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Summary

Summary

Nucleic acids are involved in various fundamental biological processes, ranging
from storing genetic information to directing protein synthesis. Therefore, ensuring
that DNA and RNA are reproduced, transcribed, and translated accurately is
critically important for the perpetuation of life. However, these nucleic acid polymers
are easily damaged by endogenous and exogenous agents, leading to genome
instability, protein synthesis collapse, and eventually to human disease
development and carcinogenesis. Over the past decades, DNA damage repair and
tolerance mechanisms have been well studied. Recently, DNA-protein crosslinks
(DPCs) received attention as a novel type of DNA damage arising from
endogenously produced reactive metabolites, such as formaldehyde, and various
chemotherapeutic agents including topoisomerase poisons.

DPC repair involves the degradation of the protein adduct by the
metalloprotease SPRTN, which is activated by specific DNA structures. A
substantial fraction of SPRTN is constitutively mono-ubiquitylated in cells. Moreover,
the recruitment of SPRTN to chromatin upon DPC induction is accompanied by
rapid deubiquitylation. However, the function of SPRTN mono-ubiquitylation is
poorly understood. Here, we report that the ubiquitylation of SPRTN plays a crucial
role in regulating SPRTN’s enzymatic activity and stability. We demonstrate that
mono-ubiquitylation is induced in an E3 ligase-independent manner and does not
control chromatin access of the enzyme. Our results reveal that mono-ubiquitylation
inactivates SPRTN by triggering autocatalytic cleavage in trans and priming poly-
ubiquitylation for proteasomal degradation in cis. Finally, we discover that the
deubiquitylating enzyme USP7 is the factor responsible for deubiquitylating SPRTN
upon DPC induction. Our data suggest that USP7 antagonizes the ubiquitylation of
SPRTN to reduce autocleavage which in turn increases SPRTN'’s lifetime on DNA
damage sites, therefore, enabling efficient DPC proteolysis. Consistently, loss of
USP7 results in accumulation of DPCs and hypersensitivity upon exposure of cells
to formaldehyde.

Given the reactivity of formaldehyde and the abundance of RNA, we
hypothesize crosslinks between RNA and proteins (RPCs) form frequently as well,

and cells must have evolved quality control systems to sense and resolve RPCs.

5



Summary

RPCs are usually utilized as approaches to query RNA-protein interactions and
resulted in the successful identification of many novel RNA binding proteins (RBPS)
and the sequence of their target RNAs. However, whether RPCs form endogenously,
and how they affect cellular physiology and are relevant to pathology has not been
systematically explored. In this study, we employ the photoactivatable
ribonucleoside enhanced crosslinking (PAR-CL) method to generate RPCs. We
demonstrate that the formation of RPCs leads to cell death and growth defects. A
non-lethal RPC dose affects cellular translation, which is recovered over time.
Moreover, further experiments reveal that PAR-CL induces several ribosome-
associated stress responses and quality control pathways due to collided ribosomes,
which contribute to resistance or sensitization of cells to RPC formation. The results
are similar to formaldehyde treatment, suggesting that RPC is a major quality control
problem induced by formaldehyde. Finally, data obtained using a polyA pull-down
assay suggest that a subset of proteins crosslinked to mRNA undergo translation-
dependent poly-ubiquitylation, which appears to contribute to their resolution by the
proteasome.



Introduction

1 Introduction

1.1 DNA damage and repair

DNA is the most fundamental component of every living organism’s genetic
information, which is a long chain made up of four types of nucleotides. The
nucleotide comprises a phosphate group, a 5-carbon sugar, and a nitrogen base.
Phosphate-diester bonds link two adjacent nucleotides to form a backbone
comprised of sugar and phosphate molecules along the DNA molecule (Crick et al.,
1954). In the DNA double helix, the complementary purines and pyrimidines form
hydrogen bonds that connect the two single strands (Minchin and Lodge, 2019).
However, endogenous and exogenous agents constantly challenge the integrity of
DNA (Nickoloff et al., 2021). Around 70,000 DNA lesions arise in cells every day,
ranging from single nucleotide modification, DNA single or double-strand break,
covalent crosslinks between adjacent bases and DNA-protein crosslinks (DPCs)
(Fugger et al., 2021; Weickert and Stingele, 2022) (Figure 1). If cells cannot repair
these substantial DNA damages, they will cause genome instability, carcinogenesis,
certain human diseases, and aging (Chatterjee and Walker, 2017; Tubbs and
Nussenzweig, 2017). Therefore, ensuring the fidelity of the genetic code is critically
important for the perpetuation of life (Chatterjee and Walker, 2017). Fortunately,
cells evolved a variety of DNA repair pathways to overcome different types of DNA
damages for protection of genomic integrity (Nickoloff et al., 2021).
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Figure1: Schematic overview of diverse DNA lesions caused by endogenous and exogenous
agents. These types of DNA damages include abasic sites, small and bulky base adducts, single
and double DNA strand breaks, interstrand crosslinks, DNA base pair mismatches and DNA-
protein crosslinks (which are bulkier than CPDs). Figure from (Weickert and Stingele, 2022).
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Introduction

1.1.1 DNA damage

1.1.1.1 Mismatch of bases

The entire genome of cells is duplicated remarkably faithful and passed on to
daughter cells during DNA replication. High-fidelity DNA polymerases play crucial
roles in this process (Ganai and Johansson, 2016; Loeb and Monnat, 2008). These
DNA polymerases involved in DNA replication bear 3’-5 exonuclease-based
proofreading activity, which assists them in removing misincorporated nucleotides
from newly synthesized DNA (Bebenek and Ziuzia-Graczyk, 2018; Bebenek and
Kunkel, 2004; Hopfield, 1974). Nonetheless, some misincorporated nucleotides can
still escape proofreading, resulting in base substitution, insertion or deletion
mismatches (Hsieh and Yamane, 2008; Kloor et al., 2014). If these mismatched
bases are not repaired in time, the error will persist during the next round of

replication, driving genomic mutagenesis.

1.1.1.2 Hydrolytic DNA damage

Hydrolytic deamination of DNA bases

Removing an amine group from a molecule is a process called deamination.
Adenine (A), guanine (G), and cytosine (C) can lose their exocyclic amine during
deamination in a pH- and temperature-dependent manner (Lindahl, 1993; Shen et
al., 1994). Hydrolytic deamination of A, G, C, and 5-methyl cytosine (5 mC) convert
the bases to hypoxanthine, xanthine, uracil (U), and thymine (T) which base pair
with C, C/T, A, and A respectively (Chatterjee and Walker, 2017; Davies et al., 2012;
Shapiro and Yamaguchi, 1972). These base changes can be inherited by daughter
cells and lead to permanent mutations in the genome. For example, cytosine
deamination can introduce a U-G mismatch which further produces C-G—T-A
substitution (Gates, 2009; Lindahl, 1993).

Abasic sites

Every day, thousands of abasic sites are generated in each cell, which refer to the
loss of a nucleobase, leaving an apurinic/apyrimidinic site (AP site) (Lindahl, 1993).
A common source of AP sites is depurination, wherein the N-glycosidic bond

between purine and deoxyribose is hydrolysed without interrupting the phosphate
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Introduction

backbone (Chatterjee and Walker, 2017; Lindahl and Barnes, 2000). Loss of
cytosine and thymine bases also occurs, but this depyrimidination happens much
slower (Lindahl and Karlstrom, 1973). In addition to spontaneous hydrolysis
mediated by water, the abasic site is also an intermediate in the base excision repair
(BER) pathway derived from DNA glycosylase cleavage (Wilson and Barsky, 2001).
Both endogenous and exogenous stressors, such as reactive oxygen species
(ROS), alkylating agents, high temperature and ionizing radiation (IR) can cause AP
site formation (Nakamura et al., 2000; Talpaert-Borleé, 1987; Wang et al., 2009). As
one of the most abundant types of DNA insult, abasic sites can trigger genomic
mutations, DNA strand breaks, and polymerase stalling (Boiteux and Guillet, 2004;
Loeb and Preston, 1986).

1.1.1.3 Chemical modification of bases

Humans are continuously exposed to a wide range of environmental chemicals and
endogenously produced free radicals or electrophiles, mediating covalent bond
formation between DNA bases and chemical addons (Balbo et al., 2014; Miller, 1978;
Rajalakshmi et al., 2015). These DNA adducts can lead to abnormal replication and
permanent mutation of genetic information, which further alter cell division control
and ultimately result in tumor development (Loeb and Harris, 2008; Rajalakshmi et
al., 2015).

Small base adducts

Small base adducts arise from nucleobase modifications including alkylation and
oxidation. DNA alkylation refers to transfer of an alkyl group to a DNA nitrogen base.
Almost all of the heteroatoms in DNA can be potentially alkylated and generate
alkylation products such as O-6-methylguanine (O6-MeG), N-3-methyladenine (N3-
MeA), N-7-methylguanine (N7-MeG), etc. (Gates, 2009; Grady and Ulrich, 2007).
DNA alkylation happens spontaneously or results from exposure to endogenous
chemicals, such as nitrosamines, as well as from exogenous agents, including
tobacco smoke, temozolomide, and dacarbazine (Drablgs et al., 2004; Kondo et al.,
2010; Shuker and Margison, 1997; Szyfter et al., 1996). In addition, DNA oxidation
is another common type of base modification that refers to adding oxygen atoms to
purine and pyrimidine bases. (Cooke et al., 2003; Poetsch, 2020). A prominent
example of DNA oxidation is 8-oxo0-7,8-dihydroguanine (8-oxoG) which constantly

9



Introduction

appears inside the cells resulting from exposure to endogenous or exogenous ROS,
generated from cellular respiration, peroxisomal metabolism, ionizing radiation, etc.
(Henle and Linn, 1997; Lindahl, 1993; Poetsch, 2020). DNA bases subjected to
alkylation or oxidation will not strongly distort DNA structure but carry the risk of
inducing abasic site formation, genetic mutations or even stalling of DNA synthesis.
For example, O6-MeG leads to mispairing with thymine rather than cytosine,
retaining a G-C—A-T point mutation. Moreover, 8-0xoG base pairs with adenine
instead of cytosine, causing a G-C—T-A transition (Kamiya et al., 1992; Loechler et
al., 1984.; Shrivastav et al., 2010).

Bulky base adducts

In addition to simple chemical groups, some bulky chemical groups can also be
covalently attached to a nitrogenous base of DNA when cells are exposed to
genotoxic aromatic compounds, including polycyclic aromatic hydrocarbons (PAHS),
aromatic amines, toxins, etc. (Geacintov, 1986; Mah et al., 1989; Phillips, 2005;
Smela et al., 2001). A typical example is benzo(a)pyrene, which appears in tobacco
smoke, grilled meats, etc. Upon activation of cytochromes P450, it is converted to
benzo(a)pyrene diol epoxide (BPDE), a reactive alkylation agent that can bind to
guanine covalently (Geacintov, 1986; Meehan et al., 1997). Notably, many of these
reactive electrophiles are carcinogens, suggesting a connection between DNA
adduct formation and tumorigenesis (Pfeifer et al., 2002; Phillips, 2005; Yun et al.,
2020). Another prominent type of bulky adduct is Ultraviolet (UV)-radiation-induced
pyrimidine dimers, wherein a covalent linkage occurs between two adjacent cytosine
or thymine residues on the same side of DNA (Chatterjee and Walker, 2017). A
frequently generated photoproduct is cyclobutane pyrimidine dimers (CPDs), a
cyclobutyl loop formed between two neighboring pyrimidine bases. Additionally,
cisplatin, an effective chemotherapeutic drug, is reported to form covalent bonds
with DNA which further generate 1,2-GG or 1,2-AG intrastrand crosslink DNA
adducts (Eastman, 1987; Rocha et al., 2018). These adducts can lead to permanent
mutations or DNA helix conformation changes which further halt DNA polymerases
and disrupt DNA replication (Choi and Pfeifer, 2005; Davies, 1995).
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1.1.1.4 DNA strand breaks

DNA forms a double-strand helix structure with a backbone made of deoxyribose
and phosphate groups (Crick et al., 1954). DNA is constantly subjected to
endogenous and exogenous threats that induce discontinuities in the phosphate-
diester bonds, leading to breaks in one or both DNA strands (Mehta and Haber,
2014). Single-strand breaks (SSBs) can arise from oxidative attack by ROS or occur
as an intermediate during BER (Demple and DeMott, 2002; Hegde et al., 2008). In
addition, erroneous activation of topoisomerase 1 (TOP1) during transcription or
replication can lead to SSBs (Caldecott, 2008; Wang, 2002). Double-strand breaks
(DSBs) happen much less frequently than SSBs, but are one of the most cytotoxic
types of DNA lesion (Mehta and Haber, 2014). DSBs can originate from exogenous
agents such as IR, wherein high-energy particles or photons attack DNA'’s
phosphate-sugar backbone. Moreover, IR can also generate free radicals through
water radiolysis, which creates SSBs, and further cause DSBS, if in close proximity
to each other (Cannan and Pederson, 2016; Yamaguchi et al., 2005). Additionally,
certain anticancer chemotherapeutic drugs, mechanical stress on the chromosomes,
abortive topoisomerase 2 activity (TOP2), etc. can also lead to nicks on both sides
of complementary DNA strands. These insults impact the DNA’s integrity and cause
genomic instability and carcinogenesis (Cannan and Pederson, 2016; Khanna and
Jackson, 2001).

1.1.1.5 Interstrand crosslinks (ICLs)

DNA interstrand crosslink (ICLs) refers to a covalent linkage between two DNA
bases from opposing strands (Huang and Li, 2013). It is caused by various agents
ranging from artificially or naturally synthesized agents such as nitrogen mustard,
cisplatin, mitomycin C (MMC), and psoralen to endogenous agents including
acetaldehyde and malondialdehyde. These “crosslinkers” bear two separate
reactive groups that react with independent nucleobases forming a covalent linkage
(Noll et al., 2006). ICLs are highly toxic because they block the separation of DNA
strands, during essential cellular processes such as replication and transcription
(Enoiu et al., 2012). Remarkably, due to the cytotoxicity of ICLs and the higher
proliferation ability of cancer cells, those ICL-inducing agents are widely used in
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chemotherapy, especially for cancers with defects in DNA repair pathways (Cass et
al., 2003; Deans and West, 2011).

1.1.2 Mechanisms of DNA repair

As discussed above, DNA is permanently threatened by multiple endogenous and
exogenous genotoxic agents (De Bont and van Larebeke, 2004). The resulting
lesions alter the double helix structure and introduce permanent mutation in the
genome, leading to deleterious consequences such as cell death or carcinogenesis.
(Torgovnick and Schumacher, 2015). Cells have evolved specific repair pathways
to maintain genetic integrity by resolving or tolerating diverse DNA insults. Defects
in DNA repair mechanisms result in premature aging, tumor development, and are
responsible for many inherited human syndromes (Maynard et al., 2015; Torgovnick
and Schumacher, 2015).

1.1.2.1 Direct repair

Direct repair is the most straightforward repair mechanism that directly reverses a
modified base to a normal one without DNA backbone breakage or new DNA
synthesis (Fu et al., 2012; Nay and O’Connor, 2013). The base dealkylation process
involves two prominent protein families: methylguanine DNA methyltransferase
(MGMT) and AlkB homologs (ALKBH). MGMT catalyses the demethylation of O6-
MeG by directly transferring the methyl group on the O-methyl base adduct to its
cysteine catalytic residue, followed by degradation through the ubiquitin-
proteasome system (Ellison et al., 1989; Peng and Pei, 2021). The hydroxylation of
N-1-methyladenine (N1-MeA) or N-3-methylcytosine (N3-MeC) is carried out by
ALKB, an alpha-ketoglutarate- and Fe(ll)-dependent dioxygenase which oxidizes
the methyl groups on the N-methyl bases and releases them as formaldeyde
(Begley and Samson, 2003; Gutierrez and O’Connor, 2021). Notably, alkylation at
N-3-adenine or N-7-guanine sites cannot be remediated directly but are repaired by
excision repair pathways (Wyatt and Pittman, 2006; Ye et al., 1998) (Figure 2).
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Figure 2: Schematic depiction of direct repair mechanism for alkylated DNA. Left panel: direct
demethylation of an O-alkyl DNA lesion by MGMT. Right panel: direct demethylation of an N-alkyl
DNA lesion by ALKBH. Figure adapted from (Peng and Pei, 2021).

1.1.2.2 Excision repair

Excision repair mechanisms are more complicated compared to direct repair and
involve multiple enzymatic reactions. In excision repair, a damaged fragment of DNA
is eliminated, followed by new DNA synthesis and gap healing, utilizing the intact
strand as a template (Sancar, 1996). These lesions comprise modified single bases,
helix-distorting lesions, and incorrect base pairs, which are removed by base
excision repair (BER), nucleotide excision repair (NER), and mismatch repair (MMR),
respectively. These excision repair mechanisms all involve similar procedures:
damage identification, lesion resection, DNA synthesis, and gap filling (Fu et al.,
2012) (Figure 3).

Base excision repair (BER)

BER is engaged in repairing damaged single nucleotide bases with non-bulky
adducts originating from chemical modifications such as oxidation, alkylation, and
deamination or base loss generated from depurination (Liu et al., 2007). BER starts
with base excision by a damage-specific DNA glycosylase which removes the
damaged base to generate an AP site, followed by phosphodiester bond cleavage
by AP-endonuclease 1 (APE1), ultimately yielding 3-hydroxyl (3’-OH) groups and 5-
phosphate (5-P) groups or 5-deoxyribose-phosphate (5’-dRP) residues (Hegde et
al., 2008). To date, 8 out of 11 identified glycosylases are demonstrated to be
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monofunctional, which only have a glycosylase activity. The other three are
bifunctional, bearing both glycosylase and AP lyase activity (Alseth et al., 2005; Ide
and Kotera, 2004).

Short-patch BER and long-patch BER are two sub-pathways of base excision
repair which involve the synthesis of a single nucleotide or a longer nucleotide
fragment, respectively. However, the choice between short- and long-patch BER is
currently not fully understood. In the short-patch BER, DNA polymerase 8 (Pol B) is
recruited to remove the 5’-dRP via (B-elimination reaction, resulting in 5’-P termini
followed by insertion of the correct nucleotide prior to DNA ligase | or 11l (LIG1/3)-
mediated nick sealing (Krokan and Bjgras, 2013). Bifunctional glycosylases contain

glycosylase activity as well as 3 or 3, d-elimination lyase activity, which produce a
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Figure3: Schematic depiction of the cellular mechanisms of excision repair. Left Panel: base
excision repair, which involves DNA glycosylase (AAG as an example)-mediated AP site formation
followed by AP lyase backbone excision, base(s) insertion and backbone ligation; Middle panel:
example of GG-NER, wherein the DNA distortion is recognized by XPC-RAD23B-CETN2 complex,
followed by the subunits of TFIIH binding, uncoiling, cleaving off the damage sites, after which the
gap is filled by DNA synthesis and ligation. Right panel: mismatch repair, wherein MutS a detects
the misincorporated base prior to removal of the mismatched base by MutL a and EXO1, followed
by new DNA synthesis and ligation to substitute the erroneous base. Figure from (Fu et al., 2012).

3-OH group and a 5-P group with the help of APE or polynucleotide
kinase/phosphatase (PNKP), followed by single base insertion by Pol 8 (Krokan and
Bjgras, 2013; Sung and Demple, 2006). Long-patch BER occurs when 5’-dRP group
in the gap is resistant to Pol B lyase activity, for example due to oxidized, reduced
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or adenylated 5’-dRP. It is the dominant mechanism during S phase but occurs also
in non-proliferating cells (Beard et al., 2019; Krokan and Bjgras, 2013). The repair
culminates in a canonical DNA synthesis in which proliferating cell nuclear antigen
(PCNA) loads Pol B (in non-proliferating cells) or Pol &/¢ (in proliferating cells) on
the damaged strand and synthesize a 2-12 nucleotides flap to replace DNA adjacent
to the lesion. This process is initiated by Flap structure-specific endonuclease 1
(FEN1) incision and LIG1-mediated ligation (Svilar et al., 2011).

Additionally, the engagement of poly (ADP-ribose) polymerase 1 (PARP1) and
X-ray repair cross-complementing protein 1 (XRCC1) are also observed in some
types of BER. Here PARPL1 is considered as the first responder that binds to lesion-
containing DNA and modifies itself and other proteins to recruit other repair factors,
therefore, accelerating BER. XRCC1, as a scaffold protein, interacts with PARP1
and Pol B to stabilize the recruitment of Pol B and ensure the completion of BER
(Beard et al., 2019; Fu et al., 2012; Hanssen-Bauer et al., 2011; Krokan and Bjeras,
2013).

Nucleotide excision repair (NER)

NER repairs bulky lesions caused by alkylating chemicals and UV, which generate
DNA distortions. Unlike BER, which targets a single modified base, NER identifies
damage through the physical constitution of DNA. NER can be classified into two
major branches: global genome NER (GG-NER) and transcription-coupled NER
(TC-NER). The deficiency of NER results in several detrimental disorders:
Xeroderma Pigmentosum (XP), Cockayne syndrome (CS) and trichothiodystrophy
(TTD) (Cleaver et al., 2009).

GG-NER is initiated by the XPC-RAD23B-CETN2 complex that detects and
binds to disrupted DNA structures (Kusakabe et al., 2019; Sugasawa et al., 1998).
Lesions that result in mild helix distortions (such as CPDs) are poor substrates for
this sensor. Therefore they need the CPD-specific sensor DDB1-DDB2 heterodimer
to bind the damaged site and kink the DNA, assisting the binding of XPC (Kobaisi
et al., 2019; Scrima et al., 2008). Furthermore, DDB1 is also reported as a scaffold
to recruit ubiquitin ligase CUL4A to ubiquitylate DDB2 and XPC, promoting DDB2
proteasomal degradation and enhancing XPC’s DNA binding activity (Ribeiro-Silva
et al., 2020; Sugasawa et al., 2005). After detecting the lesions, the transcription
initiation factor IIH (TFIIH) complex, encompassing around ten protein subunits,
probes the lesions and launches subsequent unwinding, excision, and sealing
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procedures. First, ATPase/helicase XPD and XPB engage in DNA uncoiling from &’
and 3', respectively, creating a 20-30 nt bubble DNA substrate followed by XPA
binding to the 5 edge of the bubble and XPG located on the 3’ side. In parallel,
replication protein A (RPA) interacts with a damage-free DNA strand to protect
nuclease cleavage (Kokic et al., 2019; Krasikova et al., 2010; Spivak, 2015).
Afterwards, the endonuclease enzyme complex ERCC1-XPF, which binds to XPA,
mediates lesion cleavage from the 5 side and the removal of the XPC-RAD23B
complex. Subsequently, clamp loader RFC, sliding clamp PCNA, and DNA
polymerases (Pol €/0/k) start DNA synthesis coinciding with XPG-dependent 3’
incision. The final step of NER is sealing XPG-generated nick by utilizing DNA
ligases. LIG1 is involved in replicating cells, while LIG3a participates in
nonreplicating cells (Krasikova et al., 2021; Yu et al., 2014).

TC-NER happens when RNA polymerase Il (Pol 1) is stalled during
transcription, starting with the recruitment of CSB to RNAP Pol Il complex, and
further recruits CSA and other NER factors , but not XPC (Spivak, 2015). UV-
stimulated scaffold protein A (UVSSA) is the primary factor that CSA recruits to
facilitate the association of the TFIIH complex. Other factors involved in TC-NER
include a ubiquitin E3 ligase complex CRL4%SA (CSA-DDB1-CUL4-RBX1) which
conjugates ubiquitin on CSB and mediates its degradation while ubiquitin-specific-
processing protease 7 (USP7) antagonizes CSB degradation (Melis et al., 2013).
Remarkably, recent studies noticed that during TC-NER, RPB1, a subunit of Pol I,
is ubiquitiylated by cullin-ring type E3 ligases (CRLS) on the site of lysine 1268
(K1268), which acts as a switch to turn on TC-NER (Nakazawa et al., 2020;
Tufegdzi¢ Vidakovic et al., 2020). The following steps involve lesion removal and
DNA resynthesis, as in GG-NER.

Mismatch repair (MMR)

Apart from nucleobase modification, misincorporation of nucleotides can also
occur during DNA replication, further leading to mispairing of complementary DNA
strands. These errors, including base-base mismatches and insertion-deletion loops
(IDLs), are substrates for MMR (Montelone, 2015). MMR is an evolutionarily
conserved biological process to stabilize genome integrity, enhancing DNA
replication fidelity by around 100 times. Generally, MMR occurs in four steps:
mismatch detection, daughter strand incision, new DNA synthesis, and backbone
ligation (Chatterjee and Walker, 2017; Iyer and Pluciennik, 2021). Firstly, mispaired
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bases or small IDLs and large IDLs are recognized by MutS a (MSH2-MSH6
heterodimer) and MutS B (MSH2-MSH3 heterodimer), respectively (Jiricny, 2013,
Kunkel and Erie, 2005). After which, MutL a (MLH1-PMS2 heterodimer) is recruited
to MutS a/B complex, forming a tetrameric slide clamp complex (Pluciennik et al.,
2010; Qiu et al., 2015). Next, the mismatch-carrying strand should be incised by
endonuclease MutH in E. coli. However, since no MutH homology protein exists in
eukaryotic cells, MutL a is thought to activate the excision. PMS2, a subunit of MutL
a, possesses potential endonuclease activity that is activated in a PCNA-dependent
manner (PCNA is localized to MutS a/ and MutL a complex during MMR). Studies
suggest that PCNA discriminates between DNA template and daughter strand by
recognising pre-existing DNA nicks on daughter strands (Kadyrov et al., 2006;
Pluciennik et al., 2010; Putnam, 2021; Zhang et al., 2005). A more study also
suggested that misincorporated ribonucleotides signals strand-discrimination via the
nicks generated from RNase H2-initiated ribonucleotide excision repair
(Ghodgaonkar et al., 2013). After excision, exonuclease 1 (EXO1) carries out 5’-3’
hydrolytic activity to remove mismatched bases from the nascent DNA. After that,
correct DNA is resynthesized by Pol 6, and the nick is sealed by LIG1 (Kadyrov et
al., 2007).

1.1.2.3 Single-strand break repair (SSBR)

SSBs form as a result of oxidative attack and abortive TOP1 activity (Hegde et al.,
2008; Mei et al., 2020). Leaving SSBs unrepaired increases the risk of replication or
transcription collapse and human disease development, such as spinocerebellar
ataxia with axonal neuropathy 1 and ataxia-oculomotor apraxia 1 (EI-Khamisy et al.,
2005; Reynolds et al., 2009). SSBR is considered as a specialized BER pathway
since they overlap extensively between repair factors (Abbotts and Wilson, 2017).
When the SSB is generated directly from the oxidative attack-induced sugar
disintegration, PARP1 rapidly binds to damaged deoxyribose. It triggers Poly (ADP-
ribosyl) ation (PARYylation) on itself and other target proteins. PARP1 binding further
accumulates more repair factors, such as XRCC1, APE1, PNKP, APTX (aprataxin)
and DNA polymerases through protein-protein interaction or PARylation. After which,
PARylation is disassembled by Poly (ADP-ribose) glycohydrolase (PARG)
(Davidovic et al., 2001). Moreover, the various termini residues of the damage site
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need to be converted to 3'-OH and 5’-P before initiating gap filling and healing. This
end processing step is carried out by different enzymes such as PNKP, APEL1, Pol
B, and APTX, depending on the types of broken termini. In the next step, the left-
behind gap is either inserted with one nucleotide (short patch) by Pol B followed by
LIG3-mediated ligation or is repaired with a replacement of a 2-12 nt flap (long patch)
by Pol 3, Pol & and/or Pol ¢, aided by FEN1 and PCNA. After which, the gap sealing
is carried out by LIG1 (Caldecott, 2008; Chatterjee and Walker, 2017). For the
erroneously activated TOP1 triggered SSB, wherein TOP1 generates a nick with 3’-
TOP1 adduct and 5-OH. The end-processing is carried out by tyrosyl-DNA
phosphodiesterase 1 (TDP1), producing 3’-P ends hydrolysed by PNKP coincides
with 5’-OH termini phosphorylation. The restored 3'-OH and 5’-P ends are further
repaired through short- or long-patch SSBR (Mei et al., 2020).

1.1.2.4 Double-strand break repair (DSBR)

DSBs arise much less frequently than SSBs because of the double phosphate
backbones of complementary strands (Mehta and Haber, 2014). However,
exogenous agents such as radiation and chemotherapeutic drugs or endogenous
processes, for instance, meiosis and immunoglobulin class-switch, can break both
strands simultaneously (Khanna and Jackson, 2001). Unrepaired DSBs lead to
genome instability, including mutagenesis or chromosome rearrangements
ultimately resulting in cell death, tumorigenesis, and detrimental disorders
development (Jackson and Bartek, 2009). Cells employ two main mechanisms to
cope with these cytotoxic insults: homologous recombination (HR) and non-
homologous end joining (NHEJ).

Homologous recombination (HR)

HR is strictly restricted to the S and G2 cell cycle phases since it requires
homologous DNA sequences as a template to carry out high-fidelity repair of DSBs
(Huertas, 2010). First, the MRN (MRE11-RAD50-NBS1) complex detects and binds
to the damage site, followed by a 5’-3’ nucleolytic resection mediated by MRE11,
which harbors both endonuclease and 3’-5’ exonuclease activities with the help of
another endonuclease, CtBP-interacting protein (CtIP). The resulting 3’ overhangs
can be further extended by 5’-3’ exonuclease EXO1 or single-strand endonuclease
DNAZ2 and helicase BLM (Bloom syndrome protein) (Cannan and Pederson, 2016;
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F. Zhao et al.,, 2020). Next, RPA binds to the naked ssDNA to protect against
nuclease degradation and is subsequently replaced by RAD51, which is recruited
via the PALB2-BRCA1-BRCA2 complex (Holloman, 2011; Xia et al., 2006). RAD51,
as a recombinase, can initiate searching for the complementary homologous DNA
sequence prior to broken strand invasion and annealing. Once RAD51 finds the
homolog, it promotes the 3’-OH residue extending fulfilled by Pol & with intact
homologous DNA as a template and rejoining the 5’ end of impaired chromosome
aided by DNA ligase (McVey et al., 2016). After which, the formed double holiday
junction is resolved by “dissolution” or “resolution” mediated by BLM-TOP 3a-RMI1-
RMI2 (BTR) complex and the MUS81-EME1-SLX1-SLX4 (SLX-MUS) complex or
GEN1 endonuclease, respectively (Matos and West, 2014) (Figure4).
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Figure 4: Schematic depiction of the cellular mechanisms of homologous recombination. Left
panel: DSB detection and 5'-3’ resection mediate by MRN complex and EXO1, followed by RPA
binding to ssDNA and replaced by RAD51, which initiates strand invasion. After which, the
damaged DNA is synthesized by DNA polymerase and rejoined by DNA ligase, forming a double-
holiday junction. Right panel: the mechanic resolution of the double-holiday junction. The BTR
complex is engaged in “dissolution” mechanism, which generates non-crossover recombinants.
SLX-MUS complex, formed by MUS81-EME1 and SLX1-SLX4 or GEN1, is involved in “resolution”
mechanism which produces non-crossover or crossover recombinants. Figure adapted from
(Matos and West, 2014; Mimitou and Symington, 2009).

Non-homologous end joining (NHEJ)

In contrast to HR, NHEJ can happen at any cell cycle phase since it directly ligates
the two break ends without a homologous template. Consequently, NHEJ often
introduces some errors or loss of genetic information (Khanna and Jackson, 2001).
NHEJ is initiated by the abundant heterodimeric protein complex Ku70/Ku80, which
has high affinity for the broken DNA ends. Ku70/Ku80 forms a ring structure fitting

in major and minor grooves of DNA and serving as a scaffold to facilitate the
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recruitment of other NHEJ components, including DNA-PKcs (DNA-dependent
protein kinase, catalytic subunit), XRCC4, XRCC4-like factor (XLF). (Chatterjee and
Walker, 2017; Walker et al., 2001; B. Zhao et al., 2020). If the damaged ends are
‘clean’, XRCC4 and XLF bridge them together, followed by LIG4-mediated ligation;
otherwise, DNA-PKcs together with endonuclease Artemis initiate end processing
first, after which the broken ends are ligated by LIG4 (Cannan and Pederson, 2016)
(Figure 5). Alternatively, cells can also undergo alternative NHEJ (aNHEJ), which
can occur in classical NHEJ (cNHEJ)-proficient or deficient cells, but it is much more
erroneous than cNHEJ (Deriano and Roth, 2013). In aNHEJ, PARP1 competes with
Ku70/Ku80 heterodimer for DNA end binding, which further recruits MRN/CtIP to
carry out end resection. Exposed ssDNA of the two dsDNA ends are then able to
anneal using local microhomologies, XRCC1, Pol 6, and LIG3/1 initiate gap filling
(Cannan and Pederson, 2016; Haince et al., 2008; Sallmyr and Tomkinson, 2018)
(Figure 5). Notably, 53BP1 (p53-binding protein 1) plays an essential role in limiting
aNHEJ and HR, while promoting cNHEJ. 53BP1 is phosphorylated by ATM and
subsequently recruits RIF1 to protect DSB ends from resection (Bothmer et al., 2010;
Gelot et al., 2015).
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Figure 5: Schematic depiction of the cellular mechanisms of non-homologous end joining. Left
panel: repair principles of classical NHEJ, wherein the damage ends are recognized by Ku70/Ku80
heterodimers followed by DNA-PKcs-mediated end processing prior to end rejoining. Right panel:
the repair process of alternative NHEJ. aNHEJ involves the DSB end resection carried out by
MRN/CtIP complex and gap filling completed by Pol 8 and LIG1/3. Figure from (Li et al., 2022).
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1.1.2.5 Translesion synthesis (TLS)

Strictly defined, TLS is a damage tolerance pathway rather than a DNA repair
mechanism since it allows replication forks to bypass different types of DNA damage
without repair. TLS is carried out by highly conserved DNA polymerases, which are
mainly DNA polymerases belonging to the B family (including Pol {) and Y family
(including Pol n, Pol 1, Pol k, and REV1) (Chatterjee and Walker, 2017; Lehmann,
2006; Ma et al., 2020). TLS occurs when DNA damage repair pathways are not
efficient enough. A prominent example is UV-light generated CPDs, which, if NER
cannot resolve them in time, will lead to persistence in S-phase and replication fork
stalling (Cortez, 2019). When the replisome encounters a DNA lesion, the helicase
CMG bypasses the distortion and keeps unwinding DNA while replicative
polymerases (Pol q, 8, ¢€) stall, leading to the accumulation of ssDNA (Maiorano et
al.,, 2021). TLS polymerases have flexible active sites, which assist them in
accommodating damaged bases to synthesize across diverse lesions. These
polymerases can utilize the damaged DNA as a template and randomly insert
nucleotides opposite to impaired DNA. However, they are less faithful than
replicative DNA polymerases due to the lack of 3’-5’ exonuclease proofreading
activity (Sale, 2013). TLS is initiated by mono-ubiquitylation of PCNA, mediated by
E2 conjugation enzyme RADG6 and E3 ligase RAD18 (Hoege et al., 2002). Y family
polymerases are recruited by mono-ubiquitylated PCNA through PCNA-interaction
peptide (PIP) of Pol n, 1, and k or the BRCT (BRCA1 C-terminal) domain of REV1
and their ubiquitin-binding domain (Kannouche et al.,, 2004). The subsequent
procedure can be divided into two steps. First, Pol n, 1, K or REV1 (inserter enzyme)
replaces standard replicative polymerases after loading on DNA insults and
incorporates one nucleotide in the complementary side of damaged DNA (Korzhnev
and Hadden, 2016). Next, the inserter TLS enzyme is replaced by an extender TLS
enzyme, usually Pol ¢ or Pol k, followed by DNA lesions bypass and DNA extension
(Chatterjee and Walker, 2017). Notably, UV-induced TT-CPD is bypassed error-free
by Pol n alone (Masutani et al., 1999). In addition, mono-ubiquitylated PCNA can be
further poly-ubiquitylated by the MMS2-UBC13-HLTF/SHPRH complex, which
triggers error-free DNA synthesis utilizing newly synthesized sister chromatid as the
template involving strand invasion and template switch (Branzei, 2011; Ripley et al.,
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2020). In summary, TLS can prevent cells from having un-replicated chromosomes

but might at the cost of introducing mutations by low-fidelity polymerases

1.1.2.6 Interstrand crosslink (ICL) repair

ICLs are lesions in which crosslinking occurs between two nucleobases of opposite
strands. ICLs are particularly toxic because they interfere with DNA-double helix
separation during replication, leading to replication collapse (Moldovan and
D’Andrea, 2009). These insults are detected and repaired by the Fanconi anemia
(FA) pathway, which is named after the human syndrome of the same name. FA is
characterized by sub-fertility, bone marrow failure, and an increased risk of
leukemia and solid tumor development (Fanconi, 1967; Kee and D’Andrea, 2012).
Mutations in several different protein-coding genes caused the inheritable disorder.
Losing the expression of these so called FANC proteins results in cellular sensitivity
towards ICL-inducing agents, such as cisplatin and mitomycin C. Consequently, the
sensitivity to ICL-inducing agents is also used to diagnose FA (Deans and West,
2011).

FANC proteins are essential factors for the repair of ICLs (Kaddar and Carreau,
2012). There are 22 identified FANC proteins that can be clustered into four groups
based on the repair step they participate in (Semlow and Walter, 2021). A well-
studied ICL repair model is the replication fork convergence-triggered FA pathway,
which is coupled to DNA CMG helicase eviction (Ceccaldi et al., 2016; Niedernhofer
et al., 2005; Semlow and Walter, 2021). In this case, FANCM, the only component
of group 1 FANCSs, detects the stalled replication fork by forming a complex together
with MHF1, MHF2, and FAAP24 first (Basbous and Constantinou, 2019). Next, this
heterotetrameric complex recruits group 2 FANCs forming the FA core complex,
which is comprised of a ubiquitin E2 ubiquitin-conjugating enzyme FANCT and a
large E3 ligase complex containing FANCA, B, C, E, F, G, L, FAAP20, and FAAP100
(Machida et al., 2006; Rickman et al., 2015; Semlow and Walter, 2021). FA core
complex further mono-ubiquitylates group 3 FANCs, FANCI and FANCD2 (ID2
complex), which is crucial for the following unhooking and recombination steps
mediated by group 4 FANCs (Ishiai et al., 2008; Smogorzewska et al., 2007). ID2
complex ubiquitylation recruits FANCP (SLX4), a scaffold protein, which interacts
with a structure-specific endonuclease FANCQ (XPF)-ERCC1 to unhook the ICL,
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leaving behind a single-strand break in one of the strands (Klein Douwel et al., 2014).
The opposite strand is subsequently used as a template for new DNA synthesis
assisted by TLS polymerases Pol {, a heterodimer formed by REV3 and REV7
(FANCV) and REV1, which can bypass the ICL hook (Kim and D’Andrea, 2012).
Finally, the ICL hook is excised by the NER pathway, followed by HR to complete
the repair (Wood, 2010). HR is carried out by the remaining FANCs, including
FANCD1 (BRCA2), FANCO (RAD51C), FANCR (RAD51), FANCU (XRCC2),
FANCN (PALB2), FANCS (BRCAL), FANCW (RFWD3), and FANCJ (BRIP1) (Miele
et al., 2015; Semlow and Walter, 2021) (Figure 6).
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Figure 6: Schematic depiction of the roles of the Fanconi anemia proteins in the repair of DNA
ICLs. A. Stalled replication fork triggers CMG complex unloading followed by FANCM and its
associators localization to the damage site, which further recruits FA core complex; B. ID2 complex
is mono-ubiquitylated by FA core complex; C. DNA endonucleases are recruited to DNA lesions
and execute incision; D. TLS polymerases Pol ¢ and REV1 initiate DNA synthesis to bypass the
ICL hook; E. F. The remaining DSB is repaired via HR pathway, utilizing TLS synthesized double-
strand DNA as a template. Figure from (Dan et al., 2021).

1.2 DNA-protein crosslinks (DPCs)

DPCs are unique DNA lesions which are composed of proteins covalently bound to

DNA. They are caused by the permanent trapping of enzymatic reaction

intermediates and are also generated by endogenous toxic metabolites and

exogenous crosslinking agents, including several chemotherapeutic agents

(Nakano et al., 2017; Stingele et al., 2017). Unrepaired DPCs are detrimental to

cells because they interfere with essential chromatin transactions such as
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replication and transcription, which leads to genome instability, premature aging,
and tumorigenesis (Lessel et al., 2014; Maskey et al., 2017). DPCs were initially
considered to be simply a subtype of bulky DNA damages that can be repaired by
canonical DNA repair pathways, including NER and HR. Emerging evidence
suggests that resolving DPCs requires multiple pathways to degrade protein
components, followed by tolerance to or removal of the remaining DNA-peptide

crosslinks (Ashour and Mosammaparast, 2021; Weickert and Stingele, 2022).

1.2.1 Types of DPCs

DPCs are derived from various sources and can involve different proteins
associated with DNA. Based on the nature of crosslinked proteins and DPC

formation principles, DPCs are classified as enzymatic or non-enzymatic (Figure 7).
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Figure 7: lllustration of chemical structures of diverse DPCs. A. TOP1 crosslinks to the 3' end of
an SSB through a phosphotyrosyl linkage; B. HMCES crosslinks to an AP site on single-strand
DNA through a thiazolidine linkage; C. PARP1 crosslinks to an AP site at the 3’ end of an SSB via
a reduced Schiff base linkage; D. Covalent linkage formed between the N-terminal histone amine
and oxidized 8-oxoG; E. Chemical structure of DPCs induced by cisplatin; F. Chemical structure
of DPCs induced by formaldehyde. Figure adapted from (Groehler IV et al., 2017; Wei et al., 2021).

