eventually fuse with 

lysosomes and direct the cargo for proteolytic degradation [4]. The UPS is based on a 

posttranslational modification (PTM), ubiquitylation, which targets a protein for degradation 

via the proteasome (Figure 1). Ubiquitin (Ub), a protein of 76 amino acids is attached to an 

internal lysine of another protein in a mechanism that requires three steps: the activation, 

conjugation and ligation of Ub conducted by the interplay of an E1-activating, E2-conjugating 

and E3-ligating enzyme [5]. Ub itself can be ubiquitylated on seven internal lysines (K6, K11, 

K27, K29, K33, K48 and K63) and the amino-terminal methionine (M1), which enables to build 

up poly-ubiquitin chains that can be of homotypic nature or branch into heterotypic Ub chains 

of different linkage types. Proteins that have been modified with Ub chains of the K48 type 

are most often directed for proteasomal degradation. K63 linkages are associated with other 

mechanisms such as DNA repair or protein sorting [6–8]. Different Ub linkage types have also 

been associated with autophagy. In contrast to the UPS, there is no particular Ub linkage type 

known that directs proteins or cell organelles for autophagosomal removal [9]. Different 

linkage types on M1, K6, K11, K33, K48 and K63 have been associated with different aspects 

of autophagy [10–12]. Recent studies estimate that the UPS is capable to degrade about 90% 

of the cellular proteome, whereas autophagy is responsible for the turnover of long-lived 

proteins such as nuclear lamins and proteins that assemble either into large complexes or 

protein aggregates [13]. Autophagy has been linked to many pathologies such as 

neurodegenerative, immunological and infectious diseases, aging and cancer [14,15].  
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Figure 1: Ubiquitylation and its role as a PTM. Activation of Ub requires the hydrolysis of ATP by an Ub-activating enzyme (E1), which is 

followed by the covalent conjugation to an Ub-conjugating enzyme (E2) and the ligation by an Ub-ligase (E3) to the substrate. The process 

can be repeated, which results in the formation of different homotypic or heterotypic Ub chains. Chains of the K48 linkage-type are associated 

with proteasomal degradation of the substrate protein. Other chain types have been reported to be involved in other biological processes 

such as autophagy, DNA repair or endocytic trafficking. S: Substrate.  

5.2  AUTOPHAGY 

Autophagy, (name derives from the Greek words auto = oneself and phagei = eating), is a 

ubiquitous cellular degradation process conserved from lower to higher eukaryotes. It 

involves the transport of macromolecules, organelles or pathogens into the lysosome, where 

they are catabolized into their biochemical constituents [16]. Autophagy is triggered by 

physiological perturbations and has mostly been studied under starvation conditions. It is 

believed to be a cytoprotective pro-survival mechanism. However, excessive activation of 

autophagy can lead to autophagic cell death (ACD, a type II programmed cell death) [17,18]. 

Moreover, autophagy-related (ATG) proteins interact with proteins from apoptosis pathways 

indicating an intricate interplay between the two processes [19–21]. Generally, there are 

three main autophagy types in higher eukaryotic cells: macroautophagy, microautophagy and 

chaperone-mediated autophagy (CMA) (Figure 2).  

In macroautophagy a cup-shaped membrane structure, the phagophore, is formed at the 

endoplasmic reticulum (ER). It grows around cytoplasmic material and matures to an 

autophagosome, a vesicle with two lipid bilayers. Eventually, the autophagosome will fuse 

with a lysosome and form the autolysosome. Thereby, the inner lipid bilayer of the 

autophagosome and the captured cargo is degraded by lysosomal hydrolases. The catabolites, 

free fatty acids, amino acids and monosaccharides are finally exported by permeases into the 

cytoplasm, where they can serve for anabolic purposes [2,16].  

An important marker for autophagosomal vesicles is the ubiquitin-like (UBL) protein 

Microtubule-associated proteins 1A/1B light chain 3 (MAP1LC3, also known as LC3) [22]. It 

resides as a soluble protein (referred to as LC3-I) in the nucleus and is exported into the 
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cytoplasm upon autophagy activation [23]. Here, it is lipidated with 

phosphatidylethanolamine (PE) in an UBL conjugation system that depends on ATG proteins 

[24–26]. The lipidated version of LC3 (known as LC3-II) resides in the autophagosomal bilayers. 

Yeast have only one orthologue of LC3, which is ATG8. Humans however, have in total six 

homologues: the LC3 family consisting of LC3A, LC3B and LC3C and the γ-aminobutyric acid 

receptor-associated protein (GABARAP) family consisting of GABARAP, GABARAPL1 and 

GABARAPL2 (hereafter referred to as human ATG8 proteins). Interestingly, two different 

genes MAP1LC3B and MAP1LC3B2 encode LC3B [27]. Due to their high sequence similarity, it 

is difficult to define specific and redundant functions of the human ATG8 proteins (hATG8s). 

However, it is believed that the LC3 family proteins function in early steps of autophagosome 

formation such as phagophore elongation, whereas the proteins of the GABARAP family are 

considered to act later, when sealing the autophagosome [28].  

Macroautophagy can lead to the targeted degradation of macromolecules, organelles and 

intracellular pathogens. These selective autophagy pathways are named after the respective 

cargo that is destined for elimination. Over 14 types of selective autophagy have been 

reported, e.g. mitophagy, reticulophagy, nucleophagy, xenophagy and aggrephagy that 

describe the targeted capture and degradation of mitochondria, parts of the ER, nuclei, 

intracellular bacteria and protein aggregates, respectively [29–35]. During selective autophagy 

the lipidated versions of hATG8s interact with selective autophagy receptors (SARs), e.g. 

Sequestosome-1 (SQSTM1, also known as p62) via their ATG8-family interacting motifs/LC3 

interacting regions (AIMs/LIRs). The affinity between SARs and hATG8s is generally relatively 

low (dissociation constant in µM range) so that receptor di-, multi- or oligomerization is 

required to increase the avidity and to target the cargo efficiently for autophagy [36]. More 

than 20 SARs have been identified, which can be divided into soluble and membrane-

associated SARs that either freely diffuse within the cytoplasm or are attached to the 

membrane of a particular cell organelle [37]. Among the soluble SARs, SQSTM1-like receptors 

contain an Ub-binding domain that enables them to interact with ubiquitylated target 

proteins. Hence, SARs provide specificity to the autophagic process in Ub-dependent or –

independent ways [38]. Due to the nature of the proteolytic pathway, SARs are constantly 

degraded upon autophagy activation [37,39]. Autophagy can be seen as a stress response 

towards a plethora of stress stimuli although the connection between autophagy trigger and 

autophagy target often remains elusive [40,41]. Hence, it is largely unknown how or when a 

selective autophagy pathway is triggered and whether the SARs fulfill redundant or exclusive 

functions during the process. 
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Figure 2: The three main autophagy pathways in mammals. Autophagosomes engulf cellular material and deliver it to the lysosome in 

macroautophagy. SARs mediate selective forms of macroautophagy where they interact with the (ubiquitylated) cargo and the hATG8s that 

are attached to the autophagosomal membrane by PE. In microautophagy, local invaginations of the lysosomal membrane lead to the 

engulfment of cellular material. In CMA target proteins with a KFERQ-like motif are recognized by the chaperone HSPA8. The target protein 

is transported across the lysosomal membrane with the help of LAMP2A and lysosomal HSPA8. The cargo is degraded in the lysosome by 

hydrolases. Adapted from Juretschke et al. [42]. 

Microautophagy describes a local invagination of the lysosomal membrane that leads to the 

direct uptake of cellular material [16]. It is capable of degrading large cellular structures, 

including mitochondria, peroxisomes and parts of the nucleus [43–45]. Hence, 

microautophagy can also be selective. The molecular determinants of microautophagy remain 

largely unknown, but might involve ATG proteins, the endosomal sorting complexes required 

for transport machinery and soluble N-ethylmaleimide-sensitive-factor attachment receptor 

proteins [46]. 

CMA relies on a chaperone complex formed around Heat shock cognate 71 kDa protein 

(HSPA8) that binds proteins and transports them across the lysosomal membrane into the 

lumen [16]. The translocation of the proteins through the lysosomal membrane is dependent 

on Lysosome-associated membrane glycoprotein 2A (LAMP2A) and the lysosomal fraction of 

HSPA8 . Proteins that are degraded via CMA possess a KFERQ-like pentapeptide motif, which 

allows HSPA8 to bind them. According to sequence analysis, KFERQ-like motifs are present in 

about 30-40% of the human proteome [47,48]. The identification of bona fide CMA target 
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proteins remains challenging as the KFERQ-like motif can be hidden or become active by 

different PTMs. CMA is independent of ATG proteins [48]. 

5.2.1  AUTOPHAGY INITIATION SIGNALING 

Macroautophagy (hereafter referred to as autophagy) is under the control of the cell 

proliferation regulator mechanistic Target Of Rapamycin (mTOR) Complex 1 (mTORC1). It is 

composed of mTOR, Regulatory-associated protein of mTOR (RPTOR), DEP domain-containing 

mTOR-interacting protein (DEPTOR), Target of rapamycin complex subunit LST8 (MLST8) and 

Proline-rich AKT1 substrate 1 (AKT1S1) [49–52]. mTORC1 is localized in its active state at the 

lysosome where it regulates the metabolic state of the cell [53]. Information about amino acid 

availability, growth factor supply, energy status and oxygen level converge at mTORC1, which 

is why it is considered a cellular signaling hub [54]. When active, mTORC1 promotes the 

biosynthesis of lipids, nucleotides and proteins by phosphorylation of several downstream 

effectors such as p70S6 kinase 1 and members of the eIF4E binding protein family [55–58]. 

Inactivation of mTORC1 leads to its detachment from the lysosome and results in a cellular 

switch from anabolic to catabolic metabolism including the initiation of autophagy (Figure 3). 

The major counter player of mTORC1 is AMP-activated protein kinase (AMPK), which 

promotes autophagy under hypoxic conditions and low energy levels [59,60]. It is a 

heterotrimeric protein complex composed of a catalytically active α-subunit and two 

regulatory subunits, β and γ. The γ-subunit can bind different adenine nucleotides and 

therefore measure cellular levels of ATP [61]. A high cellular ratio of AMP or ADP to ATP leads 

to AMPK activation resulting in the phosphorylation of the mTORC1 subunit RPTOR and 

members of the Uncoordinated-51-like kinase 1 (ULK1) complex, the apical kinase in 

autophagy signaling [62]. Phosphorylation of RPTOR via AMPK has an inactivating effect on 

the mTORC1 complex. Another signaling pathway via AMPK to inactivate mTORC1 is the 

activation of the heterotrimeric GTPase-activating protein tuberous sclerosis complex (TSC) 

consisting of TSC1, TSC2 and TBC1 domain family member 7 [63]. Activation of the TSC leads 

to its localization to the lysosome where it converts GTP-binding protein Rheb (RHEB) to the 

GDP-bound form. RHEB is an interactor of the mTORC1 complex at the lysosome and is 

required in the GTP-bound form to keep mTORC1 active. Inactivation of RHEB causes the re-

localization of mTORC1 from the lysosome, which results in its inactivation [55,60]. AMPK can 

also be activated by upstream kinases liver kinase B1 (LKB1), Calcium/calmodulin-dependent 

protein kinase kinase 2 or Nuclear receptor subfamily 2 group C member 2 that phosphorylate 

the α-subunit on T172 [64–68]. Each AMPK subunit is encoded by multiple genes, which makes 

12 distinct AMPK complexes possible suggesting tissue- and cell-specific functions [69]. 

The common downstream target of mTORC1 and AMPK is the protein complex ULK1 [70]. 

Particular phosphorylation sites on the subunits of the complex are regulated by mTORC1 and 

AMPK and can be used as a read-out for the cellular activity of autophagy. The ULK1 protein 

complex is composed of the serine/threonine kinase ULK1 or ULK2, ATG13, RB1-inducible 

coiled-coil protein 1 (RB1CC1, also known as FIP200) and ATG101 [70–73]. ULK1 has five 
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homologues of which ULK1 and ULK2 are considered to be involved in autophagy [74]. The 

loss of ATG genes such as ATG5 and ATG7 has been associated with neonatal lethality in mice 

[75]. This phenotype is only resembled when both kinases ULK1 and ULK2 are knocked-out, 

indicating partial redundancy of the kinases in mice [74]. In most cell lines, loss of ULK1 leads 

to a complete abrogation of autophagy highlighting its importance for the pathway. In the 

early steps of autophagy activation, the ULK1 complex forms punctate structures in close 

proximity to the ER, where it co-localizes with different autophagy-associated proteins, such 

as Vacuole membrane protein 1. Here, it phosphorylates downstream ATG proteins to start 

autophagosome biogenesis [76–78]. 

 

Figure 3: Regulation of the apical autophagy kinases. mTORC1 regulates anabolic and catabolic processes such as autophagy in response to 

nutrient availability. AMPK can inactivate mTORC1 via different pathways under hypoxic conditions or low cellular levels of ATP. The ULK1 

complex is kept in active or inactive states by different phosphorylation events. Activation of the ULK1 complex promotes autophagy. 

5.2.2  AUTOPHAGOSOME FORMATION AND THE AUTOPHAGIC MACHINERY 

Groundbreaking work led to the identification of many ATG genes in yeast, which was 

awarded with the Nobel prize in 2016 [79–82]. Today, about 40 core ATG genes and proteins 

have been characterized in yeast and mammalian systems. The function of yeast and 

mammalian ATG proteins is relatively well conserved and the processes are very alike [16,83]. 

However, differences between yeast and human autophagy exist. First, the mammalian ATG 

protein family is expanded by several homologues, which indicates for a higher level of 

complexity in mammals [29]. Second, the mammalian omegasome, a cup-shaped ER-

associated structure that gives rise to the phagophore, can form simultaneously at multiple 

sites at the ER, whereas yeast cells possess only one phagophore assembly site [84–86]. Third, 

instead of lysosomes, yeast have one large vacuole with which the autophagosomes fuse. 

The core ATG proteins can be categorized into five different groups that fulfill specific 

functions during autophagosome biogenesis [83]. These are in mammals: the ULK1 complex, 

the class III phosphatidylinositol (PtdIns) 3-kinase (PtdIns3K) complex I, the UBL conjugation 
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machineries around the UBL hATG8s and ATG12, the phosphatidylinositol-3-phosphate 

(PtdIns3P) binding proteins of the WD repeat domain phosphoinositide-interacting protein 

(WIPI) family, ATG2A and ATG2B and the transmembrane proteins ATG9A and ATG9B. This 

machinery is triggered upon mTORC1 inactivation e.g. due to nutrient deprivation and starts 

with the formation of an autophagosome at the omegasome (Figure 4). The biogenesis of an 

autophagosome can be divided into initiation, nucleation, elongation and maturation. Its life 

cycle ends when it fuses with a lysosome [87]. 

The initiation requires the activated ULK1 complex (described above) that localizes to the ER, 

where it phosphorylates subunits of the second large autophagy protein complex, the 

PtdIns3K complex I (also known as VPS34/Beclin-1 complex). The latter consists of the lipid 

kinase Phosphatidylinositol 3-kinase catalytic subunit 3 (PIK3C3, also known as VPS34), its 

regulatory subunit Phosphoinositide 3-kinase regulatory subunit 4 (PIK3R4, also known as 

VPS15), Beclin-1 and ATG14L [88]. When active, the VPS34 complex phosphorylates PtdIns to 

PtdIns3P in the omegasome that starts the nucleation of a growing phagophore. PtdIns3P 

recruits many ATG factors that can bind phospholipids such as Zinc finger FYVE domain-

containing protein 1 (ZFYVE1), ATG2A, ATG2B and the WIPI family proteins [85,89,90]. Recent 

studies suggest that ATG2A tethers the phagophore to the ER membrane where it transfers 

lipids with the help of WIPI family proteins into the nascent autophagic structure [91–93]. A 

consecutively supply of lipids is secured by the ATG9 system. ATG9A and ATG9B are the only 

transmembrane proteins of the core autophagy machinery. They are inserted in the 

membranes of vesicles that shuttle from the Golgi and the plasma membrane to the 

omegasome, where they eventually fuse with the phagophore to deliver membrane material 

[94,95]. 

PtdIns3P has been shown to promote the lipidation process of hATG8s via an UBL conjugation 

system [96]. Analogous to ubiquitylation of proteins, the UBL hATG8s are covalently attached 

to PE, which anchors them into the membranes of the phagophore and promotes its 

elongation to finally mature to a closed autophagosome [97]. The UBL conjugation system in 

autophagy is composed of ATG7, the E1 activating-like protein, ATG3, an E2 conjugating-like 

protein, and a protein complex formed by ATG5, ATG12 and ATG16L1, which functions as an 

E3 ligase-like protein. The latter complex is assembled itself via a second UBL conjugation 

system where the UBL protein ATG12 is covalently attached to ATG5 in a process involving 

ATG7 and the E2 conjugating-like protein ATG10 [25,98,99]. Prior to the lipidation via the UBL 

conjugation machinery, hATG8s undergo proteolytic cleavage at the C-terminus. This is 

conducted by the cysteine proteases ATG4A, ATG4B, ATG4C and ATG4D [100,101]. The 

lipidation is reversible and is also conducted by the ATG4 homologues. Here, ATG4D seems to 

be the main player to recover hATG8s from endolysosomal vesicles, which are then re-used 

for a newly forming phagophore [102,103]. 
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Figure 4: Autophagosome biogenesis. Initiation, nucleation, elongation and maturation are depicted along with 

the two UBL conjugation machineries for hATG8 lipidation. The role of important core autophagy proteins and 

complexes in autophagosome biogenesis and regulation is shown. The omegasome is indicated by accumulated 

PtdIns3P. Adapted from Mizushima et al. [2]. 