Enzymatic DPCs arise through enzymatic reactions which involve the formation of
a transient covalent bond between DNA and the enzyme. However, under certain
circumstances, such as in the presence of small-molecule inhibitors or DNA damage,
these transient intermediates become stabilized, permanently trapping the covalent
DNA-protein complex (Stingele et al., 2015; Zhang et al., 2020). Such enzymes
include DNA topoisomerases (TOPs), DNA polymerases, DNA methyltransferases
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(DNMTSs), apurinic or apyrimidinic (AP) lyases, and DNA glycosylases (Kiianitsa and
Maizels, 2013). The most well-established examples of enzymatic DPCs are TOPs
cleavage complexes (TOPccs). TOPs physiologically relieve torsional stress within
DNA by cutting the phosphate backbone of either one or both strands, followed by
covalent bond formation between a catalytic tyrosine residue and the break end.
Therefore, TOPccs are always accompanied by SSBs or DSBs. Usually, TOPs are
released from DNA after relieving torsional stress followed by strand religation.
However, these transient covalent cleavage intermediates are easily trapped. For
instance, DNA distortion and small molecules like camptothecin (CPT) and
etoposide, lead to permanent trapping of TOPs and stable DPCs generation.
(Pommier and Marchand, 2012; Stingele and Jentsch, 2015). Moreover, enzymatic
DPCs can also arise from crosslinking of DNMT to methylated
5-aza-2’-deoxycytidine (5-aza-dC), a cytosine analogue that acts as a
pseudosubstrate for DNMTL1. The covalent linkage is formed between DNMT1 and
5-aza-dC by preventing the final 3 elimination step of DNMT1’s catalytic cycle which
is required to release the enzyme (Gnyszka et al., 2013; Santi et al., 1984). In
addition, recent studies reported that DPC formation could also shield deleterious
DNA lesions during replication. A prominent example are DPCs formed by HMCES
(5-Hydroxymethylcytosine binding, ES-cell-specific), which forms a thiazolidine
linkage with an AP sites in single-strand DNA to protect ssSDNA from breakage
(Mohni et al., 2019).

1.2.1.2 Nonenzymatic DPCs

Unlike enzymatic DPCs, wherein the covalent linkage occurs between a particular
enzyme and a DNA substrate, nonenzymatic DPCs can involve many proteins in
the vicinity of DNA when cells are exposed to reactive compounds like aldehydes,
metal ions, and several types of radiation (Stingele and Jentsch, 2015). Notably,
nonenzymatic DPCs usually involve proteins crosslinked to intact DNA strands,
distinct from enzymatic DPCs, which are either accompanied by DNA strand breaks
or incomplete nucleotides (Zhang et al., 2020). For example, formaldehyde is a
highly potent crosslinker widely used as a reagent in studies investigating DNA-
protein interactions. Formaldehyde-induced DPC formation occurs in several steps.
First, formaldehyde reacts with an exposed amino acid forming a methylol adduct
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and then converses to a Schiff base via dehydration. After that, the Schiff base
reacts with DNA nucleobase, another nucleophile, to produce a methylene-bridged
DPC (Hoffman et al., 2015; Lu et al., 2010; Solomon et al., 1988). Remarkably,
formaldehyde is present in the environment and released endogenously through
DNA, RNA, or histone demethylation and lipid peroxidation (Ruggiano and
Ramadan, 2021a). Besides that, acetaldehyde, a highly reactive compound, is
produced from ethanol oxidation and causes DPC via the identical mechanism as
formaldehyde (lde et al., 2015; Stingele et al., 2015).

Furthermore, nonenzymatic DPCs can also be generated by exogenous
physical and chemical agents, such as IR and cisplatin. The mechanisms of IR-
produced DPCs remains poorly understood, but investigators found that IR-
triggered DPC formation is increased under hypoxic conditions, suggesting a
potential clinical value of DPC induction in treating hypoxic tumors (Frankenberg-
Schwager, 1990; Nakano et al., 2017; Zhang et al., 1995). Additionally, it is widely
accepted that the anticancer effects of cisplatin, part of a much-used class of
platinum-based chemotherapeutic drugs, come from DNA adduct formation. Of note,
some studies demonstrated that cisplatin also forms DNA-platinum-protein
complexes (DPCLs), which play an essential role in cytotoxicity, suggesting DPCL
formation might also contribute to the therapeutic activity of cisplatin (Chvalova et
al., 2007; Eastman, 1987; Wozniak and Walter, 2000).

To conclude, DPCs are toxic to cells since they result in replication and
transcription collapse, so their induction can be used as an approach to treat cancer.
At the same time, DPC generation can also be beneficial for cells by protecting
genomic DNA from detrimental lesions. Thus, studying the principles of DPCs
formation and resolution will be instrumental to understand homeostasis
maintenance mechanisms and to develop novel chemotherapeutic applications
(Kuhbacher and Duxin, 2020; Mohni et al., 2019).

1.2.2 DPC resolution

As mentioned above, DPC comprises three components: the DNA, the crosslinked
protein, and the covalent linkage between DNA and protein, which can be attacked
as repair targets (Stingele et al., 2017). Due to the diversity of the potential
components of DPCs, multiple pathways evolved to work together to resolve these
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DNA lesions (Ruggiano and Ramadan, 2021a). Based on the target of each repair
pathway, DPC repair can be classified into three categories: nuclease-dependent
DPC repair, direct crosslink hydrolysis, and proteolysis-dependent DPC repair
(Stingele et al., 2017; Zhang et al., 2020).

1.2.2.1 DNA repair pathways in DPC resolution

Previous studies suggested that the canonical DNA repair pathways, NER and HR,
are involved in DPC repair. The first evidence came in early genetic studies of E.
coli by analysing the sensitivity of DNA repair enzyme-deficient E. coli strains to
DPC-inducing agents, including formaldehyde and 5-aza-dC. Investigators found
that recA mutant, which is exclusively abortive in HR, was sensitive to both
formaldehyde and 5-aza-dC. However, a uvrA mutant, which is defective in NER,
exhibited sensitivity only to formaldehyde, suggesting that the different natures of
the DPCs induced by formaldehyde and 5-aza-dC entail different ways of repair
(Nakano et al., 2007; Salem et al., 2009). Formaldehyde crosslinks various proteins
randomly, of which sizes range from 9-33 kDa in bacteria, while 5-aza-dC
specifically crosslinks DNA methyltransferases, around 53 kDa. Moreover, in vitro
experiments demonstrated that NER cannot excise DPCs comprised of a 16 kDa
protein but can make an excision on the DNA containing shorter polypeptides.
Hence, the researchers assumed that NER has limitations in removing bulky DPCs,
up to 12-14 kDa, whereas oversized DPCs are processed exclusively by HR (lde et
al., 2015; Minko et al., 2005; Nakano et al., 2007). Subsequent genetic studies in
yeast similarly confirmed the involvement of NER and HR in formaldehyde-triggered
DPC repair, claiming that NER dominantly repairs DPCs caused by acute high dose
exposure of formaldehyde, and HR aids repair of DPCs induced by chronic low
doses of formaldehyde (de Graaf et al., 2009).

In mammalian cells, in vitro studies showed that cell-free extracts efficiently
eliminated DPCs containing a 4 or 12 amino acids-long polypeptide but were unable
to make incisions for those containing T4 endonuclease V (16 kDa) or Hhal, a
prokaryotic DNA methyltransferase (37 kDa). NER-deficient cell-free extracts failed
to excise DPCs. Processing the crosslinked proteins by proteolytic digestion like
proteinase K or chymotrypsin yields a preferential substrate for NER (Baker et al.,
2007; Reardon and Sancar, 2006). In vivo experiments notably demonstrated that
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HR deficient cells were highly sensitive to formaldehyde and 5-aza-dC, whereas
NER mutants were mildly sensitive, indicating a less critical contribution of NER than
HR in DPC removal (Nakano et al., 2009).

Given that HR-deficient cells are highly sensitive to formaldehyde and 5-aza-
dC, accompanied by the formation of RAD51 or yH2AX nuclear foci (indicative of
DSB formation) and increased rates of sister chromatin exchange upon the
treatment of DPC inducing agents, it is clear that HR plays a pivotal role in the
tolerance to DPCs. Moreover, the involvement of HR in the removal of DPCs likely
depends on the formation of DSBs near DPC sites (Nakano et al., 2009; Shaham et
al., 1997). MRN is an essential nuclease complex initiating the DNA end resection
process during HR, comprising MRE11, the nuclease, RAD50, the ATPase, and
NBS1, the regulatory factor. Typically MRN complex executes its end-processing
function via endo- and exonuclease activities (Paull, 2018). It has no preferential
protein adduct to target, therefore, it can nucleolytically remove diverse protein
adducts at the 5 or the 3’ end of DSBs, exposing a clean DNA terminus for the
following canonical DSBs repair mechanisms (Ashour and Mosammaparast, 2021).
For instance, TOP2cc is caused by topoisomerase 2 being covalently bound to DNA,
where a double-strand break is created and two TOP2 crosslinked to both 5'-termini
of the double-strand break via 5'-phosphotyrosyl bonds followed by DNA religation
(Riccio et al., 2020). Hence, permanent existing TOP2 adducts must be eliminated
prior to DSB repair. Multiple studies reported that the MRN complex might facilitate
the removal of TOP2 covalent adducts from DNA. Both in vitro and in vivo evidence
reveal that MRE11-deficiency leads to failure of TOP2cc elimination, which is
suppressed by introducing TDP2 (tyrosyl phosphodiester linkage hydrolase)
overexpression, suggesting MRE11 contributes crucially to genome stability
maintenance through excision of TOP2cc (Deshpande et al., 2016; Hoa et al., 2016;
Lee et al., 2012).

This repair strategy is evolutionary conserved from phages to prokaryotes and
eukaryotes. Consistent observations have been achieved in T4 bacteriophages,
wherein the repair of m-AMSA (an antitumor agent) induced TOPccs was dependent
on gp46/47 (MR complex) (Stohr and Kreuzer, 2001; Woodworth and Kreuzer,
1996). Similarly, in E. coli, the protein-bound DNA ends are nucleolytically
processed by the SbcCD (MR) complex accompanied by pure DSB insertion

(Connelly et al.,, 2003). Also, the Mrell-Rad50-Xrs2 (homologs of MRN in
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mammalian cells) complex (MRX) in budding yeast plays an essential role in
resistance to TOPs-targeting agents (Malik and Nitiss, 2004). In addition, DSBs with
SPO11 covalently attached to 5 termini ends are formed during meiotic
recombination in budding yeast. The endonucleolytic activity of MRX is employed to
remove protein adducts resulting in SPO11 release, and DPC-free DSB ends
containing a 3’ overhang, which is subsequently subjected to HR (Neale et al., 2005).

To summarize, the NER-dependent DPC repair mechanism is limited by the
size of protein adducts. Indeed, DPCs containing larger proteins (>10 KDa) seemed
to reduce the efficiency of DPC removal by NER nucleases. Previous data also
suggested that pre-cleavage of crosslinked proteins by specialized DPC proteases
or the proteasome is essential for accessing the NER repair machinery to the
damage sites (Stingele et al., 2017; Zhang et al., 2020). Additionally, the HR repair
pathway can target bulky DPCs, but the MRN complex nuclease activity is restricted
to DNA ends, suggesting that DPCs involving proteins associated with intact DNA
cannot be recognized by MRN complex-mediated HR (Kdshammer et al., 2019;
Zhang et al., 2020). This shows that the involvement of NER and HR in DPC
resolution is highly coordinated in cells (Nakano et al., 2007).

1.2.2.2 Tyrosyl-DNA phosphodiesterase-dependent hydrolysis

As mentioned above, different components of DPC can be a target for repair,
including the covalent bond between protein and DNA. However, due to the diversity
of these chemical linkages, cells cannot evolve a specific enzyme to reverse every
type of covalent bond. Notably, some enzymatic DPCs occur highly frequently.
Consequently, the cells employ specific enzymes to cope with these lesions. The
most well-studied examples are TOPccs, which are formed to release DNA torsional
stresses during transcription, replication, and proper chromosomal segregation.
Tyrosyl-DNA phosphodiesterases (TDPs) are reported to directly hydrolyse the
phosphotyrosyl bonds formed between the DNA termini and TOPs (Pommier et al.,
2014). Of note, TOPccs need to be pre-digested before hydrolysis to allow TDPs to
the lesions (Stingele et al., 2017).

TDP1 hydrolyses TOP1cc

TOP1cc refers to the covalent intermediate between TOP1 and DNA arising during
the process of DNA relaxation, wherein TOP1 cleaves a single strand and becomes
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covalently attached to the 3’-P end with its active site tyrosine residue, leaving the
5’-OH end free to rotate to relieve torsional stress followed by DNA reannealing and
TOPL1 release (Champoux, 2001; Stewart et al., 1998). Abortive activity of TOP1
leads to TOP1 being permanently attached to DNA breaks, forming the enzymatic
DPC.

TDP1 was firstly detected to be involved in hydrolysing phosphotyrosyl bonds
at the 3' end of DNA in yeast (Pouliot et al., 1999). Afterward, substantial evidence
verified that TDP1 is an evolutionally conserved enzyme in all eukaryotic cells, and
TDP1 deficiency results in the accumulation of TOP1-DNA covalent complexes and
sensitivity toward TOP1 inhibitors in yeast and human (Interthal et al., 2005; Pouliot
et al., 2001).

Intriguingly, in vitro studies investigated that substrates containing full-length
TOP1 were resistant to TDP1 cleavage while containing 53 or 108 amino acids of
TOP1 were efficiently cleaved by TDP1 suggesting that the TOP1-adduct requires
proteolytic processing before TDP1 hydrolysis (Interthal and Champoux, 2011).
Sequential experiments reported that the proteasome plays a crucial role in
degrading TOP1 in a SUMOylation-ubiquitylation-dependent manner. Proteasomal
degradation of crosslinked TOP1 is initiated by SUMOylation of TOP1 mediated by
SUMO E3 ligase PIAS4 (Sizl in yeast), followed by SUMO-triggered poly-
ubiquitylation induced by ubiquitin E3 ligase RNF4 (SIx5-SIx8 in yeast) (Lin et al.,
2008; Steinacher et al., 2013; Sun et al., 2020a).

According to biochemical studies, TDP1 executes its function by forming a
transient covalent intermediate followed by release from DNA through a nucleophilic
attack, leaving an SSB with 3’-P and 5’-OH end, which must be further processed
by PNKP to generate 3'-OH and 5’-P DNA end, followed by break repair using the
BER pathway (Interthal et al., 2001; Khim et al., 2012) (Figure 8).
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Figure 8: Schematic depiction of cellular mechanisms for the repair of TOPccs by hydrolysis
through TDPs. Left panel: repair of TOP1cc, digest by proteasome is followed by TDP1 attacking
the 3’ phosphotyrosyl bonds. After that, the SSB is processed by PNKP and repaired by BER.
Right panel: repair of TOP2cc, digest by the proteasome or SUMOylate by ZATT, followed by TDP2
attacking the 5’ phosphotyrosyl bonds. The exposed 3’-OH and 5-P DNA ends are repaired by
NHEJ. Figure based on illustrations in (Khim et al., 2012; Zagnoli-Vieira and Caldecott, 2020).

In addition, genomic mutation of TDP1 results in spinocerebellar ataxia with
axonal neuropathy, an autosomal recessive neurodegenerative disease
(Takashima et al., 2002). The patients bear a substitution of histidine 493 with an
arginine residue in TDP1, which decreases TDP1’s catalytic activity causing
defective TOP1-DPC repair and leading to TDP1 itself becoming trapped on DNA
(EI-Khamisy et al., 2005; Interthal et al., 2005). While TDP1-deficient mice do not
exhibit a similar pathological phenotype to human beings, the molecular basis needs
to be studied further (Hirano et al., 2007; Katyal et al., 2007).

TDP2 hydrolyses TOP2cc

The transient TOP2-DNA intermediate is generated during TOP2 resolving
topologically entwined DNA and is known as TOP2 cleavage complex (TOP2cc)
(Nitiss, 2009). Many clinical chemotherapeutic TOP2 inhibitors impede the TOP2
catalytic cycle, leading to stabilization of the TOP2cc and accumulation of this type
of cytotoxic DPC (Riccio et al., 2020). Since TOP2 generates DSBs, the TOP2ccs
are continuously formed on both 5’-P ends of DNA breaks with 5’-phosphotyrosy!
covalent bonds.

In vitro data demonstrated that TDP2, an exclusive &5’-tyrosyl DNA
phosphodiesterase, directly hydrolyses the 5’-phosphotyrosyl linkage between
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TOP2 and DNA breaks (Ledesma et al., 2009). Further studies investigated that
TDP2-deleted cells are hypersensitive to TOP2 poisons, including doxorubicin,
amsacrine (m-AMSA), and etoposide, indicating that TDP2 is a significant factor in
resolving TOP2cc and maintenance of genome stability (Gémez-Herreros et al.,
2013; Ledesma et al., 2009; Zeng et al., 2011). Notably, unlike TDP1, which forms
a covalent-linked intermediate with its DNA substrate during hydrolysis, TDP2'’s
catalytic activity requires Mg?*/Mn?*and functions without covalent complex
formation (Adhikari et al., 2012; Gao et al., 2012; Sun et al., 2020b). After processing,
the 3’-OH and 5’-P DNA ends are restored, which allows direct ligation mainly by
the NHEJ machinery (Gémez-Herreros et al., 2013).

Previous research suggested that similar to TOP1cc resolution, TOP2cc also
requires pre-proteolysis mediated by ubiquitin/26S proteasome pathway (Mao et al.,
2001). Subsequent studies further confirmed this finding and investigated that the
initiation of TOP2cc degradation shared a conserved way with TOP1cc, in which
PIAS4 catalyses SUMOylation of TOP2 and followed by RNF4 mediated
ubiquitylation (Sun et al., 2020a). However, emerging evidence revealed that the
SUMO E3 ligase ZATT (ZNF451) facilitates TDP2 interacting with SUMOylated
TOP2 and immediate release of TOP2 from DNA substrate in a proteasome-
independent manner (Schellenberg et al., 2017) (figure 8). Additionally, the
inactivation of proteasome does no entirely abolish TOP2cc removal, implying
proteasome degradation is not an exclusive way for TOP2cc to be accessible for
TDP2 (Kuhbacher and Duxin, 2020; Tsuda et al., 2020).

1.2.2.3 Proteolysis-dependent DPC repair

An involvement of the proteasome in DPC elimination has been proposed already
quite some time ago (Quievryn and Zhitkovich, 2000). Furthermore, subsequent
research demonstrated that the ubiquitin-proteosome systems targets TOP1ccs and
TOP2ccs to release the access sites for TDPs (Debethune, 2002; Desai et al., 1997;
Lin et al., 2008; Mao et al., 2001; Vaz et al., 2017). Recently, the investigation of
proteases, including SPRTN/Wss1, ACRC/GCNA, FAM111A, and DDI1, suggested
that the protein component of DPCs is processed into small polypeptides by these
enzymes and followed by DNA repair processes (Bhargava et al., 2020; Dokshin et
al., 2020; Kojima et al., 2020; Serbyn et al., 2020; Stingele et al., 2016, 2014). Given
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that the NER-dependent DPC repair pathway is limited to resolving small protein
adducts (approx 8-16 KDa), pre-processing bulky DPCs may play an essential role
in efficient DPC resolution (Vaz et al., 2017).

DPC proteolysis by the proteasome

The 26S proteasome is the most well-studied proteolytic machinery in cells of which
substrates are modified by poly-ubiquitin (Collins and Goldberg, 2017). The original
evidence implicating the 26S proteasome in DPC removal came out more than two
decades ago. Scientists observed that topoisomerases are ubiquitylated upon the
treatment with TOPs poisons, and inhibition of proteasome delayed TOPccs
degradation. Furthermore, the inactivation of proteasome sensitized cells toward
DPC-inducing agents, like CPT and low-dose formaldehyde, suggesting that the
proteasome is required for DPC repair (Desai et al., 2001, 1997; Lin et al., 2008;
Mao et al., 2001; Ortega-Atienza et al., 2015). Subsequent research demonstrated
that TOPccs are ubiquitylated in a SUMOylation-dependent manner, and this
modification ultimately drives the proteasome-mediated degradation of the protein
component of DPCs (Sun et al., 2020a). Simultaneously, HMCES which is
crosslinked to protect ssDNA, can also be modified by ubiquitin and be resolved by
the proteasome (Mohni et al., 2019).

In contrast to the above findings, investigators who utilized the Xenopus egg
extract system to follow the M.Hpall DPC repair in vitro discovered that inhibition of
the proteasome did not significantly affect DPC repair. Notably, the addition of a
deubiquitylating enzyme (DUB) inhibitor, which blocks the ubiquitin cycling leading
to depletion of free ubiquitin, dramatically inhibited M.Hpall destruction, which is
restored by adding free ubiquitin, indicating the availability of ubiquitin but not
proteasome activity is required for DPC repair (Duxin et al.,, 2014). Moreover,
depletion of ATP-dependent proteases in E.coli, which function similarly to the
proteasome in eukaryotic cells, did not trigger hypersensitivity upon exposure to
formaldehyde and azacytidine (Nakano et al., 2007).

These controversial conclusions could be explained by the fact that the
proteasome inhibitors used in the studies, as mentioned above, might inhibit not
only proteasome activity but also reduce the availability of nuclear ubiquitin that was
required in other signalling pathways (Takeshita et al., 2009). It was also argued
that these experiments rather showed increased ubiquitylation of the total TOPs
pool than TOPccs maodification. Also, the high-dose CPT used in previous works
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might lead to TOPccs elimination beyond physiological repair capacity, thereby
inhibiting other potential repair pathways (Ruggiano and Ramadan, 2021a). It is
difficult to conclude that DPCs are removed by proteasome directly or that the
phenotype is caused by the synergistic effect of proteasome inhibitors, which
depletes the nuclear ubiquitin pool or leads to exceeding levels of DPCs (Ruggiano
and Ramadan, 2021a; Vaz et al., 2017).

To sum up, although recent studies found that both enzymatic and
nonenzymatic DPCs are modified by ubiquitin, and DPC proteolysis is a ubiquitin-
dependent process, the precise roles of the proteasome in regulating DPC
processing are still under investigation (Borgermann et al., 2019; Larsen et al., 2019;
Mohni et al., 2019; Ruggiano et al., 2021; Sun et al., 2020a).

DPC proteolysis by protease SPRTN/Wss1

Apart from proteasome-directed DPC degradation, researchers identified a
more specific pathway to target crosslinked protein adducts in recent years involving
different proteases. Weak suppressor of Smt3 (Wssl) is the first metalloprotease
discovered with a link to DPC repair. Depletion of Wss1 and TDP1 hyper-sensitizes
yeast to CPT and results in the accumulation of TOP1ccs. Also, Wssl-deficient
yeast strains are sensitive to the DPC-inducing agent, formaldehyde. In addition, in
vitro assays revealed that Wss1 can process various DNA-binding proteins, such as
histone H1 and TOP1, in a DNA-dependent manner. Conclusively, these data
indicated the crucial role of Wss1 in DPC resolution (Stingele et al., 2014). Notably,
a concomitant study using Xenopus egg extract as a model to follow DPC repair
showed that DPCs are processed by a replication-coupled enzyme, suggesting a
replication-dependent, proteasome-independent DPC repair mechanism. However,
this enzyme in metazoans remained unknown at that time (Duxin et al., 2014). In
2016, this specialized enzyme in mammalian cells was found to be SPRTN by
different groups independently (Lopez-Mosqueda et al., 2016; Stingele et al., 2016;
Vaz et al., 2016).

SPRTN was first characterized as a regulator of TLS, which is recruited to DNA
damage sites via the interaction with PCNA and p97. However, the precise role of
SPRTN in TLS remains debatable. Conflicting results showed the dependence of
SPRTN in the recruitment or release of TLS polymerase from DNA damage sites
(Centore et al., 2012; Ghosal et al., 2012; Kim et al., 2013; Mosbech et al., 2012).

Later studies investigated that SPRTN is involved in repairing formaldehyde-
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induced nonenzymatic DPCs and enzymatic DPCs trigged by TOPs inhibitors. Loss
of SPRTN results in lethality after treatment with various DPC-inducing agents but
did not cause sensitization to ICL induction or replication inhibition. These in vivo
data also revealed accumulation of nonspecific DPCs and TOPccs as well as
deceleration of DPCs removal due to SPRTN deficiency. Furthermore, in vitro
biochemistry assays demonstrated a DNA-dependent protease activity of SPRTN,
which proteolyzed diverse DNA binding proteins like histones and TOPs (Lopez-
Mosqueda et al., 2016; Maskey et al., 2017; Stingele et al., 2016; Vaz et al., 2016).
The above evidence indicates the involvement of SPRTN in general DPCs
elimination.

Even though lacking substrate preference is beneficial for SPRTN to target
variable crosslinked protein adducts, it is also potentially dangerous for cells to
proteolyze proteins surrounding the chromatin. Therefore, cells require regulation
strategies to control the localization and limit the proteolytic activity of this
nonspecific protease (Ruggiano and Ramadan, 2021b).

SPRTN was initially found to be activated by ssDNA and dsDNA (Lopez-
Mosqueda et al., 2016; Mérocz et al., 2017; Stingele et al., 2016; Vaz et al., 2016).
Later structural studies further discovered two DNA binding domains of SPRTN
which are the zinc-binding domain (ZBD) and basic region (BR) that bind to ssSDNA
and dsDNA, respectively (Li et al., 2019; Reinking et al., 2020). Concomitantly, in
vitro biochemistry assays proved that SPRTN was activated by ss/dsDNA junction
or DNA bubbles, which challenged the previous paradigm that SPRTN is activated
non-specifically (Figure 9). This feature of SPRTN allows it to act on proteins
specifically around activating DNA structures, for example during replication or
transcription, and prevent cleavage of soluble nuclear proteins and intact DNA-
binding proteins such as histones (Reinking et al., 2020; Ruggiano and Ramadan,
2021a).

Furthermore, SPRTN harbours several protein-protein-interaction motifs,
including the PCNA-interacting peptide (PIP box), the ubiquitin-binding zinc finger
(UBZ), and the ATPase p97-interacting motif (SHP box) (Stingele et al., 2015)
(Figure 9). Strikingly, although DPC is usually accompanied by ubiquitylation, this
modification seems not essential for SPRTN-mediated proteolysis since SPRTN
could degrade DPCs that are not ubiquitylated (Larsen et al., 2019), suggesting

other interactions are present between SPRTN and DPCs.
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Figure 9: Schematic of the DNA features activating SPRTN and SPRTN’s domain structure. Upper
panel: SPRTN is activated by dsDNA with unpaired DNA bases, including gaps, ends, bubbles,
junctions, etc. but not dsDNA and strict ssDNA. Lower panel: an overview of SPRTN’s structure,
which contains a Sprt-like protease domain, followed by two DNA-binding domains, ZBD and BR.
The C-terminus bears a p97-interacting motif (SHP), PCNA-interacting peptide (PIP) and ubiquitin-
binding zinc finger (UBZ). Figure adapted from (Reinking et al., 2020).

SPRTN’s localization to DNA damage sites was believed to be modulated by
interaction with ubiquitylated PCNA via PIP and UBZ motifs (Centore et al., 2012,
Juhasz et al., 2012). Therefore, a similar recruitment mechanism was thought to be
in place at and supported by the evidence that wild-type (WT) SPRTN but neither
PIP nor UBZ mutant restored the SPRTN silencing-induced deficiency of DPC-
repair upon formaldehyde treatment (Mérocz et al., 2017). However, the direct roles
of PCNA in DPC repair remained unclear. In addition, SPRTN bears a p97
interaction motif, p97 being a ubiquitin and SUMO-dependent segregase that drives
protein unfolding for proteasome degradation or disassembly (Franz et al., 2016;
van den Boom and Meyer, 2018). A recent study identified a mechanism wherein
the PARP inhibitor-induced tightly trapped PARP1 was extracted from chromatin by
p97 in a SUMO-targeted ubiquitylation-dependent manner (Krastev et al., 2022).
Notably, this pathway existed similarly in DPCs repair, wherein the SUMOylation-
dependent ubiquitylation modified crosslinked proteins are degraded by the
proteasome (Liu et al., 2021; Sun et al., 2020a). Therefore, it is conceivable that
p97 is involved in unfolding DPCs to facilitate DPC removal. In 2020, Fielden et al.
identified that Testis expressed 264 (TEX264) is a novel factor involved in TOP1ccs
repair. TEX264 binds to unmodified and SUMOylated TOP1 and facilitates
recruitment of p97 and SPRTN to DPCs for proteolysis prior to TDP1-mediated
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covalent bonds hydrolysis (Fielden et al., 2020). However, p97’s precise role in
removal of other DPCs remains to be established.

In addition, previous studies suggested that SPRTN bears several types of
post-translational modification, including phosphorylation, ubiquitylation, and
acetylation regulating its localization and activation (Halder et al., 2019; Huang et
al., 2020; Stingele et al., 2016). Among them, the ubiquitylation of SPRTN has been
studied the most. For a long time, people have observed that in cells, a substantial
fraction of SPRTN exists in a mono-ubiquitylated form protected by the UBZ domain
(Centore et al., 2012; Juhasz et al., 2012; Machida et al.,, 2012). Exposure to
formaldehyde leads to deubiquitylation of SPRTN, which was considered a
chromatin recruitment mechanism (Stingele et al., 2016). However, the precise
function of SPRTN’s ubiquitin switch in DPC repair remains poorly understood due
to the lack of information on the DUB. Researchers attempted to identify the mono-
ubiquitylation sites of SPRTN, while substitutions of potentially modified lysines
retained the modification, suggesting the modified residues are quite promiscuous
(Stingele et al., 2016). Notably, both in vitro and in vivo data suggested SPRTN is
capable of autocleavage in trans, which is accepted as a mechanism of evicting
SPRTN from sites of DNA damage in cells to prevent unwanted protein degradation
(Mérocz et al.,, 2017; Stingele et al., 2016; Vaz et al., 2016). Strikingly, this
autocleavage of SPRTN appears when cells are exposed to low dose formaldehyde,
whereas high dose formaldehyde triggers deubiquitylation of SPRTN rather than
autocleavage, implying a possible correlation between SPRTN autocleavage and
ubiquitylation (Stingele et al., 2016). Furthermore, two studies reported that SPRTN
undergoes phosphorylation and acetylation, which is either initiated by CHK1 to
regulate SPRTN’s localization to chromatin during replication stress prevention or is
added by PCAF and GCNS5 to facilitate SPRTN’s recruitment to damaged chromatin
sites, respectively (Halder et al., 2019; Huang et al., 2020). It is unclear how these
two modifications regulate SPRTN’s chromatin relocation as they often inhibit DNA
binding ability (Wei et al., 2021).

DPC proteolysis by other proteases

Recently, additional proteases have emerged as potential DPC repair factors,

including DNA damage-inducible protein 1 (Ddil) in yeast, Germ cell nuclear acidic

protein (GCNA), and Family with sequence similarity 111 member A (FAM111A) in

higher eukaryotes. These enzymes, including SPRTN/WSss1, share highly similar
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structure organization, like their protease domain, DNA-binding domain, and PIP
box or ubiquitin-/SUMO-binding domain, inferring to the similarities in regulation of
their activity (Figure 10). Nevertheless, these proteases might repair different types
of DPCs or in different cell cycle phases or distinct developmental stages (Ruggiano
and Ramadan, 2021a; Wei et al., 2021).
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Figure 10: Schematic overview of the domain structures of DPC proteases. Protease domains are
colored in red, DNA binding domains are in dark blue (DBD/HDD/ZBD/BR), Cdc48/p97-binding
motives are in light blue (SHP/VIM), ubiquitin or SUMO-binding domains are in green
(UBL/UBA/UBZ or SIM), PCNA-interacting peptides are in purple (PIP). Figure from (Wei et al.,
2021).

Wss1-deficient yeast strains are not sensitive to CPT, suggesting there might
be other | repair pathways together parallel to Wssl to cope with TOPlccs
(Kuhbacher and Duxin, 2020; Stingele et al., 2014). Recently, Ddil was reported as
a yeast protease that removes various enzymatic and nonenzymatic DPCs
independently of proteasome and Wssl (Serbyn et al., 2020). Ddil contains a
helical domain (predicted DNA-binding domain), a retroviral-like protease domain
(RVP), a ubiquitin binding-like domain (UBL), and a ubiquitin-associated domain
(UBA) (Wei et al., 2021). In higher eukaryotes, it was previously demonstrated that
Ddi1’s aspartic protease activity is involved in regulation of the proteasome pathway;
DDI-1 in worms and its homologs in human cells, DDI2, activate the transcription
factor SKN-1A or NRF1 by proteolytic cleavage to upregulate proteasome gene
expression for compensation upon proteasome dysfunction (Koizumi et al., 2016;
Lehrbach and Ruvkun, 2016). Further experiments showed that Ddil is a ubiquitin-
dependent protease and preferentially targets poly-ubiquitylated substrates when
the proteasome is overwhelmed (Dirac-Svejstrup et al., 2020; Yip et al., 2020). The
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first insight into Ddi1’s involvement in DPC elimination was indicated by a genetic
interaction between Ddil and Wss1. Investigators observed that double depletion
of Ddil and Wss1 sensitizes yeast cells to various DPC-inducing agents, including
CPT, etoposide, and formaldehyde. Notably, CPT-induced hypersensitivity in Ddil
and Wss1 deficient yeast is rescued by TOP1 depletion, suggesting TOP1 is the
target of Ddil and Wss1 (Serbyn et al., 2020; Svoboda et al., 2019). Moreover, the
protease and helical domains of Ddil are indispensable for the survival of Ddil- and
Wssl-mutant yeast upon the treatment of formaldehyde and CPT and are partially
essential for etoposide resistance (Serbyn et al., 2020). However, it was not possible
to demonstrate the protease activity of Ddil on DNA-bound substrates in vitro, even
in the presence of ssSDNA, dsDNA, and mono- or poly-ubiquitin chains, implying that
additional co-factors are required (Serbyn et al., 2020). In addition, Ddil was
reported to evict RBP1, a subunit of the RNA polymerase II, from chromatin via its
proteolytic activity during replication stress. Nonetheless, it remained unclear
whether Ddil targeted RBP1 as a crosslinked adduct or a stalling roadblock
(Ruggiano and Ramadan, 2021a; Serbyn et al., 2020). Collectively, direct
biochemical evidence that Ddil acts as a protease in DPC repair remains insufficient.

GCNA, also known as acidic repeat-containing protein (ACRC), was identified
as an SprT-like metalloprotease domain-containing protease, which bears an
intrinsically disordered region (IDR) and SUMO interacting motives (SIMs) (Carmell
et al., 2016). It was commonly used as a germ cell marker, until recently GCNA was
discovered to play an essential role in protecting genome integrity. Researchers
found that GCNA deficiency results in genomic instability across species, including
D. melanogaster, C. elegans, zebrafish, and human germ cell tumors (Bhargava et
al., 2020). Furthermore, in human tumor cells, people investigated that upon
treatment of cells with formaldehyde and 5-aza-dC, GCNA colocalized with
chromatin and DNMT1 in a SUMO/SIMs-dependent manner (Borgermann et al.,
2019). In line with the result that GCNA interacts with SUMOylated DPCs, GCNA is
also associated with TOP2 during mitosis in worms (Dokshin et al., 2020). More
specifically, the loss of GCNA leads to hypersensitization of the germline to DPC-
inducing agents, including formaldehyde and etoposide. Also, GCNA-deficient D.
melanogaster ovaries/embryos and zebrafish embryos accumulate more DPCs, and
loss of GCNA generates more SPO11-associated DSBs in flies, formed via a

topoisomerase-like mechanism. This evidence suggests that GCNA protects
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genome stability by facilitating DPC elimination (Bhargava et al., 2020; Borgermann
et al., 2019; Dokshin et al., 2020; Keeney et al., 1997). GCNA is enriched in the
G2/M phase, whereas SPRTN is predominantly expressed during S and G2 phases.
Moreover, the localization of GCNA and SPRTN in C. elegans was complemented
among cell cycle phases. Loss of both GCNA and SPRTN results in an additive
effect on aberrant chromosome numbers in worm germ cells compared to single
protein deficiency, indicating the independent involvement of these two proteins in
genomic stability maintenance (Bhargava et al., 2020; Dokshin et al., 2020;
Mosbech et al., 2012). Notably, mouse GCNA lacks the protease domain, but Gcna-
null mutant exhibited sterility in male mice, suggesting GCNA has a crucial function
distinct from DPC proteolysis. It was recently found that GCNA is a histone
chaperone to support DNA replication and maintenance of murine spermatogonial
stem cells (Carmell et al., 2016; Dokshin et al., 2020; Ribeiro and Crossan, 2022).
Collectively, the direct function of GCNA'’s protease activity in DPC removal has not
been evaluated biochemically yet, and further experimentation will be imperative to
conduct.

FAM111A is a putative serine protease that bears a trypsin-like protease
domain, a DNA-binding domain, and a PIP motif (Alabert et al., 2014; Kojima et al.,
2020). FAM111A was initially characterized as a PCNA-associated protein
facilitating PCNA loading on replication sites and an SV40 large T antigen interactor
involved in host range restriction, but the function of its trypsin-like protease domain
remained unclear (Alabert et al., 2014; Fine et al., 2012). Recently, researchers
described that FAM111A deficiency sensitizes cells to PARP inhibitors and CPT,
which generates PARP1-DNA complexes and TOPlccs, respectively. Further
experiments demonstrated that loss of FAM111A leads to CPT-mediated TOP1ccs
accumulation and increases replication fork stalling triggered by Niraparib and CPT,
implicating FAM111A involved in the digestion of protein obstacles encountered by
replication forks. In addition, similar to SPRTN self-cleavage, autocleavage of
FAM111A is also observed in vitro and in vivo, depending on the DNA-binding
domain and catalytic site (Kojima et al., 2020). Kenny-Caffey syndrome and
osteocraniostenosis patients with FAM111A mutations display hypoparathyroidism
and skeletal development failure symptoms (Unger et al., 2013). Biochemical
assays indicated these FAM111A mutants from patients were hyperactive, which

generated more FAM111A truncations, implying the connection between increased
40



Introduction

autocleavage activity of FAM111A and cytotoxicity derived in patients (Hoffmann et
al., 2020; Kojima et al., 2020; Nie et al., 2021). Furthermore, emerging research
indicated that HMCES is a potential substrate of FAM111A and revealed the dual
role (promote or impair) of FAM111A in replication regulation (Rios-Szwed et al.,
2020). Taken together, FAM111A might potentially be able to proteolyze DPCs.
However, its regulation mechanism and direct evidence of the involvement of its

protease activity in DPC resolution remain to be determined.

1.2.2.4 Replication-coupled DPC proteolysis

DPCs are large roadblocks that impede DNA replication. Previous studies observed
that proliferating cells are more sensitive to formaldehyde and CPT than non-
proliferating cells suggesting that the cytotoxicity of DPCs can result from DNA
replication block (Hsiang et al., 1989; Vaz et al., 2016). Consistent with these
findings, loss of DPC repair protease Wssl in yeast leads to cell cycle arrest in the
G2 phase upon formaldehyde treatment, while overexpression of SPRTN in human
cells promoted DNA replication fork progression upon exposure of cells to
formaldehyde and CPT, indicating this enzyme aids DNA replication completion
(Stingele et al., 2014; Vaz et al., 2016). Furthermore, DPCs are rapidly removed
during the S-phase, which is reduced upon SPRTN deficiency, indicating that the
repair of DPCs is DNA replication-dependent (Vaz et al., 2016). More direct
evidence was provided using in Xenopus egg extract. The investigators indicated
the involvement of multiple steps in DPC repair, including helicase bypass, DPC
proteolysis, and DNA synthesis resume, which are stimulated by DNA replication
(Duxin et al., 2014). This proteolytic mechanism to remove DPCs was subsequently
determined to involve two redundant mechanisms: DPC proteolysis by SPRTN and
proteasomal degradation (Larsen et al., 2019). Further studies identified more
factors that are involved in replication-coupled DPC repair.

DPC repair is initiated by the replisome encountering a DPC that triggers
stalling of CMG, the replicative helicase complex composed of CDC45, MCM2-7,
and GINS, which translocates along the leading strand in 3’-5’ direction (Fu et al.,
2011). Previous research suggested that CMG bypass of protein adducts
crosslinked to leading strand DNA requires DPC proteolysis (Duxin et al., 2014).
However, more recent evidence demonstrated that CMG could bypass the lesions
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directly with the aid of RTEL1 (regulator of telomere elongation helicase 1), a 5’-3’
helicase on the lagging strand (Sparks et al., 2019). Notably, CMG bypass is usually
accompanied by DPC ubiquitylation mediated by TRAIP ubiquitin E3 ligase, which
facilitates ubiquitylation of DPC for proteasomal degradation but does not affect
CMG bypass (Larsen et al., 2019; Sparks et al., 2019). Strikingly, in vitro assay
showed TRAIP deficient Xenopus egg extract still ubiquitylates DPC on ssDNA,
suggesting the presence of another E3 ligase in the context of ssDNA-protein
crosslink (Larsen et al.,, 2019). This additional E3 ligase was later identified as
RFWD3, which physically interacts with RPA and is activated by ssDNA resulting
from RTELL1 stretching. When the proteins are covalently bound to lagging strand
DNA, CMG bypass damage sites rapidly, leaving behind ssDNA generated from
lagging strand DNA polymerase stalling. This additional DPC ubiquitylation by
RFWD3 is beneficial for DNA damage bypass (Duxin et al., 2014; Fu et al., 2011;
Gallina et al., 2021). Once bypassed by CMG, the DPC lesion impedes replicative
polymerases and triggers DPC degradation mediated by SPRTN (non-ubiquitylated
DPC) or proteasome (ubiquitylated DPC) (Larsen et al., 2019) (Figure 11).

Proteasome

Figure 11: Schematic illustration of replication-coupled DPC repair in X. laevis egg extracts. ADPC
on the leading strand stalls DNA helicase CMG, causing ubiquitylation of DPC by CMG-associated
E3 ligase TRAIP. After that, DNA helicase RTEL1 travels opposite CMG, aids CMG in bypassing
DPCs and stretching ssDNA, leading to RFWD3-mediated DPC ubiquitylation, which further leads
to proteolysis by the proteasome and SPRTN. Figure adapted from (Leng and Duxin, 2022).

These results suggest that DNA replication acts as a sensing mechanism that
recognizes DPCs and triggers DPC bypass, removal, and replication resumption.
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1.2.2.5 Bypass and removal of DNA-peptide crosslinks

DPC protease-mediated proteolysis reduces the sizes of crosslinked proteins but
cannot evict the lesion completely, which still blocks DNA replication and
transcription. Therefore, these peptide remnants require a further process to remove
or bypass the DNA-peptide crosslinks (Wei et al.,, 2021). The DNA-peptide
crosslinks can be recognized as bulky DNA adducts which undergo canonical DNA
damage repair pathways, such as NER, TDP1/TDP2 hydrolysis and TLS bypass
during replication (Ruggiano and Ramadan, 2021a).

Due to the diverse structure of DPCs, distinct enzymes are employed to resolve
the remained peptides. For instance, it is commonly accepted that when proteins
are attached to intact DNA phosphate backbones, TLS polymerases aid the
replication fork to bypass these lesions along with NER, which removes the adducts
to restore DNA helical structure (Baker et al., 2007; Minko et al., 2008, 2002; Naldiga
et al.,, 2019; Reardon and Sancar, 2006; Wickramaratne et al., 2016). TOP1
peptides, covalently bound to the 3’ end of DNA, are hydrolysed by TDP1. However,
emerging evidence suggests AP endonuclease 2 (APE2) also bears 3’ to &
exonuclease activity which contributes to the 3’-phosphotyrosine linkage incision
and degradation of damaged DNA to expose a 3’-OH group. (Alvarez-Quilén et al.,
2020; Lietal., 2019). Moreover, in vitro data suggests that ERCC1-XPF patrticipates
in 3’-phosphotyrosine adduct removal in an RPA-dependent manner generating
3’-OH and 5’-OH termini (Takahata et al., 2015). The downstream repair pathways
could be short- or long-patch BER (Mei et al., 2020; Takahata et al., 2015). Although
the repair pathways targeting peptides crosslinked to the 5’ end of DNA are not well
understood, long-patch BER has been implicated as a potential mechanism (Wei et
al., 2021) (Figure 12).
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Figure 12: Schematic illustration of removal of different types of DPCs. Left panel: peptide
crosslinked to intact DNA is bypassed by TLS polymerase during replication, followed by NER
pathway. Middle panel: the DNA-TOP1 peptide crosslink is removed by TDP1, APE2, or ERCC1-
XPF followed by BER pathway. Right panel: the Pol 3 peptide crosslinked to 5’ end of DNA is likely
repaired by long-patch BER pathway wherein FEN1 removes the damaged DNA and crosslinked
protein residue. Figure based on illustrations in (Kihbacher and Duxin, 2020; Wei et al., 2021).

1.3 Ubiquitylation in DNA damage repair

Many DNA repair factors undergo post-translational modifications (PTMs), such as
phosphorylation, PARylation, ubiquitylation, SUMOylation, which modulate
enzymatic activities, protein stability and localization, and facilitate proper protein-
protein interactions (Bai et al.,, 2020). Compared to other modifications,
ubiquitylation involves a complicated enzymatic cascade reaction, and is also
reversible (Song and Luo, 2019). Ubiquitin-mediated modification is an essential
regulatory mechanism in DNA damage repair, controlling NER, DSBR, TLS, and FA
pathways (Che et al., 2021; Rechkunova et al., 2019; Tan and Deans, 2021; Yu et
al., 2020).

1.3.1 Ubiquitylation

Ubiquitin (Ub) is a protein comprised of 76 amino acids (8.6 kDa) which are highly
conserved across all eukaryotes and expressed ubiquitously in most tissues of
eukaryotic organisms (Haglund and Dikic, 2005). It is the protein unit added in a
process known as ubiquitylation, wherein Ub is covalently added to amino acid
residues of substrates. Ubiquitylation comprises three sequential steps mediated by
Ub-activating enzymes (E1s), Ub-conjugating enzymes (E2s), and Ub ligases (E3s)
(Hershko and Ciechanover, 1998) (Figurel3). Briefly, a thioester bond is formed
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between the cysteine group of E1s and the C-terminal glycine residue of ubiquitin in
an ATP-dependent process accompanied by release of AMP and two phosphate
groups. The activated Ub is next transferred to the active cysteine residue of E2s
through a transesterification reaction, followed by Ub transmission from E2s to
target proteins catalysed by E3s (Guo and Tadi, 2022). This enzymatic cascade
reaction results in an isopeptide bond formation between Ub and lysine residues of
the substrates, which is the most common covalent linkage of ubiquitylation. The
non-canonical linkages include Ub being attached to cysteine residues through a
thioester bond, serine, threonine, tyrosine residues through a hydroxyester bond, or
protein’s N-termini via a peptide bond (McDowell and Philpott, 2013).
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Figure 13: Schematic illustration of the cellular process during ubiquitylation. Ubiquitin is initially
activated by E1, followed by Ub transmission to E2. After that, Ub is transferred to the substrate
catalysed by E3. There are three distinct classes of ubiquitin ligases: RING, which bridges E2 and
substrate together, mediating a direct transmission (top panel), HECT (middle panel) or RBR
(bottom panel), which covalently binds to Ub and then transfers Ub to the substrate. Figure from
(Deol et al., 2019).

The human genome contains only two ubiquitin-activating enzymes, UBA1
and UBAG6, and a greater number of E2s (at least 40 in humans) (Groettrup et al.,
2008; Wu et al., 2003). Compared with E1ls and E2s, E3s are the most abundant
ubiquitin-associated enzymes in cells that contain multiple families of enzymes or
multiprotein complexes (more than 600 in humans), suggesting that each type of E2
can associate with several E3s (Hershko and Ciechanover, 1998; Song and Luo,
2019).

These diverse E3s can bind and modify specific protein substrates in numerous

cellular contexts. Based on their structural domains and mechanisms of transferring

45



Introduction

Ub, E3s are classified into three families: really interesting new gene (RING),
homologous to the E6AP carboxyl terminus (HECT), and RING-between-RING
(RBR) (Morreale and Walden, 2016; Zheng and Shabek, 2017). These three
families of E3s transfer Ub to substrates differently, wherein the RING E3 ligases
serve as a scaffold bridging E2-ubiquitin and the substrate together, mediating a
direct conjugation. This family is the most abundant type of E3s, which bear either
a zinc-binding domain or a U-box domain that recruits ubiquitin-charged E2
(Deshaies and Joazeiro, 2009; Morreale and Walden, 2016). HECT-type E3s
process Ub transmission through a two-step reaction: first, they form a covalent
bond with Ub, after which they transfer Ub to the substrates. HECT E3 ligases
harbor two lobes: a larger N-terminal lobe (N-lobe) which interacts with the Ub-
charged E2 and a smaller C-terminal lobe (C-lobe) which carries the catalytic
cysteine for accepting the Ub (Morreale and Walden, 2016; Weber et al., 2019).
Additionally, the last group of E3s, RBR has features of both RING and HECT E3
ligases, containing an E2-interacting RING domain and a second domain termed
RING2 that includes an active cysteine required for the formation of the E3-Ub
complex from which the ubiquitin is conjugated to substrates (Morreale and Walden,
2016; Walden and Rittinger, 2018).

Ubiquitylation was initially identified as a mechanism for targeting substrates for
proteasomal degradation (Glickman and Ciechanover, 2002). In the last decades,
more types of Ub-mediated modifications have been established, which may occur
as the addition of one ubiquitin molecule to a single substrate protein residue (mono-
ubiquitylation), a single ubiquitin on multiple modified sites (multi-
monoubiquitylation), or as the extension of mono-ubiquitylation by sequential
rounds of ubiquitylation (poly-ubiquitylation) (Komander and Rape, 2012; Song and
Luo, 2019). The variety of possible Ub modifications results in diverse cellular
functions. It has been well-established that mono- and multi-monoubiquitylation lead
to changes in intracellular localization or activity of a protein, or the formation of
protein complexes which further affect various cellular processes, such as
endocytosis, membrane trafficking, and nucleosomal rearrangement (Hoeller et al.,
2006; Pavri et al., 2006; Sasaki et al., 2011; Su et al., 2013; Wang et al., 2013).
Poly-ubiquitylation refers to the formation of a ubiquitin chain which results from the
extension of monoubiquitin by linking a glycine residue of free ubiquitin with one of
its seven lysine residues (K6, K11, K27, K29, K33, K48, K63) or an N-terminus of
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substrate-associated ubiquitin (Komander and Rape, 2012). Poly-ubiquitin chains
are named by the residue of basal Ub, which are targeted by additional Ub. For
instance, poly-ubiquitin chains linked via lysine 48 and lysine 63 are called K48- and
K63-chains, respectively, and amino-terminal methionine-linked poly-ubiquitin chain
is called M1 linkage (Song and Luo, 2019). K48-mediated poly-ubiquitylation is the
most typical modification which often results in proteasomal degradation of the
modified proteins (Chau et al., 1989; Finley, 2009). K63-chains are not associated
with protein disruption but are shown to play essential roles in endocytic trafficking,
inflammation, translation, and DNA repair (Pickart and Fushman, 2004). Moreover,
M1 linkage is involved in cell death, immune signalling, and protein quality control
(Dittmar and Winklhofer, 2020). Other linkage types have been detected in cells, but
the cellular functions of these atypical poly-ubiquitin chains are still poorly
understood. Emerging research suggests that K6 participates in mitophagy, K11 is
involved in DNA damage response, K27 has roles in the inflammatory response and
DNA damage response, K29 regulates proteotoxic stress response and HR DNA
repair pathways, and K33 is implicated in protein trafficking. Notably, in cells,
different Ub-chain linkage can act synergistically because proteins can undergo
mixed or branched poly-ubiquitylation modification (Liao et al., 2022).

1.3.2 Ubiquitylation in nucleotide excision repair

NER is subdivided into GG-NER and TC-NER, which targeted DNA damage
throughout the genome or exclusively within transcribed DNA, respectively
(Hanawalt, 2002). Nearly 30 proteins are involved in the NER pathway, and several
NER factors undergo poly-ubiquitylation to facilitate the regulation of DNA repair by
modulating protein-protein interaction and the stability of proteins (Li et al., 2011,
Rechkunova et al., 2019).

In GG-NER, DNA distortions are initially recognized by XPC, sometimes with
the help of the heterodimer DDB1-DDB2 when the distortions are mild (Hwang et
al., 1999; Tang and Chu, 2002). These two factors were initially discovered as the
substrates of the DDB-CUL4A-RBX1 E3 ubiquitin ligase complex (CRL4APPB2)
wherein CUL4A and RBX1 form the E3 ligase catalytic core complex, and DDB1
serves as an adaptor for binding the substrate protein, DDB2. DDB2 is poly-
ubiquitylated by CRL4ADPPB2. coinciding with the recruitment of XPC mediated by
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DDB2 and CRL4APPB2-triggered XPC poly-ubiquitylation (Fischer et al., 2011; Fitch
et al., 2003; Sugasawa et al., 2005). Poly-ubiquitylated DDB2 dissociates from the
DNA lesions leading to its proteolysis by the proteasome, whereas poly-
ubiquitylation of XPC enhances its affinity for DNA damage rather than degradation
(Sugasawa et al.,, 2005). However, the precise biological functions of these
modifications remain controversial. The original model suggested that degradation
of DDB2 hands the damage over to XPC, therefore creating space for the
recruitment and assembly of downstream NER complexes (Chitale and Richly, 2017,
Li et al., 2011). However, a later study demonstrated that upon exposure to UVC,
XPC protected DDB2 from ubiquitylation and degradation, allowing DDB2 to persist
on the DNA and initiate repair events, ensuring sufficient cellular DNA repair
capacity (Matsumoto et al., 2015). Moreover, poly-ubiquitylated XPC and DDB2 are
substrates of the p97 segregase complex (comprised of p97 and its co-factors
UFD1-NPL4 and UBDX760), leading to their subsequent proteasomal degradation.
Depleting p97 showed increased residence time of XPC and DDB2 on damaged
DNA, which eventually reduced NER efficiency and lead to genotoxicity, highlighting
the importance of the timely extraction of damage recognition factors from chromatin
after executing their functions (Puumalainen et al., 2014). The type of poly-ubiquitin
chains synthesized by CRL4APPB? on DDB?2 is assumed to be K48-linked since it
regulates the proteolytic degradation of DDB2 (Rechkunova et al.,, 2019). XPC
undergoing p97-induced segregation also hints towards it having K48-linked poly-
ubiquitin chains. However, the modified lysine residue of XPC and the E2/E3 pair
catalysing its modification to facilitate p97-mediated segregation remain unknown
(Chitale and Richly, 2017). In addition, polySUMOZ2 chains are conjugated to XPC,
which are further modified by K63-linked ubiquitin chains formed by the E2 UBC13-
MMS2, and the E3 RNF111. This nonproteolytic modification promotes the eviction
of XPC from DNA lesions after NER initiation, which is required for stabilizing the
recruitment of endonucleases XPG and ERCC1/XPF to ensure efficient progression
of the NER reaction (Poulsen et al., 2013; van Cuijk et al., 2015).

In TC-NER, Pol Il functions as the DNA damage sensor, which stalls on the
lesion, resulting in the subsequent recruitment of TC-NER factors, including CSA,
CSB, and UVSSA, to initiate the repair process (Brueckner et al., 2007; van der
Weegen et al., 2020). Similar to DDB2, CSA can also form an E3 complex with
DDB1-CUL4-RBX1 (Groisman et al., 2003). This CRL4SA ubiquitin ligase complex
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is structurally identical to the CRL4APPB2 complex, which is involved in GG-NER
(Fischer et al., 2011). However, unlike DDB2, which serves as both substrate and
component of the E3 complex, CSA is not ubiquitylated but facilitates the
association between the ubiquitin molecular machinery and the substrate protein,
CSB (Rechkunova et al., 2019). Poly-ubiquitylated CSB is extracted from damaged
chromatin by the p97 segregase and its cofactors UFD1 and UBXN7, handling over
CSB to proteasomal degradation. Inhibition of proteolytic degradation increases
retention of CSB on the damaged sites. While this enhances recovery of RNA
synthesis (RRS), it negatively impacts cell viability after UV irradiation, suggesting
that timely clearance of CSB is crucial for efficient assembly of downstream NER
factors (Groisman et al., 2006; J. He et al., 2016). RNA Pol Il is also ubiquitylated
and undergoes proteolysis in response to UV irradiation (Bregman et al., 1996; Luo
et al.,, 2001). However, the regulation mechanism remains controversial since
several distinct E3 ligases are identified involving in DNA damage-induced poly-
ubiquitylation of Pol Il, including the CRL4SA complex, NEDD4, Elongin A complex,
BRCA1/BARD1 (BRCA1-associated RING domain protein 1) heterodimer, and von
Hippel-Lindau protein (VHL) (Anindya et al., 2007; Harreman et al., 2009; Kleiman
et al., 2005; Kuznetsova et al., 2003; Nakazawa et al., 2020; Starita et al., 2005). It
was initially believed that proteolysis of the stalled Pol Il allows NER factors such as
TFIIH complex, access to the lesion, promoting repair complex assembly. In
contrast, some studies argue that degradation of Pol Il is not required in TC-NER
but acts as a last-resort mechanism to allow access of slower repair mechanisms,
such as GG-NER (Wilson et al., 2013). Recently two groups independently found
that RPB1, the catalytic subunit of Pol Il, is ubiquitylated specifically on K1268 by
CRLA4CSA, This modification coordinates the recruitment of TFIIH and ubiquitylated
UVSSA, which is essential for surviving DNA damage and transcription (Nakazawa
et al., 2020; Tufegdzi¢ Vidakovic et al., 2020). In vivo experiments revealed that
RPB1 K1268R mutant in Xpa knock-out mice led to Cockayne syndrome-like
phenotypes, suggesting that the single ubiquitylation of RPB1 is essential in TC-
NER and the development of Cockayne syndrome (Nakazawa et al., 2020).
Subsequent research demonstrated that ELOF1 is a core TC-NER factor that binds
and directs CRL4°SA towards RNA Pol Il and facilitates ubiquitylation of RPB1 on
the site of K1268 (van der Weegen et al., 2021).
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1.3.3 Ubiquitylation in double-strand break repair

PTMs, including ubiquitylation of histones, play an essential role in DNA damage
repair regulation which is in place to orchestrate cell cycle, DNA replication, and
transcription. Ubiquitylated histones not only alter chromatin structure at the sites
neighbouring DSBs but also function as an integrative signalling platform for repair
machinery recruitment which further affects the choice between HR and NHEJ
(Aquila and Atanassov, 2020; Mattiroli and Penengo, 2021; Schwertman et al.,
2016).

ATM is a serine/threonine-protein kinase recruited and activated by DSBs,
which mediates phosphorylation of H2AX to initiate DSBs responses. (Burma et al.,
2001; Rogakou et al., 1998). Mediator of DNA damage checkpoint protein 1 (MDC1)
binds YH2AX (phosphorylated H2AX) via its BRCT domains, followed by ATM-
mediated MDC1 phosphorylation and RNF8 recruitment through the forkhead-
associated (FHA) domain of this RING-type E3 ligase (Kolas et al., 2007; Mailand
et al., 2007; Stucki et al.,, 2005). At the DSBs, RNF8 catalyses K63-poly-
ubiquitylation on linker histone H1 and L3MBTL2 (lethal(3)malignant brain tumor-
like protein2), which is tethered by MDCL1 to the vicinity of the DNA damage sites,
facilitating the recruitment of RNF168 (Nowsheen et al., 2018; Thorslund et al.,
2015). RNF168 then ubiquitylates H2A/H2AX at K13 and K15 to promote the stable
retention of the pivotal DNA repair factors, BRCA1 and 53BP1, at chromatin areas
neighbouring DSBs. These factors then compete with each other at committing the
cells to HR or NEHJ, respectively (Bohgaki et al., 2013; Mattiroli et al., 2012;
Nowsheen et al., 2018).

The RNF168-catalysed H2AK15 mono-ubiquitylation, and di-methylation of
histone H4 lysine 20 (H4K20me2), are recognized by 53BP1 (Botuyan et al., 2006;
Fradet-Turcotte et al., 2013). In the G1 phase of the cell cycle, the recruitment of
53BP1 counteracts HR by promoting the formation of 53BP1-RIF1-REV7 and
53BP1-PTIP-Artemis complexes, which thereby prevents the recruitment of BRCA1
to DSBs, and inhibits end resection while promoting NHEJ (Callen et al., 2013;
Chapman et al., 2013; Di Virgilio et al., 2013; Escribano-Diaz et al., 2013; Wang et
al.,, 2014; Zimmermann et al., 2013). Furthermore, cullin-RING E3 ligase complex
CRL3XEAPL ybiquitylates PALB2 in the G1 phase, which associates with BRCA2 and

prevents its interaction with BRCAL, suppressing HR. (Orthwein et al., 2015).
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Additionally, the E3 ubiquitin ligase, APC/C®"1. comprised of anaphase-promoting
complex/cyclosome (APC/C) and its cofactor Cdhl assist HR restraint by inducing
degradation of CtIP after mitotic exit and in the late S/G2 phase (Lafranchi and Boer,
R de, 2014).

The recruitment of BRCAL1 was initially found to depend on RAP80, which
recognizes RNF8-mediated K63 ubiquitin chains on chromatin and recruits BRCA1-
BARD1 heterodimer via interaction with BRCA1’s BRCT domain (Hu et al., 2011,
Sobhian et al., 2007; Yu et al., 2020). Recently it has been reported that BARD1
recognizes H2AK15 mono-ubiquitylation via a tandem BRCT-domain-associated
ubiquitin-dependent recruitment motif (BUDR), followed by recruitment of BRCA1 to
DSBs, suggesting two pathways exist to direct BRCAL localization (Becker et al.,
2021; Sherker et al., 2021). In the S/G2 phase, 53BP1 is phosphorylated and
facilitates transient recruitment of RIF1 to DSB sites prohibiting HR. BRCA1-directed,
PP4C/PP4R2-dependent dephosphorylation of 53BP1 leads to the eviction of
53BP1-induced DNA end resection barriers and RIF1 removal, allowing BRCA1
binding and the subsequent resection and invasion steps of HR (Isono et al., 2017).
The RING domain of BRCALl facilitates chromatin localization of CtIP by
ubiquitylation (Yu et al., 2006). A subsequent study revealed that BRCA1-CtIP
interaction is dispensable for DNA-end resection but accelerates the process (Cruz-
Garcia et al., 2014). Besides K13 and K15 modifications, H2A also undergoes
K125/127/129 ubiquitylation, caused by the BRCA1/BARD1 E3 ligase complex.
H2A-ubiquitylation recruits SMARCAD1, which removes histone marks recognized
by 53BP1, leading to 53BP1 repositioning and driving the completion of DNA-end
resection (Densham et al., 2016; Kalb et al., 2014; Tong et al., 2020).

1.3.4 Ubiquitylation in DNA damage tolerance (DDT)

Cells have evolved a range of repair mechanisms to cope with DNA damage.
However, when DNA lesions escape from repair and are encountered by replicative
DNA polymerases, DNA replication is impeded. Three distinct DDT pathways are
employed to handle or bypass unrepaired DNA lesions during the S/G2 phase,
further protecting cells from DNA breaks and reducing the risk of replication fork
collapse. These three DDT branches are characterized as error-prone translesion
synthesis (TLS), error-free template switching (TS) and fork reversal (FR) pathways
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(Ler and Carty, 2022) (Figure 14). PCNA plays a crucial role in DTT serving as a
platform to recruit replication factors and proteins involved in replication-coupled and
post-replicative repair (Ashour and Mosammaparast, 2021; Moldovan et al., 2007).
PCNA bears several PTMs, among which ubiquitylation is the key player driving the
choice among TLS, TS and FR (Andersen et al., 2008).
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Figure 14: Schematic depiction of DNA damage tolerance pathway choice determined by PCNA
modification. Left panel: TLS pathway mediated by mono-ubiquitylation of PCNA wherein the
lesion is bypassed by TLS polymerases. Middle panel: TS pathway mediated by poly-ubiquitylation
of PCNA, which involves strand invasion, repair synthesis and DNA recombination. Right panel:
FR pathway mediated by poly-ubiquitylation of PCNA, wherein the replication fork is regressed,
followed by fork reversion. Figure adapted from (Ler and Carty, 2022).

In response to replication stress, PCNA undergoes mono-ubiquitylation at K164
mediated by subsequential ubiquitylation enzymes: UBA1 (E1), RAD6 (E2), and
RAD18 (E3) (Hoege et al., 2002). RPA recruits the RAD6-RAD18 E2-E3 ubiquitin
ligase complex via its direct interaction with RAD18, as replication stress promotes
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a conformational change of RPA, increasing its affinity with RAD18 for efficiently
mono-ubiquitylating PCNA on DNA (Hedglin et al., 2019). Notably, mono-
ubiquitylation of PCNA K164 residue is also detected in a RAD18-independent
manner suggesting the existence of other ubiquitin ligases, which were later
revealed to be RNF8 and CRL4C% (Cullin4-RING ligase (CRL4)-DDB1-Cdt2).
However, they are not as dominant as RAD18 (Simpson et al., 2006; Terai et al.,
2010; Zhang et al., 2008). Mono-ubiquitylated PCNA switches its interaction with
high-fidelity replicative polymerases Pol & or Pol € to low-fidelity TLS polymerases
including Pol n, Pol 1, Pol k, Pol A, Pol ¢, or REV1, which help replication forks to
bypass lesions by synthesizing DNA using their large active site. The recruitment of
TLS polymerases to sites of DNA damage through direct interaction with mono-
ubiquitylated PCNA occurs via their ubiquitin-binding motifs and PIP box, BRCT
domain, and/or polymerase-associated domain (PAD) (Leung et al., 2018). TLS
involves a sequential action implemented by two TLS polymerases: one inserts a
nucleotide across the lesion first, and the second extends the nascent DNA strand.
However, how the interplay between TLS polymerases and replicative polymerases
occurs at the replication fork remains controversial (Leung et al., 2018; Maiorano et
al., 2021).

In addition, the K164 mono-ubiquitylation of PCNA can be further extended by
the Mms2-Ubc13-Rad5 complex (in yeast), forming K63-linked poly-ubiquitin chains.
The formation of PCNA poly-ubiquitylation activates TS or FR, the error-free
branches of the lesion bypass pathway (Branzei et al., 2004; Parker and Ulrich,
2009). In mammalian cells, in addition to Ubc13-Mms2, two Rad5 orthologs exist:
helicase-like transcription factor (HLTF) and SNF2 histone linker PHD RING
helicase (SHPRH). They were identified as components of E3 complexes which
facilitate PCNA poly-ubiquitylation (Unk et al., 2008, 2006). Surprisingly, PCNA still
undergoes poly-ubiquitylation in mouse embryonic fibroblast cells (MEFs) lacking
both SHPRH and HLTF, and the cells are not hypersensitive to DNA-damaging
agents, indicating the existence of yet another E3 ligase (Krijger et al., 2011). Zinc
finger, RAN-binding domain-containing 3 (ZRANB3)/annealing helicase 2 (AH2)
harbours an NPL4 zinc finger (NZF) motif, a variant of a ubiquitin-binding domain
that recognizes K63-linked ubiquitin chains specifically. Furthermore, it bears a
canonical PIP box and AlkB2 PCNA-interaction motif (APIM), thus stabilizing itself

at the fork via interacting with poly-ubiquitylated PCNA (Ciccia et al., 2012; Weston
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et al., 2012; Yuan et al., 2012). ZRANB3 has multiple roles in DDT. It can stimulate
fork regression via its annealing helicase activity to mediate global fork slowing and
promote replication fork restart. ZRANB3 can also act as a strand-specific
endonuclease to dissociate replication fork D-loop intermediate in turn to limit
inappropriate recombination events (Ciccia et al., 2012; Cipolla et al., 2016; Leung
et al., 2018; Vujanovic et al., 2017). This fork reversal mechanism is dominant in
human cells, whereas TS is more common in yeast. During TS, the stalled
replication is reprimed, followed by strand invasion and gap filling utilizing the newly
synthesized sister chromatid as the template, forming the sister chromatid junction
(SCJ), which is resolved by Sgsl/Top3/Rmi complex (BLM-TOP3a-RMI-RMI2 in
mammalian cells) (Bi, 2015; Branzei and Szakal, 2016; Pilzecker et al., 2019).

1.3.5 Ubiquitylation in Fanconi anemia pathway

Fanconi anemia is a rare genetic disease caused by mutations of FA genes (22
genes are known currently). It results in impaired DNA damage repair and is
accompanied by chromosomal instability. Proteins encoded by FA genes, along with
other FA-associated proteins, comprise a biochemical signal pathway, known as the
FA pathway, which is responsible for the detection, repair, and tolerance of
endogenous DNA lesions, most prominently ICLs (Deans and West, 2011; Nalepa
and Clapp, 2018).

The FA pathway is thought to occur in the following steps: 1. collision and
unload of replication machinery in a p97-mediated manner; 2. FANCM-FAAP24-
MHF1-MHF2 complex assembly and recruitment of FA core complex; 3. mono-
ubiquitylation of the ID2 complex by the FA core complex and subsequent activation
of nucleases; 4. recruitment and activation of HR factors to re-establish replication
fork and 5. deubiquitylation of ID2 leading to its release from DNA (Niraj et al., 2019).
A central event in this pathway is the mono-ubiquitylation of the ID2 complex
components FANCD2 and FANCI on two specific lysine residues (K561 and K523,
respectively), which leads to their retention on chromatin and activation of ICL repair
during replication (Garcia-Higuera et al., 2001; Smogorzewska et al., 2007;
Taniguchi et al., 2002; Wang et al., 2004).

The mono-ubiquitylation of the ID2 complex is carried out by three main
ubiquitylation enzymes, UBA1 (E1), FANCT (also called UBE2T, E2) and FANCL
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(E3) (Machida et al., 2006; Meetei et al., 2003). The E3 RING ubiquitin ligase
FANCL clamps the ID2 complex at DNA lesion to signal recruitment of cellular
nucleases for ICL removal (Klein Douwel et al., 2014; Knipscheer et al., 2009;
Smogorzewska et al., 2007). This modification also triggers the activation of DNA
recombination to restart and/or complete replication (Kais et al., 2016). Furthermore,
most FA patients carry FA protein mutations that results in a lack of FANCD2 mono-
ubiquitylation whereas the proteins are still expressed. The absence of ID2
ubiquitylation hypersensitizes cells to ICL-inducing agents, indicating the crucial role
of ID2 ubiquitylation in the FA pathway (Shimamura et al., 2002; Tan and Deans,
2021).

The detailed molecular function of this modification remained ambiguous, until
structural and biochemical studies recently revealed that FANCD2 forms a
homodimer that cannot bind DNA, while the association with FANCI enables the
heterodimer to interact with DNA. The mono-ubiquitylated ID2 complex transforms
into a locked clamp that encircles DNA to initiate subsequent repair reactions (Alcon
et al.,, 2020; Wang et al., 2020). Moreover, people investigated that mono-
ubiquitylation of the ID2 complex does not promote any new protein-protein
interactions in vitro. However, lacking ubiquitin, the proteins only associate with DNA
for short periods (Tan et al.,, 2020). Further research demonstrated that mono-
ubiquitylation of FANCD2 but not FANCI promotes the ID2 complex binding to
dsDNA, while ubiquitylation of FANCI largely protects the ID2 complex from
deubiquitylation mediated by USP1-UAF1 (Rennie et al., 2020). Emerging evidence
showed that the ubiquitylation of either FANCD2 or FANCI promotes the
ubiquitylation of another subunit (Lemonidis et al., 2022). Conclusively, these data
suggest that ubiquitylation of FANCI and FANCD2 have distinct functions but
converge to promote and maintain ID2-DNA interaction to initiate DNA repair (Alcén
et al., 2020; Lemonidis et al., 2022; Rennie et al., 2020; Tan et al., 2020; Wang et
al., 2020).

1.3.6 Deubiquitylation

Protein ubiquitylation is a reversible and dynamic post-translational modification that
can be balanced by the opposing activities of ubiquitin E3 ligase and
deubiquitylating enzymes (DUBs) (D’Andrea and Pellman, 1998). DUBs are a large
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group of proteases that remove ubiquitin from proteins to regulate protein stability,
protein-protein interaction, activity or localization by antagonizing ubiquitylation
mediated by E3 ligases (Turcu et al., 2009). DUB-mediated deubiquitylation plays a
vital role in genomic integrity, disease development and therapeutics (M. He et al.,
2016). For example, ubiquitin-specific protease 1 (USP1) deubiquitylates PCNA and
FANCD?2 to limit the error-prone TLS-induced unwanted mutagenesis and inactivate
ID2 complex after completion of ICL repair, respectively (Huang et al., 2006; Kim
and Kim, 2016). Moreover, emerging evidence indicates that germline and somatic
mutation of DUB genes or altered expression are correlated with human diseases,
such as ectopic USP28 expression-induced colorectal cancer and malignancies
caused by high-level ubiquitin carboxy-terminal hydrolase (Diefenbacher et al., 2014;
Fang et al., 2010).

1.3.6.1 Deubiquitylating enzymes

Currently, nearly 100 DUBs are known in humans, which can be categorized
into seven distinct protein families based on their sequence and domain
conservation: ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases
(UCHSs), Machado-Josephin domain proteases (MJDs), ovarian tumor proteases
(OTU), motif interacting with ubiquitin (MIU)-containing novel deubiquitylases
(MINDYSs), ZUP1 and Jab1/Mov34/Mprl Padl N-terminal+ (MPN+) (JAMM) domain
proteases (Clague et al., 2019).

DUBs can be further classified into two main classes according to their
catalytic site: cysteine proteases and metalloproteases, which have different
enzymatic mechanisms. The majority of DUBs are cysteine peptidases, except the
JAMM family, which is activated in a zinc-dependent manner, thus characterized as
zinc metallopeptidase (Harrigan et al., 2018; Verma et al., 2016). Cysteine protease
DUBSs bear a catalytic triad comprised of Cys-His-Asp/Asn residues (C-H-D/N). The
deubiquitylating process starts with the binding of the substrate via a nucleophilic
attack and covalent bond formation between the activated cysteine of the DUB and
the oxyanion hole of ubiquitin-modified protein, followed by amide bond breakage
and amine product release. The histidine of the DUB’s catalytic triad activates the
oxygen of a water molecule, which attacks ubiquitin-associated carbonyl leading to
the conjugation of oxhydryl. After that, the covalent adduct (carboxylic acid-
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conjugated Ub) is removed from the cysteine residue to restore the DUB’s active
site (Clark, 2016; Hanpude et al., 2015). Metalloprotease DUBs specifically target
poly-ubiquitin chains, especially K63 and K48 poly-ubiquitin linkage. JAMM DUB
family-mediated catalysis requires activated water molecules and a conserved
glutamate. The catalytic site of the metalloprotease DUB contains an aspartic acid,
a serine, and two histidine residues. In the process of hydrolysis, a zinc ion is
coordinated by His-Asp residues and a water molecule. Nucleophilic attack of the
water molecule on the carbonyl carbon of the isopeptide bond donates the hydrogen
ion to glutamic acid. A proton from glutamic acid is then transfers to amide nitrogen
leading to cleavage of the distal ubiquitin from protein substrate (Ambroggio et al.,
2003; Gopinath et al., 2016; Shrestha et al., 2014)

1.3.6.2 USP7 in DNA repair

USP is the largest family of DUBs consisting of 58 described members involved
in regulating diverse cellular processes, such as cell cycle and DNA damage repair
(Cruz et al., 2021). USP7, also known as Herpesvirus-associated ubiquitin-specific
protease (HAUSP), is a deubiquitylase, most commonly known as a critical regulator
of the p53-MDM2 pathway (Li et al., 2002). It recently emerged as a key player in
genome stability pathways and cancer progression. Therefore, it is also considered
a novel promising drug target for cancer therapy (Valles et al., 2020; Wang et al.,
2019).

USP7 has diverse substrates involved in several DNA damage repair pathways,
such as DSB repair, NER and TLS. For instance, USP7 promotes stability of MDC1,
an initiator of DSB repair pathway that facilitates the accumulation of RNF8 and
RNF168 on damage sites and subsequently triggers the recruitment of 53BP1 or
BRCAL to promote the repair of DSBs (Stewart et al., 2003). Loss of USP7 leads to
failed engagement of the MRN-MDC1 complex and an inability to recruit the
downstream factors 53BP1 and BRCA1l to DNA lesions (Su et al.,, 2018).
Furthermore, USP7 can deubiquitylate and stabilize RNF168 and RNF169 to
promote and limit the accumulation of 53BP1/BRCA1 at DSBs, respectively,
suggesting it has an essential role in balancing DSB repair activation (An et al., n.d.;
Zhu et al., 2015). In addition, both XPC and CSB are targets of USP7, which
participate in GG-NER and TC-NER, respectively. Poly-ubiquitylation of XPC is
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functionally essential for enhancing its recruitment to damaged DNA, followed by
p97-mediated extraction and RNF11ll-mediated degradation. USP7 physically
interacts with and deubiquitylates XPC both in vitro and in vivo, stabilizing XPC and
preventing it from premature proteolysis (He et al.,, 2014). In TC-NER, CSB
undergoes ubiquitylation carried out by the CUL4ACSA E3 ligase complex, which is
subsequently extracted from chromatin by the p97 segregase and committed to the
proteasome for proteolysis for downstream repair processing (J. He et al., 2016).
Previous research found that an interaction between UVSSA and USP7 is important
to recruit the DUB to chromatin and to subsequently increase the stability of CSB
(Schwertman et al., 2012; Zhang et al., 2012). Further experiments revealed that
USP7 acts as a CSB but not UVSSA deubiquitylating enzyme to maintain CSB
levels after UVC-induced DNA damage (Zhu et al., 2020). Taken together, these
findings suggest that even though CSB degradation plays an essential role in the
recovery of transcription, USP7 helps to delay this process ensure complete repair
(Valles et al., 2020). Additionally, USP7 also enhances RAD18 stability by
associating with RAD18 directly and disassembling poly-ubiquitin chains from
RAD18. Depletion of USP7 results in decreased RAD18 protein levels, reduced
PCNA mono- and poly-ubiquitylation and impediment of DNA synthesis after UVC
irradiation (Zlatanou et al., 2016). Moreover, both in vitro and in vivo results
demonstrate that USP7 physically binds and deubiquitylates Pol n to increase its
cellular stability. In addition, ectopic expression of USP7 facilitates UV-induced
mono-ubiquitylation of PCNA by stabilizing Pol n (Qian et al., 2015). To sum up,
these results suggest a crucial role of USP7 in regulating the DNA damage bypass
pathway by fine-tuning ubiquitylation of the PCNA sliding clamp.

1.4 RNA-protein interaction

Ribonucleic acid (RNA) is assembled as a chain of nucleotides that contain a ribose
sugar, a nitrogenous base of guanine (G), uracil (U), adenine (A), or cytosine(C),
and a phosphate group. Unlike DNA which appears as paired double-stranded chain,
RNA is found in nature mostly as a single strand; exceptions are the genomes of
double-stranded RNA viruses and transcripts endogenously formed from repetitive
DNA (Wang and Farhana, 2022; Weber et al., 2006). RNA plays essential roles in

various biological processes, such as controlling gene expression, catalysing
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biological reactions, and regulating protein synthesis. Most nascent RNA is
associated with and controlled by several protein partners to carry out its cellular
functions (Cusack, 1999). Both RNA and its associated proteins (also known as
RNA-binding proteins, RBPs) can undergo conformational changes to form stable
complexes during RNA processing (Gopinath, 2009). These RNA-protein
complexes are considered regulatory units for post-transcriptional gene regulation,
including mRNA transport, mRNA translation modulation and RNA splicing
regulation (Oliveira et al., 2017). RBPs can recognize specific RNA structures and
modifications that guide RNA-protein interactions to carry out RNA-processing
events (Lewis et al., 2017).

Identification of RBPs and determination of their RNA binding sites or motifs
are paramount for understanding their function in the regulation of different cellular
fundamental processes (Weissinger et al., 2021). So far, researchers have
developed multiple approaches to capture the RNA interactome and have
characterized over two-thousand RBPs, the majority of which bear well-determined
RNA-binding domains (RBDs), such as RNA recognition motif (RRM), double-
stranded RNA (dsRNA) binding domain and zinc fingers while hundreds of newly
discovered RBPs generally lack canonical RBDs (Hentze et al., 2018; Lunde et al.,
2007). There are many different methods to study RNA-protein interactions by
enrichment and purification of RNA-protein complexes, such as crosslinking and
immunoprecipitation (CLIP), protein-crosslinked RNA extraction (XRNAX),
identification of direct RNA interacting proteins (iDRiP), Phenol Toluol extraction
(PTex). Following purification, mass spectrometry (MS) analysis or RNA high-
throughput sequencing are used to identify the involved protein and RNA
components (Minajigi et al., 2015; Trendel et al., 2019; Ule et al., 2003; Urdaneta et
al., 2019).

1.4.1 RNA categories

In eukaryotic cells, there are three main types of RNA: messenger RNA (mRNA),
ribosomal RNA (rRNA), and transfer RNA (tRNA), which participate in the process
of protein synthesis (Wang and Farhana, 2022). In addition to these three categories
of RNA, there are also several varieties of noncoding RNA (ncRNA), including small
nuclear RNA (snRNA), microRNA (miRNAs), and small interfering RNA (SiRNA),
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that participate in RNA splicing, gene regulation, and RNA interference (Dana et al.,
2017; O’Brien et al., 2018; Valadkhan and Gunawardane, 2013).

MRNA accounts for 1-5% of the total cellular RNA in cells. It is a single-stranded
linear polynucleotide complementary to one of the DNA double strands of a gene.
MRNA is transcribed by RNA polymerase Il and it carries the genetic information
transported from the nucleus to the cytoplasm, where proteins are synthesized.
(Wang and Farhana, 2022). The newly transcribed RNA transcript (also known as
pre-mRNA) contains noncoding and coding regions known as introns and exons,
respectively, requiring maturation before being exported to the cytoplasm and
utilized as a template for translation (Bentley, 2014). The pre-mRNA processing
events include 5'-end capping (7-methylguanosine (m7G) addition to mRNA’s 5
end), cleavage and removal of introns, and 3'-end polyadenylation (addition of a
sequence of adenine nucleotides, the poly(A) tail, to the 3’ termini) (Shatkin and
Manley, 2000; Zorio, 2004). mRNA maturation protects the mRNA from degradation,
aids mRNA transport, and contributes to translation initiation (Pal, 2020; Wang and
Farhana, 2022). The matured mRNA is recognized by the translation machinery via
the 5’ cap in the cytoplasm. It serves as a track for the ribosomes to move along
and decode each triplet of nucleotides on the mRNA as corresponding to an amino
acid with the help of tRNA, which leads to the production of specific polypeptide
chains. In summary, mRNA acts as a bridge between the genetic information in DNA
and the amino acid sequence of proteins (Alberts et al., 2002).

tRNA is the smallest of the three main types of RNA, consisting of about 76-90
nucleotides. It is a ribonucleic acid that carries matching amino acids to ribosomes
based on mRNA nucleotide sequence. It transfers amino acids to the growing
protein polypeptide chains. Thus, it serves as an adapter in the translation process,
which physically links the mRNA and the amino acid sequence of proteins (Sharp
et al., 1985). tRNA is transcribed by RNA polymerase Ill, and similar to mRNA, it
undergoes processing during maturation, which includes multiple steps: cleavage
of 5’ and 3’ ends, the addition of the terminal CCA residues to the 3’ end, specific
nucleotide modifications and removal of introns (Betat et al., 2014). tRNA has a
cloverleaf-like structure due to the complementary pairing in various positions. The
structure features a 3’ acceptor arm (forming an ester linkage with an amino acid),
a D-arm (stabilizing the tRNA tertiary structure), an anticodon arm (forming a
hydrogen bond with complemented mRNA), a TWYC arm (T-arm, recognized by the
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ribosome during translation), and a variable arm (recognized by aminoacyl-tRNA
synthetase) (Figure 15) (Berg and Brandl, n.d.; Giegé and Frugier, 2013; Krahn et
al., 2020).

Figure 15: Secondary structural representation of a tRNA molecule coloured based on specific
regions: acceptor arm (green), D-arm (light blue), anticodon arm (pink), variable arm (yellow) and
T-arm (dark blue). Figure from (Krahn et al., 2020).

rRNA accounts for around 80% of the total cellular RNA in yeast and 50% in
proliferating mammalian cells. (Moore and Steitz, 2002; Moss and Stefanovsky,
2002). rRNA transcription occurs in the nucleus and is performed by RNA
polymerase | and Ill. In eukaryotes, Pol | and Pol Il first transcribe two long
precursor molecules, 45S and 5S pre-rRNA, respectively. After rRNA processing,
45S pre-mRNA is then processed into 28S, 5.8S, and 18S rRNAs, and 5S pre-rRNA
is into 5S matured rRNA (Aubert et al., 2018; Granneman, 2004). rRNAs are both
structural and functional components of ribosomes, together with ribosomal proteins
forming the translation machinery to generate polypeptide chains (Moore and Steitz,
2002).