5.3  GENOME STABILITY AND THE DNA DAMAGE RESPONSE 

The genome of a cell encodes the cellular proteome. It is duplicated in S-phase and equally 

distributed as chromosomes towards the cell poles in mitosis. Two genetically identical cells 

result from a completed round of cell division. Endogenous or exogenous threats, such as 

naturally occurring replication errors or chemotherapeutic treatment, can interfere with 

faithful cell division and cause mutations, intra-chromosomal breaks and aneuploidy with 

severe effects on genome stability [104,105]. To minimize serious aberrations in the DNA, 

dedicated DNA surveillance and maintenance mechanism have evolved, collectively 

designated as the DNA damage response (Figure 5) [104]. The DDR comprises a tailored set of 

DNA repair and signaling pathways that are initiated upon DNA damage detection to prevent 

further harm on the genome. Particular proteins detect DNA lesions in the nucleus, such as 

single- or double-stranded DNA breaks and trigger the DDR. PTMs of proteins including 

phosphorylation, ubiquitylation and poly-ADP-ribosylation (parylation) play a central role in 

driving and fine-tuning the DDR [106]. The apical protein kinases of the DDR Ataxia 

telangiectasia mutated (ATM) and DNA-dependent protein kinase (DNA-PK) are activated 

after DNA double strand breaks (DSBs) and Ataxia telangiectasia and Rad3-related protein 

(ATR) is activated after replication stress and DNA single strand breaks (SSBs). These 

serine/threonine kinases phosphorylate a plethora of proteins involved in DNA repair, 

chromatin remodeling and RNA metabolism as well as the checkpoint kinases 
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Serine/threonine-protein kinase Chk1 (CHK1) and Chk2 (CHK2) [107]. The integrated response 

of these phosphorylations is required for coordination of DNA repair with gene expression and 

proliferation to maintain genome stability in the nucleus. A signaling hub in the DDR is the 

tumor suppressor Cellular tumor antigen p53 (TP53, also known as p53), a transcription factor, 

that regulates cell proliferation, DNA repair, senescence, apoptosis and autophagy [108]. DNA 

damage-induced activation of p53 leads to the transcriptional upregulation of DNA repair 

factors and Cyclin-dependent kinase inhibitor 1 (CDKN1A, also known as p21), which promotes 

cell cycle arrest and senescence. Further, pro-apoptotic and ATG proteins are under the 

control of p53 [109,110]. Taken together, characteristic cellular consequences of the DDR is 

checkpoint activation to facilitate DNA repair, entrance into a senescent state or the induction 

of cell death- or cell survival-promoting programs such as apoptosis or autophagy. 

 

Figure 5: Model of the DDR. Genotoxic stress in form of DNA lesions or stalled replication forks are recognized by different sensor proteins. 

Recognition of the DNA damage activates a signaling cascade with impact on a multitude of cellular processes. Adapted from Jackson et al. 

[104]. 

5.3.1  DNA REPAIR MECHANISMS 

Every cell of the human body encounters thousands of DNA lesions per day [111]. As the 

perturbations can have different causes, the types of lesions vary. These include base 

modifications, mismatches between bases, bulky adducts, inter-and intra-strand crosslinks, 

protein-DNA crosslinks and DNA single and double strand breaks (Figure 6). These lesions 

cannot be repaired by a single overarching repair machinery, but require specific mechanisms 

or the orchestrated interplay of several repair pathways to reinstall genomic stability. For 

example, oxidized, alkylated or deamidated DNA bases are corrected by base excision repair 

(BER), faulty inserted bases are exchanged by DNA mismatch-repair (MMR), ultra violet (UV) 

light-induced pyrimidine dimers (bulky adducts) are removed by nucleotide excision repair 

(NER) and inter-strand crosslinks are dealt by inter-strand crosslink repair (ICLR) [112–116]. 

DSBs are repaired by two major repair mechanisms, NHEJ and HR [117,118]. Genomic 
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perturbations, particularly in the DDR, are a major source for the development of human 

disorders such as premature aging and cancer [119]. Cells that are perturbed in HR, e.g. by the 

loss or downregulation of the Breast cancer type 1/2 susceptibility protein (BRCA1/BRCA2) 

genes, are highly dependent on NHEJ to remove DSBs. These cells are characterized by an 

increased mutation rate and genomic instability [120]. Cancer therapies try to exploit this 

instability and recent strategies focus on synthetic lethality [121]. One example is the targeted 

inhibition of Poly (ADP-ribose) polymerase 1 (PARP1), a nuclear protein that attaches poly 

(ADP-ribose) to many chromatin-associated proteins and which is involved in a variety of DNA 

repair mechanisms [122]. Hence, inhibition of PARP1 leads to an increased cell death in cells 

with dysregulated DNA repair pathways [123,124]. 

 

Figure 6: DNA lesions and repair mechanisms. The lesion type is indicated at the upper DNA strand. The adequate repair mechanism is 

named below. For example, methylation can be removed by direct reversal, whereas base loss or oxidation is repaired by BER. Adapted from 

Fang et al. [125]. 

5.3.2  DNA DOUBLE STRAND BREAK REPAIR 

DNA double strand breaks are among the most severe DNA lesions as they have a high risk to 

cause loss of genetic information. They can result from unrepaired single strand breaks or 

from exposure to ionizing radiation (IR) or chemotherapeutic treatment, e.g. with 

topoisomerase poisons [105]. They also occur under physiological conditions, e.g. during 

meiotic recombination or in maturating lymphocytes during class-switch recombination [126]. 

DSBs are recognized by PARP1, which is one of the earliest events in DSB repair [127]. Its 

activation leads to the parylation of itself, histones and other chromatin associated proteins 

and causes the recruitment of other DNA repair proteins [128,129]. DSBs are repaired by NHEJ 

and HR (Figure 7). In NHEJ broken DNA ends are rapidly detected by the X-ray repair cross-

complementing protein 6 (XRCC6, also known as Ku70)/XRCC5 (also known as Ku80) 

heterodimer, which forms the heterotrimeric kinase DNA-PK with the catalytic subunit of 

DNA-dependent protein kinase (DNA-PKcs) [130]. PARP1 might parylate DNA-PKcs to increase 

its activity, which increments the phosphorylation of DNA repair proteins such as the nuclease 

Protein artemis (DCLRE1C) that removes single nucleotides from DNA ends [131,132]. End 
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resection enables the ligation of the broken DNA ends, which is conducted by a ligase complex 

including DNA ligase 4 (LIG4) [133]. Due to the removal of nucleotides and the subsequent 

end joining of the DNA ends, NHEJ can be error-prone. NHEJ is not restricted to any of the cell 

cycle phases, but is primarily engaged in G1-phase. 

 

Figure 7: DSB repair by NHEJ and HR. A DSB is recognized by PARP1, which recruits the MRN complex and ATM. The latter phosphorylates a 

multitude of downstream proteins to initiate DSB repair. In NHEJ the Ku70-Ku80 heterodimer recruits DNA-PKcs to the lesion. PARP1 might 

increase the activity of the latter. The nuclease Artemis removes nucleotides from the DNA ends, which are finally ligated by LIG4. In HR, 

PARP1-recruited MRN complex promotes DNA end resection by a number of exonucleases such as BLM, DNA2, CtIP and EXO1. Single stranded 

DNA stretches are stabilized by RPA, which is later exchanged with RAD51 by the interplay of BRCA2 and RAD51 paralogues. Strand invasion 

into an unperturbed sister chromatid (red) occurs, which forms a D-loop that is finally resolved to form two unperturbed sister chromatids. 

Adapted from Schwertman et al. and Chaudhuri et al. [134,135]. 
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As HR requires a template strand to repair faithfully DSBs, it is restricted to late S- and G2-

phase of the cell cycle, where DNA replication has already been completed. In HR extended 

regions of single-stranded DNA (ssDNA) are generated by several nucleases that catalyze DNA 

end resection [136]. First, the MRE11-RAD50-NBS1 (MRN) complex is recruited to DSBs by 

PARP1, where it promotes resections on the DNA strands together with CtBP-interacting 

protein (CtIP) [137,138]. Resection of the DNA ends by CtIP engages the HR pathway. The MRN 

complex recruits ATM to the DSBs, which phosphorylates many proteins needed for their 

removal by HR. The resections are extended by Exonucleases 1 (EXO1) and Bloom syndrome 

protein (BLM)-DNA replication ATP-dependent helicase DNA2 (DNA2) and covered with 

Replication protein A (RPA), which stabilizes the ssDNA stretches [139]. BRCA2 and DNA repair 

protein RAD51 (RAD51) paralogues exchange RPA for RAD51 [140,141]. The RAD51-ssDNA 

recombinase filament executes homology search and strand invasion of the homologous 

template strand, which results in the formation of a displacement loop (D-loop). Resolvases 

finish the repair process by separating the D-loop and restoring unperturbed DNA strands. The 

third DDR kinase, ATR, is recruited to single stranded DNA via ATR-interacting protein ATRIP 

that binds to the RPA complex [142]. ssDNA is generated in response to replication stress as 

well as in intermediate steps during different DNA repair pathways. The DDR kinases DNA-PK, 

ATM and ATR function in similar ways and overlap in their substrates [107]. The nature of the 

DNA lesion determines their degree of activation [143]. 

5.3.3  DNA TOPI AND TOPII POISONS 

Topoisomerases remove torsional stress originating from DNA helix supercoiling during 

biological processes such as DNA replication or transcription. They bind DNA and cleave the 

DNA phosphate backbone to untangle or unwound it and to re-seal the DNA backbone again. 

DNA topoisomerase I (TOP1) induces an intermediate nick into one strand of the DNA, which 

allows passing the other strand through the break. DNA topoisomerase II (TOP2) catalyzes a 

similar reaction, but cleaves both DNA strands, which results in an intermediate double strand 

break [144]. Chemical inhibitors of TOP1 and TOP2 are camptothecin (CPT) and etoposide 

(ETO), respectively. ETO and derivatives of CPT are frequently used in cancer therapy as they 

cause DNA damage. CPT binds TOP1 and DNA, which stabilizes the complex and traps TOP1 

on the DNA without re-ligating it [145,146]. The DNA-protein crosslink that is covalently 

connected by a phosphodiester bond is designated as TOP1 cleavage complex (TOP1cc) [144]. 

When unresolved, TOP1ccs lead to conflicts with the replication and transcription machinery 

and result in DNA replication fork collapse and DSBs [147]. The cellular mechanisms that allow 

the removal of TOP1ccs are not entirely understood. The phosphodiester bond between TOP1 

and DNA is known to be hydrolyzed by tyrosyl-DNA phosphodiesterase 1 (TDP1) [148,149]. 

However, TDP1 is hindered in assessing its substrate due to the TOP1cc structure, leaving the 

open question of how TOP1ccs are removed from chromatin. A recent study could show that 

the reticulophagy SAR Testis-expressed protein 264 (TEX264) can bind CPT-induced TOP1ccs 

and recruit the ATPase Valosin-containing protein (VCP, also known as p97) and the DNA-

dependent metalloprotease SPRTN (SPRTN) [150]. The interaction of TEX264 with TOP1 was 
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partially dependent on small ubiquitin-related modifier 1 (SUMO1), an UBL modification. The 

authors propose a model, in which VCP re-arranges the TOP1cc, so that SPRTN can cleave it 

(Figure 8). This enables TDP1 to access the phosphodiester bond and remove TOP1 from DNA. 

TOP2 cleavage complexes induced by ETO treatment are believed to be resolved in a similar 

manner. Here, TDP1 is replaced by tyrosyl-DNA phosphodiesterase 2 [151,152]. 

 

Figure 8: The role of TEX264 in TOP1cc removal. TEX264 is attached to the inner nuclear membrane. Upon formation of TOP1ccs, TEX264 

can interact with TOP1 in a partially SUMO1-dependent manner. TEX264 recruits VCP and SPRTN that rearrange the TOP1cc allowing TDP1 

(not shown) to cleave the phosphodiester bond between TOP1 and DNA. Unresolved TOP1ccs interfere with faithful DNA replication. Adapted 

from Fielden et al. [150]. S1: SUMO1. 

5.4  DNA DAMAGE-INDUCED AUTOPHAGY 

Autophagy can be stimulated by multiple perturbations such as starvation, hypoxia, increased 

concentrations of reactive oxygen species (ROS), bacterial invasion, viral infection and DNA 

damage [153–159]. Whereas starvation-induced autophagy promotes cell survival as an 

energy-saving mechanism, the physiological role of autophagy activation after genotoxic 

stress remains largely enigmatic. Moderate DNA damage is believed to induce pro-survival 

autophagy, whereas critical amounts of DNA damage are supposed to cause excessive 

autophagy resulting in ACD. The former is based on the idea that DNA repair might deplete 

cellular ATP and nucleotide pools that need to be replenished by the autophagy pathway 

[125,160]. The latter follows the hypothesis that autophagy can be an alternative cell death 

pathway, particularly in cancer cells with perturbed apoptosis mechanisms [17,161–163]. As 

autophagy is known to be a consequence of the DDR, the question arises which signaling 

events lead to its activation after genotoxic stress [104]. Although the DDR kinases and p53 
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have been associated with autophagy activation after DNA damage, the exact signaling events 

remain unresolved [153–155,164–166]. Another open question is whether DNA damage-

induced autophagy compels the selective degradation of cell organelles or particular proteins, 

which would influence the cell’s fate towards survival or cell death. 

5.4.1  DNA DAMAGE TO AUTOPHAGY SIGNALING 

Studies in budding yeast and higher eukaryotes have shown that DNA damage induces 

autophagy [167–170]. A first systematic study to identify proteins important for DNA damage-

induced autophagy was performed in budding yeast [167]. The alkylating agent methyl 

methanesulfonate (MMS) that induces DNA replication stress was used to trigger autophagy 

[171]. As ATG11, an ATG protein required for selective autophagy in yeast, was needed for the 

MMS-induced pathway, the mechanism was termed Genotoxin-induced Targeted Autophagy 

(GTA). Other proteins that were identified as important signaling factors for GTA were Mec1 

and Tel1 (yeast orthologues of ATR and ATM, respectively) and their downstream target Rad53 

(yeast orthologue of CHK2). Interestingly, CHK1 was dispensable for GTA. Activation of 

autophagy was explained by the induction of the histone demethylase Rph1 (homologue of 

KDM4) by CHK2, which under non-perturbed conditions keeps ATG genes repressed. A 

genome-wide screen identified further, positive and negative regulators of GTA. One of the 

negative regulators, PPH3 encodes the catalytic subunit of the PP4 phosphatase. The latter 

inhibits Rad53, which tempted the authors to reason that the hits of the screen affect DDR 

signaling.  

FOXK proteins, transcription factors that repress ATG genes, are phosphorylated in response 

to cisplatin (CIS) and etoposide (ETO) treatment in human cells [172]. The signaling pathway 

is exclusively ATM-CHK2-dependent and results in the interaction of FOXK with 14-3-3-γ and 

subsequent nuclear exclusion. Consequently, ATG genes are no longer repressed and 

autophagosome biogenesis can start. The same study could show that KDM4A, the 

mammalian homologue of yeast Rph1, which had been associated previously with GTA, was 

dispensable for DNA damage-induced autophagy in human cells. Another study showed that 

DNA damaging agents such as CPT, doxorubicin (DOX), UV light and MMS also activate 

autophagy [166]. Interestingly, only UV light and MMS were able to trigger an ATR-CHK1-

dependent interaction between TSC2 and Rho-related GTP-binding protein RhoB (RHOB), 

which caused their relocalization to the lysosome, where RHEB was inactivated and in turn, 

mTORC1 inhibited (Figure 9). 

DNA-PKcs has been identified as a kinase that alters basal and ETO-induced autophagy in an 

siRNA-based screen performed in Michigan Cancer Foundation - 7 (MCF-7) cells [164]. 

Mechanistically, DNA-PKcs shall facilitate the activation of AMPK via its phosphorylation on 

the γ-subunit by LKB1. Although prior studies had reported a role for LKB1 in DNA damage-

induced autophagy after IR and ETO, LKB1 itself was not among the top hits of the screen 

[173,174]. The role of DNA-PKcs in affecting autophagy was independent of XRCC5 suggesting 

that the association of DNA-PKcs with lysosomes (co-localization with about 20% LAMP2-
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positive puncta) represented a DNA repair-independent function. The mechanisms underlying 

the relocalization of DNA-PKcs to the lysosome remained unresolved. Interestingly, several 

studies have also suggested functions for ATM outside DNA repair: ATM can trigger autophagy 

in response to glucose deprivation or ROS by activating LKB1-AMPK-TSC2 or via CHK2-Beclin 1 

pathway [153,175,176]. 

PARP1 knockout (KO) or PARP1-inhibited mouse embryonic fibroblasts (MEFs) show impaired 

starvation- and DNA damage-induced autophagy suggesting a role of PARP1 in autophagy 

activation [177,178]. It was proposed that autophagy promotes cell survival after DNA damage 

as PARP1- and autophagy-deficient cells show an increased sensitivity to DNA damage [177]. 

Starvation can lead to increased cellular concentrations of ROS due to dysfunctional 

mitochondria. These elevated ROS levels might damage DNA and result in PARP1 activation. 

It has been shown that PARP1 can parylate the α-subunit of AMPK under starvation conditions, 

which leads to its nuclear export and autophagy activation. In line, parylation of the catalytic 

subunit of AMPK was prevented by chemical inhibition of PARP1 [179]. Poly-ADP-ribosylation 

polymerase (PARP) family proteins conduct parylation. They require nicotinamide adenine 

dinucleotide (NAD+) for their catalytic activity. The activity of Sirtuin-1 deacetlyase (SIRT1) is 

also dependent on NAD+. Accordingly, PARPs and SIRT1 compete for NAD+ and regulate each 

other [125]. SIRT1-mediated deacetylation of autophagy-associated proteins can promote 

autophagy and is required for the nuclear export of hATG8s [180–182]. As PARP1 is considered 

to have a higher affinity towards NAD+ compared to SIRT1, DNA damage-induced parylation 

might prevent SIRT1 activity, hence autophagy [183]. Given that PARP1 activity reduces 

cellular ATP (probably due to energy-consuming chromatin remodeling) and NAD+ levels in 

response to DNA damage, autophagy might be a consequence of this depletion and be 

engaged to later time points, when SIRT1 has access to NAD+ [184]. 

Alternative autophagy (also known as Golgi-membrane-associated degradation pathway) is a 

pathway that was discovered in yeast and mammalian cells by the Shimizu lab [185,186]. The 

autophagic vesicles in alternative autophagy derive from Golgi membranes. Different stimuli 

such as DNA damage lead to a reduction of Golgi associated phosphatidylinositol 4-phosphate, 

which causes structural rearrangements of the Golgi apparatus and initiates alternative 

autophagy. Substrates of alternative autophagy are accumulated and undelivered proteins 

such as insulin granules and ceruloplasmin or entire cell organelles such as mitochondria 

during erythrocyte differentiation [187–189]. Alternative autophagy is independent of those 

ATG proteins involved in the Ub-like conjugation system of the hATG8 and the ATG9 system, 

but depends on ULK1 and VPS34 complexes that mediate autophagosome initiation and 

nucleation [186]. The Shimizu lab reports ULK1-S746 phosphorylation by RIPK3 as an 

important marker for alternative autophagy, which also requires ULK1 dephosphorylation by 

PPM1D at S637 [190,191]. However, they could show that PPM1D-mediated 

dephosphorylation of ULK1 is needed for both (regular and alternative) DNA damage-induced 

autophagy pathways. Other proteins involved in alternative autophagy are p53, DRAM1, RAB9 
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and WIPI3 [186,189,192]. Whether the DDR kinases are involved in upstream signaling of this 

alternative autophagy is unknown. 

The signaling pathways leading to DNA damage-induced autophagy described so far include 

either mTORC1 inhibition or direct phosphorylation of transcription factors that activate 

autophagy by different kinases including ATM, ATR, DNA-PKcs, CHK1 and CHK2. 

 

Figure 9: Signaling pathways for DNA damage-induced autophagy. Genotoxic stress induces p53-mediated gene expression of ATG genes 

and the ATM-CHK2 and ATR-CHK1 signaling axis. The former leads to nuclear exclusion of FOXK by 14-3-3, which results in ATG gene 

expression. The latter axis leads to relocalization of RHOB-TSC2 to the lysosome, which inactivate RHEB and mTORC1. Inactivation of mTORC1 

results in translocation of TFEB/TFE3 into the nucleus to promote p53-dependent expression of ATG genes. DNA-PKcs and LKB1 

phosphorylate AMPK and promote autophagy. The ULK1 complex is activated by AMPK, which initiates autophagosome biogenesis. PTEN 

counteracts PI3K-AKT signaling and relocalizes to the nucleus in an ATM-dependent manner to induce ATG gene expression. PPM1D 

dephosphorylates ULK1 prior to DNA damage-induced autophagy. Proteins in green/red are autophagy-promoting/suppressing factors, 

respectively. 14-3-3 has ambivalent effects and is grey. Proteins in blue are considered to fulfill nuclear functions. Adapted from Juretschke 

et al. [42]. 
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5.4.2  TRANSCRIPTIONAL REGULATION OF DNA DAMAGE-INDUCED AUTOPHAGY 

The list of transcription factors regulating ATG gene expression is constantly growing. 

However, the transcriptional regulation of ATG genes after genotoxic stress is under the 

control of p53 (Figure 9). First, it was shown that ETO and IR initiated autophagy in a p53- and 

TSC1/2-dependent way [193,194]. Following studies revealed that p53 activation led to the 

systematic transcriptional upregulation of ATG genes [155]. These are involved in different 

stages of catabolic process, including apical kinases, members of the Ub-like conjugation 

system and lysosomal proteins. Interestingly, there have been contradicting studies on the 

role of p53 on autophagy. However, today, it is clear that p53’s impact on autophagy is 

context- and largely localization-dependent. Whereas transcriptionally active nuclear p53 

promotes autophagy in response to stress, cytoplasmic p53 can inhibit autophagy by binding 

RB1CC1, which probably interferes with ULK1 complex-dependent autophagosome biogenesis 

[195–197]. Interestingly, cancer cells that are devoid of p53 or express a mutated version of 

p53 can activate autophagy after DNA damage by ATM-dependent phosphorylation of PTEN 

[198]. Phosphorylation leads to the nuclear translocation of PTEN, where it might activate JUN, 

a known regulator of ATG genes. Other members of the p53 family, p63 and p73, have also 

been connected to ATG gene upregulation in response to DNA damage [155]. 

TFEB, TFE3, TFEC and MITF are the members of the microphthalmia family of transcription 

factors. They were recently identified as regulators of lysosomal and ATG gene expression. 

Although they share many common target genes, KO mouse models show different 

phenotypes, which suggests that they cover different purposes [199]. Under nutrient-rich 

conditions, TFEB and TFE3 are localized at the lysosome, where they interact with Ras-related 

GTP binding proteins (RRAGs). They are phosphorylated by mTORC1, which enables 14-3-3 

proteins to bind them and to prevent their translocation into the nucleus [200,201]. 

Inactivation of mTORC1 causes their release from 14-3-3 binding and enables TFEB and TFE3 

to initiate the expression of lysosome and ATG genes [202]. 

DNA damage activates TFEB and TFE3 in a p53- and mTORC1-dependent way [203]. RNA-

sequencing data from TFEB/TFE3 double knockout (DKO) cells that were treated with ETO 

revealed that p53-regulated transcripts were significantly downregulated compared to wild 

type cells. The E3 ubiquitin-protein ligase Mdm2 is the major regulator of p53. Its protein 

levels were increased in TFEB/TFE3 DKO cells after ETO treatment, which led to reduced levels 

of p53. Hence, the authors concluded that TFEB and TFE3 amplify and sustain the expression 

of p53-dependent genes after DNA damage [203]. 

As mentioned above, FOXK proteins are inactivated in response to DNA damage, which 

enables the expression of ATG genes [172]. Other transcription factors are also known to be 

involved in autophagy regulation [204]. Whether some of these factors can also be activated 

by DNA damage is currently unknown, as they have mostly been studied in the background of 

nutrient deprivation or chemical inhibition of mTORC1. 
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5.4.3  DNA DAMAGE-INDUCED AUTOPHAGIC CARGO 

One hypothesis in the field is that DNA damage-induced autophagy is required to refuel 

deoxynucleotide triphosphate (dNTP) pools that were emptied for DNA repair [160]. RNA- or 

DNA-containing cell organelles, such as ribosomes, mitochondria or factors that negatively 

regulate dNTP biosynthesis could therefore represent potential targets of autophagy (Figure 

10). The cell cycle regulates the biosynthesis of dNTPs, which peaks during S-phase, when 

enzymes such as ribonucleotide reductase (RNR) that form deoxyribonucleotides from 

ribonucleotides are upregulated [205]. In line with this, a study in budding yeast could show 

that autophagy regulates the levels of Ribonucleoside-diphosphate reductase large chain 1 

(RNR1, orthologue of human RRM1) after genotoxic stress [206]. The large subunit of the RNR 

complex is composed of different homo- or heterodimers that have different catalytic 

activities. The authors reasoned that degradation of RNR1 would favor the assembly of the 

large subunit based on Ribonucleoside-diphosphate reductase large chain 2 (RNR3) and RNR1 

heterodimers that show synergistic increase of activity compared to RNR3 homodimers [207]. 

Hence, dNTP biosynthesis would be balanced by autophagy-mediated RNR1 degradation after 

DNA damage. As mentioned above, MMS-treatment was shown to induce GTA in yeast, an 

ATG11-dependent, hence selective type of autophagy [167]. Although experiments with GFP-

tagged proteins from different subcellular compartments (reporters for mitophagy, 

pexophagy, reticulophagy, nucleophagy, ribophagy and aggrephagy) were performed, no 

specific cargo was detected for GTA. Whether RNR1 is degraded in an ATG11-dependent 

fashion was not assessed. 

Recent publications attributed a more direct role to autophagy in DNA repair. Loss of 

autophagy, led to the nuclear accumulation of p62, which caused the proteasomal breakdown 

of nuclear FLNA and RAD51, proteins that are involved in the repair of DSBs by HR [208,209]. 

Similarly, it was shown that loss of autophagy caused perturbed activity of the Ub E3 ligase 

RNF168 due to elevated levels of p62. Under physiological conditions RNF168 ubiquitylates 

histones for the recruitment of DNA repair proteins to their place of action [210]. In contrast, 

another study suggested that the effect on RNF168 was a consequence of decreased 

autophagic clearance of USP14, which is a regulator of RNF168, rather than an inhibitory effect 

due to the accumulation of nuclear p62 [211]. 

It has been reported that mouse embryonic fibroblasts (MEFs) devoid of autophagy show 

increased proteasomal degradation of CHK1 [212]. Downregulation of CHK1 in these cells led 

to perturbed ATR-CHK1 signaling that would be required for repair of DSBs by HR. Hence, 

autophagy-deficient MEFs were highly dependent on NHEJ to remove DSBs [212]. A study with 

a similar experimental design in MEFs came to different results. Here, DNA damage-induced 

CMA was reported that caused the selective degradation of (p)CHK1 [168]. MEFs devoid of 

CMA showed decreased survival rates after genotoxic stress due to the dysregulated 

phosphorylation and hence perturbed complex formation of the CHK1 target MRN. 
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Another target of autophagy has been suggested in mammalian cells. Genotoxic stress 

induced by UV light, MMS or ETO has been associated with mitophagy [166,193]. Interestingly, 

changes in the mitochondrial network have been reported in response to CPT, which has also 

been shown to inhibit mitochondrial TOP1 in vitro [213–215]. However, mitochondrial DNA 

damage and hence mitophagy induced by agents such as CPT is only likely with prolonged 

treatment duration due to limited mitochondrial permeability [216]. Whether DNA damage-

induced mitophagy promotes cell death or cell survival depends probably on the severity and 

the duration of the genotoxic stress. UV light and MMS treatment have been reported to 

activate a signaling pathway that engages ATR-CHK1-mediated and RHOB-dependent 

mitophagy to promote cell death [166]. The same study demonstrated CPT- and DOX-induced 

autophagy, which was independent of RHOB. The equitoxicity of the treatments was not 

compared, but it remains plausible that RHOB-dependent autophagic cell death was triggered 

by strong DNA damage, whereas moderate DNA damage resulted in RHOB-independent pro-

survival autophagy. A different study showed that about 50% of p53-positive ETO-treated cells 

initiated mitophagy [193]. Interestingly, p53-negative cells that were treated with ETO 

triggered mitophagy in only below 10% of the cells, which corroborates that p53 is crucial for 

DNA damage-induced autophagy, but which is also indicative for p53-independent pathways. 

Of note, ATM has been associated with mitochondria and has been shown to orchestrate 

mitophagy induced by spermidine, which could indicate that the DDR kinase is engaged for 

mitophagy in response to DNA damage as well [217,218]. Another study showed that PEX5 

can recruit ATM to peroxisomes through a PEX5-binding sequence to induce pexophagy [154]. 

This could suggest that similar mechanism might exist for the recruitment of ATM to other cell 

organelles. DNA damage-induced cytoprotective autophagy has been reported in thymocytes. 

Here, ETO and IR treatment led to PPM1D-dependent autophagic degradation of the pro-

apoptotic protein Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA), probably by 

the interaction of its LIR domain with LC3 [191]. 

Several forms of nucleophagy and nucleoporinophagy have been reported in budding yeast 

[43,219–223]. Physiologically, nucleophagy is known to occur in humans during epidermal 

differentiation [34]. Further, a perturbed cell cycle, due to exogenous DNA damage or 

oncogene activation, can promote mis-segregation of DNA during cell division. This can cause 

the formation of micronuclei (MN) that consist of chromatin surrounded by its own nuclear 

envelope. MN have recently been associated with selective autophagy [224]. Thereby, the 

nuclear lamina protein Lamin-B1 (LMNB1) can directly be bound by LC3 to direct the MN into 

the autophagic vesicle [225,226]. ATG proteins were associated already earlier with MN [227]. 

However, only few MN (about 2-5%) showed co-localization with the marker protein LC3. 

Damaged nuclear DNA accumulated as buds or small speckles in the cytoplasm of cells devoid 

of autophagy or the lysosomal nuclease Deoxyribonuclease-2-alpha, which indicates a role for 

autophagy in the removal of extranuclear DNA [228,229].  In line with this, it has been shown 

that the DNA-sensing Cyclic GMP-AMP synthase (CGAS)-Stimulator of interferon genes protein 

(STING) pathway promotes the removal of DNA damage-induced cytoplasmic DNA in an 
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autophagy-dependent fashion [230]. Mechanistically, LC3 lipidation is promoted by STING 

that relocalized to the endoplasmic reticulum-Golgi intermediate compartment upon 

activation. The surveillance of MN has also been associated with the CGAS-STING pathway, 

suggesting that CGAS-STING-mediated autophagy is crucial to preserve genomic stability by 

the removal of extranuclear chromatin fragments or micronucleated DNA [224,228,230–232]. 

This was recently confirmed by a study that identified CGAS as a SAR for the LC3-mediated 

degradation of MN via selective autophagy [233]. 

Moreover, it has been shown that DNA and RNA molecules can be taken up and be degraded 

by lysosomes [234–236]. The mechanism requires ATP and is dependent on the lysosomal 

transmembrane proteins LAMP2C and SID1 transmembrane family member 2 (SIDT2) 

[237,238]. Further, LAMP2C and SIDT2 show specificity towards guanosine-containing 

polymers of deoxy-/ribonucleotide triphosphates, which they bind by arginine-rich motifs in 

the cytoplasm [239,240]. The authors pointed out that repeated guanosine-rich DNA stretches 

can form G-quadruplexes and that such secondary structures in DNA or RNA could mediate 

the lysosomal uptake by binding of LAMP2C or SIDT2 [236]. 

Recently, it was reported that cells undergoing oncogenic transformation due to disabled 

Retinoblastoma-associated protein and p53 pathways induced a strong autophagic response 

towards damage in telomeric DNA [163]. Telomeric DNA damage in cells with functional 

autophagy led to elevated levels of cytoplasmic DNA species in the form of nucleoplasmic 

bridges, MN and cytoplasmic chromatin fragments (in about 50% of the cell population), which 

were observed to much lower levels in IR-treated cells (in about 5-10% of the cell population) 

with intrachromosomal DNA damage. Whereas autophagy-proficient cells activated 

autophagy based on the CGAS-STING pathway, which was followed by mitotic catastrophe and 

cell death, autophagy- or CGAS-STING-deficient cells continued to proliferate and bypassed 

replicative crisis. Of note, ATG proteins have been associated with mitotic catastrophe before: 

it has been reported that ETO and CIS treatments can lead to Focal adhesion kinase 1-

dependent proteasomal degradation of ATG3. However, when ATG3 degradation was 

inhibited, BAG family molecular chaperon regulator 3 interacted with ATG3 and promoted 

mitotic catastrophe[241]. Further, it was demonstrated that sub-lethal doses of ETO and CIS 

led to the upregulation and translocation of ATG5 into the nucleus, where it interacted with 

Baculoviral IAP repeat-containing protein 5 (BIRC5), a member of the chromosomal passenger 

complex (CPC). Consequently, Aurora kinase B, another member of the CPC and binding 

partner of BIRC5, mis-localized, resulting in increased cell death [242]. 

In summary, CGAS-STING activation promotes autophagy to remove MN and cytopolasmic 

DNA species derived from genotoxic stress. However, telomeric DNA damage triggers a CGAS-

STING-dependent autophagy-pathway that leads to mitotic catastrophe in cells undergoing 

oncogenic transformation. Further, DNA damage-induced autophagy can lead to the selective 

degradation of distinct proteins such as RNR1, USP14, (p)CHK1 and NOXA, which influences 



Introduction: 5.4 DNA damage-induced autophagy 

21 

 

directly or indirectly DNA repair and cell survival. The genotoxic induction of mitophagy has 

mostly been associated with cell death. 

 

 

Figure 10: The potential targets of the autophagy response towards DNA damage. Genotoxic stress can active selective forms of autophagy 

leading to the targeted sequestration of specific proteins (e.g. NOXA and USP14 in mammals and RNR1 in yeast), of mitochondria and of 

micronuclei (including LMNB1 and CGAS). CHK1 is regulated by CMA. Extranuclear DNA/RNA might be degraded in a LAMP2C/SIDT2-

dependent manner by the lysosome. Adapted from Juretschke et al. [42]. 

5.4.4  METHODS TO VALIDATE AUTOPHAGIC CARGO 

Classical approaches to validate autophagosomal cargo involve the use of autophagy 

inhibitors, which enable to block autophagic flux. Their use allows recording the time-

dependent increase of the signal of the cargo of interest, detectable e.g. via Western blotting 

or confocal microscopy [243]. Widely used chemical inhibitors are bafilomycin A1 (BafA) and 

chloroquine. These chemicals target the lysosomal Vacuolar H+-translocating ATPase (V-

ATPase), which prevents the acidification of the lysosome. Consequently, lysosomal 

hydrolases become less efficient. Further, BafA and chloroquine inhibit the fusion capability 

of the lysosome with other vesicles preventing maturation of autophagosomes to 

autolysosomes [244–246]. Inhibitors of phosphoinositide 3-kinases (PI3Ks, also known as 

PtdIns3Ks), such as wortmannin (targets all classes of PtdIns3Ks) and 3-Methyladenine 
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(targets class I and III PtdIns3Ks) result in nonspecific autophagy inhibition due to suppression 

of the VPS34 complex [247–249]. Since these inhibitors can also target other kinases e.g. 

members of the PI3K-related kinases (PIKKs) such as ATM and mTOR, caution is needed when 

interpreting results [249–251]. Alternatively, combinations of protease inhibitors are used 

such as the aspartyl protease inhibitor Pepstatin A with the membrane-permeable cysteine 

protease inhibitor trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E-64) D that block 

the activity of subsets of lysosomal hydrolases [252,253]. To confirm the results obtained from 

inhibitor studies ATG KO cell lines can be used to shut down autophagy. Here, KOs in ATG7 or 

ATG5 are widely used as they are part of the UBL conjugation machinery and do not possess 

redundant isoforms [210,212,253,254]. SiRNA-mediated knockdown of ATG proteins has been 

reported to insufficiently block the autophagic flux and might therefore turn out inefficient at 

least in some cell lines [22,254]. Cycloheximide (CHX) chase experiments are also an option to 

validate autophagosomal cargo in combination with aforementioned inhibitors or cell lines. 

CHX inhibits protein synthesis, so that autophagy-regulated proteins would accumulate 

compared to UPS-regulated proteins in the background of autophagy inhibition. A potential 

caveat is here that autophagy is considered to regulate rather long-lived proteins, which might 

exclude CHX chase experiments for their validation due to cytotoxic long-term effects. Here, 

radioactive pulse-chase experiments might be an alternative [255,256]. Historically, 

transmission electron microscopy (TEM) is a powerful method to identify characteristic cell 

organelles such as autophagosomes with their two lipid bilayers [257]. Non-selective and 

selective sequestration of cytoplasmic material or cell organelles such as mitochondria or the 

ER can be detected. However, morphological changes during autophagy are quite dynamic, 

which complicates classification of discrete vesicles along the process [258]. Immuno-electron 

microscopy combines TEM with antibodies that are labeled with gold particles. Hence, the 

localization of proteins can be visualized at the ultrastructural level by generating an electron-

dense label at their position [259,260]. To systematically analyze autophagic cargo mass 

spectrometry (MS)-based proteomics can be engaged. A number of studies employed mass 

(MS)-based proteomics to mammalian cells under basal, starvation- or rapamycin-induced 

conditions [261–263]. Most of these approaches relied on the enrichment of autophagosomes 

by gradient ultracentrifugation prior to their analysis by quantitative MS. A different strategy 

was developed by the Behrends lab that took advantage of a fusion protein of ascorbate 

peroxidase 2 (APEX2)-LC3 allowing in vitro biotinylation of autophagosomal cargo [45,264]. A 

systematic study profiling the autophagic cargo after genotoxic stress is still missing. Taken 

together, a set of methods exist to validate bona fide autophagic cargo. Due to the individual 

caveats of the methods, but also of the protein of interest, it is recommended to acquire solid 

data by a combined use of them [243]. 