The RNAs mentioned above are involved in protein synthesis. Another group
of regulatory RNA has functions in gene editing, gene regulation, gene expression,
etc. These transcripts are commonly termed ‘noncoding RNAs’ and can be
categorized into two classes based on their length: long ncRNAs (IncRNA, >200 nt)
and small ncRNAs (sncRNA) (Brosnan and Voinnet, 2009). A prominent example
of INcCRNA is X-inactive specific transcript (Xist), a significant effector during the X
chromosome inactivation process. Xist deficiency leads to disruption of inactivation
of the corresponding X chromosome, while duplication of the Xist gene on another
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chromosome induces inactivation of that chromosome (Penny et al., 1996).
Examples of sncRNAs include snRNA, miRNA and siRNA. snRNAs are small, with
an average length of around 150 nt nuclear-localized ncRNAs that are transcribed
by either Pol Il or Pol Il (Henry et al., 1998). They are responsible for the splicing of
introns of pre-mRNA by forming spliceosomes with small nuclear ribonucleoproteins
(snRNP) (Lamond, 1993). miRNAs are single-stranded RNA molecules of very short
length (approximately 22 nt). Pol Il transcribes canonical miRNAs from introns of
pre-mRNAs, followed by maturation carried out by endonucleases, such as Drosha
and Dicer (Bartel, 2018). Studies have demonstrated that miRNAs interacting with
an untranslated region (UTR) on mRNAs induce mRNA degradation and suppress
translation. In contrast, miRNAs binding to promoter regions can activate gene
expression (Dharap et al., 2013; Humphreys et al., 2005; Zhang et al., 2018).
SsiRNAs are a class of double-stranded ncRNAs that bear similar sizes to miRNA
(21-23 nt). siRNAs are produced from long dsRNAs and small hairpin RNAs by the
Dicer enzyme (Bernstein et al., 2001; Dana et al., 2017). They inhibit gene
expression by degrading mRNA. In brief, the siRNAs are incorporated into the RNA-
induced silencing complex (RISC), after which the duplex is separated, and one
strand is removed from the complex. The other strand guides RISC to the
complementary site on mRNA, followed by a cleavage carried out by the catalytic
RISC protein, Argonaute (O’Keefe, 2021). Due to their ability to interfere with gene
expression, siRNAs are widely used as tools to study single gene function, and they
are also considered as potential therapeutic agents for disease (Cejka et al., 2006;
Gavrilov and Saltzman, 2012).

1.4.2 Methodology to study RNA-protein interaction

Methods for studying RNA-protein interactions can be classified into two categories
based on the molecule of interest they start with. There are RNA-centric and protein-
centric methods, which begin with the purification of a given RNA or class of RNAs
and the purification of a particular protein or protein species, respectively. MS
usually follows RNA-centric methods to identify the associated proteins, while
protein-centric processes are followed by sequencing the RBPs-binding RNAs
across the transcriptome (McHugh et al., 2014; Ramanathan et al., 2019). However,
these approaches are limited to characterizing interactions of one particular protein
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or RNA species. Recently, several unbiased, comprehensive protocols have been
established that isolate protein-crosslinked RNA irrespective of RNA type but rather
extract them based on their physicochemical differences (Queiroz et al., 2018;
Trendel et al., 2019; Urdaneta et al., 2019).

Capturing the RNA-protein interactome requires strong interactions between
RNA and protein at the intracellular level. RNA-protein complexes are rapidly
captured by crosslinking, which prevents the rearrangement or disintegration of the
complexes (Majumder and Palanisamy, 2021). Short wavelength UV light is the
dominant method for crosslinking RNA-protein complexes, inducing covalent bond
formation between two aromatic rings present in RNA and interacting proteins (Poria
and Ray, 2017) (Figure 16). UV irradiation crosslinks RNA and protein at their
contact point, thus displaying a direct RNA-protein interaction. However, the
efficiency of this method is relatively low (Majumder and Palanisamy, 2021). Another
variant approach was developed that significantly increased crosslinking efficiency:
photoactivatable ribonucleoside-enhanced crosslinking (PAR-CL), here a
nucleotide analogue (such as 4-thiouridine (4-SU) or 6-thioguanosine (6-SG)) is
incorporated into nascent RNA transcripts, followed by long-wavelength UV
irradiation inducing efficient crosslinking of photoreactive nucleoside-labelled
cellular RNAs to interacting RBPs (Hafner et al., 2010; Meisenheimer and Koch,
1997) (Figure 16). The drawback to this approach is that it can only be applied in
specific cell lines due to the limitation of photoactivatable nucleosides incorporation
efficiency (Ule et al., 2018). Other crosslinking methods include chemical
crosslinking carried out by chemical crosslinkers, such as formaldehyde,
diepoxybutane, 2-iminothiolane, and DTT (Baumert et al., 1978; Kim and Kim, 2019;
Wower et al., 1981; Zaman et al., 2015). Formaldehyde is a widely used crosslinker
for chromatin immunoprecipitation (ChiP) and ribonucleoprotein
immunoprecipitation (RIP) assays (Matsunaga et al., 2001; Niranjanakumari et al.,
2002) (Figure 16). It is a reversible crosslinking agent, which is beneficial for the
subsequent reverse transcription-PCR (RT-PCR) reaction to detect bound RNAS.
However, formaldehyde also crosslinks protein with protein, thus it is not easy to
distinguish the direct RNA-protein complexes from the protein—protein-RNA
complexes (Majumder and Palanisamy, 2021; Ramanathan et al., 2019).
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Figure 16: The schematic depiction of UV or formaldehyde-mediated crosslinking reactions of RNA
and protein. Upper panel: UVC (254 nm) crosslinks uridine and aromatic amino acids, Tyrosine
(Tyr), Phenylalanine (Phe) and Tryptophan (Trp). Middle panel: UVA (365 nm) crosslinks 4-
thiouridine and aromatic amino acids. Bottom panel: formaldehyde-mediated crosslink between
an amino acid (Glycine as an example) and an RNA nitrogen base. Figure from (Hoffman et al.,
2015; McHugh et al., 2014).

One general approach to enrich mRNA is utilizing oligo(dT) to capture RNAs
with a poly(A) tail, followed by proteomic identification of poly(A)RNA-binding
proteome (Castello et al., 2012). However, this method is limited to isolating
polyadenylated RNA and loses most non-polyadenylated ncRNA, including tRNA,
rRNA, snRNA, etc. (Trendel et al., 2019). Another typical RNA affinity purification
(RAP) method is MS2 in vivo biotin-tagged RAP (MS2-BioTRAP), which utilizes the
interaction between the MS2 hairpin loop and MS2 coat protein to tether RNA-
protein interaction. In brief, the repeats of MS2 aptamer are appended to RNA, and
the tagged RNA is isolated by coupling the MS2 protein to a resin (Marchese et al.,
2016). Pulling down protein components of RNA-protein complexes is usually
subjected to immunoprecipitation (IP), which takes advantage of the specific
association between a protein of interest and its antibody (Majumder and
Palanisamy, 2021). In general, RNA-centric methods are not as extensively used as
protein-centric methods because they require a large amount of material to reach
detectable levels of proteins (Bantscheff et al., 2007). The unbiased purification of
RNA-protein complexes has also been developed based on the physicochemical
properties of crosslinked RNPs. In this case, extraction with organic solvents is used
to purify crosslinked RNPs (Queiroz et al., 2018; Trendel et al., 2019; Urdaneta et
al., 2019).
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Proximity labelling can also be used to identify RNA-protein interactions which
does not rely on crosslinking. For instance, an RNA of interest is tagged with a BoxB
aptamer which recruits RNA-protein interaction detection (RaPID, AN-HA-BirA*)
fusion protein (BirA is a biotin ligase), thereby biotinylating proteins bound to the
adjacent RNA motif of interest. The biotinylated proteins are captured by streptavidin
beads followed by protein identification by MS (Ramanathan et al., 2018).

Alternatively, fusion of the enzyme ADAR or poly(U) polymerase to an RBP of
interest results in deamination of nearby adenosines or adds poly(U) tails to bound
RNAs, respectively. The specific RBP-binding RNA is detected by sequencing of
the RNA. The deamination of adenosine results in inosine substitution, which is read
as a guanosine when analysed by RNA sequencing, generating a A-G transition
(McMahon et al., 2016). Poly(U) polymerase-attached poly-uracil chains at the 3’
end of interacting RNAs are considered as tags during RNA sequencing (Lapointe
et al., 2015).

In general, the above-mentioned non-crosslink purification is beneficial for its
low cost in both time and materials consuming. Still, it may lead to re-association or
formation of non-specific RNA-protein interactions in solution (McHugh et al., 2014).

1.5 Ribosome and translation

In 1958, Francis Crick first proposed the concept of the “Central dogma of molecular
biology,” which states that DNA contains genetic information converted into a
functional protein product (Crick, 1958). Briefly, the genetic information stored in
DNA is first transcribed into RNA which then serves as a template for protein
synthesis. Proteins are produced during a process called translation where
ribosomes travel along the mRNA, decode it and produce polypeptide chains
according to the mRNA sequence. Subsequently, the polypeptide chains are folded
into their native three-dimensional structure, after which the proteins become
biologically active. The translation process is relatively conserved throughout
species, including three main steps: initiation, elongation, and termination (Ganoza
et al., 2002). Proteins are involved in nearly all cellular activities by functioning as
enzymes, antibodies, structural components, messengers, and transport or storage
proteins. Regulation of protein synthesis plays a vital role in homeostasis

maintenance, and aberrant regulation of translation can result in numerous diseases.
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Thus, understanding the molecular mechanism of translational control is critical
(Hershey et al., 2012).

1.5.1 The composition of the ribosome

In eukaryotic cells, the ribosome (80S) comprises two subunits: large subunit (LSU)
and small subunit (SSU), designated as 60S subunit and 40S subunit, respectively
(Figure 17). The 80S ribosome of human cells has a molecular weight of about 4.3
MDa. Its 60S subunit consists of 28S, 5S, and 5.8S rRNAs and 47 proteins, while
the 40S subunit contains a single 18S rRNA chain and 33 proteins (Khatter et al.,
2015). The biogenesis and maturation of the two subunits occurs separately.
Following maturation, the subunits can assemble on an mRNA molecule to form a
translation-competent 80S ribosome. This process is catalysed by more than 200
ribosome assembly factors (Klinge and Woolford, 2019; Singh et al., 2021). After
assembly, the ribosomes start to read the mRNA in 5’-3’ direction and catalyse the
formation of poly amino acid chains by transferring the amino acids from their
attached aminoacyl-tRNAs to the end of the growing polypeptide chain.

The ribosome has three positions to accomodate tRNA: the A site, P site, and
E site, which refer to aminoacyl-tRNA (aa-tRNA), peptidyl-tRNA, and deacylated
tRNA binding sites, respectively (Gariepy and Dickinson, 2006) (Figure 17). During
translation, the aminoacyl-tRNA firstly occupies the A site (located in the decoding
center in the SSU) via the complementary interaction between its anticodon and
codon on mRNA (Frank, 2003; Sergiev et al., 1998). Subsequently, the tRNA
configuration changes from canonical state (A/A- and P/P-tRNA) to pre-
translocation hybrid state (A/P- and P/E-tRNA). This coincides with peptide bond
formation catalysed in the peptidyl transferase center (PTC) residing in the LSU.
Thus, the nascent peptide chain is extended by one amino acid (Dorner et al., 2006;
Polacek and Mankin, 2005). Following this, in the translocation step, the de-acylated
tRNA moves to the E-site and the peptidyl-tRNA moves to the P-site, restoring a
canonical P/P- and E/E-tRNA state. From this state, the E site tRNA is subsequently
released from the ribosome and a new tRNA can be recruited in the A site, beginning
the cycle anew (Kirillov et al., 1983). In summary, tRNAs travel through A-P-E sites
in the ribosome as they deliver amino acids in the process of translation. When a

stop codon appears at the A site, the release factor proteins (RFs) recognize the
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stop codon and facilitate the hydrolysis of the completed polypeptide chains from
the P site tRNA (Youngman et al., 2007).

Growing polypeptide chain Large subunit

Deacylated tRNA e o @
oe E|P[A Ug

. | ACC /
50 AUGUGGUUC ¥

\\\

Decoding center

Incoming tRNA

Small subunit

Figure 17: Schematic illustration of the ribosome structure, which consists of two subunits, a large
subunit and a small subunit. The assembled ribosome bears three tRNA binding sites, the A/P/E
site, which binds the entering aminoacyl-tRNA, holds the peptidyl-tRNA and carries the deacylated
tRNA, respectively. During translation, tRNAs translocate from the A to the P to the E site. Figure
based on the illustrations in (Frank, 2003).

1.5.2 The translation cycle

The translation process is conserved across all species and occurs in three main
stages, initiation, elongation and termination. Each stage has consists of multiple
processes carried out by a series of factors (Kapp and Lorsch, 2004; Roux and
Topisirovic, 2012).

Initiation is a complex process that involves the initiator methionine tRNA
(tRNAiMeY) binding to the P site of the SSU, while 40S and 60S subunits are
assembled into an 80S ribosome at the start codon on mMRNA, which is almost
exclusively methionine (Met) (Aitken and Lorsch, 2012; Chukka et al., 2021,
Hinnebusch and Lorsch, 2012; Jackson et al., 2010; Pestova et al., 2001; Querido
et al., 2020). In detail, the tRNAiMe forms a ternary complex (TC) with GTP-
associated eukaryotic initiation factor (elF) 2 followed by TC binding to ribosome
SSU aided by elF3, elF5, and elF1, leading to the formation of 43S preinitiation
complex (PIC) comprising an SSU, elF1, elF1A, elF3, TC and elF5. The 43S PIC is
then recruited to the 5’ end of MRNA via the interaction with the cap-binding complex
elF4F (consisting of elF4G, elF4E, elF4A), elF4B and poly(A)-binding protein
(PABP) resulting in 48S PIC formation. elF4E binds to the 5’ end of mMRNA, whereas
PABP recognizes the 3’ polyA tail of mRNA, causing circularization of mRNA
(Querido et al., 2020; Wells et al., 1998). Subsequently, the 48S PIC scans along
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the mRNA from 5’ to 3’ until reaching the start codon. Following the initiation codon
recognition, elF5B, a GTPase, hydrolyses the GTP of TC, leading to the release of
elF2-GDP from the SSU. Eventually, the LSU joins the complex to form 80S
ribosomes coinciding with the dissociation of other elFs catalysed by elF5B. The
released elF2-GDP complex is recycled to elF2-GTP by the guanine nucleotide
exchange factor (GEF) activity of elF2B for the new round of initiation (Figure 18)
(Jackson et al., 2010; Jennings et al., 2013; Schmidt et al., 2016).
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Figure 18: Schematic illustration of translation initiation in eukaryotes. In brief, tRNAiMet binds to
GTP-associated elF2, forming a temary complex, followed by 43S pre-initiation complex assembly
comprising the ternary complex, elF1, elF3, elF5 and small ribosomal subunit. After that, the 43S
pre-initiation complex attaches to the mRNA forming 48S PIC with elF4F and PABP, scaning for
an AUG start codon. Finally, the ribosomal large subunit and elF5B join to the small subunit to
form the 80S initiation complex coinciding with the dissociation of elF2-GDP and other elFs. The
released elF2-GDP is recycled via nucleotide exchange catalyzed by elF2B. Figure adapted from
(Schmidt et al., 2016).

After forming a complete ribosome with a tRNAiMet [ocated at the P site, the
ribosome starts to move along the mRNA, accompanied by growing of the
polypeptide chain (Figure 19). The initiator tRNA occupies the P site in the ribosome
leaving behind an empty A site ready to receive an additional aa-tRNA carrying a
new amino acid to be added behind the previous one, beginning the formation of a
peptide chain (Dever et al., 2018). Translation elongation is a process in a three-
step circulation: decoding, peptide bond formation, and tRNA translocation.
Elongation begins with the delivery of the second aa-tRNA to the A-site, which is
carried out by eukaryotic translation elongation factor (eEF)1A that associates with
GTP and forms a TC together with aa-tRNA. Following the interaction between
anticodon on aa-tRNA and codon on mRNA at the A site, eEF1A catalyses GTP
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hydrolysis and is released from the aa-tRNA, leading to aa-tRNA accommodation in
the A site. Like elF2-GDP, the eEF1A-GDP can also be recycled to eEF1A-GTP by
the GEF, eEF1B (Andersen et al., 2001; Mateyak and Kinzy, 2010). The subsequent
step is peptidyl transfer and peptide bond formation, during which the synthesized
peptide is transferred from the peptidyl-tRNA to the newly coming aa-tRNA, which
is catalysed in the PTC of the ribosome leading to the formation of a new extended
peptidyl-tRNA (Polacek and Mankin, 2005). Finally, the deaminoacyl-tRNA and
peptidyl-tRNA is translocated to the E and P site, respectively. eEF2 promotes this
process in a GTP hydrolysis-dependent manner (Spahn et al., 2004; Taylor et al.,
2007).

Figure 19: Schematic illustration of translation elongation in eukaryotes. An additional aa-tRNA is
positioned in the A site coinciding with hydrolysing of eEF1A-associated GTP. After that, the
peptidyl bond is formed, transferring the previous polypeptide chain to the new tRNA in the A site,
followed by ribosome moving forward by one codon and the release of the deaminoacyl-tRNA
mediated by eEF2. Figure from (Scaggiante et al., 2014).

The final translation stage is termination, which depends on two eukaryotic
release factors (eRFs) and the ribosome itself. When a stop codon enters the A site
of the ribosome, termination is initiated, which terminates protein synthesis and
leads to the ribosome leaving the mRNA (Hershey et al., 2012) (Figure 20). The
process involves termination codon recognition and hydrolysis of the ester bond of
the peptidyl-tRNA to release the nascent polypeptide as well as ribosome splitting.
eRF1 recognizes all three termination codons (UAA, UAG, and UGA) and is also
responsible for peptidyl-tRNA hydrolysis. eRF3 is a ribosome-dependent GTPase
that assists eRFL1 in releasing the completed polypeptide. Briefly, eRF1-eRF3-GTP
binds to the A site of the ribosome, followed by GTP hydrolysis and eRF3 release.
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Subsequently, an ATPase, ABCE1 (ATP binding cassette subfamily E member 1),
directs eRF1 in an active position. After which, the catalytic GGQ motif of eRF1 is
positioned to catalyse the cleavage of peptidyl tRNA bond leading to polypeptide
release. In parallel, ATP hydrolysis results in conformational rearrangement of
ABCEL1, which was proposed to supply the mechanical force driving ribosomal
subunit separation (Dever and Green, 2012; Pisarev et al., 2010). Following
ribosome splitting, the mMRNA, tRNA, and ribosomal subunits are released for
another round of translation.
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Figure 20: Schematic illustration of translation termination in eukaryotes. eRF1 forms a ternary
complex with eRF3-GTP and binds to the stop codon. eRF3 hydrolyzes GTP, releasing itself from
the ribosome. After that, ABCE1-ATP binds and leads eRF1 to position and catalyze the cleavage
of the ester bond of the peptidyl-tRNA, resulting in the peptide dropping off the ribosome coinciding
with ABCE1l-associated ATP hydrolysis and the separation of the ribosomal subunits. Figure
based on the illustrations in (Sitron and Brandman, 2020).

1.6 Translation-associated quality control and cellular responses

Translation is a vital process that produces functional proteins for maintaining
homeostasis. However, this process can fail for several reasons, including
problematic mRNAs (premature polyadenylation, robust secondary structures,
oxidized RNA), amino acid starvation, and tandem rare codons. As a consequence,
ribosomes stall leading to queueing or stacking of ribosomes on the mRNA and
eventually resulting in ribosome collision and production of incomplete polypeptides
and aggregation. These aberrant proteotoxic products are linked to
neurodegenerative disorders, cell stress, cell cycle restriction, and aging (Darnell et

al., 2011, Eshraghi et al., 2021; lkeuchi et al., 2019a; Stein et al., 2022; Stoneley et
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al.,, 2022; Wu et al., 2020). Therefore, rapidly eliminating these problematic
transcripts and aberrant proteins is crucial to prevent the accumulation of toxic
products. In the last decades, the molecular principles of degrading problematic
MRNAs and truncated nascent proteins, as well as ribosome stalling-induced
cellular stress responses and ribosome rescue, have been revealed by various
research groups (D’Orazio and Green, 2021; Yip and Shao, 2021). Strikingly, all
these mechanisms are initiated by ribosome stalling suggesting that the ribosome
acts as a sensor for abnormal translation.

1.6.1 Ribosome-associated protein quality control (RQC)

Interrupted translation produces partially synthesized proteins that are harmful to
cells. In response, cells evolved a surveillance mechanism to degrade these
inappropriate proteins and rescue stalling ribosomes via RQC. In short, this pathway
comprises three main steps: recognition of stalling ribosome, ribosome dissociation,
and degradation of aberrant nascent peptide chains (Sitron and Brandman, 2020)
(Figure 21).

At least two unique molecular features distinguish stalled ribosomes from
functional translational ribosomes: an empty decoding center (A site) and interior
collided ribosome interfaces (Yip and Shao, 2021). Cells have developed distinct
mechanisms that detect and rescue stalled ribosomes, depending on where stalling
occurs on the mRNA. Truncated mRNA, stop-codon readthrough, or
endonucleolytic mRNA cleavage at the internally collided ribosomes results in
MRNA 3’-end ribosome stalling with an empty A site. This requires the PELO-
HBS1L complex to recognize stalled ribosomes by directly binding the ribosomes
that lack mRNA in the A site followed by a downstream surveillance pathway.
Whereas two different proteins are responsible for the detection of ribosomes stalled
on internal sections of MRNAs: ZNF598 and RACK1, which is a RING E3 ligase and
a ribosome-associated protein, respectively (Park et al., 2021; Pisareva et al., 2011,
Sitron and Brandman, 2020; Sundaramoorthy et al.,, 2017). Structural and
biochemical studies demonstrated that ZNF598 recognizes and binds to collided
ribosomes, catalysing mono-ubiquitylation of ribosome SSU protein RPS10, RPS20,
and RPS3. RACK1 is believed to stabilize the collided disome species to initiate
RQC and promote the ubiquitylation of RPS10 mediated by ZNF598 (lkeuchi et al.,
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2019b; Juszkiewicz et al., 2018; Simms et al., 2017b; Sundaramoorthy et al., 2017).
In addition, endothelial differentiation-related factor 1 (EDF1) associates with
collided ribosomes in a ZNF598-independent manner which subsequently recruits
the GIGYF2-4EHP complex to inhibit translation initiation on the problematic
MRNAS in order to minimize further collisions (Juszkiewicz et al., 2020a; Sinha et
al.,, 2020). Thereafter, the stabilized ribosome collision interfaces and the
ubiquitylation of ribosomal proteins lead to the recruitment of downstream ribosome
splitting factors.

After detecting stalled ribosomes, two distinct pathways are employed for
disassembly. HBS1L and PELO are paralogs to the eRF1-eRF3, which position
themselves in the ribosome similarly but distinctly. Briefly, the PELO-HBSIL
complex recognizes the empty A site on the ribosome by extending a -loop into the
MRNA entry channel. Following this, GTP hydrolysis by HBS1L and conformational
change release HBS1L from the ribosome, leading to the binding of ATPase ABCE1
to the ribosome recruited by PELO. Finally, ABCE1 dissociates stalled ribosomes
into the 40S and 60S subunits in an ATP-dependent but largely poorly understood
mechanism. Notably, the downstream pathways of PELO and eRF1 differ since
PELO lacks eRF1’s catalytic GGQ motif and therefore does not hydrolyse the ester
bond of the peptidyl-tRNA, leaving the nascent chain attached to the 60S subunit
(Gouridis et al., 2019; Pisareva et al., 2011; Shao et al., 2016; Shoemaker et al.,
2010; Sitron and Brandman, 2020). Furthermore, most stalled ribosomes contain a
tRNA in the A-site and are not optimal substrates for the PELO-HBS1L complex,
demanding an alternative mechanism to split ribosomes. The ZNF598-mediated
marking of collided ribosome by ubiquitylation is recognized by the RQC-trigger
(RQT) complex that facilitates the splitting of stalled ribosomes. The RQT complex
includes three activating signal cointegrator 1 complex (ASCC) subunits, ASCC1-3
and thyroid receptor-interacting protein 4 (TRIP4/ASC-1). The DNA helicase
ASCC3 bears ATPase activity which is needed to split the leading stalled ribosome.
ASCC2 is also involved in ribosome disassembly, whereas ASCC1 may not function
in RQC. However, whether ASCC2’s ubiquitin-binding ability is required for RQC
remains controversial. The rest of the ASCC-associating factors are likely not
essential in RQC-related ASCC function (Hashimoto et al., 2020; Juszkiewicz et al.,
2020b; Matsuo et al., 2020). Following ASCC/RQT complex-mediated disassembly
of leading ribosome the ubiquitylated 40S ribosomal proteins of the trailing
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ribosomes can be deubiquitylated and translation is resumed (Garshott et al., 2020;
Juszkiewicz et al., 2020b; Meyer et al., 2020). In yeast, when the ASCC3 ortholog
Slh1l is not present, ribosomes are subject to endonucleolytic cleavage by the
nuclease Cue2, which cleaves upstream of the stalled ribosome, converting the
trailing ribosome into an ideal substrate for Dom34-Hbs1 complex (yeast homolog
of human PELO-HBS1L complex). However, these conclusions need to be further
verified in mammalian cells (D’Orazio et al., 2019; Guydosh and Green, 2017;
Juszkiewicz et al., 2020b)

Ribosome dissociation results in formation of free 40S subunit and a peptidyl-
tRNA-associated 60S ribosome subunit. The 40S is recycled for new rounds of
translation initiation while the nascent proteins, usually truncated or non-native,
attached to the stalled 60S ribosomes undergo proteasome-mediated degradation
(Brandman and Hegde, 2016). The nuclear export mediator factor (NEMF) and
listerin (LTN1) are the critical factors in eliminating these aberrant intermediates.
NEMF has strong binding affinity to ribosomes and selectively recognizes the 60S-
tRNA interface over 80S or empty 60S. This specific binding ability prevents 40S
rejoining and promotes recruitment of the E3 ubiquitin ligase LTN1 to 60S for
nascent chain ubiquitylation (Shao et al., 2015; Shen et al., 2015; Sitron and
Brandman, 2020; Yip and Shao, 2021). Once LTNL1 is recruited to the 60S, its RWD
domain interacts with large subunit ribosomal proteins, positioning the catalytic
RING domain outside the ribosomal exit tunnel, and recruiting E2 enzymes to
catalyse K48-linked poly-Ub chain formation on the substrates, triggering their
proteasomal degradation (Bengtson and Joazeiro, 2010; Shao et al., 2013). Notably,
several studies in yeast discovered that Rqc2 (the yeast homolog of NEMF)
catalyses the addition of alanine and possibly threonine residues (CAT tails) to the
C-terminal nascent peptides in a non-templated manner, which is proposed to
extract lysines buried under the ribosome exit tunnel for ubiquitylation or produce
more spaces for listerin to target structured polypeptides (Shen et al., 2015; Sitron
and Brandman, 2019). TCF25 is also functional in RQC, which might promote K48
ubiquitin linkage formation or recruit the downstream factor p97. However, the
mechanism is elusive and the results obtained in yeast and mammalian cells are
conflicting (Kuroha et al., 2018; Osuna et al., 2017; Shao et al., 2015). Afterward,
the ubiquitylated nascent proteins need to be delivered to the proteasome for
degradation. This process was initially believed to be conducted by p97 and its
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cofactors UFDL1 and NPLOC4 (UN complex). The UN complex binds to poly-
ubiquitylated protein, enabling p97 to unfold the substrates and send them to the
proteasome (Brandman et al., 2012; Verma et al., 2013). Recent studies revealed
that p97 is insufficient to pull out the nascent protein from the ribosome. Another
factor, ANKZF1 in mammals or Vmsl in yeast, a functional homolog of eRF1, was
reported to act as a tRNA endonuclease towards the tRNA’s 3'-CCA leading to
nascent polypeptide release from the 60S. These data suggest that p97 is relevant
in unfolding aberrant substrates rather than extracting them from ribosomes (Su et
al., 2019; Verma et al., 2018; Zurita Rendon et al., 2018).
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Figure 21: Schematice overview of RQC pathways. A. ribosome collisions occur when ribosome
stall during translation, which further triggers ZNF598-mediated ubiquitylation of ribosomal
proteins to recruit ribosome spliting factors and recruitment of EDF1 to supress problematic mRNA
being translated; B. ASCCs/RQT complex-triggered stalled ribosomes splitting; C and D.
Ribosomes stall with empty A sites or internal ribosome stalling-triggered endonucleolytic mRNA
cleavage resulting in 3’-end ribosome stalling which is recognized by PELO-HBS1L complex,
followed by ABCE1-triggered ribosome separation; E. 60S-associated nascent polypeptide chains
undergo LTN1-dependent poly-ubiquitylation followed by proteasomal degradation. Figure
adapted from (Park et al., 2021).

1.6.2 Translation-coupled mRNA quality control

Ribosomes may stall for diverse reasons, some of the most common being faulty
MRNAs, such as excessive mMRNA secondary structure, mRNA truncation,
premature poly(A) sequence and premature stop codons. (Chandrasekaran et al.,
2019; Simms et al., 2017a). Cells evolved various translation-dependent mRNA
surveillance mechanisms to degrade aberrant transcripts (Inada, 2013; Roy and
Jacobson, 2013; Shoemaker and Green, 2012). The major mRNA quality control
pathways are nonsense-mediated decay (NMD), non-stop decay (NSD), and no-go
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decay (NGD), which sense different types of defective mRNAs and facilitate their
degradation (D’Orazio and Green, 2021).

The NMD pathway recognizes and eliminates mRNAs that contain premature
stop codons, which usually result from errors during co-transcriptional RNA splicing
(D’Orazio and Green, 2021). An exon junction complex (EJC) forms on a pre-mRNA
strand deposited approximately 20-24 nt upstream of the junction of two exons
which were joined together during RNA splicing in the nucleus (Le Hir et al., 2000).
Authentic termination codons are typically located in the final exon of spliced
MRNAs and thus downstream of EJCs. During canonical translation termination, the
EJCs are displaced by the ribosome, followed by ribosome splitting and protein
release. However, premature stop codons result in early ribosome release, leaving
remaining EJCs on the mRNA. This abnormal termination leads to UPF1, an RNA
helicase, and a complex comprised of serine/threonine kinases SMG1-SMG8-
SMG9 joining the eRF1-eRF3 translation termination complex to form the SMG1-
UPF1-eRFs (SURF) complex in coordination with UPF2 and UPF3, triggering
SMG1-mediated UPF1 phosphorylation. Phosphorylated UPF1 induces
translational repression and recruits nucleases to accomplish mRNA decay
(Kashima et al., 2006; Kurosaki et al., 2019; Nicholson et al., 2010; Serdar et al.,
2016; Shoemaker and Green, 2012). Endonuclease SMG6 is recruited and
catalyzes mRNA cleavage between the EJC site and premature termination codons.
The 3'-cleavage product is degraded by XRN1, a 5'-3' exonuclease, while the 5'-
cleavage product is most likely cleared by the exosome. Activated UPF1 can also
recruit the SMG5-SMG7 heterodimer, which further recruits decapping and/or
deadenylation machinery to promote exonucleolytic degradation of unprotected
MRNA carried out by XRN1 from 5’ direction and by the exosome from 3’ direction
(Eberle et al., 2009; Huntzinger et al., 2008; Kervestin and Jacobson, 2012,
Kurosaki et al., 2019; Lejeune et al., 2003; Schmid and Jensen, 2008; Unterholzner
and lzaurralde, 2004).

The NSD is a cellular mechanism that detects and degrades aberrant mRNAs
lacking proper stop codons to prevent these transcripts from being translated. These
defective mRNAs can derive from erroneous transcription termination, premature
polyadenylation, or point mutations that damage the termination codons
(Frischmeyer et al., 2002; Klauer and van Hoof, 2012). Decoding these aberrant
transcripts leads to ribosome stalling at the 3’ end of the mRNA template, leaving
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the A site empty, serving as an ideal substrate for the PELO-HBS1L complex
(Chandrasekaran et al., 2019; Guydosh and Green, 2017; Koutmou et al., 2015; Lu
and Deutsch, 2008; Saito et al., 2013; Tsuboi et al., 2012). Following ribosome
splitting, the released mMRNAs are degraded by the exosome from the 3’ direction
(Frischmeyer et al., 2002; van Hoof et al., 2002). In yeast, Ski7, a member of the
eRF3 family, is proposed to recognize the ribosome stalled at the 3’ end of a nonstop
MRNA poly(A) tail, recruiting the exosome-SKI complex composed of Ski2, Ski3,
and Ski8 to degrade the faulty mRNAs (Araki et al., 2001; Benard et al., 1999; van
Hoof et al., 2002). However, mammalian cells do not express Ski7; therefore, the
PELO-HBS1L complex was suggested as a potential regulator capable of binding
to the 3’ end of a faulty mRNA and associating with the exosome-SKI complex to
eliminate nonstop mMRNA to (Saito et al., 2013). In addition, Ski7 deficiency in yeast
leads to dissociation of poly-A tail binding protein PABP, allowing 5 mRNA
decapping followed by a 5’-3’ decay pathway mediated by Xrnl (Inada and Aiba,
2005).

NGD is triggered when ribosomes stall internally on mRNAs due to various
reasons, including rare codons, strong secondary structures and specific features
of nascent peptides (Doma and Parker, 2007; Karamyshev and Karamysheva, 2018;
Letzring et al.,, 2010). Ribosome stalling during translation elongation usually
triggers ribosome collisions, a common trigger of RQC. Thus, NGD and RQC usually
happen simultaneously (lkeuchi et al., 2019b). NGD was recently found to be a
MRNA surveillance pathway and was initially observed in yeast, but has not yet
been well established in mammalian cells (Wu and Brewer, 2012). Rescuing
ribosomes trapped on mRNAs within the open reading frame (ORF) is quite
complicated since the internal ribosome stalling results in A site occupied by a
proper codon; therefore it is not easily recognizable for the Dom34-Hbs1 complex
as a substrate. Previous studies suggested that in yeast, the NGD pathway involves
endonucleolytic mRNA cleavage, thereby producing 5’ and 3’ intermediates, which
are eliminated by exosome and exonuclease Xrnl, respectively (Doma and Parker,
2006). A subsequent genetic screen in yeast identified an essential endonuclease,
Cue2, that might participate in NGD in a Hel2 (yeast homolog of human ZNF598)-
dependent manner. The cleavage mediated by Cue2 is believed to occur between
two stalled ribosomes, leading to the generation of fragmented mRNAs (D’Orazio et

al., 2019). The 5 fragment bears a stalled ribosome with an empty A site which is
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dissociated via the Dom34-Hbs1 complex, and the released mRNA is degraded by
exosome similarly to the NSD pathway. Meanwhile, RQT complex releases the
stalled ribosome from the 3 mRNA fragment, which is then eliminated by Xrn1 from
its 5’ end (Best et al., 2022; Doma and Parker, 2006; Inada, 2017; Tsuboi et al.,
2012).

1.6.3 Ribosome-associated stress responses

Cellular stress responses refer to molecular adaption or defence reactions that
occur when cells are exposed to environmental stimuli, such as extreme
temperature, toxic compounds, viral infection and ultraviolet light irradiation, leading
to damage to nucleic acids, proteins, and lipids. Cells respond to such stressors by
triggering a variety of mechanisms, ranging from activation of survival pathways for
stress tolerance to promoting programmed cell death, like apoptosis, which
eventually eliminates damaged cells (De and Mihlemann, 2022; Fulda et al., 2010;
Kiltz, 2005). Environmental stresses perturb systemic cellular homeostasis. For
example, chemical damage to mMRNAs affects their structural properties, leading to
ribosome stalling and aberrant translation (Galluzzi et al., 2018; Li et al., 2006; Rubio
etal., 2021; Yan et al., 2019; Yan and Zaher, 2019). Ribosome collisions have been
proposed as a universal consequence of ribosome stalling, which trigger mRNA
surveillance pathways and ZNF598-dependent RQC. Emerging results suggest that
ribosome collisions serve as a beacon for the recruitment of ribosome-associated
factors to initiate cellular stress responses, including the ribotoxic stress response
(RSR) and the integrated stress response (ISR), to fine-tune cellular homeostasis
and modulate cell fate (Morris et al., 2021; Vind et al., 2020b; Wu et al., 2020; Yan
and Zaher, 2019).

1.6.3.1 The ribotoxic stress response (RSR)

RSR is a conserved cellular stress response pathway which was initially found to be
triggered by damage of the 3’-end of 28S rRNA and inhibition of protein synthesis.
During RSR, stress-activated protein kinases (SAPKSs), including JNK (c-JUN N-

terminal kinase) and p38, members of the MAPK (mitogen-activated protein kinase)
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family, are activated to promote cellular recovery (lordanov et al., 1998, 1997; Shifrin
and Anderson, 1999).

Three kinases were reported to be involved in recognition of the problem and
activation of RSR, namely PKR (double-stranded RNA-dependent protein kinase),
HCK (hematopoietic cell kinase), and ZAKa (leucine-zipper and sterile-a motif
kinase). However, the evidence for PKR and HCK's roles in RSR is poor (Goh et al.,
2000; Vind et al., 2020a; Zhou et al., 2014, 2005, 2003). In contrast, ZAKa is a well-
characterized RSR component that initiates downstream MAPK cascade signalling
upon exposure to translation inhibitors (anisomycin and cycloheximide), ribotoxins
(ricin, Shiga toxin, and a-sarcin) and UV irradiation. However, the activation
mechanism remained uncertain until recently (Jandhyala et al., 2008; Vind et al.,
2020b; Wang et al., 2005). The ZAK gene in human cells encodes two alternatively
spliced transcripts that produce two protein isoforms, ZAKa and ZAK, with distinct
C termini. Recent studies demonstrated that ZAKa, the longer isoform carrying an
additional sterile alpha motif compared to ZAKB, can directly associate with
elongating ribosomes by inserting its flexible C terminus into the ribosomal inter-
subunit space mediated by the interaction of surface charges. ZAKa is activated and
decreases its ribosomal affinity when ribosomes stall (Vind et al., 2020b; Wu et al.,
2020). Previous evidence has revealed that in response to environmental stresses,
activation of JNK and p38 are related to cell cycle modulation and apoptosis
promotion (Darling and Cook, 2014; Duch et al., 2012). Consistently, a growth-
based genome-wide CRISPR screen and biochemical experiments demonstrated
that loss of ZAKa results in cellular resistance to higher doses of anisomycin,
whereas p38 phosphorylation contributes to cell survival upon exposure of cells to
lower doses of anisomycin (Wu et al., 2020). Notably, constitutive activation of ZAKa
is associated with human limb development defects leading to split-hand/foot
malformations, and ZAKa deficiency in the worm compromises its lifespan,
implicating the physiological importance of RSR in organisms (Spielmann et al.,
2016; Vind et al., 2020b). Taken together, these findings indicate that ribosome
stalling-elicited RSR mediates cell-fate decisions in different contexts via facilitating
both pro-survival and pro-apoptotic pathways (Park et al., 2021; Vind et al., 2020a;
Wau et al., 2020).
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1.6.3.2 The integrated stress response (ISR)

ISR is a typical adaptive stress response that cells evolved in response to
diverse environmental stimuli and pathological conditions, such as proteostasis
defects, amino acid deprivation, viral infection and redox imbalances. (Costa-
Mattioli and Walter, 2020; Pakos-Zebrucka et al., 2016). The ultimate consequence
of ISR is the shut-down of global protein synthesis and the simultaneous up-
regulation of the synthesis of a few selected proteins, including the transcription
factor ATF4, to promote homeostasis restoration (Lu et al., 2004).

The global translation inhibition is initiated by elF2a phosphorylation. elF2a
together with elF2[3 and elF2y forms a heterotrimer called elF2, which is associated
with GTP and forms TC with tRNAiMet during translation initiation. After that, the final
product, elF2-GDP needs to be recycled to elF2-GTP by elF2B for the next round
of translation initiation (Boye and Grallert, 2020; Preiss and W Hentze, 2003; Wek,
2018). ISR triggers elF2a phosphorylation at Ser51, which induces a conformational
rearrangement of elF2aq, increasing its affinity with elF2B, while interfering with the
GDP conversion activity of elF2B. Consequently, phosphorylated elF2a acts as a
competitor of unphosphorylated elF2a, sequestering elF2B and resulting in global
translation initiation reduction (Bogorad et al., 2017; Gordiyenko et al., 2019;
Kashiwagi et al., 2019; Kenner et al., 2019; Krishnamoorthy et al., 2001; Schoof et
al., 2021).

Human ATF4 mRNA bears three upstream open reading frames (UORFS)
located 5'to the coding DNA sequence (CDS). In unstressed cells, ribosomes initiate
scanning at uUORF1 followed by re-initiating at the downstream uORF2, which
overlaps out-of-frame with the ATF4 CDS, therefore precluding translation of ATF4.
Under stressed conditions, phosphorylation of elF2a results in limited TC availability.
Thus, scanning ribosomes skip uUORF2 and re-initiate at the ATF4 CDS (Harding et
al., 2000; Pakos-Zebrucka et al., 2016; Vattem and Wek, 2004). ATF4 is a
transcriptional activator that up-regulates the transcription of stress response genes,
such as C/EBP-homologous protein (CHOP), ATF3, and Tribbles homolog 3
(TRIB3), etc. (Han et al., 2013; Siu et al., 2002). Moreover, ATF4 also selectively
represses expression of some genes (Ameri and Harris, 2008). Additionally, various
stress conditions facilitate transcriptional regulation of ATF4 mediated by different
transcription factors (Pakos-Zebrucka et al., 2016). This combination of
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transcriptional and translational control of ATF4 ensures induction or suppression
of downstream regulators to maintain the balance between stress adaption and cell
death (Dey et al., 2010). Therefore, phosphorylation of elF2a plays a dual role in
ISR: short-lived ISR promotes pro-survival signalling pathways via inhibiting global
protein synthesis while up-regulating critical stress-combatting genes, aiming at
restoring homeostasis; prolonged ISR or failed pro-adaptive response lead to
programmed cell death (Dey et al., 2010; Harding et al., 2003; Lu et al., 2004,
Pakos-Zebrucka et al., 2016; Rozpedek et al., 2016; Rutkowski et al., 2006)

Currently, four kinases are reported to participate in phosphorylating elF2a in
distinct cellular contexts, namely PKR, PKR-like ER kinase (PERK), general control
non-derepressible 2 (GCN2), and heme-regulated elF2a kinase (HRI), which sense
viral infection, endoplasmic reticulum (ER) stress and hypoxia, amino acid
deficiency, and heme deprivation or mitochondrial dysfunction, respectively (Fessler
et al., 2020; Guo et al., 2020; Tian et al., 2021). Modest inhibition of translation by
anisomycin leads to ribosome collision and GCN2-dependent elF2a
phosphorylation (Wu et al., 2020). In contrast, a high concentration of anisomycin
that causes uniform stalling of ribosomes on mMRNA does not activate ISR,
suggesting GCN2 serves as a sensor of ribosomal collision and activates ISR in
case of aberrant translation (Wu et al., 2020). Previous studies indicated that the
accumulation of uncharged tRNAs activates GCN2 during amino acid starvation.
GCN2 contains a histidyl-tRNA synthetase (HisRS)-like domain that binds multiple
deacylated tRNAs, resulting in a conformational change and GCN2 activation (Dong
etal., 2000; Wek et al., 1995). However, GCN2 is also activated by various stressors
that do not trigger a global increase in uncharged tRNAs. Further genetic screening
and in vitro biochemical experiments revealed that GCN2 directly binds to the
ribosomal P-stalk, a part of the ribosome adjacent to the A site, inducing
conformational changes in the HisRS-like and kinase domains of GCN2 and ISR
activation (Inglis et al., 2019). Given that the ribosomal P-stalk is usually occupied
by the translation elongation factors and stimulates their GTPase activity during
translation, the hypothesis arises that active translation leads to GCN2 repression,
whereas translational stress enables GCN2 to associate with the ribosome and
initiate ISR (Harding et al., 2019; Inglis et al., 2019; Vind et al., 2020a).
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2 Aims of these studies

Ensuring the integrity of DNA and RNA is highly essential for organisms to not
only maintain the genetic information, but also to ensure its usage for functional
protein production. However, nucleic acid chains are permanently subjected to
chemical insults from endogenous and exogenous sources such as ROS, UV light,
and alkylating agents. Damaged DNA and RNA have toxic consequences leading
to permanent alteration of genomic information and faulty protein synthesis, which
can cause premature aging and disease. Canonical DNA-repair pathways have
been extensively studied for many decades, but DNA-protein crosslinks (DPCs)
have only recently emerged as a novel source of genome instability that interferes
with transcription and replication. DPC-specific repair mechanisms were unknown
until a proteolytic enzyme, SPRTN, was discovered that maintains genome stability
by degrading the protein components of DPCs. Subsequent studies showed that
SPRTN lacks substrate preference which is useful to target diverse protein adducts,
but demands tight control to avoid unwanted proteolysis of surrounding chromatin
proteins. In addition, it was reported that SPRTN is deubiquitylated upon DPC
induction. However, the role of this modification in regulating DPC repair remains
unclear.

The first part of this thesis aims to investigate the function of SPRTN
ubiquitylation and deubiquitylation in regulating DPC repair. To address this
question, we initially aimed to identify the involved deubiquitylating enzyme (DUB)
by conducting an in vitro DUB library screen. The second aim of this project is to
test if this ubiquitin switch regulates the recruitment of SPRTN to chromatin and/or
affects its protease activity in cells lacking the involved DUB. Moreover, the function
of SPRTN modification will be investigated by overexpressing SPRTN-ubiquitin
fusion variants mimicking SPRTN ubiquitylation.

Moreover, given the central role of RNA in many fundamental biological
processes and the reactivity of RNA, we suspect that RNA-protein crosslinks (RPCs)
frequently form in cells. However, currently, almost nothing is known on the cellular
consequences of RPC formation, as well as the mechanisms of their resolution.

Therefore, the second part of this study attempts to reveal the cellular
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consequences and responses to RPC formation and to identify factors contributing
to RPC resolution. Therefore, we aim to develop a tool to specifically induce cellular
RPCs to determine the toxicity of RPC formation and the associated cellular
responses by measuring cell viability and signalling events after RPC induction.
Finally, to study the principles of RPC resolution, we will combine polyA pull-down
experiments with mass spectrometry-based proteomics to monitor the fate of RPCs.
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3 Summary of publications

3.1 A ubiquitin switch controls autocatalytic inactivation of the
DNA-protein crosslink repair protease SPRTN

Shubo Zhao, Anja Kieser, Hao-Yi Li, Hannah K Reinking, Pedro Weickert, Simon
Euteneuer, Denitsa Yaneva, Aleida C Acampora, Maximilian J Go6tz, Regina
Feederle, Julian Stingele.

Nucleic Acids Research. 2021 Jan 25; 49 (2): 902-915.

DNA-protein crosslinks (DPCs) are unique lesions that physically block
important chromatin transactions such as replication and transcription due to their
bulkiness. DPC repair involves the degradation of the protein adduct by the
metalloprotease SPRTN, regulated by the recognition of specific DNA structures
instead of specific amino acid sequences. This lack of substrate preference is
helpful in targeting diverse protein adducts, however, it demands tight control in
return.

This publication reveals the crucial role of SPRTN ubiquitylation in regulating
its enzymatic activity and stability during DPC repair. We demonstrated that mono-
ubiquitylation inactivates SPRTN by triggering autocatalytic cleavage in trans and
priming poly-ubiquitylation for proteasomal degradation in cis. An in vitro DUB
screen discovered that the deubiquitylating enzyme USP7 is the factor responsible
for deubiquitylating SPRTN upon DPC induction. Loss of USP7 results in increased
accumulation of DPCs and hypersensitivity when cells are exposed to formaldehyde.

To conclude, this work suggests that USP7 antagonizes the inactivation of
SPRTN by deubiquitylation, therefore, increasing the protease's stability on
damaged DNA and enabling efficient DPC proteolysis. It defines the mechanistic
details of a ubiquitin switch controlling the potentially harmful proteolytic activity of
SPRTN.
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3.2 Translation-coupled sensing and degradation of RNA-protein
crosslinks

Shubo Zhao*, Jacqueline Cordes”, Karolina M. Caban, Maximilian J. Gotz, Timur
Mackens-Kiani, Anthony J. Veltri, Niladri K. Sinha, Pedro Weickert, Graeme Hewitt,
Thomas Frohlich, Roland Beckmann, Allen R. Buskirk, Rachel Green, Julian
Stingele.

#These authors contributed equally to this work

Reactive aldehydes are cytotoxic compounds that can arise under normal
physiological conditions and challenge genome stability by generating DNA-DNA
interstrand crosslinks (ICLs) and DNA-protein crosslinks (DPCs). Defects in ICLs or
DPCs repair lead to severe human syndromes such as bone marrow failure and
premature ageing, indicating that endogenous aldehydes constantly threaten cells.
However, it remains largely unclear whether aldehydes trigger RNA-proteins
crosslinks (RPCs) formation, how they affect cellular physiology, and whether
cellular mechanisms exist to resolve RPCs.

This study suggests that ribosomes play an essential role in sensing and
initiating the degradation of RPCs. We repurposed photoactivatable nucleosides-
enhanced crosslinking (PAR-CL) as a tool to mimic RNA damage triggered by
aldehydes and demonstrated that RPC formation causes translational stalling and
ribosome collisions which activate the ribotoxic stress response (RSR) and the
integrated stress response (ISR) contributing to cell death. Furthermore, we showed
that certain crosslinked mRNA-binding proteins are modified by poly-ubiquitin
chains in a translation-coupled manner and subsequently degraded by proteasome.

Taken together, our findings reveal that PAR-CL is an effective tool to study
cellular consequences of reactive aldehydes-induced RNA damage without
inducing DNA damage and in addition to ICLs and DPCs, RPCs contribute to the
toxicity of aldehydes.
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4 Discussion

This dissertation reveals mechanistic details on the regulation of SPRTN during
DPC repair and explores the cellular responses to RPC formation. The first part of
the thesis lays out the mechanism of a ubiquitin switch controlling the inactivation of
SPRTN. It provides evidence that mono-ubiquitylation of SPRTN triggers
proteasomal degradation and autocatalytic cleavage, which in contrast to previous
assumptions implicating this modification in regulation of chromatin access. The
second part of the work is concerned with the cellular consequences of RPC
formation. Here we reveal that translating ribosomes are required to sense these
lesions and that RNA damage is in part responsible for the toxicity caused by
abundant endogenous aldehydes such as formaldehyde.

4.1 Ubiquitin switch regulates SPRTN stability

Mono-ubiquitylation is a post-translational modification that can either prime poly-
ubiquitylation for proteasomal degradation or have regulatory functions (Hicke, 2001;
Ronai, 2016). During genome maintenance, many vital factors undergo mono-
ubiquitylation to facilitate downstream processes. For instance, in ICL repair, FANCI
and FANCD?2 proteins are mono-ubiquitylated by FA core complex on specific lysine
residues, which stabilizes the association between ID2 complex and dsDNA (Rennie
et al., 2020). Another prominent example is ubiquitylation of PCNA, a DNA clamp
that interacts with replicative DNA polymerases. Replication fork stalling leads to
PCNA mono-ubiquitylation catalysed by RAD18, enabling recruitment of TLS
polymerases, which can synthesize across small DNA adducts (Watanabe et al.,
2004). Furthermore, during TC-NER, stalled RNA polymerase Il undergoes mono-
ubiquitylation by CUL4CSA which triggers poly-ubiquitylation and proteasomal
degradation, serving as the last resort to provide space for alternative repair
mechanisms and transcription restart (Nakazawa et al., 2020; TufegdZi¢ Vidakovi¢
et al., 2020). Notably, all these proteins are ubiquitylated on specific sites during
DNA repair. In contrast, SPRTN is constitutively mono-ubiquitylated, and this

modification is mediated and shielded by its C-terminal ubiquitin-binding zinc finger,
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UBZ domain. Previous studies and this work showed that mono-ubiquitylation of
SPRTN is promiscuous. However, a rapid deubiquitylation of SPRTN was observed
in the presence of formaldehyde, a crosslinker commonly used to induce DPC,
suggesting a prominent role of deubiquitylation in regulating SPRTN during DPC
repair (Stingele et al., 2016; Zhao et al., 2021).

During the preparation of this thesis, two other DUBs were implicated in SPRTN
deubiquitylation, VCPIP1 and USP11, whose loss was reported to result in defective
formaldehyde-induced deubiquitylation of SPRTN and sensitization of cells to DPC
induction (Huang et al., 2020; Perry et al., 2021). However, in our in vitro DUB library
screening and biochemical experiments, we found that USP7 functioned as a
specific deubiquitylating enzyme of SPRTN. This thesis further revealed that
catalytic-inactive USP7 but not VCPIP1 or USP11 specifically bind to mono-
ubiquitylated SPRTN. In sum, this suggests that USP7 is the primary regulator of
SPRTN mono-ubiquitylation. However, these controversial results require further
studies to discover the underlying mechanisms and to test if this ubiquitin switch of
SPRTN is a universal regulation when cells are challenged by DPCs. Notably,
previous studies suggested that the ubiquitin switch may regulate the access of
SPRTN to chromatin, because the recruitment of SPRTN to chromatin is always
accompanied by rapid deubiquitylation (Stingele et al., 2016). However, research
from other groups and us demonstrated that loss of deubiquitylation resulted in both
unmodified and modified SPRTN being enriched on chromatin upon FA treatment,
indicating that deubiquitylation happens downstream or in parallel to chromatin
localization (Perry et al., 2021; Zhao et al., 2021). Collectively, these data suggest
that this reversible modification of SPRTN must have other functions during DPC
repair and highlight the importance of understanding the regulatory mechanisms of
DUBSs for SPRTN deubiquitylation.

Mono-ubiquitylation can prime poly-ubiquitylation for proteasomal degradation
(Braten et al., 2016). Using cycloheximide chase experiments, we showed that
mono-ubiquitylated SPRTN has a shorter half-life than unmodified SPRTN, which is
blocked by proteasomal inhibition. In parallel, we also detected that proteasomal
inhibition stabilizes higher molecular weight species of WT SPRTN but not of a UBZ
mutant variant, suggesting that mono-ubiquitylation leads to proteasomal
degradation of SPRTN by priming poly-ubiquitylation. We further generated
SPRTN-ubiquitin fusion variants to mimic mono-ubiquitylated SPRTN, which
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resulted in destabilization compared to WT SPRTN. Moreover, overexpression of
the ubiquitin fusion but not catalytically inactive version (E112Q) led to increased
accumulation of shorter SPRTN fragments, which are thought to originate from
SPRTN autocleavage. In further support of this idea, recombinant ubiquitin-fused
SPRTN displayed higher autocleavage activity compared to WT SPRTN in vitro.
These results raise the hypothesis that mono-ubiquitylation of SPRTN enhances its
autocleavage capacity, which is further supported by the fact that mutation of the
UBZ domain reduces autocleavage.

Furthermore, overexpression of WT USP7 but not catalytic-inactive USP7
antagonized both SPRTN modification and autocleavage. In agreement, data
suggesting that USP11 functions as a DUB of SPRTN (Perry et al., 2021),
demonstrated that loss of USP11 or USP7 leads to an increased level of SPRTN
autocleavage, whereas overexpression of USP11 dramatically suppressed this
phenotype. To sum up, these data imply that when DPCs challenge cells, SPRTN
is deubiquitylated by one or more DUBs to limit inactivation of the enzyme by
autocleavage and proteasomal degradation.

However, how mono-ubiquitylation enhances SPRTN'’s autocleavage remains
unclear. SPRTN was previously reported to dimerize on DNA (Li et al.,, 2019).
Therefore, it is possible that mono-ubiquitylation of SPRTN enhances dimerization
through the interaction of ubiquitin and UBZ domain. Dimerization might trigger
conformational changes in SPRTN exposing its active site and, thereby, promoting
autocleavage. We observed that SPRTN-ubiquitin fusion variant is more active than
WT SPRTN in terms of cleaving catalytically inactive SPRTN. Similarly, fusion of
ubiquitin to catalytically inactive SPRTN increases its cleavage by WT SPRTN
(preliminary data, not shown). These results suggest that ubiquitin-modified SPRTN
is a better enzyme and a better substrate during autocleavage in trans. Strikingly,
the interaction between two SPRTN molecules was not affected by fusing a ubiquitin
to the C terminal tail of SPRTN, indicating that the interaction between ubiquitin and
UBZ is not absolutely required for SPRTN dimerization but may rather be important
for activating the enzyme. However, this assumption requires further verification by
structural analysis and biochemical experiments. Furthermore, we also observed an
increase of autocatalytic SPRTN fragments upon fusing ubiquitin to the a SPRTN
UBZ mutant variant. This suggests that the interaction between ubiquitin and UBZ
is not essential for SPRTN inactivation, implying that an additional ubiquitin-binding
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domain exists in SPRTN. This idea is supported by our results showing that inactive
USP7 stabilized mono-ubiquitylated species of the UBZ mutant. To conclude, how
two SPRTN molecules interact with each other and the role of a putative additional
ubiquitin-binding domain of SPRTN require further exploration.

Previous studies demonstrated that SPRTN undergoes autocleavage in a DNA-
dependent manner, suggesting that this process occurs specifically at sites of DNA
damage. Accordingly, we hypothesize that when cells face DPCs, SPRTN is
recruited to DNA damage sites followed by deubiquitylation mediated by at least
three DUBs, which inhibits autocleavage, thereby increasing DPC repair activity.
Our study on the ubiquitin switch of SPRTN reveals the mechanistic details of the
regulatory mechanism, which restrains the potential toxic protease through
automatic inactivation.

4.2 Recruitment of SPRTN to chromatin upon DPCs

SPRTN functions as a protease that targets the protein components of DPCs, which
requires its recruitment to the lesions. Previous research from our laboratory and
other groups revealed that SPRTN bears two DNA binding domains, a basic region
(BR) and a Zn?* binding domain (ZBD), which bind to dsDNA and ssDNA,
respectively (Li et al.,, 2019; Reinking et al.,, 2020). However, how SPRTN
recognizes damage sites and gets recruited mainly remained unknown.

SPRTN was initially characterized as a regulatory factor involved in tolerance
of UV-induced DNA damage, for which it interacts with ubiquitylated PCNA through
UBZ and PIP domains (Centore et al., 2012; Juhasz et al., 2012). However, previous
studies demonstrated that upon DPC induction, SPRTN variants with alterations of
key residues within PIP or UBZ are still recruited to chromatin, suggesting that the
interaction with PCNA is not required for SPRTN to access chromatin. In addition to
PIP and UBZ domains, SPRTN bears a SHP-box mediating the interaction with p97
(Davis et al., 2012; Mosbech et al., 2012). p97 was previously reported as a
segregase which extracts proteins from their environments, such as complexes,
membranes and chromatin (Rape et al., 2001; van den Boom and Meyer, 2018).
p97 was recently shown as essential for extracting inhibitor-trapped PARP1 from
chromatin (Krastev et al., 2022). Additionally, investigators also demonstrated that
SPRTN is recruited to TOP1ccs by interacting with p97 and its cofactor TEX264,
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which associates with DNA replication forks (Fielden et al., 2020). These findings
indicate that associating with p97 might be involved in localizing SPRTN to
chromatin. However, this idea conflicts with the observations that SPRTN SHP
mutant variants are still enriched on chromatin upon formaldehyde treatment,
suggesting that p97 is dispensable (Stingele et al., 2016). However, it may be that
p97 specifically recruits SPRTN to TOP1ccs, while recruitment to other types of
DPCs is independent of p97.

Research also suggested that SPRTN associates with the replisome through
interaction with key components of the replication machinery, such as PCNA, or the
MCM complex (Vaz et al., 2016). This conclusion is further supported by the fact
that SPRTN is present on nascent DNA and travels with replication fork, as
determined by iPOND experiments. Moreover, SPRTN is also found on chromatin
in the absence of DNA damage (Halder et al., 2019; Maskey et al., 2017; Vaz et al.,
2016). These findings might explain how SPRTN travels with the replisome and
degrade endogenous DPCs, but this is not sufficient to interpret the increased
SPRTN levels on chromatin after DPC induction unless DPC formation induces
more new replication origin firing, which has not been validated yet (Lopez-
Mosqueda et al., 2016; Stingele et al., 2016).

Recent studies demonstrated that DPC-inducing agents trigger widespread
SUMO-targeted ubiquitylation on DPCs via the PIAS4-RNF4 pathway, which
triggers DPC degradation by the proteasome. Thus, SPRTN’s UBZ domain may
also engage with specific ubiquitylation signals on the DPC itself. In agreement,
SPRTN AUBZ mutant strongly reduced its ability to precipitate ubiquitin and SUMO
conjugates (Krastev et al., 2022; Liu et al., 2021; Ruggiano et al., 2021; Sun et al.,
2020a). This assumption corresponds to our previous hypothesis that the interaction
between SPRTN and ubiquitin signals on DPCs exposes monoubiquitin on SPRTN,
thereby allowing USP7 to remove the modification (Zhao et al., 2021). However, in
contrast to this interpretation, an assay performed in Xenopus egg extracts revealed
proficient SPRTN-mediated DPC cleavage even when the ubiquitylation of DPCs
was prevented (Larsen et al., 2019). These observations suggest that not all DPCs
are modified by ubiquitin, and that they can undergo other PTMs or interact with
additional proteins to recruit SPRTN to the lesion. Another alternative explanation is
that some other proteins in the proximity of DPCs are modified by ubiquitin and
subsequently recruit SPRTN to the damage sites. Moreover, people utilized global
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SUMO or ubiquitin E1 inhibitors to investigate the role of each modification in
SPRTN relocalization and DPC removal (Borgermann et al., 2019; Ruggiano et al.,
2021). However, it is not possible to distinguish whether these modifications occur
on the DPC or on proteins in its vicinity. Abrogating TOP1 SUMOylation by mutating
four key lysines residues showed only a minor effect on TOP1ccs repair in Atdpl
and Awssl yeast strains (Serbyn et al., 2021). However, to date, no in vivo assay
has been conducted in mammalian cells to investigate if impairing DPC
modifications defects SPRTN recruitment or DPC repair. Therefore, further cellular
studies are required to define the precise role of modifications of the DPC itself or
surrounding proteins in the recruitment of SPRTN to chromatin.

In addition to ubiquitylation, the role of phosphorylation and acetylation of
SPRTN in regulating chromatin localization have been studied. Halder et al.
demonstrated that replication fork stalling triggers phosphorylation of serines 373,
374 and 383 on SPRTN by CHK1. SPRTN phosphorylation in turn leads to cleavage
of CHK1 evicting it from replicative chromatin and releasing N-terminal kinase-
activated CHK1 fragments. Interestingly, the phosphorylation of SPRTN regulated
its localization to chromatin. Ectopic expression of CHK1 led to hyper-accumulation
of SPRTN on chromatin, and overexpression of phosphorylation-mimetic but not
phosphorylation-defective SPRTN variants resulted in the restoration of DNA
replication defects in SPRTN-depleted cells, indicating the essential role of SPRTN
phosphorylation in chromatin localization and securing DNA replication (Halder et
al., 2019). In addition, Huang et al. revealed that VCPIP1 deubiquitylates SPRTN
upon DPC induction, which is followed by PCAF/GCN5-mediated SPRTN
acetylation on lysine 230 (K230), which promotes SPRTN relocation to the DNA
damage sites. Arginine substitution of K230 abrogated recruitment of SPRTN to
chromatin, while a glutamine (mimicking hyperacetylated SPRTN) substitution
increased the chromatin association of SPRTN in unstressed cells, suggesting that
acetylation of SPRTN regulates its chromatin access. However, it is unclear if these
two modifications of SPRTN (phosphorylation and acetylation) directly regulate
SPRTN relocalization or control chromatin binding by influencing SPRTN auto-
inactivation. Therefore, the connection between modifications of SPRTN and its
stability or autocleavage should be tested in the future.

Taken together, SPRTN can bind to DNA damage sites via its DNA binding
domains, but the precise mechanism of how SPRTN is recruited to chromatin

90



Discussion

remains largely unknown: is SPRTN recruited by PTMs on the DPC itself or on
surrounding proteins? Future studies need to address these questions and
determine if a general mechanism appears to direct SPRTN localization, and if not,

how are the signals coordinated to guide SPRTN to lesions in different scenarios?

4.3 Regulation of SPRTN’s enzymatic activity

Previous studies found that complete loss of SPRTN causes early embryonic
lethality, and SPRTN hypomorphic mice with insufficient SPRTN levels present with
senescence and progeria phenotype, indicating that SPRTN is essential for viability
(Maskey et al., 2014). Patient mutations in the SPRTN gene result in a premature
stop codon leading to loss of the C-terminal of SPRTN (SPRTN-AC) or a tyrosine to
a cysteine exchange at position 117 (SPRTN-Y117C), which leads to the
development of Ruijs-Aalfs syndrome (RJALS). This human genetic disorder is
characterized by abnormal facial and skeletal features and development of
hepatocellular carcinoma (Lessel et al., 2014; Ruijs et al., 2003). It has been
proposed that unrepaired endogenous DPCs cause the pathology of Ruijs-Aalfs
syndrome patients (Stingele et al., 2017).

Given that the Y117C substitution reduced SPRTN autocleavage as well as
substrate cleavage and failed to rescue hypersensitivity to DPC-inducing reagents
but had no effect on DNA binding ability, it is assumed that the active site of this
variant might be unable to form correctly because of the proximity of Y117 to the
catalytic center (E112) (Lessel et al., 2014; Lopez-Mosqueda et al., 2016; Stingele
et al.,, 2016; Vaz et al.,, 2016). Compared to the Y117C variant, SPRTN-AC is
mislocalized to the cytoplasm due to loss of the nuclear localization signal (NLS).
Although SPRTN-AC bears an intact protease domain and retains autocleavage
activity, it can only partially resolve DPCs (Lopez-Mosqueda et al., 2016; Stingele
etal., 2016; Vaz et al., 2016). Preliminary data from our group found that the addition
of NLS to SPRTN restores its localization to the nucleus but does not fully rescue
DPC cleavage, corresponding to previous observations on TOP2cc degradation and
indicating that the C-terminus of SPRTN is indispensable for SPRTN activation
regardless of cellular localization (Lopez-Mosqueda et al., 2016). SPRTN harbours
three protein-protein interaction motifs for binding PCNA, p97, and ubiquitin in its C-
terminal tail. However, SPRTN UBZ mutant but not SHP and PIP are impaired in
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DPC proteolysis in frog egg extracts (Larsen et al., 2019). Consistently, preliminary
data from our group showed that only the SPRTN UBZ mutant variant abolished
DPC cleavage in cells. Moreover, the addition of free ubiquitin facilitates both
SPRTN autocleavage and substrate cleavage, indicating the importance of
interaction between ubiquitin and SPRTN UBZ domain in regulating SPRTN
enzymatic activity (Lopez-Mosqueda et al., 2016).

Intriguingly, patients lacking the entire C-terminal domain of SPRTN are viable,
whereas completely losing SPRTN expression is lethal, which is in agreement with
previous findings that SPRTN-AC remains partial protease activity (Lessel et al.,
2014; Lopez-Mosqueda et al., 2016; Stingele et al., 2016; Vaz et al., 2016). However,
it remains unclear why the RJALS syndrome variant SPRTN-AC retains a large
degree of function despite mislocalizing to the cytoplasm and lacking the ability to
bind ubiquitin. First of all, preliminary data from our group demonstrated that adding
an Exportin-1 inhibitor restored SPRTN-AC localization to the nucleus, suggesting
that SPRTN’s localization is a dynamic process. Secondly, our data showing that
SPRTN-AC can undergo mono-ubiquitylation indicates that an second ubiquitin-
binding domain may exist in SPRTN-AC (Zhao et al., 2021). Finally, we observed a
reduction in formaldehyde-induced cellular autocleavage of SPRTN-AC compared
to WT, perhaps resulting in longer lifetime of SPRTN-AC at sites of DNA damage.
Taken together, we hypothesize that SPRTN-AC can resolve DPCs, albeit less
efficient than the WT enzyme. In addition, SPRTN-AC might also raise problems
due to the lack of negative regulation, which may contribute to the phenotypes
observed in Ruijs-Aalfs syndrome patients.

To sum up, the DNA-dependent DPC protease activity of SPRTN is quite well
understood. Further studies need to explore the potential additional ubiquitin-
binding motif of SPRTN to investigate the precise role of SPRTN mono-
ubiquitylation in DPC proteolysis. Our data demonstrated that ubiquitin-fusion
enhanced autocleavage of SPRTN but not substrate cleavage, which could indicate
that excessive auto-inactivation of SPRTN prohibits DPC cleavage. Therefore,
altering SPRTN autocleavage sites (to prohibit autocleavage) will be critical for
distinguishing SPRTN’s activity in auto-inactivation and substrate degradation.
Moreover, the principles of SPRTN recruitment to DPCs remain largely unknown.
Even though some factors were implicated (Fielden et al., 2020; Kréning et al.,
2022), no general consensus has emerged on the mechanism of SPRTN
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recruitment. Whether a universal pathway exists that senses DPC lesions and
activates SPRTN remains unclear. Recently, PIAS4-RNF4-mediated SUMO-
targeted ubiquitylation has been observed to be involved in the removal of various
DPCs, including M.Hpall, DNMT1, TOP1, TOP2-DPCs and trapped PARP1,
suggesting it might be a conserved signal that directs DPCs proteolysis (Sun, et al.,
2020; Liu et al., 2021; Krastev et al., 2022). If so, how are the diverse DNA-
crosslinked proteins or proteins surrounding DPC recognized by the PIAS4 SUMO
E3 ligase? Replisomes encountering the DNA insults can be excluded, because
DPCs still undergo SUMO-targeted ubiquitylation independent of replication. Also,
SUMO inhibition in Xenopus egg extracts did not affect replication-coupled DPC
proteolysis, leading to the assumption that transcription might be involved in sensing
DPCs (Liu et al., 2021). Moreover, it is hard to state if SUMO-targeted ubiquitylation
on DPCs signals the proteolysis by SPRTN, since SPRTN-mediated DPC cleavage
has not been detected in vivo yet. Hence, a reliable in vivo method is demanded to
determine which proteins are crosslinked and to show their repair kinetics.

4.4 RNA-protein crosslink resolution

The cellular and biochemical data obtained in this study suggest that RPCs are a
quality control problem that potentially originates from endogenous formaldehyde.
RPCs lead to ribosome stalling and ribosome collisions, which further result in the
activation of ribosome collision-associated signalling pathways, including RSR, ISR
and RQC. The results of cellular viability assays indicate that RSR and ISR trigger
cell death upon RPC formation, while ZNF598, initiator of RQC, protects cells
against RPCs. However, the phenotype observed in ZNF598-deficient cells is
relatively mild, suggesting that RQC is not the major mechanism to counteract RPCs.
Therefore, this work suggests that cells must have evolved other pathways to
resolve RPCs.

4.4.1 Translation-coupled ubiquitylation and resolution of RPCs

Our polyA pull-down experiments demonstrated that mRNA-crosslinked proteins
undergo poly-ubiquitylation, indicating a functional role of this modification in RPC
resolution. To better understand the contribution of ubiquitylation to the resolution
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of RPCs, we established an approach that combines polyA pull-down with
ubiquitin E1 inhibitor and MS measurements to follow the resolution kinetics of
crosslinked proteins in the presence or absence of ubiquitylation. Studying different
species of mRNA-crosslinked proteins specifically, YBX1, YBX3, HDLBP, SND1,
and SERBP1 gave us insight into different protetial RPC resolution pathways. We
observed that the addition of ubiquitin E1 inhibitor blocks the resolution of HDLBP-
and SND1- but not YBX1- and YBX3-mRNA crosslinks, suggesting that there are at
least two different pathways to resolve RPCs: ubiquitin-dependent and ubiquitin-
independent. Notably, the turnover of SERBP1-mRNA crosslinks seems to be
unaffected by the Ub-E1 inhibitor based on MS analysis which is in contrast to
western blotting results. We hypothesized that mRNA-crosslinked SERBP1 are
poly-ubiquitylated but that this modification has no effect on its turnover (therefore,
some poly-ubiquitylated SERBP1 would collapse into the SERBP1 band in the
presence of ubiquitin E1 inhibitor in western blotting experiments, while the total
amounts are not affected, as measured by MS).

Moreover, poly-ubiquitylated proteins are typically the substrates of
proteasomal proteolysis or lysosomal autophagy, which are two vital pathways for
protein degradation in eukaryotic cells (Komander and Rape, 2012). The 26S
proteasome is the major proteolytic machinery that recognizes poly-ubiquitin chains,
especially K48 chains, on substrates and sequentially unfolds, deubiquitylates and
degrades poly-ubiquitin-modified proteins (Bard et al., 2018). Autophagy is a cellular
process that was originally considered to be a non-selective mechanism to eliminate
bulky dysfunctional cytosolic material in response to starvation, wherein the double
membrane autophagosome sequesters the damaged proteins or organelles
followed by lysosome fusion and substrate degradation (Klionsky, 2007). Emerging
evidence suggests the existence of selective autophagy, which degrades various
cellular organelles or substances, including misfolded protein aggregates,
mitochondria and ribosomes. In many types of selective autophagy, substrates
undergo poly-ubiquitylation, wherein the poly-ubiquitin chains serve as a signal for
autophagy receptors (Chen et al., 2019; Khaminets et al., 2016; Stolz et al., 2014).
The addition of proteasome inhibitor (MG132) but not autophagy inhibitor
(Bafilomycin Al) stabilized the levels of mRNA-crosslinked SND1 and HDLBP,
implying that the degradation of these RPCs is specifically dependent on
proteasome.
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Strikingly, inhibiting translation by high dose anisomycin (ANS, leads to global
ribosome stalling) diminishes poly-ubiquitylation of crosslinked proteins to a large
extent, indicating that this modification is translation-dependent. Moreover, the
clearance of mMRNA-crosslinked SND1, HDLBP, YBX1 and YBX3 but not SERBP1
was abolished by inhibiting translation with high dose ANS. Combining these
results we proposed that translating ribosomes can serve as a sensor to detect
MRNA-crosslinked proteins and trigger their ubiquitylation followed by proteasomal
degradation as well as existence of a ubiquitin- and proteasome-independent
turnover mechanism. We think the resolution of YBX1- or YBX3-mRNA-crosslinks
which is ubiquitin- and proteasome-independent could be caused by mRNA
degradation. In this setting, mMRNA cleavage may also occur in a translation-
dependent manner. The fate of SERBP1 mRPCs remains unclear.

The model presented in our manuscript suggests that ribosomes trigger
ubiquitylation and proteasomal degradation of the protein adducts ahead and stall
with crosslinked peptide remnants in the A site. To test this model, T-C conversion
rates could be measured immediately or 30 minutes after induction of RPCs. If the
model is correct, the accumulation of T-C conversion in the A-sites would be more
increase over time, suggesting that ribosome stall with crosslinked amino acids in
the A site over time. Moreover, the addition of high-dose ANS, Ub-E1 inhibitor or
MG132 which abrogate RPCs clearance would be expected to diminish the
accumulation of T-C conversions in the A-site. The fate of mMRNAs containing
crosslinked peptide remnants and why cells employ distinct mechanisms for
different types of crosslinked proteins are exciting future research questions.

4.4.2 Additional factors involved in RPC resolution?

In this study we discovered that RPC formation is toxic and triggers translation
inhibition which further induces cellular stress responses and quality control
pathways regulating cellular viability. Nevertheless, we did not investigate a specific
factor involved in RPC resolution apart from the proteasome. Our data
demonstrated that mRNA-crosslinked proteins undergo translation-dependent poly-
ubiquitylation, which is essential for resolving a large proportion of RPCs. Therefore,
determining the precise involved ubiquitin E3 enzymes that facilitate this

ubiquitylation will be critical to understand the mechanism of how RPCs are resolved
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by the cell. According to our preliminary data, the addition of NEDDylation inhibitor
had no effect on the level of ubiquitylation of mMRNA-crosslinked proteins, indicating
that the Cullin-RING E3 ubiquitin-Ligases (CRLs) are not involved (Petroski and
Deshaies, 2005). However, no ubiquitin E3 ligase is significantly recruited to
ribosomes based on our preliminary polysome profiling MS results, suggesting no
or only transient interaction between ribosomes and E3 ligases upon RPC induction.

To address the above question, a protein-protein crosslinker could be utilized
to stabilize the interaction between E3 ligases and the substrates. Briefly, after 4-
SU treatment and UVA irradiation, the protein-protein crosslinker is added to the
cells, followed by polyA pull-down and MS measurement. This will allow us
determine the proteins that interact with RPCs and potentially capture of resolution
factors that are recruited to RPCs that interact with their substrates. This would also
enable the investigation of ubiquitylation-independent RPC resolution pathways.
Alternatively, a proximity labelling method called TurbolD could be utilized to identify
proximal proteome of ribosomes after cells are challenged by RPCs. TurbolD is a
molecular biology tool that allows researchers to identify unknown interactors of a
protein of interest. It consists of an engineered biotin ligase that catalyses biotin-
AMP formation, which reacts with lysine residues of proximal proteins by forming
covalent bonds. After that, protein pull-down using streptavidin-coupled beads and
MS measurement are conducted to identify the interactome (Branon et al., 2018;
Cho et al., 2020). This approach would identify proteins specifically associating with
the ribosome upon RPC formation, which would be good candidates for factors
involved in RPC resolution.

To gain more insight into how cells sense, respond to, and clear RPCs, a
genome-wide CRISPR Cas9 screen would be an unbiased approach. Such a loss-
of-function genetic screen will allow us to identify the network that provides RPC
resistance. In brief, RPCs would be induced in cells after transduction with a
lentiviral sgRNA library, followed by determining sgRNA frequencies by sequencing
at several recovery time points. This will reveal sgRNAs that specifically dropped
out when cells are challenged by RPC formation. Genes targeted by these sgRNAs
will be promising candidates for an involvement in resistance to RPCs. However,
such genome-wide genetic screens usually result in a large number of hits (Olivieri
et al., 2020), making the selection and follow-up analysis complex and raising the
risk of overlooking vital factors. To ensure optimal hit selection, a second genetic
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screen in a different species, e.g. yeast, could be conducted. Focusing on common
candidates across the two screens will ensure the selection of factors playing a role
in evolutionarily conserved resistance mechanisms. Detailed functional assays can
follow up the investigation of these hits, including cellular viability towards RPC
formation, monitoring the resolution kinetics of MRNA-crosslinked protein,
assessing in vitro RPC formation and clearance, etc. In conclusion, our study
established tools to induce and monitor RPCs and revealed first principles of RPC
quality control mechanisms, but there are still many open questions regarding
involved factors and mechanisms of RPC clearance. Further studies will be required
to address these questions to provide a full picture of cellular RPC resolution
mechanisms.

4.5 Physiological and pathological roles of RPCs

The ribosome is an essential cellular machinery that performs protein synthesis. Our
study demonstrated that RPCs trigger ribosome collisions and impede translation
leading to cellular toxicity. Furthermore, we showed that formaldehyde generates
RPCs and induces the same cellular stress responses triggered by RPCs, indicating
that RPC is a major problem caused by endogenous formaldehyde. Therefore, we
hypothesize that RPC formation contributes to formaldehyde-induced toxicity.

4.5.1 RPCs and ribosomopathies

Ribosome dysfunction leads to both congenital and acquired human disorders,
known as ribosomopathies, including Diamond-Blackfan anemia (DBA),
Schwachman-Diamond syndrome (SDS) and Treacher-Collins syndrome (TCS)
(Liu and Ellis, 2006). DBA is a rare blood disorder characterized by bone marrow
failure leading to decreased levels of erythroid precursors, anaemia and a
predisposition to cancer (Lipton and Ellis, 2009; Narla and Ebert, 2010). Previous
studies demonstrated that more than half of the DBA patients bear genetic
mutations in various ribosomal protein-coding genes, which impair ribosome
biogenesis and result in insufficient mature ribosomes in cells (Da Costa et al., 2018;
Draptchinskaia et al., 1999; Ulirsch et al., 2018). The original idea suggests that the
shortage of ribosomes affects the translation of proteins critical in erythropoiesis, or
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that non-ribosomal related functions of mutated ribosomal proteins are impeded
(Narla et al., 2011; Warner and Mcintosh, 2009). Emerging research suggested that
the p53-mediated cellular stress response is essential when facing ribosomal
protein insufficiency, wherein the ribosome biogenesis disruption results in the
release of free RPL11 and other ribosomal proteins to the nucleoplasm, which bind
to MDM2, leading to p53 accumulation and activation, ultimately triggering cycle
arrest, senescence, autophagy and apoptosis (Narla et al., 2011; Zhang and Lu,
2009). Moreover, homozygous loss of p53 in the DBA mice model fully rescued the
hematopoietic defects indicating the fundamental role of MDM2-p53 pathway in
DBA pathomechanism (McGowan et al., 2008).

Mutations in ribosomal protein genes are expected to cause widespread
phenotypes throughout the organism, but the clinical manifestations of DBA patients
suggest DBA is a tissue-specific defect (Farley-Barnes et al., 2019). One
explanation of the hematopoietic system-specific disorder is due to the tissue-
restricted activation of the p53 pathway, which is more sensitive during
hematopoietic stem cell (HSC) differentiation (Mills and Green, 2017). However,
how the upstream signal of p53 leads to bone marrow failure but spares other types
of cells remains undefined. Recent studies demonstrated that endogenous
formaldehyde is released during HSC differentiation, which is highly reactive and
damages DNA by forming ICLs and DPCs (Jung and Smogorzewska, 2021; Shen
et al., 2020). In this context, it will be interesting to test whether the formaldehyde-
induced formation of RPCs during HSC differentiation is a source of damage,
enhancing the burden in DBA patients. Our data from this study suggests that the
clearance of mRNA-crosslinked proteins is largely translation-dependent, which can
be affected by the lack of mature ribosomes, leading to RPC persistence and
translation defects. Furthermore, RPCs formed within ribosomes between ribosomal
proteins and rRNAs can be an additional reason triggering translation collapse.
Taken together, the burst of endogenously produced formaldehyde in HSCs and
defects in ribosomal proteins may easily impair translation, leading to cell death and
therefore impeding formation of erythrocytes by the hematopoietic system.
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4.5.2 RPCs and aging

Translation dysfunction leads to nascent polypeptide chain misfolding, resulting in
the formation of toxic protein aggregates, which eventually impairs cellular fitness
and contributes to the development of age-related neurodegenerative diseases,
such as Alzheimer’s disease, Huntington’s disease and Parkinson’s disease. (Chiti
and Dobson, 2006; Ishimura et al., 2014; Kim et al., 2015; Nedialkova and Leidel,
2015). However, the connection between aging and the decline of cellular
proteostasis remains unclear. Emerging research demonstrated that aging
exacerbates ribosome pausing, thereby increasing ribosome collisions. As a
consequence the RQC pathway becomes overwhelmed, leading to co-translational
proteostasis disruption and polypeptide aggregation (Stein et al., 2022).
Nevertheless, the primary mechanism of how aging triggers ribosome stalling and
interrupts cellular translation efficiency is unknown.

It has been reported that formaldehyde, a by-product of various metabolic
reactions, appears in almost every vertebrate cell, and relatively high formaldehyde
concentration have been detected in the brains of healthy adult animals (Kou et al.,
2022; Wang et al., 2022). Previous studies suggested that aging induces memory
decline associated with formaldehyde accumulation in mice models. Injection of
formaldehyde into brains of healthy mice leads to spatial reference memory
impairment, whereas adding formaldehyde scavenger, resveratrol, efficiently
removes formaldehyde and attenuates the damage of learning and memory in the
senile dementia mouse model (Tong et al., 2011). Moreover, endogenous
formaldehyde is metabolized by alcohol dehydrogenase 5 (ADH5) and aldehyde
dehydrogenase 2 (ALDH2) (Edenberg and Foroud, 2013; Pontel et al., 2015; Teng
et al., 2001). Researchers observed that deficiency of ALDH2 or ADH5 induces age-
dependent neurodegeneration in mice and also discovered a cell senescence-
associated reduction of ADH5 expression (Ai et al., 2019; Ohsawa et al., 2008;
Rizza et al., 2018). The above evidence indicates that formaldehyde-induced stress
increases during aging, which may contribute to the risk of age-associated decline
of brain function.