5.5  QUANTIFICATION METHODS IN MS-BASED PROTEOMICS 

MS-based proteomics allows systematically identifying and quantifying proteins from 

biological specimen such as cell culture or tissues [265]. In ‘bottom-up’ proteomics proteins 

are usually extracted from their specimen and digested by proteases such as trypsin [266,267]. 
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To decrease the complexity of the sample, the generated peptides are often separated by 

reversed-phase liquid chromatography (LC) before they are directed via different methods, 

such as electrospray ionization or matrix-assisted laser desorption ionization, in form of 

peptide ions into a mass spectrometer [268–270]. Inside the device, ionized peptides are 

measured as a ratio of mass over charge (m/z) [271]. State of the art mass spectrometer pick 

automatically among the most intense ionized peptides from the top N parent ions (MS1 level) 

and subject them for fragmentation into a high collision induced fragmentation cell, which 

allows determining their primary amino acid structure (MS2 level) [271,272]. Tailored 

software enables identification of the protein(s) that were the origin of the measured parent 

and fragment ions, which is represented as a protein group [273–275]. 

Depending on the experimental design and workflow, different quantification techniques 

have its advantages. In general, label-free quantification (LFQ) is discriminated from 

quantification methods that are based on chemical labeling or metabolic labeling of amino 

acids [276]. As LFQ is independent of expensive chemicals or isotope-labeled amino acids it is 

the most cost efficient method. However, it is sensitive towards batch effects and requires 

therefore high consistency in sample preparation and stable performance of the LC-MS [277]. 

A common chemical label are tandem mass tags (TMT), which are added to the samples on 

the peptide level [278]. Chemical labeling has the advantage that it allows reliably to quantify 

samples from specimen that require complicated sample preparation, which would exclude 

LFQ. Further, it can be applied, where metabolic labeling methods are not suitable, such as in 

samples derived from tissues or complete organisms. Another advantage of recent chemical 

labeling methods is that it allows for multiplexing of many conditions, so that different 

treatments can directly be compared in replicates [279]. A major drawback of chemical 

labeling by TMT is its cost, which exceed the costs of LFQ and metabolic quantification 

methods [280]. Using TMT, obstacles in quantification may appear when more than one 

peptide was subjected for fragmentation causing co-isolation interference. This issue can be 

solved by MS3, but requires expensive tribrid instruments [281]. 

The quantification approach that I have relied on for my work is stable isotope labeling by 

amino acids in cell culture (SILAC) [282]. The method is based on naturally occurring isotopes 

of carbon, nitrogen and hydrogen that when enriched can be incorporated into amino acids 

such as arginine (R) and lysine (K). These amino acids complete the cultivation medium of the 

cells that lack the natural amino acids without enriched isotopes [283]. Hence, the cellular 

metabolism will slowly lead to the almost entire labeling of the proteome with isotopically 

labeled amino acids. One advantage of SILAC is that the labeling process takes place on the 

cellular level, which results in the lowest variation between samples compared to LFQ or 

labeling by chemicals [266]. Disadvantages are that only few conditions can be tested in 

parallel, meaning that there are combinations of isotopically labeled amino acids that result 

in SILAC media with virtually no isotopes (designated as ‘light’ condition) and SILAC media with 

heavy isotopes (designated as ‘heavy’ condition). A third SILAC medium contains isotopically 

labeled amino acids that are less heavy compared to the ones used in ‘heavy’ SILAC medium 
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(designated as ‘medium’ condition). Finally, the same peptide that was labelled in the three 

different SILAC media will cause peaks with different m/z as the mass of the peptide is shifted 

according to the respective isotopically labeled amino acids [266]. This allows quantifying 

SILAC ratios between the peptides from the different SILAC conditions. These ratios are 

relative to each other and do not allow for absolute quantification of protein numbers. An 

obstacle is here that quantification is only successful, when for each SILAC condition a signal 

was detected. Otherwise, no ratio can be built and a protein group might be identified, but 

not quantified.  

A major advantage of SILAC is that the different conditions can be mixed in equal shares on 

the cell or protein level, which reduces the sample number to one (Figure 11). The earlier the 

mixing, the lower will be the risk of unwanted effects on the individual SILAC condition that 

could compromise quantification [276]. This makes SILAC the method of choice when 

workflows require a high demand of hands-on time. 

 

Figure 11: SILAC workflow and quantification principles. (A) A general workflow in SILAC approaches contains labeling of cells with different 

SILAC media allowing the quantitative comparison of peptides from ‘light’, ‘medium’ and ‘heavy’ conditions. SILAC allows reducing the 

samples size on the cell or protein level. Afterwards, samples are prepared for MS-based analysis. (B) Parent ion scan indicating the relative 

abundance of a given peptide Y derived from a given protein X from the experiment conducted in (A). According to the mass shift based on 

the differently labeled amino acids in the different SILAC conditions, peptide Y is measured at different m/z. The triplets indicate naturally 

occurring isotopes of elements within the peptide and is referred to as isotopic envelope. Treatment B and treatment A show a higher 

abundance of the measured peptide Y compared to the control. 
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5.6  AIM OF THIS STUDY 

Autophagy is a degradative recycling pathway that takes place in the cytoplasm and is initiated 

in response to many stresses. It can degrade entire protein aggregates, dysfunctional cell 

organelles or invading bacteria contributing to cellular homeostasis. Its activation after 

genotoxic stress is believed to play an important role in cell fate determination. To show that 

DNA damage can induce autophagy, different types of DNA damage will be applied and their 

impact on autophagy will be assessed. As autophagy is initiated within the DDR, the question 

arises how the signal is transmitted from the nucleus to the cytoplasm. The DDR kinases ATM, 

DNA-PKcs and ATR have been associated with autophagy before. However, in human cells, 

this has been reported when using chemical inhibitors of these kinases that might have off-

target effects. We aim to dissect how the DDR kinases may be involved in DNA damage-

induced autophagy activation using a variety of assays. 

A second aspect that we want to address is the physiological role of autophagy after DNA 

damage. To tackle this issue, we will perform a systematic identification of DNA damage-

induced autophagic cargo. This could unveil previously unknown connections between DDR 

and autophagy. To this end, we will establish autophagosome content profiling in our lab, 

which is a quantitative MS-based proteomics method. Human osteosarcoma (U2OS) cells that 

express LC3B with engineered ascorbate peroxidase APEX2 will be used to characterize 

autophagosomal cargo after inducing double strand DNA breaks using topoisomerase I or II 

inhibitors CPT and ETO. This endeavor could also address the question whether DNA damage-

induced autophagy causes the selective or bulk turnover of proteins or cell organelles. 
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6 RESULTS 

6.1  DNA DAMAGE INDUCES AUTOPHAGY 

Conversion of hATG8s is considered a hallmark of autophagy induction and can be visualized 

via Western blotting [284]. Here, conversion of the hATG8 LC3B was monitored. A LC3B-

specific antibody was used to detect lipidation of soluble LC3B-I to LC3B-II in wild-type (WT) 

U2OS cells that were treated with the topoisomerase inhibitors I or II, CPT and ETO, 

respectively, or starvation medium Earle’s Balanced Salt Solution (EBSS) that lacks growth 

factors, amino acids and sugars (Figure 12). LC3B conversion was observed in all conditions, 

particularly when used in combination with BafA, which inhibits the turnover of lipidated 

LC3B. Under basal conditions, LC3B-II was only detected upon long exposure. The SAR p62 

showed decreased signal under all stress conditions, but increased signal when autophagy was 

blocked simultaneously. mTORC1 activity was monitored by blotting for phospho (p)-p70S6K 

(T389). Whereas lack of nutrients caused reduced signal of the phosphorylation site, DNA 

damage showed no effect on the mTORC1-regulated site suggesting different modes of 

activation of autophagy. Although PPM1D-dependent de-phosphorylation of p-ULK1 (S638) 

has been reported to precede DNA damage-induced autophagy, no changes of p-ULK1 (S638) 

signal could be detected when U2OS cells were treated with CPT or ETO [191]. DNA damage 

detection and DDR activation was monitored by blotting for p-CHK2 (T68).

 

Figure 12: Semi-quantitative analysis of DNA damage-induced autophagy using LC3 conversion assay. (A) U2OS cells were treated for 16h 

with DMSO, CPT (10 µM), ETO (10 µM) or EBSS medium. BafA (200 nM) was added in the last 4 hours of the respective treatment. (B) 

Quantification of LC3B-II and p62 signal normalized to β-actin signal. Error bars represent standard deviation. *P<0.05, **P<0.01. Two-way 

ANOVA followed by Tukey`s post hoc test. 

Recent studies showed that LC3B-II can have roles independent of autophagy that makes the 

interpretation of the LC3B conversion difficult. Novel methods such as the tandem-LC3B assay, 

which is a flow cytometry based assay involving a fluorescent fusion protein of LC3B with e.g. 
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enhanced GFP (eGFP) and mCherry, become the new gold standard in autophagy research 

[285–287]. Upon fusion of autophagosome and lysosome the eGFP signal is quenched fast 

whereas the mCherry signal remains more stable in the acidic environment of the 

autolysosome [22]. By calculating a ratio of eGFP to mCherry signal, one can measure 

autophagy initiation (Figure 13). U2OS cells stably expressing tandem-LC3B were treated with 

different types of DNA damage and autophagy induction was monitored. IR, CPT and ETO 

treatment generate DNA double strand breaks, whereas UV leads to the formation of bulky 

lesions within the DNA. CIS causes inter-strand crosslinks and HU leads to replication stress 

that can result in replication fork collapse. Among the different DNA damaging conditions, CPT 

and ETO showed strongest effects for autophagy induction and were picked to initiate 

genotoxic stress in following experiments (Figure 13C). Persistent treatment with CPT showed 

significant autophagy activation in U2OS cells from 6h on and was measured for up to 24h 

(Figure 13D). 16h CPT and 24h CPT induced autophagy to a similar extent as 4h treatment with 

starvation medium. To keep the genotoxic stress as short as possible, but to initiate autophagy 

potently, 16h CPT was chosen as a treatment for the investigation of DNA damage-induced 

autophagy in U2OS cells. 

 

Figure 13: Quantitative analysis of DNA damage-induced autophagy by tandem-LC3B assay. (A) The assay is based on a fusion protein of 

LC3B-II with eGFP and mCherry. (B) eGFP and mCherry intensity as measured by tandem-LC3B assay during basal and starvation-induced 

autophagy. (C) Autophagy induction was measured in U2OS cells expressing tandem-LC3B after following treatments: DMSO (16h), EBSS 

(16h), CPT (16h, 10 µM), ETO (16h, 10 µM), UV (16h recovery after 40 J/m²), IR (16h recovery after 5 Gy), CIS (16h, 10 µM), hydroxyurea (16h, 

2 mM). (D) Autophagy induction after different persistent treatments with 10 µM CPT or 4h EBSS. Dead cells were measured for indicated 

timepoints by Annexin V assay. Error bars represent standard deviation. P-values were calculated using Welch test. HU: hydroxyurea. 
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In order to assess the lethality of the respective treatments, the amount of cells with cell 

death-associated phenotypes was determined for indicated time points using Annexin V assay 

(Figure 13D and Figure 14A). Summing up dead, apoptotic and necroptotic U2OS cells after 

16h of CPT treatment about 13% of the measured cells showed cell death-associated 

phenotypes. This was an increase of about 2-fold compared to control cells that showed cell 

death-associated phenotypes in about 7% over the whole cell population. To investigate 

whether CPT-treated cells would die at later stages Annexin V assay was performed 24h and 

48h after recovery. Cells with cell death-associated phenotypes were in similar amounts as 

control cells or with a 16h insult of CPT, indicating that few cells died ultimately, whereas most 

cells managed to survive. The effect of 16h CPT and ETO treatment on apoptosis was 

investigated further in different concentrations, by monitoring the cleavage of CASP3 and 

PARP1, which is an indicator for cell death pathways (Figure 14B). Faint bands of cleaved 

CASP3 were detected in U2OS cells that were treated for 16h with 50 µM or 100 µM of CPT or 

ETO, whereas no cleavage was detected in cells that were treated with 10 µM of the respective 

compound. PARP1 cleavage was detected in cells treated with 100 µM CPT or ETO, but not in 

lower concentrations. Taken together, the low amount of cells with cell death-associated 

phenotypes as assessed by Annexin V assay and the absence of cleaved CASP3 and PARP1 in 

the 16h period with 10 µM CPT indicate that these treatments are in a sub-lethal range. 

 

Figure 14: Quantification of the cytotoxicity of the treatment by Annexin V assay and CASP3 or PARP1 cleavage. (A) Annexin V assay was 

used to determine the amount of  U2OS cells with cell death-associated phenotypes after treatment with 10 µM CPT for 16h and two recovery 

timepoints. AV-/7AAD- = alive, AV+/7AAD- = apoptotic, AV+/7AAD+ = dead, AV-/7AAD+ = necroptotic. (B) U2OS cells were treated for 16h 

with CPT or ETO with indicated concentrations or with EBSS for the indicated timepoints. Cleavage of CASP3 and PARP1 was assessed. CASP3 

is cleaved to a ~17 kDa and ~12 kDa product upon activation. PARP1 is cleaved by CASP3 to a ~24 kDa and a ~89 kDa product. 

Similar experiments were performed in human retinal pigment epithelial-1 (RPE-1) cells 

(Figure 15). RPE-1 cells that expressed the tandem-LC3B assay showed strong induction of 

autophagy after 18h treatment with 2 µM CPT, which was associated with low levels of 

cytotoxicity as assessed via Annexin V assay (Figure 15B, Figure 15D). Thus 2 µM CPT for 18h 

was chosen as a treatment in RPE-1 cells for further experiments. Interestingly, some of the 

treatments led to an increase of the eGFP to mCherry ratio, which would indicate more eGFP 

signal compared to mCherry. A possible explanation could be that maturation times for eGFP 

are shorter than for mCherry and that at the acquired time points tandem-LC3B expression is 
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increased leading to a short overrepresentation of the eGFP singal. Similar observations are 

known to collaborators and seem to be cell line-specific (personal communication with 

Alexandra Stolz and Paolo Grumati, Goethe University, Frankfurt). To confirm the specificity 

of the tandem-LC3B assay CPT- and starvation-induced autophagy was monitored in the 

presence of BafA treatment in the last two hours of the respective treatment (Figure 15C).  

 

Figure 15: DNA damage-induced autophagy in RPE-1 cells. (A) RPE-1 cell that express the tandem-LC3B assay were treated with different 

types of DNA damage to monitor autophagy activation. CPT treatment was tested in two different concentrations. Treatments: DMSO (18h), 

EBSS (18h), CPT (18h, 2 µM and 10 µM), ETO (18h, 10 µM), UV (18h recovery after 40 J/m²), IR (18h recovery after 5 Gy), CIS (18h, 10 µM), 

hydroxyurea (18h, 2 mM). (B) RPE-1 cell that express the tandem-LC3B assay were treated with 2 µM CPT for the indicated time points. The 

18 h time point was used for further experiments. (C) RPE-1 cell that express the tandem-LC3B assay were treated with 2 µM CPT for 18 h or 

EBSS for 4 h to monitor autophagy activation. BafA was added in the last 2 h of the treatment to show specificity of the assay. N= 3 technical 

replicates. (D) Annexin V assay was used to assess the lethality of 2 µM CPT treatment for the indicated time points on RPE-1 cells. AV-/7AAD- 

= alive, AV+/7AAD- = apoptotic, AV+/7AAD+ = dead, AV-/7AAD+ = necroptotic. P-values were calculated using Welch test. 

6.2  THE DDR KINASES IN AUTOPHAGY  

The DDR kinases have been reported to be involved in autophagy activation during conditions 

of starvation, elevated cellular concentrations of reactive nitrogen species, ROS and DNA 

damage [153,164,166,167,172,175,288–290]. Studies in yeast indicate a direct role for the 

DDR kinases Mec1, Tel1 and Rad53 (orthologues of ATR, ATM and CHK2, respectively) in DNA 

damage-induced autophagy [167]. Further, reports in yeast and mammals suggest a role for 

ATR and ATM in mitophagy and pexophagy, respectively [154,217,290]. In mammals, the role 

of the DDR kinases in DNA damage-induced autophagy is less clear although ROS production 

as a consequence of IR has been linked recently to ATM-mediated activation of autophagy via 

CHK2-Beclin1 or AMPK-TSC2 [153,175]. ATM-CHK2 activation has also been reported to 

mediate autophagy after DNA damage via FOXK2 inactivation, whereas ATR-CHK1 signaling 

was associated with RHOB-TSC2-mediated inactivation of mTORC1 in response to DNA 

damage [166,172]. In order to investigate the role of the DDR kinases in DNA damage-induced 

autophagy, U2OS cells that expressed tandem-LC3B were treated with respective kinase 
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inhibitors while inducing DNA damage with CPT. The kinases JNK1 and p38α have also been 

associated to the DDR and autophagy, previously and were therefore included into these 

experiments by respective inhibitors [291–294]. Inhibition of ATM, DNA-PKcs and ATR had 

significant effects on DNA damage-induced autophagy (Figure 16A). The inhibition of the 

checkpoint kinases CHK1 and CHK2 and the kinases JNK1 and p38α had no significant effects 

on autophagy induction by CPT. Similar results were obtained in RPE-1 cells expressing 

tandem-LC3B (Figure 16B). 

 

Figure 16: Analysis of DDR kinase inhibitors on DNA damage-induced autophagy. (A) U2OS cells expressing tandem-LC3B were pre-treated 

for 1 h with 5 μM JNK inhibitor, 10 μM p38 inhibitor, 2 μM ATR inhibitor, 10 μM ATM inhibitor, 2 μM DNA-PKcs inhibitor, 2 µM CHK1 inhibitor 

or 5 µM CHK2 inhibitor before application of 10 μM CPT for 16h. Statistically significant differences in CPT-induced autophagy are indicated. 