Even though it has been speculated that endogenous formaldehyde
accelerates cell senescence and aging by impairing mitochondria quality control

(Rizza et al., 2018), it will be interesting to understand whether increased
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formaldehyde levels lead to RPC formation and thereby also contribute to ribosome
stalling, nascent protein misfolding and aggregating during aging. Detecting the
cellular markers of senescence after RPC induction will be pivotal to address this
question. Additionally, a method allowing the accurate detection of RPCs in vivo
should be developed to investigate animal and cellular aging models. Moreover, it
will be worthwhile to test whether the addition of formaldehyde scavengers alleviates
the excess ribosome pausing and collisions reported in worm and yeast models of
aging (Stein et al., 2022). To conclude, studying the resolution mechanism of
formaldehyde-induced RPC will be helpful to understand the connection between
aging and ribosome deceleration, providing new insights into the pathophysiology
of aging-related neurodegenerative diseases and potential therapeutic targets.
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ABSTRACT

Repair of covalent DNA—protein crosslinks (DPCs) by
the metalloprotease SPRTN prevents genome insta-
bility, premature aging and carcinogenesis. SPRTN is
specifically activated by DNA structures containing
single- and double-stranded features, but degrades
the protein components of DPCs promiscuously and
independent of amino acid sequence. This lack of
specificity is useful to target diverse protein adducts,
however, it requires tight control in return, in order
to prohibit uncontrolled proteolysis of chromatin pro-
teins. Here, we discover the components and princi-
ples of a ubiquitin switch, which negatively regulates
SPRTN. We demonstrate that monoubiquitylation is
induced in an E3 ligase-independent manner and, in
contrast to previous assumptions, does not control
chromatin access of the enzyme. Data obtained in
cells and in vitro reveal that monoubiquitylation in-
duces inactivation of the enzyme by triggering auto-
catalytic cleavage in trans while also priming SPRTN
for proteasomal degradation in cis. Finally, we show
that the deubiquitylating enzyme USP7 antagonizes
this negative control of SPRTN in the presence of
DPCs.

INTRODUCTION

Covalent DNA-protein crosslinks (DPCs) are particularly
dangerous DNA lesions, which interfere with all basic chro-
matin transactions including transcription and replication
(1-3). Endogenous DPCs are not only caused by toxic
metabolites such as reactive aldehydes but also by entrap-
ment of covalent reaction intermediates of enzymes such
as topoisomerases (4). Moreover, crosslinking can be in-
duced by exogenous agents such as ionizing radiation as
well as by various widely-used chemotherapeutics (5,6). The

protein component of DPCs is targeted for repair by pro-
teases of the Wss1/SPRTN family (7-14). The human pro-
tease SPRTN is essential for viability in mammalian cells,
which highlights the scale of the threat posed by endoge-
nous DPCs (15). Moreover, germline mutations in SPRTN,
which result in the deletion of the enzyme’s C-terminal tail,
are causative for Ruijs-Aalfs syndrome (RJALS) (16,17).
RJALS is characterized by premature aging and early-
onset hepatocellular carcinomas with similar phenotypes
being observed in hypomorphic Sprtn mutant mice (16—
18). SPRTN is a DNA-dependent metalloprotease, which
is activated by DNA structures containing single- (ss) and
double-stranded (ds) features, such as ss-/dsDNA junctions
or frayed dsDNA ends (19). However, SPRTN’s proteolytic
activity is highly promiscuous (8,9,11). The lack of prefer-
ence for certain amino acid sequences is required to tar-
get diverse DPCs, but it demands tight control in return.
A substantial fraction of SPRTN (30-50%) is constitutively
monoubiquitylated (20-22). The modification is strongly
reduced in SPRTN variants with amino acid replacements
in the enzyme’s C-terminal ubiquitin-binding zinc finger
(UBZ) (20-22). Attempts to identify the site of monoubiq-
uitylation by mass spectrometry revealed four potentially-
modified lysine (K) residues, but SPRTN variants with col-
lective lysine-to-arginine (KR) substitutions retained the
modification (8). It has been proposed that monoubiquity-
lation regulates chromatin access of the enzyme because the
recruitment of SPRTN to chromatin upon DPC induction is
accompanied by rapid deubiquitylation (8). However, test-
ing this model directly, has not been possible because the
involved deubiquitylating enzyme (DUB) is unknown. Ac-
cordingly, the mechanistic principles of SPRTN’s regulation
by monoubiquitylation remain unclear.

Here, we identify the DUB USP7 as the factor responsi-
ble for deubiquitylating SPRTN when cells are challenged
by DPCs. Moreover, we reveal that monoubiquitylation in-
duces direct inactivation of SPRTN rather than regulat-
ing chromatin recruitment of the enzyme. The modifica-
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tion triggers autocleavage of the protease while also en-
hancing proteasomal degradation by priming polyubiquity-
lation. Finally, in vitro experiments suggest that the consti-
tutive monoubiquitylation occurs in a highly promiscuous
E3 ligase-independent manner. Taken together, we unravel
the principles and components of a regulatory switch, which
allows safe operation of a potentially dangerous enzymatic
activity in human cells.

MATERIALS AND METHODS
Antibodies and inhibitors

Anti-Strep (ab76949) and anti-Histone H3 (ab10799) anti-
bodies were purchased from Abcam; anti-Tubulin (T6074),
anti-Flag (F3165) and anti-Rat IgG (A9037) antibodies
were purchased from Sigma; anti-GAPDH (2118) antibody
was purchased from Cell Signaling; anti-USP7 (sc-137008)
and anti-Histone H1 (sc-377468) were purchased from
Santa Cruz; Goat Anti-Mouse Immunoglobulins/HRP
(P0447), Swine Anti-Rabbit Immunoglobulins/HRP
(P0399) antibodies were purchased from Dako and anti-
GFP (PABGI, used for detection of YFP) was purchased
from Chromotek. Rat monoclonal anti-human SPRTN
antibody (6F2) was generated by immunization of Wis-
tar rats with purified GST-tagged SPRTN-AC, which
was expressed in insect cells as described previously (8).
Hybridoma supernatants were screened by ELISA for
binding to purified untagged SPRTN protein and further
validated by western blot analysis on HeLa cell lysates as
well as recombinant protein. Clone SPRT 6F2 (IgG2a)
was subcloned twice by limited dilution to obtain a stable
monoclonal hybridoma cell line. For inhibition of the
ubiquitin-activating enzyme E1 MLN7243 (TAK-243) was
purchased from Chemietek and used at 1 wM final con-
centration (23). For inhibition of proteasomal degradation
MG132 was purchased from Sigma (M7449) and used at 5
pM final concentration. For inhibition of protein synthesis
cycloheximide was purchased from Sigma (C4859) and
used at 100 pg/ml final concentration.

Cell lines

HCT116 wild-type (WT), HCT116 USP7 KO and HAPI1
WT, VCPIPI KO, USPI11 KO cells were purchased from
Horizon Discovery. HeLa T-REx Flp-In, 293 T-REx Flp-In
and DLDI1 cells were provided by Cell Services, The Fran-
cis Crick Institute. HeLa T-REx Flp-In cells stably express-
ing YFP-SPRTN-Strep-tag variants were generated using
the Flp-In system (Thermo Fisher) according to manufac-
turer’s instructions.

Transient transfection

For transient transfections cells were grown to 70-90% con-
fluency in 12-well plates. Plasmids (1 pg plasmid) and Lipo-
fectamine 2000 reagent (Invitrogen, 1 wl/pg plasmid) were
diluted in 50 wl Opti-MEM Medium each. Plasmid and
Lipofectamine 2000 dilutions were mixed following a 5
min incubation. After an additional 15 min incubation, the
transfection mix was added to the cells.
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siRNA transfection

Cells were grown to 20-30% confluency in 6-well plates.
3 pl siRNA (20 pM, ON TARGETplus SMARTpool,
Horizon, USP7 (L-006097-00-0005), USP11 (L-006063-00-
0005), VCPIP1 (L-019137-00-0005), Control (D-001810-
10-05)) and 3 pl Lipofectamine RNAIMAX Transfection
Reagent (Invitrogen) were each diluted in 100 wl Opti-
MEM Medium. siRNA and Lipofectamine RNAIMAX
Transfection Reagent dilutions were mixed following a 5
min incubation. After an additional 15 min incubation, the
transfection mix was added to the cells. After 48 h, cells were
reseeded into 60 mm dishes, followed by chromatin fraction-
ation the following day.

Generation of USP7 knock-out cells

USP7 gRNAl (GGTCTGTCTGGATAAAAGCQG)
and gRNA2 (GAGTGATGGACACAACACCG) were
inserted into Lenti-multi-CRISPR plasmid (Addgene
#85402; RRID: Addgene_85402) as described previously
(24). The resulting plasmid was then transiently transfected
into HAP1 or DLDI cells using Lipofectamine 2000
(Invitrogen) to generate USP7 knock-out cells. One day
after transfection, cells were selected by Puromycin for 48
h. Selected cells were then reseeded in 96-well plates (0.5
cell/well) to generate single clones. Single clones were then
screened using western blotting with anti-USP7 antibody.

Purification of partially ubiquitylated YFP-SPRTN-EQ-
Strep

293 T-REx Flp-In cells expressing YFP-SPRTN-EQ-Strep
were grown in two 245 x 245 mm dishes to 50% confluency
before overnight induction of protein expression by addi-
tion of 1 pwg/ml doxycycline. Cells were harvested by scrap-
ing, washed twice in PBS and stored at —80°C. For purifica-
tion, cells were thawed and resuspended in 10 ml lysis buffer
(50 mM HEPES/NaOH pH 7.2, 1 M NaCl, 10% glyc-
erol, 1% IGEPAL CA-630, cOmplete EDTA free protease
inhibitors, 0.04 mg/ml PefaBloc SC and 20 mM iodoac-
etamide). Following sonication and Benzonase (4 U/ml)
digestion for 30 min at 4°C, lysates were cleared by cen-
trifugation (23 500 g, 45 min, 4°C). 60 p.l MagStrep type3
XT beads (5% (v/v) suspension) were incubated with the
supernatant for 1 h at 4°C prior to three wash steps with
wash buffer (50 mM HEPES/NaOH pH 7.2, 0.5 M NacCl,
10% glycerol). Finally, purified YFP-SPRTN-EQ-Strep was
eluted in 3 x 80 wl elution buffer (50 mM HEPES/NaOH
pH 7.2, 0.5 M NacCl, 10% glycerol, 50 mM biotin).

DUB screen

71 ¢cDNAs encoding human DUBs (hORFeome v8.1
Deubiquitinating Enzymes collection + seven additional
ORFeome clones: Clonelds: 100011387, 100010734,
100002718, 100066416, 100070362, 100068239) were
sub-cloned into pDEST17 using Gateway LR Clonase
II (Invitrogen). Plasmids were then transformed into
Escherichia coli BL21 (DE3) cells for protein expression in
50 ml cultures. Cell pellets were resuspended in BugBuster
reagent (Merck Millipore, 5 ml/g). Benzonase (25 U/ml)
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and DTT (5 mM) were added prior to an incubation of
20 min at room temperature. Lysates were then cleared
by centrifugation (16 000 g, 20 min, 4°C). Lysates were
mixed in pools of three prior to assessing their ability
of deubiquitylating YFP-SPRTN-EQ-Strep. To this end,
purified partially ubiquitylated YFP-SPRTN-EQ-Strep
was incubated with lysate pools for 30 min at 25°C. Lysates
of non-transformed BL21 cells served as negative control,
the unspecific deubiquitylating activity of the catalytic
domain of USP2 (USP2%, BostonBiochem, E-504) as
positive control. Deubiquitylation was then assessed using
SDS-PAGE followed by western blotting using anti-Strep
antibody.

DUB activity assays

Candidate DUBs were partially purified using a standard
Ni-NTA-purification strategy and then tested for their ac-
tivity either using a ubiquitin—rhodamine cleavage assay kit
(BostonBiochem) following the manufacture’s instructions
or by incubation with partially ubiquitylated Y FP-SPRTN-
EQ-Strep for 30 min at 25°C followed by SDS-PAGE and
western blotting using anti-Strep antibody.

Expression and purification of recombinant proteins

SPRTN codon-optimized for bacterial expression (using
GeneOptimizer) was expressed from a pNIC-Strep-ZB-
SPRTN plasmid as previously described (19). SPRTN-
UbLF was generated using Gibson assembly cloning.
Flag-SPRTN was generated using insertional mutagene-
sis. For protein expression plasmids were transformed into
BL21(DE3) E. coli cells and grown at 37°C in Terrific broth
(TB) medium until they reached OD 0.7. Protein expres-
sion was induced by addition of 0.5 mM IPTG over night
at 18°C. Next, cells were harvested, resuspended in buffer
A (50 mM HEPES/KOH pH 7.2, 500 mM KCI, 1 mM
MgCl,, 10% glycerol, 0.1% IGEPAL, 0.04 mg/ml Pefa-
bloc SC, cOmplete EDTA-free protease inhibitors, 1 mM
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), pH
7.2) and lysed by sonication. All steps were carried out at
4°C. Cell lysate was incubated with benzonase (45 U/ml
lysate) for 30 min on ice prior to the removal of cell debris by
centrifugation at 18 000 g for 30 min. Cleared supernatant
was applied to Strep-Tactin® XT Superflow® high capacity
cartridges, washed with 3 column volumes (CV) of buffer A
and 4 CV of buffer B (50 mM HEPES/KOH pH 7.2, 500
mM KCl, 10% Glycerol, | mM TCEP, pH 7.2). Proteins
were eluted in 6 CV buffer C (50 mM HEPES/KOH pH 7.2,
500 mM KCl, 10% glycerol, ] mM TCEP and 50 mM biotin,
pH 7.2). Eluted proteins were further applied to HiTrap
Heparin HP affinity columns and washed with 3 CV buffer
B before eluting in buffer D (50 mM HEPES/KOH pH
7.2, 1 M KCl, 10% glycerol, | mM TCEP, pH 7.2). Eluted
fractions containing recombinant SPRTN protein were de-
salted against buffer B using PD-10 desalting columns. The
affinity tag was cleaved off over night at 4°C by the ad-
dition of His-tagged TEV protease with 1:10 mass ratio.
Cleaved recombinant SPRTN protein was further purified
by size exclusion chromatography using a HiLoad 16/600
Superdex 200 pg column equilibrated in buffer E (50 mM

HEPES/KOH pH 7.2, 500 mM KCl, 10% Glycerol, 0.5 mM
TCEP, pH 7.2). Eluted proteins were concentrated with 10
kDa cutoff Amicon Ultra centrifugal filters before snap-
freezing in liquid nitrogen and storing at —80°C.

UBE2D3 was sub-cloned into pDEST17 using Gateway
LR Clonase II (Invitrogen). For protein expression plas-
mids were transformed into BL21(DE3) E. coli cells and
grown at 37°C in Terrific broth (TB) medium until they
reached OD 0.7. Protein expression was induced by addi-
tion of 0.5 mM IPTG for 3 h at 37°C. Next, cells were
harvested, resuspended in buffer A (50 mM NaH,PO4 pH
8, 150 mM NaCl, 10 mM Imidazol and 0.5 mM TCEP),
with the addition of 0.04 mg/ml Pefabloc SC and ¢cOm-
plete EDTA-free protease inhibitors. The cells were then
lysed by sonication. All steps were carried out at 4°C. Cell
lysate was incubated with benzonase (45 U/ml lysate) for
30 min at 4°C prior to the removal of cell debris by cen-
trifugation at 16 000 g for 30 min. Cleared supernatant was
applied twice to Ni-NTA beads equilibrated in buffer A,
washed with 5 CV of buffer A and 7 CV of buffer B (50
mM NaH,PO4 pH 8, 500 mM NaCl, 20 mM Imidazol,
0.5 mM TCEP). Proteins were eluted in 5 CV buffer C (50
mM NaH,PO, pH 8, 500 mM NaCl, 250 mM Imidazol, 0.5
mM TCEP). Eluted fractions containing recombinant His-
UBE2D3 protein were desalted against buffer D (20 mM
Tris pH 7.5, 150 mM NacCl, 10% glycerol, 2 mM TCEP)
using PD-10 desalting columns. The recombinant protein
was further purified by size exclusion chromatography us-
ing a HiLoad 16/600 Superdex 200 pg column equilibrated
in buffer D. Eluted proteins were concentrated with 3 kDa
cutoff Amicon Ultra centrifugal filters before snap-freezing
in liquid nitrogen and storing at —80°C.

In vitro ubiquitylation assay

The E2 screen was conducted using the E2 screening kit
(UBPBIi0) according to the manufacturer’s instructions. In
brief, human E2 ubiquitin conjugating enzymes (2 wM)
were incubated together with catalytically inactive SPRTN-
E112Q (EQ) (2 wM), E1 ubiquitin activating enzyme (100
nM), ubiquitin (R&D Systems, U-100H, 50 wM) or no
lysines N-Terminal Biotin ubiquitin (R&D Systems, UB-
NOK-050, 50 wM), DNA (11.1 nM ®X174 virion) and
ATP (2 mM) for 1.5 h at 30°C. All other in vitro ubiqui-
tylation assays contained the indicated SPRTN variants,
E1 ubiquitin activating enzyme (300 nM), ubiquitin (50
pM), ATP (2 mM) and purified His-tagged UBE2D3 (con-
centrations as indicated in figure legends) and were incu-
bated for 1.5 h at 30°C. The catalytic domain of USP2
(USP2°Y) was purchased from BostonBiochem and was in-
cluded as indicated. Ubiquitylation reactions were stopped
by addition of 4x LDS sample buffer supplemented with -
mercaptoethanol and boiling at 95°C for 10 min and then
subjected to SDS-PAGE followed by staining with Instant-
Blue Coomassie protein stain. Contrast of scanned images
was adjusted globally using Adobe Photoshop software

In vitro protease assays

Reactions were performed in 20 pl containing the indicated
SPRTN variants (500 nM), histone HI1 (500 nM, NEB) as
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indicated and either ®X174 Virion ssDNA or RFI dsDNA
(11.1 nM, NEB). The reaction buffer comprised 19.5 mM
HEPES/KOH pH 7.2, 2.9% glycerol, 5 mM TCEP and ei-
ther 80 mM or 150 mM KCI. Reactions were incubated at
25°C for 1 h and stopped by the addition of 4x LDS sam-
ple buffer supplemented with B-mercaptoethanol. Samples
were boiled at 95°C for 10 min, resolved on 4-12% Bis—
Tris NuPAGE gradient gels and stained using InstantBlue
Coomassie protein stain or analysed by western blotting us-
ing anti-SPRTN, anti-Flag and anti-H1 antibodies. The in-
tensity of western blots and scanned gels was adjusted glob-
ally using Adobe Photoshop. Cleavage reactions were quan-
tified by dividing the amount of cleaved protein by the total
amount of protein (cleaved and uncleaved) as determined
by analysis of western blot results using Imagel.

Protein-oligonucleotide conjugate cleavage assay

Protein G was conjugated to the 5'-terminal, 3’-terminal
or an internal base of a 30mer oligonucleotide (5'-Cy5-AC
CAGTGCCTTGCTAGGACATCTTTGCCCA-3') as de-
scribed previously (19). Double-stranded DPCs were gener-
ated by annealing a complementary reverse oligonucleotide.
Annealing was carried out immediately prior to cleavage re-
actions by mixing conjugates and reverse oligonucleotides
ataratio of 1:1.2 in annealing buffer (25 mM HEPES/KOH
pH 7.2, 50 mM KCIl, 5% Glycerol, and 0.2 mg/ml BSA)
followed by an incubation for 2 min at 37°C and a subse-
quent decrease in temperature of 1°C/min until 25°C were
reached. Cleavage reactions with model DPCs were per-
formed in a reaction volume of 10 wl containing 6.25 nM
SPRTN and 25 nM DPC in a final reaction buffer of 17.5
mM HEPES/KOH pH 7.2, 80 mM KCl, 3.5% glycerol, 5
mM TCEP and 0.1 mg/ml BSA. Reactions were incubated
for 2 h at 25°C. 2 pl of 6x Orange G loading dye was
added before reactions were resolved on 20% TBE gels using
1x TBE as running buffer at 4°C. Gels were photographed
using a BioRad Chemidoc MP system using filter settings
for CyS5 fluorescence. The intensity of scanned gels was ad-
justed globally using ImagelJ, which was also used to quan-
tify cleavage by dividing the amount of cleaved conjugate by
the total amount of conjugate (cleaved and uncleaved) and
subtraction of background signal (determined from lanes
without SPRTN).

Co-immuno-precipitation

To test binding between USP7/VCPIP1/USPI11 and
SPRTN, HeLa-T-REx Flp-In cells stably expressing YFP-
SPRTN-Strep variants were seeded in 60 mm tissue culture
plates, grown to 50% confluency and then transiently
transfected with pcDNAS-FRT/TO plasmids encoding
Flag/Flag-USP7/VCPIP1/USP11 variants using Lipofec-
tamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Sixteen hours after transfection and con-
current induction of protein expression by doxycycline
(1 pg/ml), cells were washed once with ice-cold PBS and
harvested by scraping in lysis buffer (20 mM Tris/HCI pH
7.5, 137 mM NaCl, 1% IGEPAL CA-630, 2 mM EDTA,
2 mM MgCl,, 4 U/ml Benzonase, cOmplete EDTA free
protease inhibitors, 0.04 mg/ml PefaBloc SC and 20 mM
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iodoacetamide). Lysates were incubated for 30 min on ice,
before centrifugation at 16 000 g for 30 min. Supernatants
were then used for immuno-precipitation using 5 pl mag-
netic anti-Flag M2 beads (Sigma) at 4°C for 1 h. The beads
were then washed three times with wash buffer (10 mM
Tris/HCI pH 7.5, 150 mM NacCl, 0.5 mM EDTA and 0.5%
IGEPAL CA-630). Finally, samples were resuspended in
100 pl 1x LDS sample buffer, analysed by SDS-PAGE
and western blotting with anti-Flag, anti-GAPDH and
anti-Strep antibodies.

Cellular autocleavage assay

pcDNAS-FRT/TO plasmids encoding Y FP-SPRTN-Strep
or YFP-SPRTN-UbM variants (1 pg) and Flag/Flag-
USP7WT/€2238 (3 1 g) were transiently transfected using
Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. Protein expression was induced by
overnight (16 h) incubation with doxycycline (final con-
centration 1 pg/ml). Cells were lysed on ice in 1 ml ly-
sis buffer (50 mM HEPES pH 7.5, 1 M NaCl, 10% glyc-
erol, 1% IGEPAL CA-630, 2 mM MgCl,, 20 mM iodoac-
etamide, 0.04 mg/ml PefaBloc SC and cOmplete EDTA-
free protease inhibitors). After addition of benzonase (4
U/ml), lysates were incubated for 30 min on ice. Lysates
were cleared by centrifugation (16 000 g, 30 min) at 4°C and
applied to 15 wl GFP-trap Magnetic Agarose (Chromotek)
and processed according to manufacturer’s instructions. Fi-
nally, samples were resuspended in 65 pl 1x LDS sam-
ple buffer, subjected to analysis by SDS-PAGE and western
blotting with anti-GFP antibody (PABG1, Chromotek).

Chromatin fractionation

Cells in the mid-exponential phase of growth were collected
by scraping in ice-cold 1X PBS. Cells were then equally split
and either directly resuspended in 1X LDS buffer or incu-
bated for 10 min in ice-cold CSK buffer (10 mM PIPES,
100 mM NacCl, 1.5 mM MgCl,, 5 mM EDTA, 300 mM
sucrose and 0.5% Triton X-100, 0.04 mg/ml PefaBloc SC
and cOmplete EDTA free protease inhibitors). Chromatin-
bound proteins were then isolated by low speed centrifuga-
tion (3000 rpm, 5 min at 4°C).

Cycloheximide chase

Cells were seeded in 12-well tissue culture plates, grown to
80% confluency and then treated with 5 pM MG132. After
2 h cells were treated with 100 pwg/ml cycloheximide (Sigma)
for the indicated amount of time. Finally, cells were lysed in
150 w1 I1X LDS sample buffer, followed by SDS-PAGE and
western blotting with the indicated antibodies.

Formaldehyde sensitivity assay

Long term treatment: 10* cells were seeded per well in 12-
well plates and treated with the indicated formaldehyde con-
centration the next day. After 72 h, medium was replaced
with alamarBlue cell viability reagent (36 wg/ml resazurin
in PBS) and plates kept for an additional 1 h incubation at
37°C. Cell viability was then assessed by measuring fluo-
rescence (560 nm excitation/590 nm emission). Short term
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treatment: 5 x 10* cells were seeded per well in 12-well plates
and treated with 1 mM formaldehyde concentration the
next day for 2 h. After 48 h, medium was replaced with ala-
marBlue cell viability reagent (36 pg/ml resazurin in PBS)
and plates kept for an additional 1 h incubation at 37°C.
Cell viability was then assessed by measuring fluorescence
(560 nm excitation/590 nm emission).

Detection of formaldehyde-induced DNA—protein crosslinks

DPCs were induced by treating HAP1 WT or USP7 KO
cells with 75 wM formaldehyde for 2 h. DPCs were mea-
sured using a KCI1/SDS precipitation assay as described be-
fore (25). Briefly, cells were washed twice with PBS and lysed
in 400 wl denaturing lysis buffer (2% SDS, 20 mM Tris/HCI,
pH 7.5), frozen in liquid nitrogen and stored at —80°C un-
til further processing. Lysates were thawed at 55°C for 5
min with 1200 rpm shaking, followed by pipetting samples
up and down 30 times. Cellular protein was then precipi-
tated by adding 400 pl precipitation buffer (200 mM KCI,
20 mM Tris pH 7.5) and incubation on ice for 5 min. The
precipitated protein was separated by full speed centrifuga-
tion at 4°C for 5 min. Next, 400 pl supernatant was saved
and used for soluble DNA measurement. The pellet was re-
suspended in 400 pl precipitation buffer and resolved by
shaking at 55°C for 5 min followed by cooling down on ice
for 5 min and full speed centrifugation at 4°C for 5 min.
After repeating the wash procedure 3 times, protein precip-
itate was resuspended in 400 wl Proteinase K buffer (200
mM KCI, 20 mM Tris pH 7.5. Proteinase K 0.2 mg/ml)
and incubated at 55°C for 45 min. Finally, 10 ul BSA (50
mg/ml) was added to the solution followed by cooling down
on ice for 5 min followed full speed centrifugation at 4°C for
5 min. Next, supernatant containing crosslinked DNA was
collected. Total DNA and crosslinked DNA were treated
with 0.2 mg/ml RNase A for 30 min at 37°C. DNA con-
centrations were determined using Qubit™ dsDNA HS As-
say Kit (Thermo Fisher) according to the manufacturer’s
instructions. The amount of DPCs was calculated as the ra-
tio between crosslinked DNA and total DNA (crosslinked
plus soluble DNA).

Complementation of USP7 KO cells

DLD1 WT or USP7 KO cells were seeded in six-well plates,
grown to 50% confluency before transient transfection
with pcDNAS-FRT/TO plasmids encoding YFP/YFP-
USP7WVT/C2238 (2 .g) using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. 16 h after
transfection, cells were reseeded into 12-well plates (5 x 10*
cells per well) followed by treatment with 1 mM formalde-
hyde for 2 h the next day. After 48 h cell viability was deter-
mined using alamarBlue cell viability assay.

RESULTS

The monoubiquitylation of SPRTN’s C-terminal tail is
promiscuous

In order to understand the regulation of SPRTN by
monoubiquitylation, we first attempted to map the mod-

ified lysine residue(s) using protein truncations. Ubiqui-
tylation of full length SPRTN (N-terminally YFP-, C-
terminally Strep-tagged) is readily observed upon transient
transfection and is sensitive to inhibition of the ubiquitin-
activating enzyme (E1) (Figure 1A). The truncated SPRTN
variant found in RJALS patients (SPRTN-AC) is not ubig-
uitylated, while the isolated C-terminal tail (SPRTN-AN)
is modified (Figure 1A). The modification can be further
mapped to a small 7 kDa fragment, which contains the UBZ
domain and five lysine residues (SPRTN-A425). Surpris-
ingly, substitution of all five lysines (SKR) does not alter
the level of modification (Figure 1A). The N-terminal YFP-
tag and linker contain various lysines and we suspected that
these residues might undergo modification as well. Indeed,
deletion of the YFP-tag leads to a severe reduction in ubiq-
uitylation of the SPRTN-A425-5KR fragment (Figure 1B).
However, a slightly extended variant (SPRTN-A400) with
the same lysine replacements (SPRTN-A400-5KR) remains
ubiquitylated, unless all additional lysines are replaced as
well (SPRTN-A400-9KR) (Figure 1C). Full-length SPRTN
with the 9KR replacement is unstably expressed, but ap-
pears to remain monoubiquitylated (Figure 1D). Notably,
a SPRTN-A400-8KR fragment with only one remaining ly-
sine residue displays multiple modifications, which indicates
that the monoubiquitylation can be further modified (Sup-
plementary Figure S1A). We conclude that the monoubiq-
uitylation of SPRTN can target various lysine residues (even
those of the YFP-tag) and can be extended to a ubiquitin
chain.

E3-independent monoubiquitylation of SPRTN

Monoubiquitylation of proteins bearing ubiquitin-binding
domains is frequently observed and has been proposed
to occur in an E3-independent manner (26-28). Thus,
we tested a collection of human recombinant ubiquitin-
conjugating enzymes (E2s) for their ability to ubiquity-
late catalytically-inactive SPRTN in vitro. Strikingly, ten
out of twenty-nine E2s induce SPRTN monoubiquityla-
tion in the absence of an E3 ubiquitin ligase (Figure 1E
and Supplementary Figure S1B). In vitro ubiquitylation by
the E2 UBE2D3 even triggers multi-monoubiquitylation
of SPRTN, as indicated by multiple modifications with
a ubiquitin variant containing no lysines and a biotiny-
lated N-terminus (Supplementary Figure S1C). Notably,
a SPRTN variant with an altered UBZ domain (UBZ*,
D473A) undergoes modification in vitro, but its modifica-
tion is sensitive to the addition of an unspecific deubiqui-
tylation activity (USP2 catalytic domain) (Figure 1F). This
could indicate that SPRTN-UBZ* variants lack monoubiq-
uitylation in cells because a functional UBZ domain is
important to shield the modification from cellular DUB
activities. The fact that monoubiquitylation of SPRTN
occurs in an E3-independent manner (although an in-
volvement of E3 ligases in cells cannot be excluded) and
the high level of modification in basal conditions argues
that the generation of ubiquitylated SPRTN (SPRTN-
Ub) is a constitutive process. In turn, this infers that
cellular control of the modification must occur through
deubiquitylation.
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Figure 1. Promiscuous E3-independent monoubiquitylation of SPRTN’s C-terminal tail. (A-D) Monoubiquitylation status of truncated SPRTN variants.
Plasmids encoding tagged full-length (FL) SPRTN or truncations (carrying the indicated lysine to arginine (KR) substitutions or the UBZ* variant,
D473A) were transiently transfected in HeLa T-REx Flp-In cells. Expression of SPRTN was induced by addition of doxycycline for 6 h prior to cell lysis
(including a co-treatment with a ubiquitin-activating enzyme El inhibitor (E1i) as indicated) and analysed by SDS-PAGE and western blotting. (E) In
vitro ubiquitylation assays containing SPRTN-EQ (410 nM), UBE2D3 (4 wM), E1 ubiquitin activating enzyme (300 nM), ubiquitin (50 w.M) and ATP (2
mM) as indicated were incubated for 1.5 h at 30°C. Reactions were stopped by addition of LDS sample buffer and subjected to SDS-PAGE followed by
staining with InstantBlue Coomassie protein stain. (F) In vitro ubiquitylation assays containing SPRTN-EQ or SPRTN-EQ-UBZ* (410 nM), E1 ubiquitin
activating enzyme (300 nM), ubiquitin (50 M), ATP (2 mM), UBE2D3 as indicated (8 M) and increasing amounts of the catalytic domain of USP2
(USP2¢4) (0, 250 or 500 nM) were incubated for 1.5 h at 30°C. Reactions were stopped by addition of LDS sample buffer and subjected to SDS-PAGE
followed by staining with InstantBlue Coomassie protein stain.
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An in vitro screen reveals that USP7 targets ubiquitylated
SPRTN

To identify the DUB responsible for deubiquitylating
SPRTN, we designed an in vitro screen (Figure 2A). We sub-
cloned an arrayed cDNA library containing sequences of
seventy-one human DUBs into bacterial expression plas-
mids. Upon expression in E. coli, lysates were prepared
and pooled in twenty-four sets of three. Deubiquitylation
activity was assessed by incubating each pool with par-
tially monoubiquitylated SPRTN-EQ purified from human
cells. Addition of five out of twenty-four pools triggered
SPRTN deubiquitylation (Supplementary Figure S2A).
Each positive pool contained one lysate able to deubiqui-
tylate SPRTN (Figure 2B). The respective plasmids were
re-isolated and determined to encode four different DUBs:
USP4, USP7, USP15 and USP42. All four candidates
were re-expressed, partially purified and successfully re-
tested for their ability to deubiquitylate SPRTN (Supple-
mentary Figure S2B-C). To test whether these DUBs pos-
sess the ability to act on SPRTN-Ub in cells, we moni-
tored SPRTN monoubiquitylation in cells upon overexpres-
sion of the respective candidates. Overexpression of USP7
but not of the other candidates leads to a loss of endoge-
nous and exogenously-expressed SPRTN-Ub and a con-
current increase in unmodified SPRTN (Figure 3A-B). Of
note, whether USP42 can deubiquitylate SPRTN in cells
remains unclear, given that it was not expressed at sig-
nificant levels. Importantly, overexpression of a catalyti-
cally inactive variant of the DUB (USP7°3, C223S) does
not trigger deubiquitylation (Figure 3C-D). Consistently,
USP7 binds to SPRTN in co-immunoprecipitation exper-
iments (Figure 3E). Notably, catalytically inactive USP7
(USP7%%) binds preferentially to ubiquitylated SPRTN. In-
terestingly, monoubiquitylated species of SPRTN-UBZ*
and SPRTN-AC co-immunoprecipitate with USP7¢, al-
though this modification is not detectable in input samples
(Figure 3E). This observation is in agreement with our find-
ing that SPRTN-UBZ* can be monoubiquitylated in vitro,
but then fails to protect the modification (Figure 1F). USP7
bears an N-terminal TRAF domain, which precedes the
catalytic domain (CD) and five C-terminal ubiquitin-like
domains (UBLs). Deletion of the CD or the UBLs abro-
gates preferential binding of USP7 to SPRTN-Ub indicat-
ing that these domains are important to provide specificity
for modified SPRTN, but are not essential for the interac-
tion per se (Figure 3F). A USP7 variant lacking the TRAF
domain (USP7-ATRAF) is deficient in SPRTN binding.
However, interpretation of this result is complicated by the
fact that this truncation is expressed at low levels, which may
indicate more general defects (Figure 3F). We conclude that
USP?7 interacts specifically with SPRTN-Ub and has the
ability to deubiquitylate the protease in vitro and in cells.

USP7 deubiquitylates SPRTN upon DPC induction

Next, we tested whether USP7 is the DUB responsible for
regulating SPRTN’s chromatin access by deubiquitylation
upon DPC induction. Thus, we treated HCT116 WT and
USP7 knock-out (KO) cells for 2 h with formaldehyde be-
fore assessing recruitment of SPRTN by chromatin frac-
tionation. Indeed, endogenous SPRTN fails to be deubiqui-

tylated in the absence of USP7 upon formaldehyde exposure
(Figure 4A). Unexpectedly however, the lack of deubiqui-
tylation does not result in impaired recruitment. In USP7
KO cells, also SPRTN-UDb is found on chromatin. These re-
sults indicate that deubiquitylation occurs downstream or
in parallel to recruitment and is not preceding SPRTN’s re-
localization to chromatin. To understand the contribution
of USP7-mediated deubiquitylation to DPC repair, we gen-
erated DLD1 and HAP1 USP7 KO cells because sensitiv-
ity of HCT116 USP7 KO cells is difficult to assess due to
their strong growth defect. HAP1 and DLD1 USP7 KO
cells show defective SPRTN deubiquitylation and hypersen-
sitivity towards formaldehyde exposure (Figure 4B-E). Im-
portantly, the formaldehyde sensitivity of DLD1 USP7 KO
cells is complemented by transient transfection of USP7WT
but not of USP7® (Figure 4F and Supplementary Fig-
ure S3A). Furthermore, HAP1 USP7 KO cells accumulate
higher levels of DPCs following a 2-h exposure to formalde-
hyde as determined using a KCI-SDS precipitation assays
(Figure 4G).

Of note, while this study was under consideration, it was
proposed that SPRTN is deubiquitylated by VCPIP1 (29).
In addition, a recent preprint argued that USP11 is respon-
sible for SPRTN deubiquitylation (30). Given our identifi-
cation of USP7, we compared the contribution of all three
enzymes to SPRTN deubiquitylation. Neither VCPIP1
nor USPI11 induce SPRTN deubiquitylation when over-
expressed, while USP7 does (Supplementary Figure S3B).
VCPIP1 and USPI11 interact weakly with SPRTN in co-
immunoprecipitating experiments, but show no (VCPIPI)
or only weak (USPI11) preference for SPRTN-Ub (Sup-
plementary Figure S3B). siRNA-mediated depletion of
VCPIP1 or USPI11 has no effect on SPRTN deubiquity-
lation in DLD1 cells, while depletion of USP7 does (Sup-
plementary Figure S3C). Moreover, we obtained HAP1
USPII and VCPIPI KO cells which show sensitivity to-
wards formaldehyde but no defects in SPRTN deubiquity-
lation (Supplementary Figure S3D-E).

To conclude, under the conditions tested here, USP7 but
not VCPIP1 or USP11 has a prominent role in deubiquity-
lating SPRTN in cells. Finally, the formaldehyde sensitivity
and DPC accumulation observed in USP7 KO cells argue
that deubiquitylation, although not involved in SPRTN’s
chromatin recruitment, must have an important function in
DPC repair. Therefore, we further explored the effects of
monoubiquiytation on the SPRTN protease.

Monoubiquitylation promotes degradation and autocleavage
of SPRTN

Monoubiquitylation can lead to proteasomal degrada-
tion by priming polyubiquitylation (31,32). Thus, we as-
sessed whether monoubiquitylation destabilizes SPRTN us-
ing cycloheximide-chase experiments. Indeed, endogenous
SPRTN-UD has a shorter half-life than non-ubiquitylated
SPRTN, with degradation being blocked by proteasome
inhibition (Figure SA and Supplementary Figure S4A).
Degradation is not affected by loss of USP7, which indicates
that deubiquitylation is not involved in SPRTN protein sta-
bility under basal conditions (Supplementary Figure S4A).
Proteasomal inhibition leads to accumulation of polyubig-
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Figure 2. An in vitro screen identifies DUBs targeting ubiquitylated SPRTN. (A) Schematic depiction of the screening strategy employed to test seventy-
one human deubiquitylating enzymes (DUBs) for their ability to deubiquitylate SPRTN. (B) Deconvolution of positive pools identified in Supplementary
Figure S2A reveals four candidate DUBs. Lysates prepared from fifteen clones present in the five positive pools were incubated for 30 min at 25°C together
with purified partially-monoubiquitylated YFP-SPRTN-EQ-Strep. Reactions were stopped by addition of LDS sample buffer and analysed by SDS-PAGE
and western blotting using anti-Strep antibody. Lysates of BL21 cells served as negative control, the unspecific deubiquitylating activity of the catalytic

domain of USP2 (USP2%) as positive control.

uitylated SPRTN species, which are strongly reduced in
the SPRTN-UBZ* variant, which provides further support
for monoubiquitylation inducing degradation by priming
polyubiquitylation (Figure 5B and Supplementary Figure
S4B). Furthermore, a linear fusion of SPRTN with ubiqui-
tin (SPRTN-UbF, omitting the two C-terminal glycines),
which has been previously suggested to mimic monoubig-
uitylation, destabilizes the entire SPRTN pool (Figure 5C)
(21).

While conducting these experiments, we noted that
cells expressing SPRTN-UbF display various protein frag-
ments, which are recognized by an antibody specific for
the N-terminal YFP-tag (Figure 5D). These fragments be-
come even more obvious when enriched on GFP-trap resins
and correspond to the previously reported autocatalytic
fragments seen in cells, which express WT SPRTN but
are absent in cells expressing catalytically inactive SPRTN-
EQ (Figure 5D) (8,9). These results raise the possibil-
ity that monoubiquitylation of SPRTN triggers enhanced
autocleavage of the enzyme. In agreement, autocleavage
of the non-ubiquitylated SPRTN-UBZ* variant is barely
detectable, unless linearly-fused to ubiquitin (SPRTN-
UBZ*-Ub'Y) (Figure 5D). Furthermore, deubiquitylation
of SPRTN induced by overexpression of USP7WT, but not
of catalytically inactive USP7%5, leads to reduced forma-
tion of autocatalytic SPRTN fragments (Figure 5E). Au-
tocleavage of endogenous SPRTN is induced by formalde-
hyde exposure and is more prominent at lower concentra-
tions while deubiquitylation is observable at higher con-
centrations (Figure 5F) (8). Remarkably, if monoubiqui-
tylation of endogenous SPRTN is blocked by pre-treating
cells with ubiquitin E1 inhibitor, autocleavage is strongly
reduced (Figure 5F). Interestingly, autocleavage of endoge-
nous SPRTN also increases in cells, which have been treated
with proteasome inhibitors (Figure 5G and Supplementary

Figure S4C and D). This observation provides support for
a model in which monoubiquitylated SPRTN is either de-
graded by the proteasome or undergoes autocleavage. In
agreement, the short half-life of SPRTN-Ub is independent
of the enzyme’s catalytic activity and a SPRTN truncation
(SPRTN?1-227) corresponding to the shortest autocleaved
fragment is not particularly unstable (Supplementary Fig-
ure S4E-F). Taken together, proteasomal degradation and
autocleavage appear to be independent outcomes induced
by monoubiquitylation.

Next, we tested whether enhancement of SPRTN au-
tocleavage by monoubiquitylation stems from a direct ef-
fect on the enzyme’s activity. To this end, we produced
recombinant SPRTN-UbM" and compared its autocleav-
age and substrate cleavage activity to WT SPRTN. In-
deed, SPRTN-UbF displays markedly increased DNA-
dependent autocatalytic cleavage in vitro (Figure 6A). The
effect is particularly strong in the presence of dsDNA
and in high salt conditions. In contrast, cleavage of his-
tone H1 or that of model DPC substrates (fluorescently-
labelled protein G-oligonucleotide conjugates) is not sig-
nificantly increased (Figure 6A and B). SPRTN autocleav-
age occurs in trans with one SPRTN molecule cleaving a
second (8,9). A catalytically inactive Flag-tagged SPRTN-
EQ variant is cleaved more efficiently by SPRTN-UbMF
than by WT SPRTN. This suggests that modification of
the SPRTN molecule cleaving in trans is sufficient to en-
hance autocleavage (Figure 6C). These in vitro data demon-
strate that enhanced autocleavage of SPRTN-UDb in cells
is caused by a direct effect of the modification on SPRTN
activity. Thus, we conclude that monoubiquitylation neg-
atively controls the SPRTN pool not only by inducing
proteasomal degradation in cis but also by triggering the
inactivation of other SPRTN molecules through in trans
autocleavage.
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Figure 3. USP7 interacts with and targets ubiquitylated SPRTN in human cells. (A) Analysis of DUB overexpression-induced deubiquitylation of endoge-
nous SPRTN in HeLa T-REx Flp-In cells. Indicated N-terminally Flag-tagged DUBs were transiently expressed for one day before cells were lysed and
analysed by western blotting. (B) Analysis of DUB overexpression-induced deubiquitylation of doxycycline-inducible Y FP-SPRTN-Strep stably expressed
in HeLa T-REx Flp-In cells. Indicated N-terminally Flag-tagged DUBs were transiently expressed for one day before cells were lysed and analysed by
western blotting. (C) Increasing amounts of N-terminally Flag-tagged USP7 (or the catalytically inactive CS variant) were transiently expressed in HeLa
T-REx Flp-In cells for one day before cells were lysed and analysed by western blotting. (D) Increasing amounts of N-terminally Flag-tagged USP7 (or the
catalytically inactive CS variant) were transiently expressed in HeLa T-REx Flp-In cells stably expressing doxycycline-inducible YFP-SPRTN-Strep for
one day before cells were lysed and analysed by western blotting. (E) Plasmids encoding Flag-tagged full-length USP7 (WT or the catalytically inactive CS
variant) were transiently transfected in HeLa T-REx Flp-In cells stably expressing the indicated doxycycline-inducible YFP-SPRTN-Strep variants. Bind-
ing was analysed by co-immunoprecipitation using anti-Flag beads followed by western blotting. (F) Schematic depiction of USP7’s domain structure and
protein truncations used for co-immunoprecipitation analysis with SPRTN (upper panel). Plasmids encoding Flag-tagged full-length USP7 (WT or the cat-
alytically inactive CS variant) or the respective truncations were transiently transfected in HeLa T-REx Flp-In cells stably expressing doxycycline-inducible

YFP-SPRTN-Strep. Binding was analysed by co-immunoprecipitation using anti-Flag beads followed by western blotting (lower panel).
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Figure 4. USP7 deubiquitylates SPRTN upon DPC induction. (A) HCT116 WT or USP7 knock-out (KO) cells were treated with 2 mM formaldehyde
(FA) for 2 h. Cells were either lysed directly in LDS sample buffer (total) or subjected to chromatin fractionation. Samples were then analyzed by SDS-
PAGE followed by western blotting. Asterisks indicates a cross-reactive band. (B) Clonal DLD1 USP7 KO cells and matched WT control cells were treated
with 2 mM formaldehyde (FA) for 3 h. Cells were either lysed directly in LDS sample buffer (total) or subjected to chromatin fractionation. Samples were
then analysed by SDS-PAGE followed by western blotting. Asterisks indicates a cross-reactive band. (C) Clonal HAP1 USP7 KO cells and matched WT
control cells were treated with 2 mM formaldehyde (FA) for 2 h. Cells were either lysed directly in LDS sample buffer (total) or subjected to chromatin
fractionation. Samples were then analysed by SDS-PAGE followed by western blotting. Asterisks indicates a cross-reactive band. (D) Clonal DLD1 USP7
KO cells and matched WT control cells were treated with the indicated formaldehyde concentrations for 2 h. After 48 h cell viability was determined using
the alamarBlue cell viability assay. Values represent the mean + SD of three technical replicates normalized to the mean of untreated controls of each cell
line (E) Clonal HAP1 USP7 KO cells and matched WT control cells were treated with the indicated formaldehyde concentrations for 72 h. Cell viability
was then determined using the alamarBlue cell viability assay. Values represent the mean + SD of three technical replicates normalized to the mean of
untreated controls of each cell line. (F) YFP-tagged full-length USP7 (WT or the catalytically inactive CS variant) or the empty vector were transiently
transfected in DLD1 USP7 KO cells and matched WT control cells. Cells were treated with 1 mM formaldehyde for 2 h. After 48 h cell viability was
determined using the alamarBlue cell viability assay. Values represent the mean + SEM of four independent biological replicates normalized to the mean
of untreated controls of each cell line. Significance was determined using a paired #-test (*P-value < 0.05). (G) Cellular DPCs were quantified in clonal
HAP1 USP7 KO cells and matched WT control cells treated with 75 wM formaldehyde for 2 h using a KC1/SDS precipitation assay. DPCs were measured
as the ratio of crosslinked DNA compared to total DNA. Values represent the mean £ SD of three technical replicates.
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Figure 5. Monoubiquitylation promotes SPRTN degradation and autocleavage. (A) Stability of endogenous SPRTN was determined with a cycloheximide-
chase experiment in HeLa-T-REx Flp-In cells. Cells were incubated with cycloheximide for the indicated amount of time (with or without a 2-h pre-
treatment with the proteasome inhibitor MG132) prior to cell lysis and analysis by western blotting. (B) Polyubiquitylation of stably expressed doxycycline-
inducible YFP-SPRTN-Strep or of YFP-SPRTN-UBZ*-Strep was determined in HeLa-T-REx Flp-In cells upon treatment with proteasome inhibitor
MG132 for the indicated amount of time prior to cell lysis and analysis by western blotting. (C) Stability of stably expressed doxycycline-inducible YFP-
SPRTN-Strep or a linear SPRTN-Ubiquitin fusion (YFP-SPRTN-Ub™') was determined in HeLa-T-REx Flp-In cells using a cycloheximide-chase exper-
iment. Cells were incubated in the presence of cycloheximide for the indicated amount of time (with or without a 2-h pre-treatment with the proteasome
inhibitor MG132) prior to cell lysis and analysis by western blotting. (D) Indicated YFP-SPRTN-Strep or linear SPRTN-Ubiquitin fusion (YFP-SPRTN-
UbF) variants were transiently transfected in HeLa-T-REx Flp-In cells. SPRTN autocleavage fragments were enriched on GFP-trap resins, followed by
western blotting against the N-terminal YFP-tag. Western blotting of cell lysates against GAPDH serves as loading control. Asterisks indicate autocleavage
fragments. (E) Indicated YFP-SPRTN-Strep variants were transiently transfected in HeLa-T-REx Flp-In cells in combination with Flag-tagged full-length
USP7 (WT or the catalytically inactive CS variant) or the empty vector. SPRTN autocleavage fragments were enriched on GFP-trap resins, followed by
western blotting against the N-terminal YFP-tag. Western blotting against GAPDH of cell lysates serves as loading control. Asterisks indicate autocleavage
fragments. (F) HAPI cells were treated with increasing amounts of formaldehyde (FA, 0.25, 0.5, 1 and 2 mM) for 2 h (either with or without a 2-h pre-
treatment with ubiquitin-activating enzyme E1 inhibitor as indicated) prior to cell lysis and analysis by western blotting. Asterisks indicate autocleavage
fragments. (G) HeLa-T-REx Flp-In cells were treated with proteasome inhibitor MG132 for the indicated amount of time prior to cell lysis and analysis
by western blotting. Asterisks indicate autocleavage fragments.
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Figure 6. Monoubiquitylation promotes SPRTN autocleavage in trans. (A) Recombinant SPRTN or a linear SPRTN-Ubiquitin fusion (SPRTN-UbF)
(500 nM) were incubated with histone H1 alone or in the presence of either single- (ss) Virion or double-stranded (ds) RFT ®X174 DNA (11.1 nM) for
60 min at 25°C. Salt concentrations were as indicated. Reactions were analysed by SDS-PAGE followed by western blotting and staining with InstantBlue
Coomassie protein stain. Quantification of western blots of results of SPRTN and histone H1 cleavage: values represent the mean =+ SD of four independent
experiments. (B) Indicated model protein G-oligonucleotide conjugates (25nM) were incubated alone or in the presence of recombinant SPRTN (6.25 nM,
WT or a linear SPRTN-Ubiquitin fusion (SPRTN-UbF)) for 2 h at 25°C prior to separation by native PAGE. Right panel, quantification of DPC cleavage:
values represent the mean + SD of three independent experiments. (C) Recombinant catalytically inactive Flag-SPRTN-EQ (500 nM) was incubated
alone or in combination with active SPRTN (500 nM, WT or a linear SPRTN-Ubiquitin fusion (SPRTN-UbF)) in the presence of DNA ($X174 RFI
dsDNA, 11.1 nM) for 60 min at 25°C. Salt concentrations were as indicated. Reactions were subjected to SDS-PAGE followed by staining with InstantBlue

Coomassie protein stain and western blotting.

DISCUSSION

The regulatory ubiquitin switch revealed here is distinct
from other prominent types of monoubiquitylation events
occurring during genome maintenance. FANCD2 and
FANCI are ubiquitylated by the Fanconi anemia core com-
plex in a site-specific manner upon recruitment to chro-
matin during the repair of inter-strand crosslinks (33).
PCNA is site-specifically monoubiquitylated as a response
to stalled DNA synthesis, which fosters recruitment of
translesion synthesis polymerases (34-37). In contrast,
SPRTN monoubiquitylation is not triggered by DPC in-
duction but instead appears to be a constitutive process.
Our data demonstrate that the modification can have two
distinct outcomes, both of which lead to inactivation of
the enzyme (Figure 7). Firstly, monoubiquitylation primes

SPRTN in cis for proteasomal degradation by fostering
polyubiquitylation. Secondly, it further reduces the amount
of active SPRTN by promoting autocleavage in trans.
Importantly, SPRTN autocleavage requires the presence
of DNA in vitro, which infers that monoubiquitylation-
triggered autocleavage in cells is specifically affecting DNA-
bound SPRTN molecules. If cells face DPC induction,
USP7-mediated deubiquitylation appears to be important
to stall this negative regulation in order to prolong the half-
life of active DNA-bound SPRTN. Formaldehyde exposure
triggers wide-spread ubiquitylation events in cells (38). It
is thus attractive to speculate that in the presence of DPCs
SPRTN’s UBZ domain engages with specific ubiquitylation
signals. In turn, this would expose the monoubiquitylation
and thereby allow USP7 to remove the modification. Al-
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Figure 7. Regulation of SPRTN by monoubiquitylation and USP7. Pro-
posed model for the regulation of SPRTN by monoubiquitylation and
USP7-mediated deubiquitylation. SPRTN is subjected to constitutive
promiscuous monoubiquitylation of its C-terminal tail. The modification
is shielded by SPRTN'’s ubiquitin binding zinc-finger (UBZ). Monoubig-
uitylation affects SPRTN twofold. It primes SPRTN in cis for proteaso-
mal degradation by inducing polyubiquitylation while also triggering in-
activation by fostering autocleavage of other SPRTN molecules in trans.
USP7 relieves this inhibition by deubiquitylating SPRTN upon induction
of DNA-protein crosslinks (DPCs).

Degradation

though the regulation described here is important to con-
trol SPRTN protein levels, it does not participate in the re-
cruitment of SPRTN to chromatin. This finding is further
supported by the fact that the RJALS syndrome variant
SPRTN-AC retains a large degree of function despite lack-
ing the UBZ and not being monoubiquitylated. In this con-
text, it will be interesting to investigate whether the pheno-
types observed in RJALS are caused, at least in part, by the
loss of the negative regulation of SPRTN and not only by
a reduction in DPC repair capacity. Notably, recruitment
of SPRTN to UV-induced lesions (but not DPCs) has been
shown to depend on the UBZ domain potentially indicat-
ing that this domain serves dual purposes (20-22). However,
how SPRTN is recruited to DPCs remains controversial
with evidence pointing towards ubiquitylation or SUMOy-
lation signals (39,40). Understanding how the presence of
crosslinks is signalled to DPC repair enzymes will be criti-
cal to decipher decision making during DPC repair. The re-
cent identification of several additional proteases targeting
DPCs implies that DPC repair pathway choice is a complex
cellular process (13,39,41-45). At any rate, the intricate neg-
ative regulation described here highlights not only the com-
plexity of DPC repair but also the importance of controlling
SPRTN'’s potentially toxic proteolytic activity.
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Figure S1 (related to Figure 1). E3-independent monoubiquitylation SPRTN in

vitro.

A. Analysis of monoubiquitylation of truncated SPRTN variants. Plasmids encoding
the Strep-tagged SPRTN-A400 truncation (carrying the indicated lysine to arginine (KR)
substitutions. K407 was not replaced in the SPRTN-A400-8KR variant) were
transiently transfected in HeLa T-REXx Flp-In cells. Expression of SPRTN was induced
by addition of doxycycline for 16 hours before cells were lysed and subjected to
immunoprecipitation using anti-Strep beads followed by western blotting. Western

blotting of cell lysates against Tubulin serves as loading control.

B. Twenty-nine human E2 ubiquitin conjugating enzymes (2 yM) were incubated
together with SPRTN-EQ (2 uM), E1 ubiquitin activating enzyme (100 nM), ubiquitin
(50 uM), DNA (11.1 nM ®X174 single-stranded DNA) and ATP (2 mM) for 1.5 hours
at 30°C. Reactions were stopped by addition of LDS sample buffer and subjected to

SDS-PAGE followed by staining with InstantBlue Coomassie protein stain.

C. In vitro ubiquitylation assays containing SPRTN-EQ (410 nM), E1 ubiquitin
activating enzyme (300 nM), UBE2D3 (16 pM), ubiquitin WT or no-Lys, N-terminally
biotinylated ubiquitin (50 uM) and ATP (2 mM) were incubated for 1.5 hours at 30°C.
Reactions were stopped by addition of LDS sample buffer and subjected to SDS-

PAGE followed by staining with InstantBlue Coomassie protein stain.



Figure S1 (related to Figure 1)
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Figure S2 (related to Figure 2). An in vitro screen reveals that USP7 targets

ubiquitylated SPRTN.

A. Result of the primary screen schematically depicted in Figure 2A. Twenty-four pools
(each containing three different lysates of E. coli cells expressing different DUB cDNASs)
were incubated for 30 min at 25°C together with purified partially-ubiquitylated YFP-
SPRTN-EQ-Strep in three experimental sets (A-K, L-N, O-X). Reactions were stopped
by addition of LDS sample buffer and analysed by SDS-PAGE and western blotting
using anti-Strep antibody. Lysates of BL21 cells served as negative control, the
unspecific deubiquitylating activity of the catalytic domain of the USP2 (USP2%) as

positive control.

B. Deubiquitylation activity of indicated partially purified DUBs was compared using
the commercial Ubiquitin-Rhodamine cleavage assay, which measures the release of
a rhodamine fluorophore C-terminally conjugated to ubiquitin with cleavage resulting
in increased fluorescence. Left panel, increase in rhodamine fluorescence over time.
Right panel, initial velocities of the deubiquitylating reactions. The catalytic domain of
the USP2 (USP2%) served as positive control. Values represent the mean + SD of two

technical replicates.

C. Indicated partially purified DUBs were incubated for 30 min at 25°C together with
purified partially-ubiquitylated YFP-SPRTN-EQ-Strep. Reactions were stopped by
addition of LDS sample buffer and analysed by SDS-PAGE and western blotting using

anti-Strep antibody.



Figure S2 (related to Figure 2)
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Figure S3 (related to Figure 4). USP7 deubiquitylates SPRTN upon DPC

induction.

A. Western blot analysis of DLD1 WT or USP7 KO cells transiently transfect with
empty vector, YFP-tagged USP7 WT or the catalytically inactive USP7 CS variant, as

indicated. Asterisks indicates a cross-reactive band.

B. Plasmids encoding Flag-tagged full-length USP7, VCPIP1 or USP11 (WT or
catalytically inactive variants) or the empty vector were transiently transfected in HeLa
T-REx Flp-In cells stably expressing doxycycline-inducible YFP-SPRTN-Strep.
Binding was analysed by co-immunoprecipitation using anti-Flag beads followed by

western blotting.

C. DLD1 cells transfected with siRNA pools targeting USP7, VCPIP1 or USP11 were
treated for 2 hours with 2 mM formaldehyde (FA) 72 hours after transfection. Cells
were lysed in LDS sample buffer and analysed by SDS-PAGE followed by western

blotting.

D. HAP1 WT, USP11 KO and VCPIP1 KO cells were treated with the indicated
formaldehyde concentrations for 72 hours. Cell viability was then determined using the
alamarBlue cell viability assay. Values represent the mean + SD of three technical

replicates normalized to the mean of untreated controls of each cell line.

E. HAP1 WT, USP7 KO, VCPIP1 KO and USP11 KO cells were treated with 2 mM
formaldehyde (FA) for 3 hours. Cells were either lysed directly in LDS sample buffer
(total) or subjected to chromatin fractionation. Samples were then analysed by SDS-

PAGE followed by western blotting. Asterisks indicates a cross-reactive band.
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Figure S4 (related to Figure 5). Monoubiquitylation promotes SPRTN

degradation and autocleavage.

A. Stability of endogenous SPRTN was determined in HCT116 WT or USP7 KO cells
using a cycloheximide-chase experiment. Cells were incubated in the presence of
cycloheximide for the indicated amount of time (with or without a 2-hour pre-treatment
with the proteasome inhibitor MG132) prior to cell lysis and analysis by western

blotting.

B. Stability of stably expressed doxycycline-inducible YFP-SPRTN-Strep and YFP-
SPRTN-UBZ*-Strep was determined in HelLa-T-REx Flp-In cells using a
cycloheximide-chase experiment. Cells were incubated in the presence of
cycloheximide for the indicated amount of time (with or without a 2-hour pre-treatment
with the proteasome inhibitor MG132) prior to cell lysis and analysis by western

blotting.

C-D. HAP1 or HCT116 cells were treated with proteasome inhibitor MG132 for the
indicated amount of time prior to cell lysis and analysis by western blotting. Asterisks

indicate autocleavage fragments.

E-F. Stability of stably expressed doxycycline-inducible YFP-SPRTN-Strep and
catalytically inactive YFP-SPRTN-EQ-Strep or the truncated YFP-SPRTN-aa1-227-
Strep was determined in HelLa-T-REx Flp-In cells using a cycloheximide-chase
experiment. Cells were incubated in the presence of cycloheximide for the indicated
amount of time (with or without a 2-hour pre-treatment with the proteasome inhibitor

MG132) prior to cell lysis and analysis by western blotting.
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Reactive aldehydes are abundant cytotoxic metabolites which challenge homoeostasis by
crosslinking cellular macromolecules®?. Aldehyde-induced DNA-DNA crosslinks cause
cancer and bone marrow failure in Fanconi anemia®® while DNA-protein crosslinks
require proteolytic repair to prevent liver tumours and premature ageing’. It is
unknown whether RNA damage contributes to the toxicity of aldehydes and whether
cells possess mechanisms to specifically resolve RNA-protein crosslinks. Here, we
establish photoactivatable ribonucleoside-enhanced crosslinking as a tractable model
system to study aldehyde-mimicking RNA damage in the absence of confounding DNA
damage. We find that RNA crosslinking damage causes translational stress by stalling
elongating ribosomes, which causes cell death through ZAKa-dependent activation of
the ribotoxic stress response and GCN2-dependent activation of the integrated stress
response. Moreover, we discover the principles of a translation-coupled cellular quality
control mechanism that targets RNA-protein crosslinks. Collisions between translating
ribosomes and crosslinked mRNA-binding proteins trigger their ubiquitylation and
subsequent proteasomal degradation. Our findings identify RNA damage and RNA-
protein crosslink formation as central components of aldehyde-induced toxicity and lay

the groundwork for further research into the cellular responses to these threats.

Reactive aldehydes arise endogenously in substantial quantities despite being highly toxic
and carcinogenic''®!*, Formaldehyde is continuously generated in cells as a by-product of
various demethylation reactions and one-carbon metabolism?2*3, resulting in formaldehyde
concentrations in the micromolar range in mammalian serum*. Formaldehyde is detoxified
by ADH5 and ALDH2, dehydrogenases that are defective in individuals with aldehyde
degradation deficiency syndrome leading to bone marrow failure and leukemia'#*°. This first-

tier of protection against aldehydes by metabolic detoxification is complemented by a
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second-tier provided by DNA repair mechanisms?. Aldehydes induce DNA inter-strand
crosslinks that stall advancing replication forks and are resolved by multiple repair
pathways'®!’. DNA-protein crosslinks are degraded by the proteasome as well as by
specialized proteases (Wss1 in yeast, SPRTN in mammals)'®2!, SPRTN is essential for
cellular viability®??, indicating that endogenous crosslinking levels are sufficiently high to be
life-threatening. Formaldehyde also crosslinks proteins to RNA,; such crosslinks have been
used to study RNA-protein interactions?>24, However, it is unknown whether RNA damage is
a significant component of aldehyde-induced stress and toxicity. One of the challenges in
studying the specific consequences of RNA damage is that most reactive agents also damage

DNAZ,

Photoactivatable-ribonucleoside-enhanced crosslinking recapitulates formaldehyde-
induced RNA-protein crosslink formation

To study the specific consequences of RNA-protein crosslink (RPC) formation in the absence
of DNA damage, we repurposed the photoactivatable-ribonucleoside-enhanced crosslinking
(PAR-CL) strategy which was initially developed to probe RNA-protein interactions?®?’.
Cells were incubated for 16 hours with the uridine analogue 4-thiouridine (4-SU) which is
incorporated specifically into RNA, after which crosslinking was induced by UVA irradiation
(365 nm) (Fig 1a). Irradiation of cells labelled with 4-SU resulted in dose-dependent toxicity
in HAP1, HeLa T-REXx Flp-In, and HCT116 cells, while either treatment alone did not
markedly affect viability (Fig. 1b, ¢, Extended Data Fig. 1a-d). Next, we exposed cells to
doses of PAR-CL (5 uM 4-SU + 6 kJ/m? UVA) or formaldehyde (0.5 mM, 1 hour) that
affected viability to a similar degree (Fig. 1c, Extended Data Fig. 1e). Crosslinked RNA and
protein were then purified using the protein-x-linked RNAs extraction (XRNAX) protocol

(Fig 1d and ref?®). We observed that both treatments induced RPCs to a similar degree (Fig.
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1d). In contrast to formaldehyde, however, PAR-CL did not result in detectable levels of
DNA-protein crosslink formation in the KCI-SDS precipitation assay (Fig. 1e and Extended
Data Fig. 1f). To compare the identity of PAR-CL- and formaldehyde-induced RPCs, we

combined XRNAX with label-free quantitative mass spectrometry (MS). Formaldehyde
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Figure 1. Photoactivatable-ribonucleoside-enhanced crosslinking (PAR-CL) recapitulates
formaldehyde-induced RNA-protein crosslink formation. a: Schematic depiction of RNA-protein crosslink
(RPC) induction. Cellular RNAs are labelled with the photoactivatable ribonucleoside 4-thiouridine (4-SU)
and crosslinked by UVA irradiation. b-c: Colony formation assay (b) and cell viability measurement (c) of
HAP1 cells after treatment with indicated doses of 4-SU and UVA. Values in (c) represent the mean + SD of
three biological replicates normalised to the mean of corresponding control of each replicate. d: PAR-CL (4-
SU+UVA) and formaldehyde-induced RPCs analysed by XRNAX. Left panel: schematic depiction of RPC
purification by XRNAX. Right panel: RPC purification by XRNAX in HAP1 cells treated with 4-SU (5 pM,
16 h, estimated to result in replacement of 0.125 % of uridines by 4-SU based on previous work?), UVA (6
kJ/m?), or 0.5 mM formaldehyde (FA) for 1 h, as indicated. Purified RPCs were digested with proteinase K or
RNase A prior to running on an agarose gel (RNA) and SDS-PAGE gel (protein), respectively. Asterisk
indicates RNase A. e: DNA-protein-crosslink formation quantified by KCI-SDS precipitation assay. Left:
schematic depiction of DNA-protein-crosslink quantification by KCI-SDS assay. Right: KCI-SDS assays of
HAP1 cells treated as in (d). Crosslinked DNA was measured using Qubit DNA HS assay. Values represent
the mean + SD of the fold change of crosslinked DNA of three technical replicates normalised to the mean of
untreated controls. f: Heatmap of XRNAX-derived proteins crosslinked to RNA from HAP1 cells treated as
in (d). Proteins identified in XRNAX samples, sorted by decreasing log2 intensity in 4-SU+UVA samples.
Values represent the mean of three biological replicates. g-h: Venn diagram (g) and density plot (h) for
XRNAX-derived proteins crosslinked to RNA. Numbers indicate proteins identified in different treatments,
formaldehyde (FA, orange), PAR-CL (4-SU+UVA, blue) or both (4-SU+UVA n FA, purple). Density plot
shows the probability distribution of log2 intensities for proteins crosslinked to RNA in formaldehyde (FA,
orange) or formaldehyde and PAR-CL (4-SU+UVA N FA, purple).
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induced crosslinking of 719 proteins to RNA, the majority of which (561) were also
crosslinked by PAR-CL (Fig 1f, g). Crosslinks were primarily formed by RNA-binding
proteins and structural constituents of the ribosome (Extended Data Fig. 1g). Formaldehyde-
induced RPCs not captured by PAR-CL (158) were in general of low abundance (Fig. 1h).
We conclude that PAR-CL mimics formaldehyde-induced RPC formation in the absence of
DNA-protein crosslinking and thus represents a clean model system which allows for the

analysis of this aspect of aldehyde toxicity.

PAR-CL and formaldehyde induce ZAKa- and GCN2-dependent stress responses

To understand how aldehyde-induced RNA damage affects cellular physiology, we
monitored PAR-CL-induced signalling responses in HAP1 cells by quantitative
phosphoproteomics using TMT-based multiplexing (Fig. 2a, b, Supplementary Table 2, 3).
Kinase-substrate enrichment analysis of significantly altered phospho-sites implicated the
p38 and JNK kinases as well as their corresponding upstream MAP2 kinases (Extended Data
Fig. 2a, Supplementary Table 4). The observed signatures were reminiscent of recent studies
reporting ZAKa-dependent activation of the ribotoxic stress response (RSR)?°*°. ZAKa
activates p38 and JNK upon sensing ribosome stalling caused by RNA damage or translation
elongation inhibitors?*!, Indeed, in ZAK knock-out (KO) cells, the majority of PAR-CL-
induced phospho-site changes were abrogated (Fig. 2b). We confirmed p38 activation in
HAP1, HeLa T-REx Flp-In, and HCT116 cells using antibodies specific for phosphorylated
p38 (p-p38), using an intermediate dose of the translation elongation inhibitor anisomycin
(ANS) as positive control (Fig. 2c, Extended Data Fig. 2b, ¢). Phosphorylation of p38 was
lost in ZAK KO cells and restored upon re-expression of ZAKa'VT, but not catalytically
inactive ZAKaX*R (Fig. 2c, Extended Data Fig. 2b, c). Activation of the RSR is typically

accompanied by activation of the integrated stress response (ISR) through phosphorylation of
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elF20 by GCN2%°. In agreement, we detected phosphorylated eIF2o. (p-eIF2a) upon PAR-CL
treatment; this phosphorylation was lost in GCN2 KO cells and restored upon re-expression
of GCN2"T but not catalytically inactive GCN2P3®N (Fig. 2c, Extended Data Fig. 2d, €). To
corroborate these data, we generated inducible ZAK and GCN2 iCas9 eHAP KO cells

(Extended Data Fig. 2f, g). Upon induction of Cas9 expression using doxycycline, we saw a
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Figure 2. PAR-CL and formaldehyde induce ZAKa- and GCN2-dependent stress responses. a: Volcano
plot indicating differentially modified phospho-sites 0.5 h after treatment with PAR-CL (4-SU (5 uM, 16 h) +
UVA (6 kJ/m?)) in HAP1 cells. Statistically significantly changed sites (adj. p-value < 0.01, -1 > log2 fold
change > 1) are highlighted in red for increased and blue for decreased phospho-sites. b: Heatmap depicting
Z-scored intensities for significantly affected phospho-sites in AAVS1 control and ZAK KO HAP1 cells treated
as in (a). c: Representative western blot analysis of clonal HAP1 ZAK KO, GCN2 KO and matched AAVS1
control cells treated with 4-SU (5 uM, 16 h), UVA (6 kJ/m?), or anisomycin (ANS, 1 uM, 0.5 h), as indicated.
Asterisk indicates unspecific band. d-e: Representative western blot analysis of HAP1 cells treated with 4-SU
(5 uM, 16 h) followed by harringtonine (HAR, 2 ug/ml, 0.5 h) prior to irradiation with UVA (6 kJ/m?) and
anisomycin (ANS, 1 uM, 0.5 h) (d) or anisomycin treatment (ANS, 375 UM, 0.5 h) prior to irradiation with
UVA (6 kd/m?) (e), as indicated. Asterisk indicates unspecific band. f-g: Representative western blot analysis
of clonal HAP1 ZAK KO (f) and GCN2 KO (g) cells and matched AAVSL1 control cells treated with increasing
doses of 4-SU (0.04, 0.2, 1 and 5 uM, 16 h), followed by UVA irradiation (6 kJ/m?) or increasing doses of
formaldehyde (FA, 100, 200, 500, 1000 uM, 1 h). Asterisk indicates unspecific band. h-i: eHAP cells
expressing doxycycline-inducible Cas9 and AAVS1 or ZAK gRNAs (h) or GCN2 gRNAs (i) were incubated
with doxycycline (Dox, 1 pug/ml, 48 h) followed by treatment with indicated doses of 4-SU (16 h) and UVA
irradiation (6 kJ/m?) or indicated doses of formaldehyde (FA, 1 h). After 24 h, viability was determined using
AlamarBlue assay. Values represent the mean + SD of three (4-SU+UVA) or four (formaldehyde, FA)
biological replicates normalised to the mean of corresponding controls of each replicate.
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reduction in PAR-CL-induced p38 phosphorylation in cells expressing gRNASs targeting ZAK
and in eIF2a phosphorylation in cells expressing gRNAs targeting GCN2 (Extended Data
Fig. 2f, 0).

Given that ZAKo and GCN2 are known to be activated by ribosome stalling®®3! and
subsequent collisions with trailing ribosomes?®, we asked next whether their activation by
PAR-CL also originates at ribosomes. We pre-treated cells with harringtonine (HAR), which
depletes translating ribosomes from mRNAs by trapping ribosomes at sites of translation
initiation, allowing other ribosomes to run off, or a high dose of anisomycin, which globally
stalls ribosomes on mMRNA, before inducing RPCs. We observed that harringtonine
suppressed phosphorylation of elF20 and p38 (Fig. 2d, Extended Data Fig. 2h). A high dose
of anisomycin blocked eIF2a phosphorylation while itself inducing p38-phosphorylation
which was not further increased by PAR-CL (Fig. 2e, Extended Data Fig. 2i). Consistent with
PAR-CL mimicking key features of aldehyde crosslinking stress, formaldehyde also induced
p38 and elF2a phosphorylation (Fig. 2f, g, Extended Data Fig. 3a, b), which was largely
dependent on ZAK and GCN2, respectively, and suppressed by harringtonine pre-treatment
(Fig. 2f, g, Extended Data Fig. 3a-d).

Taken together, these results suggest that the pleiotropically-acting agent
formaldehyde induces activation of the RSR and ISR primarily through a ZAKa- and GCN2-
dependent response which is recapitulated by PAR-CL and originates at the ribosome. To
understand the consequences of these signalling responses, we monitored viability upon
conditional depletion of ZAK or GCN2 in iCas9 eHAP cells and observed modestly increased
viability upon treatment with PAR-CL or formaldehyde (Fig. 2h, i). These results suggest
that ISR and RSR influence cell fate in response to high levels of crosslinking stress and also

that RNA damage is a component of aldehyde toxicity.
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PAR-CL induces translational stress and ribosome collisions

Intrigued by the requirement for actively translating ribosomes to generate signalling
responses in response to PAR-CL, we next explored its effects on translation. First, we
monitored protein synthesis levels by measuring incorporation of O-propargyl-puromycin
(OPP) into nascent peptide chains®? and observed a dose-dependent shutdown of translation
upon PAR-CL treatment (Fig. 3a, Extended Data Fig. 4a). Second, we monitored ribosome
populations using sucrose gradients and found that polysomes collapsed to monosomes
within thirty minutes after crosslinking (Fig. 3b).

To better understand how PAR-CL induces these clear signs of translational stress, we
observed ribosome densities across open reading frames (ORFs) using ribosome profiling. In
PAR-CL-treated cells (but not upon treatment with either 4-SU or UVA alone), ribosome
protected fragments (RPFs) were enriched in the 5’-region of ORFs while the density
dropped off downstream (Fig. 3c). This pattern of ribosome density loss is consistent with
roadblocks that stall elongating ribosomes.

To understand whether ribosome stalling within ORFs was related to the formation of
RPCs, we searched for T-C conversions within RPFs. When reverse transcriptase encounters
an amino acid-nucleotide crosslink, it often misreads the modified U as a C, leading to T-C
conversions in the final reads®*?%. As expected, the frequency of T-C conversions in the
standard monosome RPFs (30 nt) was higher in the PAR-CL-treated sample compared with
the other treatments. This was also true for RPFs from collided disomes (> 58 nt). Although
there was also an increase in the sample treated with 4-SU alone, consistent with the
tendency of reverse transcriptase to sometimes misread even unreacted 4-SU, the PAR-CL
samples showed the highest conversion rates (Fig. 3d). As a negative control, we counted the

opposite conversion (C to T) in 30-mer RPFs and found that they occurred at similar rates in
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all conditions, as expected (Extended Data Fig. 4b). These findings show that there is an
enrichment of ribosome footprints that include crosslinking sites in PAR-CL samples.

The position of the T-C conversions within the RPFs sheds light onto the ribosome
stalling that we observed. In samples treated with 4-SU alone, the T-C conversions were
randomly distributed across the 30-mer footprints, but upon PAR-CL treatment, the

conversions were specifically enriched around position 18 in 30-mers (Fig. 3e, left panel).
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Figure 3. PAR-CL induces translation stress and ribosome collisions. a: Relative levels of O-propargyl-
puromycin (OPP) incorporation measured by flow cytometry to determine protein synthesis rate in HAP1 cells
following treatment with indicated doses of 4-SU (16 h) followed by UVA irradiation (6 kJ/m?). Values
represent fluorescence intensities of live, single cells normalised to the mean of untreated controls. b:
Polysome profiles of HAP1 cells treated with 4-SU (5 uM, 16 h) and UVA (6 kJ/m?) as indicated. Cells were
harvested 0 h or 0.5 h after irradiation. Lysates were fractionated over 10-50% sucrose gradients followed by
UV/(Az60) absorbance measurement. c: Ribosome profiles of HAP1 cells treated with 4-SU (5 uM, 18 h) and
UVA (6 kJ/m?) harvested 0.5 h after irradiation. Meta-gene analysis of ribosome footprints shows average
ribosome density across ORFs in indicated conditions compared to control. Average ribosome density
represents mean of three replicates. d: Frequency of T-C conversion in the sequencing of 30-mer (left) or >
58-mer (right) ribosome footprints from HAP1 cells treated with 4-SU (5 uM, 18 h) and UVA (6 ki/m?)
compared to controls. Values represent the mean + SD of three replicates. e: Representative T-C conversion
distribution across positions in 30-mer (left) or >58-mer (right) ribosome footprints from HAP1 cells treated
with 4-SU (5 pM, 18 h) and UVA (6 kJ/m2) compared to controls. f: Representative western blot analysis of
clonal HAP1 ZNF598 KO cells and matched AAVS1 control cells treated with 4-SU (5 pM, 16 h), UVA (6
kdJ/m?) or anisomycin (ANS, 1 uM, 0.5 h), as indicated. g: O-propargyl-puromycin (OPP) incorporation
analysed by flow cytometry in HAP1 cells treated with 4-SU (5 uM, 16 h) and UVA (6 kJ/m?) at different
timepoints after irradiation. Values represent fluorescence intensities of live, single cells normalised to the
mean of controls.
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This position corresponds to the A site of the ribosome, where T-C conversions may arise
from crosslinks that block decoding. Consistent with decoding defects in PAR-CL treated
cells, we observed an increase in short RPFs of ~22 nt upon crosslinking corresponding to
ribosomes awaiting a tRNA with an empty A site*3, while longer RPFs (~30 nt)
corresponding to ribosomes with an occupied A site were reciprocally reduced (Extended
Data Fig. 4c). While it is likely that RPCs are also present in front of stalled ribosomes,
leading to translational arrest, these crosslinks are invisible to our analysis because the
associated T-C conversions occur outside the RPFs. Taken together, these data are consistent
with a model wherein PAR-CL treatment triggers translation stress by blocking the
progression of ribosomes.

In addition, we analysed T-C conversion frequency in the longer RPFs (more than 58
nt) corresponding to the footprint of two adjacent ribosomes and observed a peak of
conversions at position 48 in PAR-CL treated cells (Fig. 3e, right panel) corresponding to the
A site of the leading ribosome in the disome. Again, this suggests that ribosome stalling at
crosslinks results in collisions with trailing ribosomes. This interpretation is in line with our
observation that PAR-CL induces ZAKa-dependent RSR and GCN2-dependent ISR
activation, both of which are linked to ribosome collisions?, and with the increase in the
level of RNase-resistant disomes after treatment with PAR-CL (Extended Data Fig. 4d).

In addition to RSR and ISR activation, ribosome collisions trigger ribosome quality
control (RQC) mechanisms to maintain proteostasis by splitting stalled ribosomes, degrading
incomplete nascent polypeptide chains, and recycling ribosomal subunits?>3*. RQC is
initiated in mammalian cells by ubiquitylation of the small ribosomal subunit protein eS10 by
the ZNF598 E3 ligase (Hel2 in yeast) which specifically recognizes an interface formed by
two collided ribsomes®3. As expected, we observed ZNF598-dependent monoubiquitylation

of eS10 upon PAR-CL treatment (Fig. 3f, Extended Data Fig. 4e, f) or upon addition of an
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intermediate dose of anisomycin as a positive control. In addition, anti-ubiquitin antibodies
revealed ZNF598-dependent accumulation of multiple additional ubiquitylation events
(Extended Data Fig. 4e, f), as was previously noted in yeast upon RQC activation®’. The loss
of RQC in ZNF598 KO cells was rescued by re-expression of ZNF598WT but not catalytically
inactive ZNF598¢2°* (Extended Data Fig. 4e, f). Notably, we did not observe any discernible
interdependencies between RQC, RSR and ISR under the conditions tested here; ZNF598-
dependent ubiquitylation events were not affected by loss of ZAK or GCN2, p38-
phosphorylation was not affected by loss of ZNF598 or GCN2, and eIF2a-phosphorylation
was not affected by loss of ZAK or ZNF598 (Extended Data Fig. 4g-1).

Collectively, our data demonstrate that aldehyde-mimicking RNA damage triggers
ribosome stalling and collisions, activating ribosomal stress surveillance mechanisms.
Although RQC pathways are activated, their activity appears insufficient to resolve ribosome
stalling and prevent ISR- and RSR-dependent induction of cell death. In agreement with a
non-essential role for RQC in response to aldehyde stress, inducible loss of ZNF598 in eHAP
iCas9 cells did not result in significant changes in viability upon PAR-CL or formaldehyde
treatment (Extended Data Fig. 5a, b), which matches recent data showing that ribosomes
stalled at bulky RNA lesions are refractory to splitting®!. Together with the fact that cells
recovered from the shutdown of protein synthesis caused by an intermediate dose of PAR-CL
over the course of six hours (Fig. 3g, Extended Data Fig. 5c¢), this suggested to us that
additional, uncharacterized quality control mechanisms that resolve aldehyde-induced RNA

damage may exist.

Translation-coupled resolution of mMRNA-protein crosslinks

To understand how cells recover from aldehyde-induced translation stress, we focused on the

resolution of crosslinks between proteins and poly-adenylated mMRNAs (mMRPCs). We
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Figure 4. Ubiquitylation of mRNA-protein crosslinks. a: mRNA-protein crosslinks (mRPCs) isolated by
poly-A pulldown from HAP1 cells treated with 4-SU (5 puM, 16 h) and UVA (6 kJ/m?), as indicated.
Crosslinked proteins were visualized by SDS-PAGE followed by SYPRO Ruby staining. b: Heatmap
depicting abundance of mRPCs isolated using poly-A pulldown. Proteins are sorted by average log2 intensity
in 4-SU+UVA 0 h samples. c: Representative western blot analysis of mRPCs isolated by poly-A pulldown
from HAP1 cells treated with increasing doses of 4-SU (1.25, 2.5, 5 uM, 16 h) and UVA (6 kJ/m?). d: Volcano
plot comparing crosslinked proteins after PAR-CL (4-SU (5 UM, 16 h) +UVA (6 kJ/m?)) at 3 h vs O h after
irradiation. e: Representative western blot analysis of poly-A pulldown samples from HAP1 cells treated with
4-SU (2.5 uM, 16 h) and UVA (6 ki/m?), as indicated and followed by recovery for 0 or 0.5 h.