(B) RPE-1 cells expressing tandem-LC3B were pre-treated for 1 h with 2 μM ATR inhibitor, 10 μM ATM inhibitor, 2 μM DNA-PKcs inhibitor, 2 

µM CHK1 inhibitor or 5 µM CHK2 inhibitor before application of 2 μM CPT for 18h. Statistically significant differences in CPT-induced 

autophagy are indicated. (C) Live cell imaging data from RPE-1 cells expressing tandem-LC3B. Cells were pre-treated with inhibitors as in (A), 

but DNA damage was induced with 2 µM CPT final concentration. Autophagy induction was monitored over a course of 24h. Data from basal 

autophagy (blue), CPT-induced autophagy (orange) and BafA-inhibited CPT-induced autophagy (grey) are shown in all plots. Data of CPT-

induced autophagy with parallel inhibition of the respective kinase is shown individually according to the labeling (black). All data points are 

derived from at least three technical replicates that represent the mean of the ratio of GFP to RFP intensity. Error bars represent standard 

deviation. P-values were calculated using Welch test. 

To validate the tandem-LC3B data obtained by flow cytometry, the experiments were 

repeated in a similar set-up using live cell imaging in collaboration with the Stolz lab (Goethe 

University Frankfurt). RPE-1 cells were used that expressed tandem-LC3B based on GFP-LC3B-

RFP-LC3BΔG. The construct is cleaved by endogenous ATG4 proteases, which releases two 

reporters in equimolar amounts. As the RFP-LC3BΔG cannot be attached to autophagosomal 
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membranes, the RFP signal remains relatively stable compared to GFP-LC3B that is regulated 

by autophagy [295]. This tandem-LC3B assay should lead to similar results as the tandem-LC3B 

constructs used in U2OS and RPE-1 cells before (Figure 16A and Figure 16B). The cells were 

pre-treated for 1 h with the respective kinase inhibitor, before autophagy was induced by CPT 

over a time course of 24h. Each hour, the intensity of GFP and RFP was measured and the ratio 

of GFP to RFP signal was calculated. DMSO treated cells showed a gradual decrease in the ratio 

indicating a slight shift towards the RFP signal representing basal activity of autophagy that 

causes a constant degradation of GFP on a low level (Figure 16C). In CPT treated cells, the 

gradual shift in the ratio was more prominent indicative for a more persistent autophagy 

activation. Autophagy activation was blocked in cells that were treated simultaneously with 

BafA represented by a strong shift of the ratio towards GFP. Addition of the ATR and CHK1 

inhibitors resembled the data obtained from BafA-mediated inhibition of autophagy, whereas 

inhibition of ATM, CHK2 or DNA-PKcs caused similar ratios obtained from CPT treatment 

alone. Hence, the data obtained from the live cell imaging approach indicates that CPT-

induced autophagy is ATR-CHK1-mediated, whereas the kinases ATM, DNA-PKcs and CHK2 

play no role in this signaling pathway. This is in contrast with the tandem-LC3B data obtained 

by flow cytometry where CPT-induced autophagy was blocked strongest by ATM and DNA-

PKcs inhibition and where the inhibition of ATR had a mild effect (Figure 16A and Figure 16B). 

 

Figure 17: Analysis of DDR kinases in DNA damage-induced autophagy. The DDR kinases were knocked down in WT U2OS cells by siRNA 

pools containing four specific siRNAs towards their target mRNA. Subsequently, the cells were treated with 10 µM CPT for 16h, before the 

effect of the knockdown on DDR signaling and autophagy activation was assessed. 

As the data obtained from flow cytometry- and live cell imaging-based tandem-LC3B did not 

resemble each other, LC3B conversion assay was used as an alternative approach to assess 
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the role of the DDR kinases on DNA damage-induced autophagy. WT U2OS cells were treated 

with CPT after the knockdown of the DDR kinases, which was confirmed by Western blotting 

(Figure 17). Knockdown of ATM caused simultaneous downregulation of DNA-PKcs, which had 

been reported conversely [296]. DDR activation was assessed by blotting for p-CHK1 (S345) 

and p-CHK2 (T68). The ATR-CHK1 signaling axis was perturbed in cells that had reduced levels 

of ATR and DNA-PKcs, whereas the ATM-CHK2 signaling was affected in cells with low levels 

of ATM and DNA-PKcs. Protein levels of LC3B-II and p62 were affected upon autophagy 

activation by DNA damage. Knockdown of the DDR kinases seemed to have no effect on the 

turnover of p62 by CPT-induced autophagy or the conversion of LC3B-I to LC3B-II. This 

describes for the first time in a direct comparison the effect of the DDR kinases on DNA 

damage-induced autophagy using a knockdown approach. 

6.3  AUTOPHAGOSOMAL CONTENT PROFILING 

The enzymatic protein tag APEX2 enables in vitro biotinylation of proteins in close proximity 

to a protein of interest. This facilitates the identification of direct and indirect interactors of 

the respective protein. Biotin-phenol (BP) is added to the cell culture medium and the 

enzymatic reaction is initiated by a short pulse of H2O2. To investigate the content of 

autophagosomes after genotoxic stress, we generated U2OS cells that constitutively 

expressed the construct APEX2-FLAG-LC3B. Therefore, WT U2OS cells were transfected with 

the respective construct and set under selection pressure. After non-transfected cells were 

removed, a single cell dilution was performed to obtain colonies that derived from single 

clones. 

 

Figure 18: Generation of U2OS cells expressing APEX2-FLAG-LC3B. (A) After single cell dilution, eleven clones were tested for the construct 

by blotting for LC3B at the expected construct size ~45 kDa. Clones #2, #9 and #10 showed a signal, indicating the expression of the construct. 

(B) The functionality of the construct was tested in clones #2, #9 and #10 by blotting for biotin with streptavidin-HRP after induction with 

H2O2. Strep-HRP= streptavidin-horse radish peroxidase. 
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Ultimately, eleven clones were tested for the APEX2-FLAG-LC3B construct that has a molecular 

weight of about 45 kDa (Figure 18A). From the eleven clones, clones #2, #9 and #10 showed a 

band of the expected size indicating that the construct was expressed. The functionality of the 

construct was tested with the respective clones and biotinylation could be detected, where 

H2O2 had been added to the cells in combination with BP (Figure 18B). As clone #10 showed 

strongest biotinylation, it was selected for MS-based proteomics studies and cultivated in 

SILAC media for metabolic labeling.  

APEX2 is particularly suitable, if attached to a protein with a defined localization. To this end, 

the fusion construct APEX2-FLAG-LC3B was used to characterize the content of 

autophagosomes in a MS-based SILAC approach after exposure to ETO (Figure 19). SILAC U2OS 

cells that express APEX2-FLAG-LC3B were treated with BafA in the last two hours of the ETO 

treatment or the DMSO control to prevent the turnover of autophagosomal content and to 

accumulate autophagosomes (Figure 19A). Biotinylation was induced in cells of the SILAC label 

‘medium’ and ‘heavy’ and was omitted in cells labeled with ‘light’ amino acids, which served 

as a non-biotinylated control. Afterwards, cells were collected and mixed in a 1:1:1 ratio based 

on cell numbers and were solubilized using a dounce homogenizer. Different centrifugation 

steps enabled to purify a fraction rich in autophagosomes. As APEX2-FLAG-LC3B faces not only 

the autophagosomal lumen, but also the cytoplasm by residing in the inner and the outer 

autophagosomal lipid bilayer, identification of in vitro biotinylated cytoplasmic non-cargo 

proteins is possible. These proteins are considered as contaminants and were removed by 

enzymatic degradation using proteinase K (ProtK). The two lipid bilayers of the 

autophagosome protect the cargo proteins from degradation by ProtK. To avoid further 

downstream degradation, ProtK is inactivated by addition of PMSF, before biotinylated cargo 

proteins were pulled down using streptavidin and identified via LC-MS/MS (Figure 19B). Inputs 

of the samples of the different SILAC conditions were taken before combining and expression 

of the construct, functional biotinylation and DDR activation were checked (Figure 19C). 

Almost no signal was detected in the unbound fraction, which could indicate for efficient 

pulldown, but might also represent the low levels of proteins in general. In total 904 protein 

groups were identified in four biological replicates of which 381 could be quantified in two out 

of four experiments (Figure 19D). These 381 protein groups were used for further analysis. 

128 of the 381 quantified protein groups were significantly enriched after ETO treatment, 

whereas 4 protein groups were significantly enriched after DMSO treatment and 249 protein 

groups showed no significant changes upon the treatments. Protein groups that were 

significantly enriched after ETO treatment had been associated with autophagy before (Figure 

19E). Among them, the bait protein LC3B, SARs such as SQSTM1 and PHB2, proteins associated 

with autophagy such as LAMP1 and RAB7A and known cargo proteins such as the subunits of 



Results: 6.3 Autophagosomal content profiling 

34 

 

the TRiQ/CCTchaperonin complex were identified, indicating that the approach led to 

successful enrichment and detection of autophagosomal cargo. 
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Figure 19: APEX2-based proximity biotinylation for identification of DNA damage-induced autophagic cargo. (A) A schematic highlighting 

the most important steps during autophagosome content profiling including biotinlyation induction, autophagosome enrichment and ProtK 

digest to remove unwanted cytoplasmic ‘contaminants’. Note that biotinylation is not induced in the ‘light’ condition indicated by a dotted 

line. The number of horizontal lines indicates combining of the three samples, which takes place after biotinylation induction. (B) The SILAC-

based workflow of the experiment. ‘Heavy’ labelled cells were treated for 16h with 10 µM ETO, whereas ‘medium’ and ‘light’ labelled cells 

were treated with DMSO. BafA was added to cells of all SILAC conditions in the last two hours of the treatment at 200 nM final concentration. 

Biotinylation was induced in ‘medium’ and ‘heavy’ labelled cells. Cells of the different SILAC conditions were mixed in a 1:1:1 ratio after 

biotinylation induction and before enrichment of autophagosomes (C) Inputs were analyzed by Western blotting to confirm DDR activation 

by blotting for p-CHK2 (T68) and biotinylation by using Strep-HRP. (D) Quantitative analysis of the dataset. 904 protein groups were identified 

overall in the 4 experiments of which 381 could be quantified in 2 out of 4 experiments. These 381 protein groups were used for further 

analysis in which 128 were significantly enriched after ETO treatment, 4 protein groups were significantly enriched after DMSO treatment 

and 249 protein groups showed no significant changes (E) Volcano plot showing comparison of ETO- to DMSO-induced autophagic cargo. 

Blue hits have a p-value that is significantly different from the mean and are enriched ≥ 1.3-fold. Hits in red are known to be degraded through 

autophagy or are proteins associated with autophagy. L: light, M: medium, H: heavy, BP: biotinphenol, Strep-HRP: streptavidin-horseradish 

peroxidase. P-value = 0.05, fold change ≥ 1.3, n=4. 

6.4  COMPUTATIONAL ANALYSIS OF THE APEX2-FLAG-LC3B DATASET 

Next, the APEX2-FLAG-LC3B dataset was analyzed with different bioinformatic tools to assess 

its quality and to identify putative autophagosomal cargo. Gene Ontology (GO) term analysis 

was performed with all 904 protein groups identified in four independent experiments using 

PANTHER (Figure 20A). Protein groups can comprise proteins that were not unambiguously 

identified by unique peptides, but share common peptides and are therefore quantified 

together. The dataset was compared with a previously published APEX2-LC3B dataset from 

the Behrends group comprising 994 BafA-sensitive protein groups and which is the only 

dataset with a comparable workflow [45]. The section ‘cellular component’ showed an 

enrichment for a set of genes with the associated GO term ‘receptor complex’, which included 

plasma membrane proteins such as integrins and ephrins. These genes were also found in 

other GO terms such as ‘integral component of plasma membrane’ or ‘plasma membrane 

region’. The enriched GO terms ‘lysosome’ and ‘cytoplasmic vesicle lumen’ overlapped in 

genes for cathepsins. The section ‘molecular function’ showed a strong enrichment for a set 

of genes with the associated GO term ‘cysteine-type endopeptidase activity’ or ‘ubiquitin-like 

protein ligase activity’, which included several deubiquitylating enzymes or E3 ubiquitin-

protein ligases, respectively. The section ‘biological process’ showed enrichment for GO terms 

similar to terms from the section ‘cellular component’ including the respective set of genes 

such as MTOR, HEXB, RAB7A and RAB14 in ‘lysosome organization’.  

A protein-protein interaction (PPI) hub analysis was performed that addressed the question, 

which proteins would most commonly interact with the protein groups in the dataset. For the 

PPI hub analysis all protein groups were used that could be quantified in at least 2 out of 4 

experiments. These were 381 protein groups, which were extended by the proteins within the 

quantified protein groups, which led to 445 proteins in total. Among the top ten most 

commonly interacting hits, five of the six hATG8s were listed (Figure 20B). Other proteins 

indicated as common protein hubs were SLC2A4, 14-3-3 proteins, the 14-3-3 binding protein 

ARRB2 and ACTB. For visualization purposes, the clustergram indicates the interaction of the 

top 300 hits from the dataset with the associated hATG8s (Figure 20C). About a third of all 

quantified protein groups has been reported to interact with the indicated hATG8s. 
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Figure 20: Bioinformatic analysis of the autophagosomal content after ETO treatment. (A) GO term analysis using PANTHER and a previously 

published dataset as background [45]. Redundant terms and terms with low enrichment or low significance were excluded for visualization. 

(B) Proteins that have been most commonly connected to the dataset by PPI hub analysis using enrichR [297]. (C) Clustergram to visualize 

the interactions of associated hATG8s to the top 300 ETO-induced hits of the dataset. 
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To get a more informative picture of the ETO-induced autophagic cargo, a cluster analysis was 

performed on the 128 significantly enriched proteins groups of the dataset. The 128 protein 

groups were extended by the quantified proteins within the protein groups, which led to 163 

proteins in total. In the end, nine clusters of a minimum of three proteins could be identified 

(Figure 21). 72 proteins could not cluster among each other or be assigned to any of the other 

nine clusters and were therefore removed from further analysis. Cluster 1 and cluster 2 are 

the biggest clusters identified with 27 and 21 proteins, respectively. Cluster 3, cluster 4 and 

cluster 5 are of a medium size with 12, 9 and 8 proteins. The remaining clusters consists of 

either 4 or 3 proteins. The protein clusters were analyzed by GO term enrichment-, Reactome- 

and KEGG-analysis. Most of the clusters were associated with terms that could clearly be 

connected to autophagy or autophagic cargo. Interestingly, cluster 1 represents an exception 

as chromatin-associated proteins with largely nuclear localization assemble it. Taken together, 

the systematic analysis of autophagy cargo after DNA damage indicates that nuclear proteins 

could be potential autophagosomal cargo. 

 

 



Results: 6.4 Computational analysis of the APEX2-FLAG-LC3B dataset 

38 

 

 

Figure 21: Cluster analysis of ETO-induced autophagic cargo identified by autophagosome content profiling. For the cluster analysis only 

the significantly enriched protein groups were considered (128 protein groups in total, p≥0.5, fold change ≥1.3). The analysis was extended 

by the proteins in all protein groups. This procedure extended the total amount of proteins analyzed for cluster analysis from 128 to 163. 

These 163 proteins were analyzed using StringDB at a threshold of 0.7. The network was processed further using Cytoscape and the Cluster 

viz app. The mcode algorithm was used to generate the protein cluster. Proteins that were not associated to any of the clusters are listed 

below. GO term, Reactome and KEGG analysis was performed using enrichR. 
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6.5  VALIDATION OF AUTOPHAGOSOMAL TARGET PROTEINS 

To confirm that the proteins identified by autophagosomal content profiling are degraded by 

autophagy, a ProtK protection assay can be performed. The assay resembles the protocol for 

autophagosome content profiling, but instead of subjecting the autophagosome-rich fraction 

to LC-MS/MS-based analysis, samples are treated with different combinations of ProtK and 

Triton X-100 before they are subjected for Western blotting (Figure 22A). Triton X-100 disrupts 

the autophagosomal membranes and releases the cargo. The combined treatment of Triton 

X-100 with ProtK causes the degradation of all proteins in the autophagosome-rich fraction. 

Triton X-100 alone causes no degradation. ProtK alone results in the hydrolysis of cytoplasmic 

proteins outside the autophagosome or proteins that are localized on the autophagosomal 

surface such as cytoplasmic parts of the transmembrane protein ATG9A. Proteins within the 

autophagosome such as SAR p62 are protected from ProtK by the two lipid bilayers as outlined 

for the autophagosomal content profiling (Figure 19A).  

A ProtK protection assay was performed with WT U2OS cells that were treated with ETO to 

trigger DNA damage-induced autophagy (Figure 22B). Blotting for ATG9A with an antibody 

that recognizes a cytoplasmic epitope led to no signal in ProtK-treated samples. Blotting for 

p62 resulted in a faint band in ProtK-treated samples, indicating that p62 was protected by 

lipid bilayers. The same is true for LC3B, which shows an enrichment for LC3B-II. RPS10, a 

component of the 40S ribosomal subunit was not identified in our dataset as autophagosomal 

cargo and was therefore used as a negative control. It was shown in yeast that DNA damage-

induced autophagy led to the degradation of RNR1, the orthologue of human RRM1 [206]. 

RRM1 was quantified in two out of four experiments of the autophagosome content profiling 

approach, but showed no significant enrichment after ETO treatment (Figure 22C). RRM1 

showed a signal in ProtK-treated samples indicating that it is regulated by autophagy and 

confirming the results of the previous study (Figure 22B). From the autophagosome content 

profiling after ETO treatment a set of proteins was selected for confirmation by ProtK assay 

(Figure 22D). Some of the proteins were of particular interest as they have been described as 

proteins of nuclear localization (Figure 22C). From ten proteins tested in the ProtK protection 

assay only the histone variant histone H2A could not be validated. 
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Figure 22: ProtK protection assay to validate selected hits from autophagosome content profiling. (A) General workflow for ProtK 

protection assay. (B) ProtK protection assay confirms regulation of p62, LC3B and RRM1 by autophagy. (C) Volcano plot from Figure 19, but 

with proteins highlighted that were chosen for validation. The cellular localization of the proteins of interest is listed according to protein 

atlas.  (D) ProtK protection assay for the validation of selected target proteins. White arrows indicate the bands for DDX39A and PRMT1. 

To confirm the results from the ProtK protection assay, whole cell lysates were generated 

from U2OS cells that were treated with ETO and BafA and analyzed by Western blotting (Figure 

23A). Autophagy activation was monitored by blotting for LC3B and p62 and DDR activation 

was confirmed by blotting for p-CHK2 (T68). Protein levels of some of the potential cargo 

proteins were assessed, but no change could be detected that would resemble the signal of 

p62 that is degraded upon ETO-induced autophagy. As some of the proteins such as Lamin A 

(LMNA) are known to have a long half-live, the experiment was repeated in a similar set-up 

with exposure of the cells to ETO for up to 24h (Figure 23B). The protein levels of the 

potentially autophagy-regulated hits seemed to remain stable. 
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Figure 23: Autophagy inhibition by BafA to validate target proteins. (A) Whole cell lysates of U2OS cells that were treated for 16h with 10 

µM ETO were analyzed via Western blotting. In the last 4h of the treatment, 200 nM BafA was added. (B) As in (A), but for indicated time 

points. 

Taken together, autophagosomal content profiling after ETO treatment led to the 

identification of potential cargo proteins with nuclear localization. Using ProtK protection 

assay most of the proteins could be validated suggesting a previously unrecognized role for 

autophagy in the regulation of proteins of the nucleus. However, analyzing whole cell extracts 

with a block in the autophagy pathway did not allow confirming those results. 
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7 DISCUSSION 

In this study, two main aspects of DNA damage-induced autophagy were investigated. The 

first aspect includes the signaling events that occur during DNA damage-induced autophagy 

in U2OS and RPE-1 cells. Therefore, different p-sites that are commonly described in literature 

to indicate mTORC1 activity were compared after genotoxic or starvation stress. Further, the 

role of the DDR kinases in DNA damage-induced autophagy was assessed. Therefore, U2OS 

and RPE-1 cells that expressed the tandem-LC3B assay were treated with respective DDR 

kinase inhibitors and the effect on CPT-induced autophagy was monitored. The second aspect 

involves the identification of target proteins of autophagy after DNA damage in U2OS cells. To 

study the autophagosomal cargo after DNA damage in a systematic manner, a recently 

developed MS-based proteomics approach was established [45]. The data was analyzed using 

different bioinformatic tools to obtain insights into classes of proteins that are degraded. In a 

last step, several of the identified DNA damage-induced cargo proteins were selected for 

validation using different assays. 

7.1  DNA DAMAGE INDUCES AUTOPHAGY 

Exposure of U2OS cells to CPT or ETO induced autophagy as assessed by the LC3B conversion 

assay and tandem-LC3B assay. The semi-quantitative analysis of the LC3B conversion assay 

indicates that the autophagy-inducing treatments CPT and ETO show a significant difference 

compared to basal autophagy, when used in combination with the autophagy inhibitor BafA 

(Figure 12). The difference between starvation-induced autophagy and basal autophagy is not 

significant in the LC3B conversion assay. This does not mean that starvation does not induce 

autophagy. Most probably, the significance is not given as short periods of starvation can 

already stimulate autophagy potently, which leads to a fast conversion of LC3B-I to LC3B-II, 

but simultaneously to a quick degradation of the lipidated form [298]. Hence, the signal of 

LC3B-II might not be strong enough for a significant difference compared to basal autophagy 

even though BafA was used in the last two hours of the starvation treatment. Proof of that 

can be found, when the degradation of the SAR p62 is monitored (Figure 12). Here, BafA-

inhibited basal autophagy shows significantly different protein levels of p62 when compared 

to the autophagy-inducing treatments CPT, ETO and starvation without BafA treatment. In 

line, starvation treatment led to a strong dephosphorylation of the mTORC1-regulated site p-

p70S6K (T389), which is used as a read-out for mTORC1 activity [193]. 

The quantitative tandem-LC3B assay allowed to compare the effect of particular DNA damage 

treatments on autophagy activation. In the experiments presented here, topoisomerase 

inhibitors I and II, CPT and ETO, respectively, caused the strongest activation of autophagy 

compared to treatments with UV, IR, CIS and HU (Figure 13C). The genotoxicity of the different 

treatments was not assessed. Hence, one cannot draw the conclusion that the DNA lesions 

caused by CPT and ETO, mostly DSBs, initiate autophagy strongest compared to other types 

of damage such as inter-strand crosslinks that are evoked by CIS. IR that also causes DSBs such 

as CPT and ETO treatment did not show a strong activation of autophagy. However, the 
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activation was measured after 16h of recovery. Therefore, the treatments are not easily 

comparable. The same is true for the UV treatment that causes bulky DNA lesions. HU that 

leads to replication fork collapse after prolonged treatment showed the weakest effect among 

the different DNA damaging treatments. The question arises whether the treatments used 

cause autophagy by the same or different signaling pathways. IR can damage mitochondrial 

DNA which results in a perturbed electron transport chain that leads to increased ROS 

concentrations inside the cell [299]. Hence, IR might induce autophagy by ROS production and 

genotoxic stress. The signaling pathways that lead to autophagy activation after ROS are based 

on the ROS-sensitive DDR kinase ATM that activates LKB1-AMPK-TSC2 or CHK2-Beclin 1 

[153,175,176]. 

7.2  SIGNALING EVENTS IN DNA DAMAGE-INDUCED AUTOPHAGY 

mTORC1 is the main regulator of autophagy. Its activity can be assessed by blotting for 

mTORC1-regulated p-sites such as p-p70S6K (T389) or p-ULK1 (S757) [300]. U2OS cells that 

were starved for 4h showed a strong reduction of p-p70S6K (T389) and p-ULK1 (S757) (Figure 

12A and Figure 24B). Interestingly, DNA damage did not cause the dephosphorylation of p-

p70S6K (T389). This is in contrast to previous publications that report mTORC1-dependent 

activation of autophagy after genotoxic stress in MEFs [193,203]. Similarly, the PPM1D-

dependent dephosphorylation of ULK1 at S637 (S638 in humans) that was reported as a 

requirement for DNA damage-induced autophagy in MEFs, was not reproducible in U2OS cells 

(Figure 12A) [191]. This could indicate that the signaling pathways that lead to autophagy after 

DNA damage differ from primary to cancer cells. In line, ETO treatment was unable to 

inactivate mTORC1 in the breast cancer cell line MCF-7 as assessed by blotting for the direct 

and indirect mTORC1-regulated sites on 4EBP1 and S6K, respectively [153]. Activation of 

AMPK after genotoxic stress has also been observed in MEFs, but not in MCF-7 cells [153,193]. 

In U2OS cells, CPT was unable to promote further phosphorylation of AMPK on T172 

compared to non-stressed conditions, whereas starvation did (Figure 24A and Figure 24B). 

This was different from RPE-1 cells that showed AMPK activation after CPT treatment. The 

activation of AMPK under non-stressed conditions could be indicative for the relatively high 

levels of basal replication stress present in U2OS cells. Contrary, the activation of the 

checkpoint kinase CHK2 was functional and showed no increased phosphorylation levels 

under non-perturbed conditions (Figure 24A). 

Taken together, the signaling events during DNA damage-induced autophagy were mostly 

studied in MEFs [191,193,203]. These pathways are based on mTORC1 inactivation via LKB1-

AMPK-TSC2 or the direct dephosphorylation of ULK1 by PPM1D. A corner stone in DNA 

damage-induced autophagy is the tumor suppressor p53 that controls many ATG genes and 

members of the DDR after genotoxic stress [155]. Hence, the p53 status in cancer cells will 

have a crucial impact on DNA damage-induced autophagy and its underlying signaling events. 
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7.3  INVESTIGATING THE ROLE OF THE DDR KINASES IN DNA DAMAGE-INDUCED AUTOPHAGY 

The role of the DDR kinases in autophagy activation after DNA damage was studied in U2OS 

and RPE-1 cells. U2OS cells that expressed the tandem-LC3B assay were treated with a 

respective inhibitor before autophagy was induced by CPT treatment (Figure 16A). As the 

PIKKs ATM, ATR and DNA-PKcs share many substrates one could have expected that their 

individual inhibition might show only mild effects on autophagy activation due to their partial 

redundancy. However, inhibition of ATM and DNA-PKcs showed a strong effect, whereas the 

inhibition of ATR had a mild, yet significant effect on DNA damage-induced autophagy. Similar 

results were obtained in RPE-1 cells expressing tandem-LC3B (Figure 16B). Given that the 

ATM-CHK2 and the ATR-CHK1 axis had already been connected to DNA damage-induced 

autophagy before, it was unexpected to see that inhibition of CHK1 or CHK2 showed no effect 

on the activation of autophagy after CPT [166,172]. The study that revealed a role for the ATR-

CHK1 axis in DNA damage-induced autophagy was triggered after strong UV and MMS 

treatments that led to ACD. Similar to our study, sub-lethal doses with CPT or DOX were also 

tested, which did not trigger ATR-CHK1-mediated autophagy [166]. Of note, the study used 

the same ATR inhibitor in a similar concentration to our study, whereas the inhibitors for ATM, 

CHK1 and CHK2 were different. Most of the experiments conducted including the respective 

inhibitors were performed in HeLa cells that are known to have a diminished p53 function 

[301,302]. The study that revealed a role for the ATM-CHK2 axis in DNA damage-induced 

autophagy was triggered after CIS and ETO treatments that were in similar concentration and 

duration compared to our study [172]. Most of the experiments were conducted in cancer cell 

lines from liver or lung epithelium. The inhibitors used for ATR and CHK1 inhibition were 

different compared to our study, but the inhibitors used for ATM and CHK2 inhibition were 

the same. The ATM inhibitor was used in the same concentration, whereas CHK2 was inhibited 

in a twofold higher concentration. The results from both studies were validated in a single 

experiment each including the short hairpin RNA-mediated knockdown of CHK1 or CHK2, 

respectively [166,172]. 

The experiments to assess the role of the DDR kinases in DNA damage-induced autophagy 

were repeated using a similar approach by the Stolz lab (Figure 16C). In stark contrast to our 

data in U2OS and RPE-1 cells, inhibition of ATM and DNA-PKcs had no influence on DNA 

damage-induced autophagy (Figure 16C). Further, ATR and CHK1 inhibition had strong effects 

on DNA damage-induced autophagy. This would indicate that DNA damage-induced 

autophagy is mediated by the ATR-CHK1 signaling axis. This had been reported before, but 

exclusively for strong and lethal DNA damage treatments and explicitly not for similar sub-

lethal CPT treatments as performed here [166]. Further, the time-course experiment in RPE-1 

cells revealed that CPT induced autophagy at a later time point, around 17h-18h, compared 

to U2OS cells that showed robust CPT-induced autophagy activation from 6h on (Figure 13). 

This was confirmed by our data obtained from RPE-1 cells expressing tandem-LC3B, where 

shorter treatments with CPT did not induce autophagy (Figure 15B). The differences between 
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the two cell lines in regard of autophagy activation after DNA damage might rely on the slight 

different treatments, but also on the relatively instable genome of U2OS cells. 

Overall, the experiments performed on the role of the DDR kinases in autophagy have been 

inconclusive. Knockdown of the respective kinases using siRNA showed no effect on the 

conversion of LC3B or the protein levels of p62 upon autophagy activation by CPT treatment 

(Figure 17). It is unlikely that effects on autophagy were not detectable due to insufficient 

knockdown efficiency as these were confirmed and DDR signaling was perturbed. However, it 

is possible that the effects are only detectable when using more quantitative assays than 

Western blotting or that minimal DDR signaling suffices to trigger autophagy. It is also 

plausible that commonly used DDR kinase inhibitors have off-target effects that could 

influence autophagy. The inhibitors for ATM (KU-55933) and DNA-PKcs (NU7741) that were 

used in this study have been shown to inhibit the PtdIns3K VPS34, which explains the strong 

inhibition observed in my data [303,304]. Conversely, these effects are absent in the 

analogous assay performed by the Stolz lab. Lastly, the effect of ATR inhibition was consistent 

in both assays, but its knockdown did not affect LC3B conversion nor p62 levels. 

7.4  CHARACTERIZATION OF THE AUTOPHAGOSOMAL CONTENT AFTER DNA DAMAGE 

Autophagosome content profiling based on the APEX2-FLAG-LC3B construct was used to 

systematically identify ETO-induced autophagic protein cargo. Among the enriched proteins 

several are known to be regulated by autophagy such as the subunits of the TRiQ/CCT 

chaperonin complex, but also proteasomal and ribosomal subunits [305]. Three different 

types of bioinformatic analysis suggest that the dataset is of good quality and represents bona 

fide autophagic cargo or at least proteins in proximity of the bait protein LC3B.  

First, several of the terms derived from the GO enrichment analysis could be associated to 

autophagy (Figure 20A). The proteins behind the terms were often of lysosomal localization 

such cathepsins or LAMP1. Although these proteins might not be expected inside of 

autophagosomes, they might represent proteins from enriched autolysosomes due to 

incomplete inhibition by BafA. Further, the enriched receptor complex and plasma 

membrane-related terms consist mostly of integrins, which are associated with focal 

adhesions (FAs). FAs are large macromolecular assemblies that consist additionally to integrins 

of scaffolding and signaling proteins such as Vinculin (VCL) and Focal adhesion kinase 1. They 

connect the actin cytoskeleton to the extracellular matrix to provide traction [306]. FAs are 

known to be assembled and disassemble during  cell migration [307]. Degradation of FAs is 

mediated by different autophagy pathways dependent or independent of SARs such p62 or 

NBR1 [308,309].  

Second, the PPI hub analysis indicated that the most common proteins that are supposed to 

interact with the proteins in the dataset are the hATG8s (Figure 20B). About a third of the 

proteins included in the analysis have been associated with the autophagy marker proteins 

before.  
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Third, the cluster analysis performed on the enriched proteins after ETO treatment revealed 

nine clusters that are mostly comprised of proteins that are known to be degraded by 

autophagy (Figure 21). This includes ribosomal subunits and cytoplasmic tRNA ligases (cluster 

2 and cluster 7), proteins involved in glycolysis (cluster 3), different chaperones and subunits 

of the TRiQ/CCT chaperonin complex (cluster 4 and cluster 5), mitochondrial and ER proteins 

(cluster 9 and cluster 6) as well as ATG proteins (cluster 8) [305,310–317]. The exception were 

histones and proteins with nuclear association in cluster 1, although single studies report that 

CMA can regulate histones H3-H4 and other nuclear proteins such as CHK1 [168,318]. The 

cluster analysis enabled the identification of well characterized targets of autophagy. 

However, room for improvement remains. Many proteins that were enriched could not be 

associated with any of these clusters. One of these proteins was PHB2, a known SAR that is 

localized at the inner mitochondrial membrane (IMM) and that mediates mitophagy by direct 

interaction with hATG8s after disruption of the outer mitochondrial membrane [317]. This 

might also explain why proteins of the mitochondrial electron transport chain, which reside in 

the IMM were identified (cluster 9). Hence, PHB2 could have been clustered either within 

cluster 9 or with the ATG cluster 8. Moreover, some proteins such as the TRiQ/CCT chaperonin 

complex subunit CCT8 was not associated with its respective protein complex members in 

cluster 5, but was connected with cluster 2 that represents mostly ribosomal subunits. 

Further, proteins that were not significantly enriched such as p62 or Serine/threonine-protein 

kinase Nek9 (NEK9) were excluded from the analysis although their association with 

autophagy is apparent. This could indicate that the statistical test applied is too stringent and 

that also proteins that do not show a significant change compared to control cells could be 

target proteins of autophagy. 

7.5  VALIDATION OF POTENTIAL CARGO PROTEINS OF DNA DAMAGE-INDUCED AUTOPHAGY 

The ProtK protection assay was used to validate selected proteins from the autophagosome 

content profiling experiment after ETO treatment (Figure 22A). To validate the assay, 

endogenous LC3B, the SAR p62 and a previously reported DNA damage-induced protein target 

in yeast, RRM1, were validated, first [206]. All three proteins were resistant towards 

treatment with ProtK indicating their protection by autophagosomal membranes (Figure 22B). 

Despite their enrichment in the MS-based experiment towards cells treated with ETO, the 

protein levels of all three proteins seemed to be similar in the ProtK protection assay when 

compared to cells treated with DMSO (Figure 22C). As U2OS cells initiate autophagy 

significantly from 6h CPT treatment on, one can assume that ETO treatment does the same at 

a similar time point. Hence, U2OS cells that were treated for 16h with ETO initiated DNA 

damage-induced autophagy already for about 10h, before autophagosomes were purified 

from whole cell extracts. Further, BafA was applied only in the last two hours of the ETO 

treatment to accumulate autophagosomes. Hence, the autophagosomal content identified by 

APEX2-FLAG-LC3B proximity biotinylation represents cargo that was captured after DNA 

damage-induced autophagy was active for approximately 8h. Accordingly, protein levels of 

autophagy-regulated target proteins must have been downregulated for about 8h, before 
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BafA treatment would have partially rescued the turnover, which might result in the missing 

accumulation of autophagosomal cargo in the ProtK protection assay (Figure 22D).  

Among the proteins identified by autophagosomal content profiling after ETO treatment, 

several were of nuclear localization or had been reported to function partially inside the 

nucleus (Figure 22C). Using the ProtK protection assay, several of the candidate proteins were 

validated (Figure 22D). This included the nuclear lamina protein LMNA and LMNC that had 

been reported to be degraded by autophagy in cells that undergo oncogene-induced 

senescence, but also during DNA damage-induced micronucleophagy [225,319,320]. Other 

proteins of the nuclear envelope such as LMNB1 or proteins that were described as mediators 

of autophagy-dependent degradation of lamins such as SMURF2 or UBE2I were not identified 

by the autophagosome content profiling approach [225,320,321]. The protein arginine N-

methyltransferase 1 (PRMT1) was also validated by ProtK protection assay. Among the target 

proteins of PRMT1 are histones and potentially the lamins LMNA and LMNC [322,323]. 

Whether PRMT1 is selectively degraded by autophagy or eventually engulfed as a bystander 

next to parts of the nuclear envelope after DNA damage remains to be determined. Of note, 

PRMT1 is the homologue of Caenorhabditis elegans epg-11, which has been implicated into 

the autophagic removal of P granules, ribonucleoprotein aggregates formed in the germline 

[324,325]. Calnexin (CANX) that was also validated as a cargo protein has recently been 

associated to mediate the selective autophagy of procollagen in collaboration with the 

reticulophagy receptor FAM134B [316]. CANX resides in the ER, which is associated with the 

outer face of the nuclear lamina and could therefore be degraded together with parts of the 

nuclear envelope or associated to MN after DNA damage.  

The nucleoside diphosphate kinase A (NME1) has also been validated using ProtK protection 

assay, which confirmed its lysosomal regulation that had been reported earlier [326]. NME1 

is diverse in its catalytic activities as it possesses 3’-5’ exonuclease activity and can 

phosphorylate as a protein and nucleoside kinase different types of substrates [327]. It is 

considered a metastasis suppressor as mutants without functional 3’-5’ exonuclease activity 

lose their ability to suppress metastasis in xenograft models [328,329]. NME1 is involved in 

the Granzyme A-mediated cell death pathway, where it is part of the ER-associated protein 

complex SET composed of the 3’-5’ exonuclease TREX1 and other proteins [330,331]. Upon 

Granzyme A-mediated activation of the complex, NME1 and TREX1 work in concert to cause 

lethal DNA damage inside the nucleus [331]. Intriguingly, upon rupture of the nuclear 

envelope of MN, TREX1 has recently been implicated in limiting the CGAS-mediated immune 

response by NME1-independent degradation of the micronucleated DNA [332]. 

Among the top hits of the MS-based dataset are the histone variants histone H2A and H2B 

that are known to dimerize before assembling to a nucleosome with other histones such as 

the histone dimer H3-H4 [333]. Histones H3 and H4 were also identified by MS, but only in 

one of the four replicates H3 was quantified. Interestingly, histone H2A could not be validated 

by the ProtK protection assay suggesting that H2A was not protected by autophagosomal 
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membranes. Whether this means that H2A is not a cargo, but rather a LC3B proximal protein 

on the autophagosomal surface requires further investigation. However, the developers of 

autophagosome content profiling  described recently some proteins as ProtK-indigestable due 

to their RNA- or lipid-binding conformation, which included histones, ribosomal and 

proteasomal subunits [264]. They excluded these proteins from their further analysis and 

designated them as contaminants, but noted that this could be erroneous. Notably, after their 

translation at ER-resident ribosomes histones are bound by dedicated histone chaperones 

that ensure their proper folding and import to the nucleus. The histone chaperone that binds 

the H2A-H2B dimer is NAP1L1 that could be validated as a ProtK protected cargo protein 

(Figure 22D) [334,335]. Several reports indicate that the nuclear import of histone H2A-H2B is 

mediated by an interplay of the histone dimer with NAP1L1 and different importins such as 

KPNB1, IPO5, IPO4 and IPO9 and the GTP-binding nuclear protein Ran [336–338]. These and 

other proteins associated to the nuclear import and export machinery were identified by 

autophagosome content profiling after ETO treatment.  Some interactions between importins 

and hATG8s had been reported earlier [261]. Finally, IPO5 was selected for validation using 

ProtK protection assay (Figure 22D).  

NEK9 has recently been described as an selective autophagy adaptor for MYH9 to regulate 

primary cilium biogenesis [339]. Its LIR-based interaction with hATG8s had been reported 

before [261,340]. Following studies revealed that NEK9 can phosphorylate hATG8s to change 

their affinities to the SARs p62 and NBR1 [341]. Despite its description as an autophagy 

adaptor that is not degraded upon autophagy activation, NEK9 was validated as an ETO-

induced autophagy cargo using the ProtK protection assay (Figure 22D). Whether NEK9 can be 

degraded by ETO-induced autophagy or turns out to be a proximal protein of LC3B that 

escaped ProtK digestion requires further studies. 

Validation of the cargo proteins over the whole cell lysate was not successful under the 

conditions tested (Figure 23). Presumably, the long half-live of some of the proteins did not 

allow their validation via Western blotting. The generation of KO cells as outlined within the 

introduction would allow examining the protein levels independent of chemical or siRNA-

mediated inhibition of autophagy. Fluorescence-microscopy experiments to indicate the co-

localization of cargo proteins with ATG marker proteins such as LC3B or LAMP1 are frequently 

used in literature to show their regulation by autophagy. Similarly, selective types of 

autophagy could be discriminated by examining the co-localization with SARs. 

7.6  CONCLUDING REMARKS 

The GO term analysis of the autophagosome content profiling dataset points into the direction 

of ETO-induced degradation of FAs, which are known targets of autophagy [308]. FA turnover 

plays a role in the motility of cells, but also during metastasis [307,309]. In line, ETO-induced 

autophagy led to the degradation of NME1 that has been described as a metastasis suppressor 

[326,329,342]. Hence, autophagy-mediated degradation of NME1 would favor metastasis 

simultaneously to FA turnover. Autophagy has been connected to metastasis in various 
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cancers [343,344]. It would be of major clinical interest to investigate potential roles of ETO-

based chemotherapy on autophagy-mediated metastasis. 

The cluster analysis did not recognize a FA-associated cluster as only few proteins that are 

associated with FA, such as VCL and Fascin, were significantly enriched and considered for 

analysis. Nevertheless, a cluster of nuclear proteins was identified suggesting the regulation 

of proteins with nuclear localization or function by autophagy. Removal of nuclear proteins by 

autophagy has not been in the scope of the autophagy field as it is considered a cytoplasmic 

process. Single publications report CMA of nuclear proteins or regulation of nuclear envelope 

proteins by autophagy and recently CGAS was identified as SARs for the removal of MN. Given 

that histones and other chromatin-associated proteins such as the histone chaperone NAP1L1 

were identified in the dataset, the autophagosomes enriched after ETO treatment might have 

contained MN or nuclear blebs derived from damaged nuclei.  

Intriguingly, recent studies report the proteasomal degradation of histones after genotoxic 

stress, which has positive effects on DNA repair in yeast [345,346]. Of note, NAP1L1 is part of 

a protein family of histone chaperones that are conserved in eukaryotes [347]. Interestingly, 

a family member in yeast, Vps75 that in contrast to the other members of the family binds 

preferentially H3-H4, was originally discovered in a genomic screen for vacuolar sorting 

proteins [348–350]. Its deletion had effects on vacuolar morphology and protein sorting 

suggesting a role outside the nucleus. Hence, as CMA of H3-H4 has been reported in cells 

devoid of the histone chaperone NASP, it would be of great interest to investigate a role for 

NAP1L1 in selective degradation of H2A-H2B after genotoxic stress [318].  

PTMs play a major role in the regulation of selective types of autophagy [31,32,351]. In 

accordance, a recent study revealed that NEK9 can phosphorylate hATG8s that changes their 

affinities to the SARs p62 and NBR1 [341]. Hence, it would be tempting to speculate that ETO 

treatment would induce the NEK9-mediated switch to a selective form of hATG8-dependent 

autophagy. Of note, a MS-based study reported the interaction of NEK9 with the histone 

chaperone NAP1L1 [261].   
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8 MATERIAL AND METHODS 

8.1  LIST OF CONSUMABLES,  MACHINES AND SOFTWARE 

Table 1: List of general consumables, machines and software used. 

General solutions or chemicals   

Item Supplier 

Acetic acid Sigma Aldrich 

Acetone Sigma Aldrich 

Acetonitrile (ACN) Sigma Aldrich 

Ethanol Sigma Aldrich 

Formic acid Sigma Aldrich 

Methanol Sigma Aldrich 

RNase free water Sigma Aldrich 

Sodium chloride (NaCl) Sigma Aldrich 

Trifluoroacetic acid (TFA) Sigma Aldrich 

Cell culture   

Item Supplier/Composition 

0.05% Trypsin-EDTA Gibco 

Fetal bovine serum (FBS) Gibco 

100 U/ml Penicillin/Streptomycin Gibco 

L-glutamine Gibco 

ATM inhibitor KU-55933 Selleckchem 

ATR inhibitor VE-821 Selleckchem 

Bailomycin A Sigma Aldrich 

Biotin-phenol Sigma Aldrich 

Campthecin Sigma Aldrich 

CHK1 inhibitor CHIR-124 Selleckchem 

CHK2 inhibitor BML-277 Selleckchem 

Cisplatin Sigma Aldrich 

Dialyzed FBS (10,000 molecular weight cut-off) Sigma Aldrich 

Dimethyl sulfoxide (DMSO) Sigma Aldrich 

D-MEM for SILAC without lysine and arginine Life Technologies 

DNA-PKcs inhibitor NU7441 Selleckchem 

Dulbecco's Modified Eagle Medium (D-MEM) Gibco 

Dulbecco's Phosphate-Buffered Saline (D-PBS) Gibco 

Earle's Balanced Salt Solution Life Technologies 

Etoposide Sigma Aldrich 

G418 Invivogen 

Hydrogenperoxide Sigma Aldrich 

Hydroxyurea Sigma Aldrich 

Hygromycin Invivogen 

L-arginine (Arg0) Cambridge Isotope Laboratories 

L-arginine- U-13C6 99% (Arg6) Cambridge Isotope Laboratories 

L-arginine-U-13C6-15N4 99% (Arg10) Cambridge Isotope Laboratories 
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L-lysine (Lys0) Cambridge Isotope Laboratories 

L-lysine- U-13C6-15N2 99% (Lys8)  Cambridge Isotope Laboratories 

L-lysine-4,4,5,5,-D4 96–98% (Lys4) Cambridge Isotope Laboratories 

Puromycin Invivogen 

Quenching solution 
1 mM sodium azide, 10 mM sodium ascorbate 

 and 5 mM Trolox in DPBS 

Transfection   

Item Supplier 

Linear polyethylenimine transfection (PEI, HCl 
Max, 40000) Polysciences, Inc. 

Lipofectamine RNAiMAX Life Technologies 

Opti-MEM with GlutaMAX Gibco 

Cell lysis   

Item Supplier/Composition 

1 mM sodium orthovanadate Sigma Aldrich 

5 mM sodium fluoride Sigma Aldrich 

5 mM β-glycerophosphate Sigma Aldrich 

Complete protease inhibitor cocktail tablets Roche Diagnostics 

Dithiothreitol (DTT) Sigma Aldrich 

Modified RIPA buffer 
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,  

1% NP-40, 0.1% Sodium-deoxycholate 

N-ethylmaleimide (NEM) Sigma Aldrich 

NuPAGE LDS Sample Buffer (4×) (LDS SB) Thermo Fisher Scientific 

QuickStart Bradford 1 × Dye Protein Reagent BioRad 

RIPA buffer 
50 mM Tris-HCl, pH 7.4, 1% Triton X-100,  

0.5% Sodium Deoxycholate, 0.1% SDS • 150mM NaCl 

Autophagosome fractionation   

Item Supplier/Composition 

Homogenization solution  I 
10 mM KCl,1.5 mM MgCl2, 10 mM HEPES-KOH  

and 1 mM DTT pH 7.5 

Homogenization solution  II 
75 mM KCl, 22.5 mM MgCl2, 220 mM HEPES-KOH  

and 0.5 mM DTT pH 7.5 

30 mg/ml proteinase K New England Biolabs 

PMSF Sigma Aldrich 

Dounco homogenizer 1mL, Pistill B Faust Lab Science 

Triton X-100 Sigma Aldrich 

Pulldowns   

Item Supplier 

High Capacity NeutrAvidin™ Agarose Thermo Scientific 

SDS-PAGE & Western blotting   

Item Supplier/Composition 

0.45 μm nitrocellulose Sigma Aldrich 

Blocking buffer 10% skimmed milk solution in PBS-T 

Blocking buffer Strep-HRP 3% BSA in PBS-T 

Bovine serum albumin (BSA) Sigma Aldrich 

Colloidal Blue Staining Kit Life Technologies 

NuPAG MOPS SDS Running Buffer (20X) Thermo Fisher Scientific 
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NuPAGE Bis-Tris gels 4-12% Thermo Fisher Scientific 

PBS-T 1x PBS, 0.1% Tween-20 

Ponceau S Sigma Aldrich 

Ponceau S solution 0.1% (w/v) Ponceau S, 5% acetic acid 

Primary antibody solution 5% BSA, 0.06% sodium azide 

Secondary antibody solution 5% skimmed mild in PBS-T 

SuperSignal West Pico Chemiluminescent 
Substrate Thermo Scientific 

Strep-HRP solution 1% BSA in PBS-T 

Transfer buffer 
25 mM Tris, 192 mM Glycine, 20% (v/v) 

 methanol, pH 8.3 

Flow cytometry   

Item Supplier 

Annexin V Pacific Blue™ Ready Flow Conjugate 
Thermo Scientific 

  

Mass spectrometry   

In-gel digestion   

Item Supplier/Composition 

Chloroacetamide (CAA) Sigma Aldrich 

Sequencing grade Trypsin  
(0.5 μg/μl in 50 mM acetic acid) Sigma Aldrich 

Buffer B 80% ACN, 0.5% acetic acid 

Destaining solution 50% Ethanol, 50 mM ABC buffer pH 8.0 

Digestion buffer 25 mM ABC buffer pH 8.0 

Peptide extraction buffer 30% ACN, 3% TFA 

Stage tipping   

Item Supplier/Composition 

Buffer A 0.1% formic acid 

Buffer A* 5% ACN, 0.1% TFA 

Buffer B 80% ACN, 0.1% formic acid 

C18 elution buffer 50% ACN, 0.1% formic acid 

C18 Empore 47 mm extraction disks CDS Analytical 

  

Table 2: List of antibodies used. 

Antibodies         

anti-  Product number Supplier Dilution Origin 

anti-mouse-HRP  Jackson ImmunoResearch Laboratories 1:5000 rabbit 

anti-rabbit-HRP  Jackson ImmunoResearch Laboratories 1:5000 mouse 

ATG9A ab108338 Abcam 1:1000 rabbit 

ATM 2873 Cell Signaling 1:1000 rabbit 

ATR 13934 Cell Signaling 1:1000 rabbit 

CANX 2679 Cell Signaling 1:1000 rabbit 

CASP3 9662 Cell Signaling 1:1000 rabbit 

CCT3 NBP1-79040 Novus Biologicals 1:1000 rabbit 

DDX39A SAB2700315 Sigma 1:1000 rabbit 
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DNA-PKcs 4602 Cell Signaling 1:1000 rabbit 

FLAG M2 F1804 Sigma 1:1000 mouse 

H2A 3636 Cell Signaling 1:1000 mouse 

IMPDH2 36281 Cell Signaling 1:1000 rabbit 

IPO5 PA5-30076 Thermo Fisher Scientific 1:1000 rabbit 

LMNA/C 4777 Cell Signaling 1:1000 mouse 

MAP1LC3B NB100-2220 Novus Biologicals 1:500 rabbit 

NAP1L1 14898-1-AP Proteintech 1:1000 rabbit 

NEK9 MA5-25650 Thermo Fisher Scientific 1:1000 mouse 

NME1 TA801245S OriGene 1:1000 mouse 

p-AMPK (T172) 2531 Cell Signaling 1:1000 rabbit 

PARP1 sc-8007 Santa Cruz Biotechnology 1:1000 mouse 

p-CHK1 (S345) 2341 Cell Signaling 1:1000 rabbit 

p-CHK2 (T68) 2661S Cell Signaling 1:1000 rabbit 

p-p70S6K (T389) 9205 Cell Signaling 1:1000 rabbit 

PRMT1 2449 Cell Signaling 1:1000 rabbit 

p-ULK (S638) 14205 Cell Signaling 1:1000 rabbit 

p-ULK (S757) 6888T Cell Signaling 1:1000 rabbit 

RPS10 ab151550 Abcam 1:1000 rabbit 

RRM1 8637 Cell Signaling 1:1000 rabbit 

SQSTM1/p62 88588 Cell Signaling 1:1000 mouse 

Strep-HRP 21130 Thermo Scientific 1:5000  

β-actin A2228 Sigma 1:10,000 mouse 

  

Table 3: List of plasmids and siRNA used. 

Plasmids, siRNAs   

Item Supplier 

ATM Dharmacon Pool 

ATR Dharmacon Pool 

Control Dharmacon Pool 

DNA-PKcs Dharmacon Pool 

pcDNA-53-DEST-LC3B-FLAG-APEX2 unknown 

  

Table 4: List of software used. 

Software   

Item Developer 

Adobe Illustrator CC2021 Adobe 

Cytoscape version 3.8.2 Ideker lab 

Graphpad Prism 9 Prism 

MaxQuant v1.5.2.8 Mann/Cox lab 

Microsoft Excel  Microsoft 

Perseus 1.6.14.0 Mann/Cox lab 

R studio 3.4.4. R studio PBC 
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Table 5: List of machines used. 

Machines   

Item Supplier 

BD LSRFortessa SORP BD Biosciences 

ChemiDoc imaging system BioRad 

Easy-LC-1000 Thermo Fisher Scientific 

NuPage Novex Gel System Thermo Fisher Scientific 

Q Exactive Plus Thermo Fisher Scientific 
Thermo Scientific 3311 Forma  
Steri-Cult CO2 Incubator Eppendorf 

Thermoshaker Eppendorf 

UV-C irradiator Inhouse built 

Vacufuge Plus Eppendorf 

 

8.2  CELL CULTURE 

8.2.1  CULTIVATION OF CELLS  

U2OS cells were obtained from ATCC and cultivated in D-MEM medium. RPE-1 cells were 

obtained from the Roukos lab and were cultivated in D-MEM F12 medium. Both media were 

supplemented with 10% fetal bovine serum, L-glutamine, penicillin and streptomycin. U2OS 

cells stably expressing mCherry-eGFP-LC3B (tandem-LC3B) were cultivated in D-MEM 

additionally supplemented with 1 µg/ml puromycin. RPE-1 cells stably expressing RFP-GFP-

LC3B (tandem-LC3B) were obtained from the Dikic lab and cultivated in D-MEM F12 

additionally supplemented with 1 µg/ml puromycin and 0.02 mg/ml hygromycin. U2OS cells 

stably expressing APEX2-FLAG-LC3B were cultivated in D-MEM additionally supplemented 

with 0.5 mg/ml G418. For SILAC, U2OS cells were cultivated in media containing isotope-

labelled or isotope-free L-arginine and L-lysine, L-arginine (Arg0), L-lysine (Lys0), L-arginine- U-
13C6 99% (Arg6), L-lysine-4,4,5,5,-D4 96–98% (Lys4), L-arginine-U-13C6-15N4 99% (Arg10), L-

lysine- U-13C6-15N2 99% (Lys8) (Cambridge Isotope Laboratories) as described previously 

[282]. Passaging of the cells included two washing steps with PBS and trypsinization with 

0.05% trypsin for 3 min at 37°C. Afterwards, cells were collected in cultivation medium and 

centrifuged at 250 x g for 5 min, before plated according to the intended confluence. All cells 

were cultivated in a humidified incubator with 5% CO2 at 37°C. 

8.2.2  TRANSFECTION OF CELLS 

For DNA transfection of cells in a 6-well plate, cells were grown to a confluence of 80% in 1 ml 

complete D-MEM. Next 2.5 μg of plasmid DNA were re-suspended in 150 μl Opti-MEM. 7.5 μl 

polyethylenimine (PEI) were added to the mix. The reaction tube was vortexed and incubated 

for 15 min at RT. The mix was added dropwise to the cells. A medium exchange was performed 

6 to 12h later. Similarly, for siRNA transfection, 4 μl of siRNA (10 μM) and 5 μl siRNAMax were 
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each diluted in 100 μl Opti-MEM. The mixtures were combined, mixed by gentle pipetting, 

and incubated for 5 min at RT. Afterward, they were added to the cells for 6 hours before the 

medium was replaced with fresh D-MEM.The cells were used for experiments 48 to 72 hours 

after DNA or siRNA transfection, respectively. Transfection volumes in other culture dish sizes 

were scaled according to the surface area. 

8.2.3  GENERATION OF U2OS CELLS STABLY EXPRESSING APEX2-FLAG-LC3B 

U2OS cells were transfected with the respective expression vector. 48h post transfection, cells 

were seeded sparsely and selection pressure was applied by adding 0.5 mg/ml G418 for one 

week. The medium was replaced daily to keep selection pressure and remove dead cells. A 

dilution series was conducted to obtain single cells, which allowed growing cell populations 

from one clone. The functionality of the construct was checked by induction of biotinylation 

on a Western blot. 

8.3  CELL-BASED ASSAYS 

8.3.1  TANDEM-LC3B ASSAY 

Cells expressing the tandem-LC3B assay were treated according to the experimental setup. 

Treatments ended at the same time so that cells were collected simultaneously with trypsin. 

Trypsin was inactivated by cultivation medium, and then two washes with PBS followed before 

the measurement by flow cytometry using a BD LSRFortessa SORP. 

8.3.2  ANNEXIN V ASSAY 

The Annexin V assay was performed according to the manufacturer’s instructions before cells 

were collected and analyzed by flow cytometry using a BD LSRFortessa SORP. 

8.3.3  PROTEINASE K PROTECTION ASSAY  

Cells were harvested by scraping in PBS supplemented with protease inhibitors and collected 

in reaction tube. After a centrifugation step at 250 x g for 5 min at 4°C, the pellet was 

resuspended in 500 µL homogenization buffer I. The reaction tube was centrifuged at 500 x g 

for 3 min at 4°C and the pellet was resuspended in 100 µL homogenization solution I and 

incubated for 20 min at 4°C using an overhead shaker. Cells were resuspended within the 

supernatant and transferred into a dounce homogenizer after a centrifugation step at 500 x g 

for 3 min at 4°C. The cells were homogenized with 70 strokes of tight fitting pestle B and 

subsequently transferred into a new reaction tube. One fifth of the total volume of the cell 

lysate of homogenization buffer II was added, followed by a centrifugation step at 600 x g for 

10 min. The supernatant was transferred into a new reaction tube. The lysate was equally 

distributed to 4 different reaction tubes that were treated either with water or 30 µg/mL ProtK 

or 0.2 % Triton X-100 (supplemented with protease inhibitor) or a combination of ProtK and 

Triton X-100 for 30 min at 37°C. ProtK was inhibited by PMSF to a final concentration of 5 mM. 

1x sample buffer was added to the samples and boiled for 5 min at 95°C.  
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8.4  PROTEIN BIOCHEMISTRY-RELATED METHODS 

8.4.1  CELL LYSIS 

Cells were washed twice using ice-cold PBS, and collected and lysed in RIPA buffer (50 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5% Deoxycholate, 1% Triton X-100) supplemented 

with protease inhibitors (Complete protease inhibitor cocktail tablets, Roche Diagnostics), 

1mM sodium orthovanadate, 5mM β-glycerophosphate, 5mM sodium floride and 10 mM N-

ethylmaleimide (from SIGMA). Afterwards, cell lysates were cleared from cell debris by high-

speed centrifugation at 16,000 x g for 15 min. Protein concentration was determined using 

QuickStart Bradford Protein assay (BioRad) before adding 4x LDS sample buffer supplemented 

with 1 mM DTT. 

8.4.2  IMMUNOBLOTTING 

Proteins were resolved on 4-12% gradient SDS-PAGE gels (NuPAGE® Bis-Tris Precast Gels, Life 

Technologies) and transferred to 0.45 µm nitrocellulose membranes. Membranes were 

stained with Ponceau S solution (0.1% Ponceau S, 5% acetic acid) before blocking with 10% 

skimmed milk solution in PBS supplemented with 0.1% Tween-20. Primary antibodies were 

diluted according to the manufacturer’s instructions in 5% BSA supplemented with 0.06% 

sodium azide and incubated over night at 4°C shaking. Secondary antibodies coupled to 

horseradish peroxidase (Jackson ImmunoResearch Laboratories) were used in a 1:5000 

dilution of 5% skimmed milk in PBS-T and incubated with the membrane for 1h at room 

temperature. For immunodetection SuperSignal West Pico Chemiluminscent Substrate 

(Thermo Scientific) was used. 

8.5  AUTOPHAGOSOME CONTENT PROFILING 

8.5.1  PROXIMITY LABELING 

APEX2-mediated biotinylation was induced according to the experimental setup by adding 500 

mM BP for 2h at 37°C before addition of 1 mM H2O2 for 1min at RT. To enrich autophagosomes 

200 nM BafA was applied simultaneously to the BP treatment. After induction of biotinylation, 

cells were washed three times with quenching solution and three times with PBS. Cells were 

trypsinized for 3 min at 37°C and collected in PBS. Cells were centrifuged at 250 x g for 5 min 

and washed two times more in PBS. The pellet was resuspended in 3 mL of PBS and cells were 

counted. Inputs were taken from each SILAC condition to check for biotinylation according to 

the respective treatment. Cells were mixed in a 1:1:1 ratio based on cell numbers.  

8.5.2  PROTEINASE K DIGEST & STREPTAVIDIN PULLDOWN 

All steps below were performed at 4°C. Cells were washed in 6 mL homogenization buffer I, 

centrifuged for 3 min at 500 x g and resuspended in 6 mL homogenization buffer I. Cells were 

incubated in an overhead shaker for 20 min. Afterwards, cells were centrifuged for 3 min at 

500 x g and 5 mL of the supernatant were carefully removed. The remaining 1 mL was used to 
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resuspend the pellet and transfer it into a dounce homogenizer. Cells were dounced with 70 

strokes of tight fitting pestle B and subsequently transferred into a new reaction tube. One 

fifth of the total volume of the cell lysate of homogenization buffer II was added, followed by 

a centrifugation step at 600 x g for 10 min. The supernatant was transferred into a new 

reaction tube. Per mL lysate 30 µg ProtK were added including 1 mM CaCl2 and incubated for 

30 min at 4°C. ProtK was inactivated by application of PMSF to a final concentration of 5 mM. 

Cell lysated were cleared by centrifugation at 17,000 x g for 15 min. The pellet was resuspend 

in RIPA buffer for 30 min prior to centrifugation at 20,000 x g for 15 min. The autophagosome-

rich fraction was incubated overnight with 30 µL pre-equilibrated NeutrAvidin beads. Beads 

were washed 4x times with RIPA buffer. Proteins were eluted by boiling in 3x sample buffer 

supplemented with 1 mM DTT for 20 min at 95°C. 

8.6  MS-BASED PROTEOMICS 

8.6.1  IN-GEL DIGESTION 

Prior to resolving proteins on 4-12% gradient SDS-PAGE gels (NuPAGE® Bis-Tris Precast Gels, 

Life Technologies), samples with sample buffer were incubated for 30 min in the dark with 4.5 

mM CAA. Gels were stained with the Colloidal Blue Staining Kit. Lanes were cut into 4-5 gel 

pieces and subsequently washed four times with destaining buffer and twice with ethanol 

before in-gel digestion with 0.625 µg trypsin in digestion buffer was performed overnight at 

37°C. In-gel digestion was stopped by incubation with peptide extraction buffer for 20 min at 

RT. The supernatant was collected in a new reaction tube. Subsequently peptides were 

extracted from the gel pieces by 20 min incubations with peptide extraction buffer, buffer B 

and ACN, respectively and supernatant were collected in the same reaction tube 

corresponding to the initial gel piece. Peptides were vacuum concentrated at 45°C to reduce 

the sample volume to 100 µL. Samples were acidified to pH 2 using TFA, when necessary. 

8.6.2  DESALTING AND CONCENTRATION OF PEPTIDES 

Peptide purification was performed by the use of stop-and-go-extraction tips (StageTips) 

[352]. Therefore, two disks from a C18 47 mm extraction disk were cut out with the help of a 

17-gauge Hamilton syringe and pressed into a 200 μl pipette tip. The StageTips were washed 

consecutively by different centrifugation steps at 500 x g with 25 µL methanol, 25 µL buffer B 

and twice with 25 µL buffer A.  Afterwards, the acidified sample was loaded to the C18 material 

and washed with 50 µL buffer A. Peptides were eluted into a 96-well plate by placing the 

StageTips into a rack and passing 50 µL elution buffer through the C18 material by 

centrifugation at 300 x g. The volume was reduced to 4.5-5 µL by vacuum concentration at 

45°C. Finally, 1 µl of buffer A* was added to the samples. 

8.6.3  MS ANALYSIS 

Peptide fractions were loaded via UHPLC to a C18 reversed phase chromatography nanospray 

column and eluted with a linear ACN gradient containing 0.1% formic acid. The MS was 
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operated in data-dependent mode automatically switching between MS and MS2 acquisition. 

MS spectra (m/z 300-1650) were acquired in the Orbitrap mass analyzer with a resolution of 

70,000 at m/z = 200, after accumulation of ions to a target value of 3e6 estimated based on 

predictive automatic gain control from the previous full scan. The ten most intense ions were 

isolated using the quadrupole mass filter (maximum injection time 120 ms, isolation window 

2.6 m/z, AGC target 1e5) and subsequently fragmented in the higher-energy C-trap 

dissociation (HCD) cell [353]. MS2 spectra were acquired in the Orbitrap mass analyzer with a 

resolution of 35,000 at m/z = 200. Peptides with unassigned charge states, as well as with 

charge states <+2, were excluded from fragmentation. 

8.6.4  MS PEPTIDE IDENTIFICATION 

Raw data files were analyzed using MaxQuant (version 1.5.2.8) [274]. 95,057 human protein 

sequences obtained from the UniProtKB released in May 2018 using Andromeda search 

engine [275]. Spectra were searched with a mass tolerance of 6 ppm in MS mode, 20 ppm in 

HCD MS2 mode, strict trypsin specificity and allowing up to two miscleavages. Cysteine 

carbamidomethylation was searched as a fixed modification, whereas protein N-terminal 

acetylation and methionine oxidation were searched as variable modifications. Potential 

contaminants and reverse identifications were filtered from the dataset based on a posterior 

error probability (PEP) ratio to arrive at a false discovery rate of below 1% estimated using a 

target-decoy approach [354]. Match between runs and re-quantify functions were switched 

on. 

8.6.5  DATA PROCESSING AND VISUALIZATION 

Statistical analysis was performed using the R software environment, the Graphpad Prism 

software and Microsoft excel. Statistical significance was calculated using two-sided ANOVA 

followed by Tukey’s post hoc test or Welch test. Functional protein interaction network 

analysis was performed using interaction data from the STRING database [355]. Only 

interactions with a score higher 0.7 are represented in the networks. Cytoscape version 3.8.2 

was used for visualization of protein interaction networks [356]. Cluster analysis was 

performed using the mcode algorithm within “stringApp” in cytoscape. GO term enrichment 

analysis was carried out using PANTHER and p-values were calculated by binomial statistics 

[357]. Perseus (v1.6.14.0) was used for the visualization of MS data [374, 543]. 
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9 APPENDIX I 

9.1  SUPPLEMENTARIES 

 

Figure 24: ATG signaling events in cancer and non-cancerous cells. (A) p-AMPK (T172) was assessed after CPT treatment. mTORC1 activity 

was assessed by blotting for p-p70S6K (T389). U2OS cells were treated with or without 10 µM CPT for 16h. RPE-1 cells were treated with or 

without 2 µM CPT for 18h.  (B) U2OS cells were treated for indicated time points with starvation medium. 200 nM BafA was used in the last 

4h of the EBSS treatment where indicated. 

9.2  LIST OF ABBREVIATIONS 

 

Abbreviation Term 

ABC Ammonium bicarbonate 

ACD Autophagic cell death  

ACN Acetonitril 

ADP  Adenosine diphosphate 

AIM ATG8-family interacting motif 

AMP Adenosine monophosphate 

AMPK AMP-activated protein kinase 

APEX2 Ascorbate peroxidase 2 

ATG Autophagy-related 

ATG8 Autophagy-related protein 8 

ATM Ataxia telangiectasia mutated 

ATP Adenosine triphosphate 

ATR Ataxia telangiectasia and Rad3-related protein 

BafA Bafilomycin A1  

BER Base excision repair 

BP Biotin-phenol 

BRCA1 Breast cancer type 1 susceptibility protein  

BRCA2 Breast cancer type 2 susceptibility protein  

C18 Octadodecyl alkane chains 
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CAA Chloroacetamide 

CANX Calnexin  

CC Cellular compartment 

CCT  Chaperonin containing tailless complex polypeptide 1 

CDKN1A Cyclin-dependent kinase inhibitor 1 

CHK1 Serine/threonine-protein kinase Chk1  

CHK2 Serine/threonine-protein kinase Chk2 

CHX Cycloheximide  

CIS Cisplatin  

CMA Chaperone-mediated autophagy  

CPT Camptothecin 

C-terminus Carboxy-terminus 

DDR DNA damage response 

DKO Double knockout  

DNA Deoxyribonucleic acid 

DNA-PK DNA-dependent protein kinase 

DNA-PKcs DNA-dependent protein kinase catalytic subunit 

DNS Desoxyribonukleinsäure 

dNTP Deoxynucleotide triphosphate  

DOX Doxorubicin  

DSB Double strand break 

DTT Dithiothreitol 

e.g. exempli gratia 

E1 Ubiquitin-activating enzyme 

E2 Ubiquitin-conjugating enzyme 

E3 Ubiquitin-ligating enzyme 

EBSS Earle’s Balanced Salt Solution  

eGFP enhanced GFP  

ER Endoplasmic reticulum 

ETO Etoposide 

EXO1 Exonuclease 1 

FA Focal adhesion 

FDR False discovery rate 

GABARAP γ-aminobutyric acid receptor-associated protein 

GFP Green fluorescent protein 

GO Gene Ontology 

GTA Genotoxin-induced Targeted Autophagy  

Gy Gray 

H2O2 Hydrogen peroxide 

hATG8s human ATG8 proteins 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HR Homologous recombination 

HSPA8 Heat shock cognate 71 kDa protein 

HU Hydroxyurea 

ICL Inter-strand crosslink 

ICLR Inter-strand crosslink repair  
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IMB Institute of Molecular Biology 

IMM Inner mitochondrial membrane  

IR Ionizing radiation 

K Lysine 

KEGG Kyoto Encyclopedia of Genes and Genomes 

KO Knockout  

LAMP2A Lysosome-associated membrane glycoprotein 2A 

LC-MS/MS Liquid chromatography and tandem mass spectrometry 

LFQ Label-free quantification 

LIR LC3 interacting regions  

LKB1 Liver kinase B1  

m/z Mass to charge 

M1 Amino-terminal methionine  

MAP1LC3 Microtubule-associated proteins 1A/1B light chain 3 

MCF-7 Michigan Cancer Foundation - 7 

MEFs Mouse embryonic fibroblasts  

MF Molecular function 

MMR Mismatch repair 

MMR DNA mismatch-repair  

MMS Methyl methanesulfonate 

MN Micronuclei  

MRN MRE11-RAD50-NBS1  

mRNA Messenger RNA 

MS Mass spectrometry 

MS/MS Tandem MS 

mTOR mechanistic Target Of Rapamycin 

mTORC1 mechanistic Target Of Rapamycin Complex 1 

N Number of biological replicates 

NAD+ Nicotinamide adenine dinucleotide 

NEK9 Serine/threonine-protein kinase Nek9 

NEM N-ethylmaleimide 

NER Nucleotide excision repair 

NHEJ Non-homologous end joining 

NME1 Nucleoside diphosphate kinase A  

NOXA Phorbol-12-myristate-13-acetate-induced protein 1  

PARP Poly (ADP-ribose) polymerase 

PBS Phosphate buffered saline 

PCNA Proliferating cell nuclear antigen 

PCR Polymerase chain reaction 

PE Phosphatidylethanolamine  

PEI Polyethylenimine 

PEP Posterior error probability 

PI3K Phosphatidylinositol-3-kinase 

PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit 3 

PIKKs Phosphatidylinositol 3-kinase-related kinases 

PMSF Phenylmethylsulfonyl fluoride 
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POLδ DNA polymerase δ 

POLε DNA polymerase ε 

PPI Protein-protein interaction  

PRMT1 Protein arginine N-methyltransferase 1 

ProtK Proteinase K 

PtdIns Phosphatidylinositol  

PtdIns3K Phosphatidylinositol 3-kinase  

PtdIns3P Phosphatidylinositol-3-phosphate 

PTM Posttranslational modification 

R Arginine 

RB Retinoblastoma protein 

RFP  Red fluorescent protein 

RIPA Radioimmunoprecipitation assay buffer 

RNA Ribonucleic acid 

RNR Ribonucleotide reductase  

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

RPA Replication protein A 

RPE-1 human retinal pigment epithelial-1 cells 

RT Room temperature 

S Substrate 

S6Ks RPS6 ribosomal protein kinases 

SAR Selective autophagy receptor 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SILAC Stable isotope labeling with amino acids in cell culture 

siRNA Short interfering RNA 

SQSTM1 Sequestosome-1  

SSBs DNA single strand breaks 

ssDNA Single stranded DNA 

ssDNA single-stranded DNA  

StageTips Stop-and-go-extraction tips 

SUMO Small ubiquitin-related modifier 

TDP1 Tyrosyl DNA phosphodiesterase 1 

TDP2 Tyrosyl DNA phosphodiesterase 2 

TEM Transmission electron microscopy  

TEX264 Testis-expressed protein 264  

TOP1 Topoisomerase 1 

TOP1cc Topoisomerase 1 cleavage complex 

TOP2 Topoisomerase 2 

TP53 Cellular tumor antigen p53  

TRiQ Tailless complex polypeptide 1 ring complex 

U2OS Human Bone Osteosarcoma Epithelial Cells 

Ub Ubiquitin  

UBL Ubiquitin-like  

ULK1 Uncoordinated-51-like kinase 1 

UPS Ubiquitin-proteasome system 
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UV Ultraviolet 

V-ATPase Vacuolar H+-translocating ATPase 

VCP Valosin-containing protein 

WIPI WD repeat domain phosphoinositide-interacting protein 

WT Wild type 

XRCC5  X-ray repair cross-complementing protein 5 

XRCC6 X-ray repair cross-complementing protein 6 
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