208  monitored the fate of MRPCs using denaturing polyA-pulldowns (polyA-PD)*#2*° which

209  require significantly less material than RPC-purification by XRNAX and can thus be used to
210  test various experimental conditions. As expected, PAR-CL, but not 4-SU or UVA alone,

211  triggered co-precipitation of crosslinked proteins in polyA-pulldown samples (Fig. 4a). Using
212  quantitative label-free MS we determined the identity and abundance of proteins crosslinked
213  to mRNA either immediately after crosslinking or three hours later. Among the 99 mRPCs
214 we identified, the mRNA-binding proteins YBX1 and YBX3* formed the most abundant
215  crosslinks (Fig. 4b, Supplementary Table 5). Dose-dependent formation of several mRPCs

216  was confirmed by western blotting of polyA-pulldowns (Fig. 4c).
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Three hours after irradiation, crosslinks formed by the mRNA- or ribosome-
associated proteins SND1*!, SERBP1%?, and HDLBP* decreased in abundance (Fig. 4d,
Supplementary Table 6), indicating their resolution. Strikingly, we observed a strong
concurrent increase in ubiquitin (UBB) in polyA-pulldown samples (Fig. 4b, d). These results
suggest that proteins crosslinked to mMRNAs may undergo covalent modification with
ubiquitin. To test this idea, we monitored ubiquitylation in polyA-pulldown samples using
western blotting with chain-specific antibodies (anti-K48 and anti-K63) upon treatment with
a sublethal dose of PAR-CL (2.5 uM 4-SU + 6 kJ/m? UVA). No ubiquitylation was detected
in the absence of crosslinking, while little ubiquitylation was seen directly after crosslinking
(Fig. 4e). However, thirty minutes after irradiation, we observed a strong increase in
ubiquitylation, primarily formed by K48-linked chains (Fig. 4e).

Next, we asked whether mRPC ubiquitylation is linked to their resolution. We
induced mRPCs by PAR-CL and monitored their fate in control cells or in cells treated with a
specific inhibitor for ubiquitin activating enzyme 1 (Ub-E1i, TAK-243, ref*4). PolyA-
pulldowns followed by mass spectrometry and western blot analysis confirmed that Ub-E1i
fully blocked mRPC-ubiquitylation (Fig. 5a-c, Supplementary Table 7, 8). In addition,
resolution of MRPCs formed by SND1 and HDLBP was inhibited, indicating that these
crosslinks are removed in a ubiquitin-dependent manner (Fig. 5a-c; we failed to detect
HDLBP-mRPCs by western blot due to their low abundance). In contrast, resolution of

mMRPCs formed by YBX1 or YBX3 was not affected (Fig. 5a-c, Extended Data Fig. 6a).
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Figure 5. Translation-coupled degradation of mMRNA-protein crosslinks. a-c: Volcano plot (a)
comparing mRPCs isolated by poly-A pulldown from HAP1 cells treated with 4-SU (2.5 pM, 16 h) and
ubiquitin E1 inhibitor (Ub-E1i, TAK-243, 1 uM, 1 h), as indicated, prior to irradiation with UVA (6 kJ/m?)
at 1 hvs 0 h after irradiation. Bar graphs depicting normalised label free quantification (LFQ) intensities (b)
and representative western blot analysis (c) showing indicated timepoints of recovery of mRPCs isolated by
poly-A pulldown from HAP1 cells. d-f: Volcano plot (d) comparing mRPCs isolated by poly-A pulldown
from HAPL1 cells treated with 4-SU (2.5 uM, 16 h) and proteasome inhibitor (MG132, 5 uM, 1 h), as
indicated, prior to irradiation with UVA (6 kJ/m?) at 1 h vs O h after irradiation. Bar graphs depicting
normalised label free quantification (LFQ) intensities (e) and representative western blot analysis (f)
showing indicated timepoints of recovery of mRPCs isolated by poly-A pulldown from HAP1 cells. g-i:
Volcano plot (g) comparing mRPCs isolated by poly-A pulldown from HAP1 cells treated with 4-SU (2.5
UM, 16 h) and translation inhibitor anisomycin (ANS, 375 uM, 1 h), as indicated, prior to irradiation with
UVA (6 kJ/m?) at 1 h vs O h after irradiation. Bar graphs depicting normalised label free quantification
(LFQ) intensities (h) and representative western blot analysis (i) showing indicated timepoints of recovery of
mRPCs isolated by poly-A pulldown from HAP1 cells. Statistically significantly changed proteins (adj. p-
value <0.01, -0.5 > log2 fold change > 0.5) in (a, d, g) are highlighted in red. Bar graphs depict mean + SD
237 of four biological replicates.
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Given that K48-linked ubiquitin chains are a potent signal to trigger protein
degradation by the proteasome®, we asked whether the ubiquitin-dependent turnover of
mRPCs was dependent on proteasome activity. Indeed, proteasome inhibition (using pre-
treatment with MG132), abolished resolution of mRPCs formed by SND1 and HDLBP (Fig
5d, e, Supplementary Table 9, 10). Moreover, slower migrating SND1-species appeared in
western blots of polyA-pulldown samples upon proteasome inhibition, likely representing
accumulating poly-ubiquitylated SND1-mRPCs (Fig 5f). Inhibition of autophagy, the second
major cellular protein degradation system*, using Bafilomycin A1 (BAF) had no effect on
mRPC resolution (Extended Data Fig. 6b). In line with their resolution being ubiquitin-
independent, YBX1 and YBX3 crosslinks were not affected by proteasome inhibition (Fig
5d-f, Extended Data Fig. 6c¢).

The swift ubiquitylation of mRPCs following crosslinking raises the question as to
how cells detect mRPCs and distinguish crosslinked proteins from proteins merely interacting
non-covalently with mRNAs. First, we tested a potential involvement of RSR, ISR, and RQC
factors by analysing mRPC resolution in ZAK, GCN2 or ZNF598 KO cells, but did not
observe any effects on mRPC ubiquitylation or stability (Extended Data Fig. 6d). We
speculated that the collisions between translating ribosomes and mRPCs might serve as the
sensing mechanism for crosslink detection, by analogy with DNA-protein crosslinks that are
detected in cells because they stall advancing DNA replication forks*6. To test this idea, we
globally stalled ribosomes on mRNAs using a high-dose of anisomycin, induced RPCs and
followed their resolution using polyA-pulldowns, MS, and western blotting. Remarkably,
pre-treatment with anisomycin not only abolished mRPC ubiquitylation, but also blocked
degradation of rapidly turned-over mRPCs (SND1, HDLBP) and more stable mRPCs
(YBX1, YBX3) (Fig. 5g-i, Extended Data Fig. 6e, Supplementary Table 11, 12). To exclude

that anisomycin treatment interferes with ubiquitylation in an indirect or unspecific manner,
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we tested its effect on UVC-induced ubiquitylation of the DNA damage sensor protein XPC*
and observed XPC ubiquitylation was not affected (Extended Data Fig. 6f). Together, these
data suggest a model wherein translating ribosomes serve as a sensor for the detection of
MRPCs triggering their resolution, either through their rapid ubiquitylation and subsequent
proteasomal degradation or through a slower ubiquitin- and proteasome-independent

mechanism.

Conclusions
In this study, we found that PAR-CL can be used to mimic the consequences of reactive
aldehydes on RNA in the absence of DNA damage. The data we obtained using this system
allows the formulation of a first model on crosslinking-induced translation stress and the
resulting cellular responses (Fig. 6). Aldehyde-induced RNA damage causes ribosome
stalling and subsequent ribosome collisions, which triggers diverse ribosomal stress
surveillance mechanisms, including ZAKa-dependent RSR activation and GCN2-dependent
ISR activation, both of which appear to drive cell death (although the ISR is primarily
thought to promote survival, it can drive cell death upon severe stress*). Our observation that
loss of ZAK or GCN2 confers slightly increased resistance to PAR-CL and formaldehyde
indicates that RNA-damage is a critical component of the cytotoxicity of reactive aldehydes.
By investigating the resolution of crosslinks between RNA-binding proteins and poly-
adenylated mMRNAs, we provide evidence for two distinct mRPC quality control mechanisms.
MRPCs formed by the proteins SND1 and HDLBP are subjected to translation-coupled
ubiquitylation, which results in their rapid proteasomal degradation (Fig. 6). It is conceivable
that ribosomes advance further once the protein block on the mRNA is trimmed by
degradation and then stall again when the peptide remnant blocks decoding within the A site.

Our observation that crosslinks accumulate within the ribosomal A site thirty minutes after
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PAR-CL treatment provides support for this idea. In contrast, mRPCs formed by YBX1 and
YBX3 are resolved more slowly and independent of ubiquitylation and proteasomal activity.
How YBX1/3-mRPCs are removed, the identity of the E3 ligase(s) ubiquitylating SND1- and
HDLBP-mRPCs, and what dictates the choice between these mechanisms are exciting future
questions.

The existence of MRPC-resolution mechanisms highlights these lesions as relevant
quality control problems with broad implications. Aldehyde-induced RPCs may be sources of
endogenous ribosome collisions, which increase during ageing*, and could activate innate
immune responses®. Therefore, RPC resolution mechanisms may constitute a critical
additional tier in cellular protection against reactive aldehydes in addition to DNA repair and

metabolic detoxification.

Proteasomal degradation
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Figure 6. Model of translation-coupled sensing
and resolution of MRNA-protein crosslinks.
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Materials and Methods

Cell lines

HeLa T-REX Flp-In cells were provided by Cell Services, The Francis Crick Institute, and
maintained in Dulbecco’s Modified Eagle Medium (DMEM) and supplemented with 10%
(v/v) fetal bovine serum (FBS). HCT116 and HAPL1 cells were purchased from Horizon
Discovery and grown in RPMI-1640 Medium supplemented with 10% FBS, and Iscove's
Modified Dulbecco’s Medium (IMDM) supplemented with 10% FBS and Penicillin-
Streptomycin-Glutamine, respectively. eHAP iCas9 cells were generated as described
previously! and maintained in IMDM medium supplemented with 10% Tet-Free FBS and

Penicillin-Streptomycin.

Western blotting
2x10° HAP1 cells/10° HeLa T-REXx Flp-In cells/2x10° HCT116 cells per well were seeded in
12-well plates. The following day, fresh medium with indicated concentrations of 4-SU (Jena
Bioscience (N-1090-250)) was added and cells were incubated for 16 h; translation inhibitors
(harringtonine, HAR, 2 pug/ml; anisomycin, ANS, 375 uM) were added to 4-SU containing
medium for 0.5 h prior to irradiation, as indicated. Cells were washed once with 1 ml PBS
followed by 365 nm UVA irradiation (BS-02 UV/VIS irradiation chamber, Opsytec / Dr.
Grobel) in an additional 1 ml PBS and incubated in fresh media for 0.5 h. Alternatively, 40 h
after seeding, cells were treated with indicated concentrations of formaldehyde for 1 h. Cells
were directly lysed in 150 pl LDS sample buffer (Thermo Fisher Scientific, NPO007)
containing NUPAGE Sample Reducing Agent (Thermo Fisher Scientific, NPO009).

After boiling the samples for 15 minutes at 95°C, they were resolved on NuUPAGE-

SDS-PAGE gels (Thermo Fisher Scientific). Electrophoresis was followed by transfer to 0.45
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pm PVDF membranes (Merck, IPVH00010). Membranes were blocked in 5 % milk in TBS-
T for 1 h at room temperature before incubation with the following primary antibodies at 4 °C
overnight: Anti-GCN2 (Santa Cruz, sc-374609, 1:1000 dilution), Anti-K48 poly-Ub linkage
(Cell Signaling, #8081, 1:1000 dilution), anti-K63 poly-Ub linkage (Cell Signaling, #5621,
1:1000 dilution), Anti-Ubiquitin (Santa Cruz, Sc-8017, 1:2000 dilution), Anti-Phospho-elF2a
(Ser51) (Cell Signaling, #3597, 1:1000 dilution), Anti-phospho-p38 MAPK (Thr180/Tyr82)
(Cell Signaling, #9216, 1:1000 dilution), Anti-eS10/Ribosomal protein S10 (LS-Bio, LS-
C335612, 1:1000 dilution), Anti-SND1/TudorSN (Santa Cruz, Sc-166676, 1:500 dilution),
Anti-Tubulin (Sigma-Aldrich, T6074, 1:2000 dilution), Anti-Vinculin (Santa Cruz, Sc-73614,
1:1000 dilution), Anti-XPC (Santa Cruz, Sc-74410, 1:500 dilution), Anti-YBX1 (Cell
Signaling, #4202, 1:500 dilution), Anti-YBX3/ZONAB (Bethyl, #303-070A, 1:1000
dilution), Anti-ZAK (Bethyl, #A301-993A, 1:1000), Anti-ZNF598 (Sigma-Aldrich,
HPA041760, 1:2500 dilution). Afterwards, membranes were washed with TBS-T and
incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies
for 1 h at room temperature: Goat-anti-Mouse Immunoglobulins/HRP (Dako, Cat#P0447,
1:3000-5000 dilution), Swine-anti-Rabbit Immunoglobulins/HRP (DAKO, Cat#P0399,
1:3000-5000 dilution). Finally, membranes were imaged using the ChemiDoc MP Imaging

System (Bio-Rad).

Cell viability measurement

For PAR-CL treatment, 10° HAP1 cells/5x10* HeLa T-REx Flp-In cells/2x10° HCT116 cells
per well were seeded in 12-well plates. Medium was changed with the indicated
concentrations of 4-SU the following day. 16 h later, cells were washed once with 1 ml PBS
followed by UVA irradiation in an additional 1 ml PBS and fresh medium was added.

Alternatively, 5x10* eHAP iCas9 cells per well were seeded in 12-well plates with or without
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1 pg/ml doxycycline. 48 h later, the media was changed to media containing indicated
concentrations of 4-SU, again with or without 1 pg/ml doxycycline. After 16 h, cells were
washed once with PBS followed by UVA irradiation in 1 ml no-phenol-red medium with or
without 1 pg/ml doxycycline. For formaldehyde treatment, 10° HAP1 cells per well were
seeded in 12-well plates. Cells were treated with the indicated concentrations of
formaldehyde for 1 h the following day. Alternatively, 5x10* eHAP cells per well were
seeded in 12-well plates with or without 1 pug/ml doxycycline for two days. Cells were treated
with the indicated concentrations of formaldehyde for 1 h. After 24 h, cellular viability was
measured by AlamarBlue assay: the medium was replaced with AlamarBlue cell viability
reagent (40 pg/ml resazurin in PBS, Resazurin, R7017, Sigma) and plates were incubated for
1 hat 37°C. Cell viability was then assessed by measuring fluorescence (560 hm
excitation/590 nm emission) using Tecan Spark plate reader. For colony formation assay, 10°
HAP1/ HeLa T-REX Flp-In/HCT116 cells were seeded into one 6 cm dish. Medium was
changed with the indicated concentrations of 4-SU the following day. 16 h later, cells were
washed once with 1 ml PBS followed by UVA irradiation in an additional 1 ml PBS and
fresh medium was added. 7 days later, cells were dried and scanned following crystal violet

staining.

XRNAX (protein-x-linked RNA extraction)

Three 15 c¢m dishes per condition with each 1.5x10” HAP1 cells were seeded in medium with
or without 4-SU (5 uM, 16 h). Cells were then irradiated with UVA (6 kJ/m?) or treated with
formaldehyde (500 uM, 1 h). Cells were then washed twice in PBS and scraped in 5 ml ice-
cold PBS on ice, transferred to a 50 ml tube and spun down at 500 g for 5 minutes at 4°C.
The pellet was then lysed in 8 mL TRI reagent (T9424, Sigma-Aldrich) by pipetting up and

down. Subsequently, 1.6 mL chloroform were added, mixed by vigorous shaking and
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incubated for 5 minutes at room temperature until phase separation was complete. Samples
were spun down at 7,000 g for 10 minutes at 4°C. 400pl of the aqueous phase was transferred
to a 1.5 ml tube, total RNA was extracted using isopropanol precipitation and resuspended in
200 pl nuclease-free water. The white sticky interphase was transferred to a 2 mL tube and
washed twice with 1 mL low SDS buffer (50 mM Tris-Cl, 1 mM EDTA, 0.1% SDS),
flushing protein off the walls of the tube while retaining the integrity of the interphase.
Samples were spun down at 5,000 g for 2 minutes at room temperature and the supernatant
discarded. After the washing, the interphase pellet was solubilized by adding 1 mL of low
SDS buffer and pipetting up and down approx. 20 times. The interphase was spun down with
5,000 g for 2 minutes at room temperature and the supernatant saved as interphase eluate 1.
Solubilization of the interphase was repeated with another 1 mL of low SDS buffer, then
twice with 1 mL of high SDS buffer (50 mM Tris-Cl, 1 mM EDTA, 0.5% SDS) each time
yielding approx. 1 mL of interphase eluates. NaCl was added to a final concentration of 300
mM to each of the four interphase eluates, along with 1 ul GlycoBlue (AM9515, Invitrogen)
and 1 mL isopropanol before mixing by inversion. Samples were spun down for 15 minutes
at 18,000 g at -10°C. The supernatants were discarded and pellets from all four elutes were
combined in 2 mL of 70% ethanol. The combined sample was again centrifuged for 1 minute
at 18,000 g at room temperature, supernatant discarded, and all residual ethanol removed.
The pellet was taken up in 1.8 mL of nuclease-free water and allowed to swell for 1 hour on
ice with occasional mixing by inversion and eventually dissolved by pipetting. 200 pl 10 x
NEB DNase | buffer was added along with 2 pl RNasin Plus, 100 ul NEB DNase and
incubated for 1.5 h at 37°C and 700 rpm. Subsequently, the sample was isopropanol
precipitated as described above without further addition of GlycoBlue. Pellets were taken up
in 400ul nuclease-free water and dissolved by pipetting. Samples were flash frozen and

stored at -80° C. For further analysis, the samples either digested with Proteinase K or RNase
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A for 1 h shaking at 700 rpm at 60°C or 37°C, respectively. RNase-digested samples were
either directly subjected to MS or combined with 2x LDS sample buffer and boiled at 95°C
for 10 minutes to be analysed by SDS-PAGE and Sypro Ruby staining. ProteinaseK-digested
samples were combined with 2x RNA loading dye and boiled for 2 minutes at 85°C and
immediately placed on ice. The samples were analysed on an agarose gel and stained with

SYBR Gold according to manufacturer.

Detection of DNA-protein crosslinks by KCI/SDS assay

10° HAP1 or HeLa T-REXx Flp-In cells were seeded per well in 6-well plates. The following
day, cells were treated with 5 UM 4-SU for 16 h prior to irradiation with 6 kJ/m? UVA in 1 mi
PBS following one wash with PBS or cells were treated 40 h after seeding with 500 uM
formaldehyde for 1 h followed by two washes with PBS prior to KCI/SDS assay. To quantify
DPC induction, cells were collected in 400 ul denaturing lysis buffer (2% SDS, 20 mM
Tris/HCI, pH 7.5), frozen in liquid nitrogen and stored at -80°C until further processing. Cell
lysates were thawed at 55°C for 5 minutes with 1,200 rpm shaking, followed by pipetting
samples up and down 30 times. Cellular proteins were precipitated by adding 400 pl
precipitation buffer (200 mM KCI, 20 mM Tris pH 7.5) followed by incubation on ice for 5
minutes. Precipitated proteins were pelleted by full-speed centrifugation at 4°C for 5 minutes.
Next, 400 ul supernatant was saved and used for soluble DNA measurements. The pellet was
dissolved in 400 pl precipitation buffer by cooling down on ice for 5 minutes following
incubation at 55°C for 5 minutes with 1,200 rpm shaking and subsequent re-pelleting by full-
speed centrifugation at 4°C for 5 minutes. After repeating the washing procedure three times,
protein precipitate was resuspended in 400 ul Proteinase K-containing precipitation buffer
(200 MM KCI, 20 mM Tris pH 7.5. Proteinase K 0.2 mg/ml) followed by incubation at 55°C

for 45 minutes with 1,200 rpm shaking. Finally, 10 pl BSA (50 mg/ml) was added to the
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solution followed by cooling down on ice for 5 minutes. Following a full-speed
centrifugation at 4°C for 5 minutes, crosslinked DNA in the supernatant was collected. RNA
contaminants in total DNA and crosslinked DNA were digested with 0.2 mg/ml RNase A for
30 minutes at 37°C. DNA concentrations were measured using Qubit™ dsDNA HS Assay
Kit (Thermo Fisher) according to the manufacturer’s instructions. The proportion of
crosslinked DNA was calculated as the ratio between crosslinked DNA and total DNA
(crosslinked plus soluble DNA). Fold change represents the value of treated samples

normalised to the mean value of untreated control.

Quantitative phosphoproteomics

1.5x10” HAP1 cells were seeded into 15 cm dish with medium containing 4-SU (5uM, 16 h),
followed by 10 ml PBS wash once prior to 6 kJ/m2 UVA irradiation in additional 10 ml PBS
to induce RPCs. Cells were then incubated for 0.5 h in fresh medium at 37°C. To harvest,
cells were washed once in 10 ml PBS and then scraped in 5 ml ice-cold PBS on ice,
transferred to a 15 ml tube and spun down at 500 g for 5 minutes at 4°C. Cell pellets were
flash-frozen in liquid nitrogen and stored at -80°C until further processing. For TMT
labelling, cell pellets were lysed in modified RIPA buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate, containing Complete protease
inhibitor cocktail, 1 mM sodium orthovanadate, 5 mM B-glycerophosphate, and 5 mM
sodium fluoride) and homogenized and cleared by sonication and centrifugation,
respectively. A minimum of 5 mg of protein from individual whole cell lysates were trypsin-
digested and used for downstream 16-plex TMT-labelling, and phosphopeptide enrichment.
Briefly, acetone precipitated protein samples were digested to peptides using MS-approved
trypsin (Serva) at 1:150 and desalted through the reversed-phase Sep-Pak C18 cartridges

(Waters). Next, a total 150 ug of peptides for each individual sample were subjected to TMT
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labelling at 1:1 for 1 h in 150 mM HEPES, pH 8.5. TMT-labelling was terminated with the
addition of 0.4 % hydroxylamine solution and excess labels were cleaned up through the
reversed-phase Sep-Pak C18 cartridges. Finally, equal amount of the TMT-labelled peptides
were combined for subsequent titanium dioxide (TiOz)-based phosphopeptide enrichment?,
The enriched phosphopeptides were eluted from the TiO> spheres using 5% NHsOH and 10%
NH4OH / 25% ACN, concentrated, acidified and fractionated using micro-column-based
SCX prior to C18 Stage tipping. For phosphopeptide measurements, peptide fractions were
analysed on a quadrupole Orbitrap mass spectrometer (Orbitrap Exploris 480, Thermo
Scientific) equipped with a UHPLC system (EASY-nLC 1000, Thermo Scientific), as
described®*. Peptide samples were loaded onto C18 reversed-phase columns (15 cm length,
75 pm inner diameter, 1.9 um bead size) and eluted with a linear gradient from 8 to 40%
acetonitrile containing 0.1% formic acid in 2 h. The mass spectrometer was operated in data-
dependent mode, automatically switching between MS and MS2 acquisition. Survey full scan
MS spectra (m/z 300-1650) were acquired in the Orbitrap. The 10 most intense ions were
sequentially isolated and fragmented by higher-energy C-trap dissociation (HCD)®. Peptides
with unassigned charge states, as well as with charge state less than +2 were excluded from

fragmentation. Fragment spectra were acquired in the Orbitrap mass analyzer.

Generation of knock-out cells

To generate ZAK, GCN2, ZNF598 knock-out and AAVSZ1control clones, gRNA_ZAK 1
(GGAGTGTTTATCGAGCCAAA), gRNA_ZAK 2 (TCGAGCCAAATGGATATCAQ),
gRNA_GCN2 (GCTACCGGTCCGCAAGCGTC), gRNA_ZNF598 1
(GTGGTACTCGCGCAAGGACC), grRNA_ZNF598 2 (CTACTGCGCCGTGTGCCGCG)
and gRNA_AAVS1 (GTCCCTAGTGGCCCCACTGT) were cloned into pX330-Puro

(Addgene #82580). gRNA_ZAK_1, gRNA_GCN2, gRNA_ZNF598_2 and gRNA_AAVS1
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were transfected into HAP1 cells, gRNA_ZAK 1, gRNA_GCN2, gRNA ZNF598 1 and
gRNA_AAVS1 were transfected into HeLa T-REX Flp-In cells, gRNA_ ZAK 2,
gRNA_GCN2, gRNA ZNF598 1 and gRNA_AAVS1 were transfected into HCT116 cells,
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. 16 h
after transfection, cells were selected in 0.75 pg/ml puromycin-containing IMDM media
(HAP1 cells) or 1 pg/ml puromycin-containing DMEM media (HeLa T-REXx Flp-In cells) or
1 pg/ml puromycin-containing RPMI 1640 media (HCT116 cells) for 2-3 days until un-
transfected cells had died. To generate single clones, puromycin-selected cells were reseeded
in 96-well plates (0.5 cell/well). Single clones were expanded and validated by western

blotting using corresponding antibodies.

Complementation of knock-out cells

Clonal HeLa T-REX Flp-In or HCT116 ZAK/GCN2/ZNF598 knock-out cells were seeded in
6-well plates, and grown to 50% confluency, followed by transient transfection with 2 pg
pIRES-FRT plasmids (encoding GFP-Flag-NES, GFP-Flag-GCN2WT, GFP-Flag-GCN2P84N)
or pcDNAS5-FRT/TO plasmids (encoding YFP-ZAKWT, YFP-ZAK®A YEP-ZNF598WT YFP-
ZNF598°%94) using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. 16 h after transfection, cells were reseeded into 12-well plates (10° HeLa T-REXx
Flp-In cells with 1 pg/ml doxycycline or 2x10° HCT116 cells per well) followed by indicated
treatments and after 0.5 h cells were lysed in 150 pl LDS sample buffer and analysed by

western blot.

Cloning of expression plasmids and site-directed mutagenesis

pcDNAA4-TO-Strep-HA-ZAKa-K45A, pcDNA4-TO-GFP-ZNF598 were provided by

Addgene (#141194, #141191). ZAKa-K45A and ZNF598 WT were amplified by PCR and
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cloned into pPDONR221 vector using Gateway BP clonase followed by shuttling into
PcDNABL-FRT/TO-YFP vector using LR clonase. GCN2 fragments were cloned from cDNA
and inserted into pIRES-FRT-GFP-Flag vector (a gift from Boulton lab) using Gibson
assembly protocol. ZAKa'WT, ZNF598°2°A GCN2P848N were generated by Q5 site-directed

mutagenesis (NEB, #E0554S) according to the manufacturer’s instructions.

Generation of eHAP iCas9 knock-out cells

To generate eHAP inducible knock-out cell lines, the following gRNAs were cloned into
lenti-sgRNA vector (addgene # 104990) following Zhang lab protocol®:

gRNA_ZAK_1 (GH_CRp_4, TCGAGCCAAATGGATATCAC),

gRNA_ZAK_3 (GH_CRp_250, TGCATGGACGGAAGACGATG),

gRNA_GCN2_1 (GH_CRp_1, CCTACCGGTCCGCAAGCGTC),

gRNA_GCN2_2 (GH_CRp_2, ACTGGCCAAGAAACACTGTG),

gRNA_ZNF598 1 (GH_CRp_5, GTGGTACTCGCGCAAGGACC),

gRNA_ZNF598 2 (GH_CRp_6 CTACTGCGCCGTGTGCCGCG),

gRNA_AAVS1 (GH_CRp_38, GGGGCCACTAGGGACAGGAT).

To produce lentivirus, 8 x10° 293FT cells in 6-well were transfected with packaging plasmids
(0.566 png pLP1, 0.26 pg pLP2 and 0.37 pg pLP/VSVG) along with 1 pug of gRNA-expression
plasmid using 4 pl Lipofectamine 2000 (Life Technologies/Thermo Fisher) following
manufacturer’s instructions. Medium was refreshed 12-16 h after transfection. Virus-
containing supernatant was collected approximately 36-40 h post transfection and cleared
through a 0.45-um filter. eHAP iCas9 cells were transduced with 50 pl of viral supernatant in
media supplemented with 8 pg/ml polybrene (Sigma). 0.4 pg/ml puromycin was used for the

selection of transductants 24 h following transduction.
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Measurements of protein synthesis rates

1x10°® HeLa T-REXx Flp-In/1.5x10° HAP1 cells were seeded in one 6 cm dish per condition in
medium with or without indicated concentrations of 4-SU. Cells were irradiated with 6 kJ/m?
UVA following 16 h incubation with 4-SU and washed twice with PBS directly after
irradiation or at indicated recovery time points, followed by 2 ml of medium containing OPP
(20 uM final concentration) incubation for 30 minutes at 37°C. Cells were then washed twice
with PBS, trypsinised and collected in a 1.5 ml tube. Samples were spun down at 500 g for 5
minutes and supernatant was discarded. The pellet was washed in 1 ml PBS once and
subsequently spun down again. Cells were then resuspended in 200 pl PBS containing 1x
eFluor780 viability dye (Thermo, 65-0865-14) and incubated for 30 minutes in the dark at
4°C with occasional mixing. Afterwards cells were spun down and washed with 1 ml 1%
BSA in PBS. Subsequently the cells were fixed by resuspending the pellet in 200 pl 4%
Formaldehyde in PBS and incubated for 15 minutes at room temperature. Cells were again
washed with 1 ml 1% BSA in PBS and stored in 1% BSA in PBS in the fridge.

For click-labelling, fixed cells were spun down and the pellet was resuspended in 250
pl 0.25% Triton-X in PBS and incubated for 20 minutes at room temperature for
permeabilization. In the meantime, click-chemistry mix was prepared using freshly dissolved
ascorbic acid (113,5 mM, 50 mg in 2.5 ml water). For each condition 250 pl of click-
chemistry mix was prepared with final concentration of 39.5 mM Tris-HCI pH 8.0, 60 uM
Alexa Fluor 488-Azide, 4 mM CuSOs, 11 mM ascorbic acid and 10 nM DAPI. After
permeabilization, cells were spun down, washed with 1 ml 1% BSA in PBS and supernatant
was removed. Cells were then resuspended in 250 ul click-chemistry mix, and reactions were
incubated for 30 minutes at room temperature in the dark and mixed by occasional flicking of
the tube. After incubation, cells were washed in 1 ml 1% BSA in PBS and finally

resuspended in 200 pl 1% BSA in PBS and analysed by flow cytometry.
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For flow cytometry, samples were analysed on a BD LSRFortessa (BD Bioscience)
equipped with 355/405/488/561/640 nm lasers with a minimum count of 10,000 events. Flow
cytometry results were analysed using FlowJo™ v10.7 Software (BD Life Sciences).
Staining with fixable viability dye eFluor780 was used to exclude dead cells, and the mean

fluorescence intensity (MFI) in FITC channel was measured for single and live cells.

Polysome Profiling

7x108 HAP1 cells were seeded into 15 cm dishes in no-phenol-red medium, with or without 5
UM 4-SU. Two dishes were prepared per condition. Cells were irradiated with 6 ki/m? UVA
following 16 h incubation of 4-SU treatment. Cells were harvested immediately or 0.5 h after
irradiation on ice. Cells were pelleted with 500 g centrifugation for 5 minutes at 4 °C. From
then, all steps were performed at 4 °C. Pelleted cells were resuspended in 500 pl of lysis
buffer (5 mM Tris-HCI pH 7.5, 1.5 mM KCI, 2.5 mM MgCl,, 2 mM DTT, 0.5% v/v Triton
X-100, 0.25% w/v sodium deoxycholate, 20 U/ml SUPERase-In RNase Inhibitor
(Invitrogen), complete EDTA-free protease inhibitor cocktail (Roche) and spun down at
15,000 g for 5 minutes. The nucleic acid content of the supernatants was measured by
determining absorption at 260 nm (A260) in an Eppendorf BioPhotometer. Equal volumes of
each supernatant were then applied to 10%-50% continuous sucrose density gradients (20
mM HEPES pH 7.5, 100 mM KOAc, 5 mM Mg (OAc)., 1 mM DTT, and protease inhibitor
cocktail). The gradients were centrifuged in an SW40Ti rotor (Beckman Coulter) at 202,408
g for 135 minutes and fractionated using a BioComp Gradient Station while A260 was
recorded using a Triax Flow Cell FC-2. Measured absorption values were normalised to the

soluble fraction containing no ribosomal material.
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Disome profiling

Cell culture and treatments were carried out as described below. Briefly, 0.75x10% HAP1
cells were seeded onto 6x10 cm plates and grown overnight at 37°C. The next day, cells were
supplemented with fresh medium containing 10% dialyzed FBS and supplemented with 5 uM
4-SU. After approx.18 h of 4-SU incorporation, cells were re-supplemented with fresh IMEM
(containing dialyzed FBS and 5 uM 4-SU) without phenol-red. 1 h later, plates were treated
with 0 or 6 kJ/m? UVA, and allowed to recover for 0.5h. Cells were lysed by aspirating
media, immediately rinsed with 10 ml warm PBS supplemented with 378 M anisomycin to
freeze ribosomes in situ, and lysed by adding 250 pl ice-cold lysis buffer (50 mM HEPES pH
7.4, 100 mM KOACc, 5% glycerol, 0.25% NP-40, 15 mM Mg(OAc)., 378 uM anisomycin, 8
units/ml Turbo DNase (Thermo Fisher), 1x protease and phosphatase inhibitor (Cell
Signaling), 0.2 pl/ml SUPERase IN, and 1 mM TCEP dropwise to the plate. Plates were
swirled to distribute lysis buffer, and cells were scraped from the plate using a cell scraper,
gently pipetted to homogenize the cell lysate, and transferred to ice for 10 minutes to
complete lysis. Lysates were clarified by brief centrifugation at 8,000 g for 10 minutes, and
the clarified supernatant was transferred to a fresh tube on ice. Clarified cell lysates were
treated with RNase A (Ambion) using the following condition: 1 pug RNase A was added per
100 pg RNA in a 250 pl reaction volume, shaken at 500 rpm (20 minutes, 25 °C) on a table-
top thermo-mixer (Eppendorf); the reaction was quenched by the addition of

SUPERaseln RNase inhibitor (~200 units per 100 ug RNA). RNase A digested lysates were
layered on top of 10-35% sucrose gradients and ultra-centrifuged in a Beckman SW41
swinging bucket rotor (40,000 rpm; 105 minutes). UV (A260) absorbance across 10-35%
sucrose gradients was measured using a top-down Biocomp Piston Gradient Fractionator as

per manufacturer’s instructions.
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Ribosome profiling

1.5x10° HAP1 cells were seeded onto twelve 10 cm plates and grown overnight. The next
day, the media was changed to fresh IMEM media with or without 5 uM 4-SU. After 18 h,
the media was changed to media without phenol red (with or without 5 uM 4SU). 30 minutes
later, half of the plates of cells were irradiated with 6 kJ/m2 UVA. After a 0.5 h recovery
period, the plates were washed with 10 mL warm PBS buffer and cells from each plate were
resuspended with vigorous scraping in 250 pL lysis buffer (50 mM HEPES pH 7.4, 100 mM
KOAC, 5% glycerol, 0.25% NP40, 15 mM Mg (OACc)2, 100 pg/mL cycloheximide, protease
and phosphatase inhibitor (Cell Signaling), 0.2 uL/mL SUPERase IN, and 1 mM TCEP).
Lysates were digested with Turbo DNase | (2 units/mL) for 15 minutes on ice and clarified
by centrifugation at 20,000 g for 10 min. 30 pg of RNA was digested with 150 units of
RNase | for 1 h at 25 °C. The ribosomes were pelleted through a 1 mL sucrose cushion (1 M
sucrose, 20 mM Tris-HCI pH 8, 150 mM KCI, 5 mM MgClz, 1 mM DTT, and 100 pg/mL
cycloheximide) in a TLA100.3 rotor at 100,000 rpm for 1 h at 4 °C. The ribosome pellets
were resuspended in 250 pL proteinase K buffer (50 mM Tris-HCI pH 7.5, 75 mM NacCl,
12.5 mM EDTA, 1% SDS, and 1.2 mg/mL proteinase K) and digested for 30 minutes at 55
°C. Following phenol extraction, RNA was size-selected on 15% denaturing PAGE gels,
isolating between 15-70 nt fragments. Library construction was carried out as described
previously’. The libraries were sequenced on the lllumina NovaSeq6000 instrument at the

Johns Hopkins University Genetic Resources Core Facility.

Data processing for RNA-seq
Reads in the raw FASTQ files were trimmed to remove the adaptor and UMI sequence
NNNNNNCACTCGGGCACCAAGGAC using the bbduk script in the BBtools suite

(https://jgi.doe.gov/data-and-tools/bbtools/). rRNA sequences were removed by aligned to a
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non-coding RNA library, after which trimmed reads failing to align were then were then
aligned to the hg38 human genome sequence using STAR®. Subsequent analyses were
performed with custom Python scripts. For metagene plots, the transcript with the highest
level of evidence in the ensemble database was selected for each gene. For each transcript
with more than an average of 0.1 reads per codon, the average ribosome density surrounding
the start codon (100 nt upstream and 1,000 nt downstream) was calculated with each gene
contributing equally to the average. To identify T to C conversions, sites where the HAP1
cells differ from the hg38 annotation were first compiled in a VCF file from RNAseq data
from three untreated samples using the mpileup and call command from bcftools. From the
BAM alignment files, reads containing T to C conversions were identified; if the site of
conversion corresponds to a known SNP in the VVCF file, these reads were ignored. The
position of the remaining T to C conversions in the reads that are standard ribosome

footprints (30 nt) or disomes (> 58 nt) were counted.

Poly-A pulldown

1.5x10” HAP1 cells were seeded into 15 cm dish with indicated concentration of 4-SU for 16
h prior to UVA (6 kJ/m?) irradiation; inhibitors (TAK-243, Ub-Eli, 1 uM; MG132, 5 uM;
anisomycin, ANS, 375 uM,) were added to 4-SU containing medium for 1 h prior to
irradiation, as indicated. Cells were washed once in 10 ml PBS prior to irradiation in fresh 10
ml of PBS. Cells were then scraped in 5 ml ice-cold PBS on ice at indicated time points,
transferred to a 15 ml tube and spun down at 500 g for 5 minutes at 4°C. PBS was removed
and cells were lysed in 5 ml ice-cold lysis buffer (20 mM Tris-HCI pH 7.5; 500 mM LiCl; 1
mM EDTA pH 8.0; 0.5 % LiDS; add fresh: 5 mM DTT, Protease-inhibitor cocktail, RNAse
Inhibitor 20U/ml) by pipetting up and down. Subsequently lysates were homogenized using a

syringe with five consecutive strokes and flash frozen in liquid nitrogen. For processing,
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samples were thawed at 60°C in a water bath for 5 minutes and placed on ice. 200 pl NEB
oligo d(T) beads per conditions were equilibrated in lysis buffer and added to the lysates.
Binding of the beads was performed at 4°C on a rotation wheel at 20 rpm for 1 h. After
binding, lysates were placed on a magnetic rack to collect the beads. A 100 pl sample (SN)
was taken from each sample and 3x LDS sample buffer was added to a final volume of 150
pl. Beads were then washed twice with wash buffer 1 (20 mM Tris-HCI pH 7.5; 500 mM
LiCl; 1 mM EDTA pH 8.0; 0.1 % LiDS; add fresh: 5 mM DTT, Protease-inhibitor cocktail),
then twice with wash buffer 2 (20 mM Tris-HCI pH 7.5; 500 mM LiCIl; 1 mM EDTA pH 8.0;
0.02% IGEPAL CA-360; add fresh: 5 mM DTT, Protease-inhibitor cocktail) and twice with
wash buffer 3 (20 mM Tris-HCI pH 7.5; 200 mM LiCl; 1 mM EDTA pH 8.0; 0.02%
IGEPAL CA-360; add fresh: 5 mM DTT, Protease-inhibitor cocktail) using the magnetic rack
and in the final washing step, tubes were spun down in the centrifuge at 2,000 g for 10
minutes at 4°C. Wash buffer 3 was then removed completely and beads were resuspended in
220ul nuclease-free water. An aliquot of 20 ul was taken to elute RNA and normalize the
samples. RNA was eluted in heat elution buffer. To this end, beads in the 20 pl aliquot were
collected and supernatant removed. Beads were then resuspended in 15 pl heat elution buffer
(20mM Tris-HCI (pH 7.5), ImM EDTA in nuclease-free water) and incubated at 700 rpm at
95°C for 5 minutes and instantly placed in a magnetic rack. Supernatant was collected
immediately and RNA content was measured using NanoDrop (Thermo Fisher Scientific).
The volume of beads used for protein elution was then normalised to the RNA content. To
elute crosslinked proteins, beads were collected on the magnetic rack and supernatant was
removed. Resuspension in 90 pl of protein elution buffer (RNase A (100 U), 5mM DTT in
nuclease-free water) and subsequent incubation at 700 rpm at 37°C for 30 minutes was done

to release crosslinked protein from beads. 4x LDS sample buffer was added to a final volume
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of 120 pl and samples were boiled at 95°C for 10 minutes and analysed by SDS-PAGE and

Western Blot.

Quantitative proteomics of XRNAX and poly-A pulldown samples

After RNA digestion, samples were dried in a speed vacuum centrifuge and diluted in 15 pl

8 M Urea/0.4 M NH4HCO:s. Proteins were reduced using dithioerythritol (final concentration:
5 mM) for 30 minutes at 37°C. Subsequently, alkylation of cysteines was done with
iodoacetamide (final concentration: 15 mM) for 30 minutes and quenched with 15 mM
dithioerythritol for 15 minutes at room temperature in the dark. The first digestion step was
performed using Lys-C (1:100, enzyme:protein ratio, Wako) at 37°C for 4 h. Prior to tryptic
digestion, samples were diluted with H20 to give 1 M Urea. Tryptic digestion was performed
(1:50, enzyme:protein ratio, Promega) at 37°C for 16 h. For LC-MS/MS analysis each sample
was injected in an Ultimate 3000 nano-chromatography system (Thermo Fisher Scientific)
and transferred to a trap column (Acclaim PepMap 100 um x 2cm, 5 pm particles, 1004,
ThermoFisher Scientific). Separation was performed at 250 nl/minute using a 50 cm
reversed-phase separation column (PepMap RSLC C18 2 um 100 A 75 um x 50 cm, Thermo
Fisher Scientific). Solvent A consisted of 0.1 % formic acid in water and solvent B consisted
of 0.1 % formic acid in acetonitrile. For separation, two consecutive gradients from 3% to
25% solvent B in 40 minutes and 25% to 40 % solvent B in 5 minutes were applied. Eluting
peptides were analysed on a QExactive HF-X mass spectrometer (Thermo Fisher Scientific)
with a top 15 data-dependent acquisition method. Data processing, peptide search and
quantification was done with MaxQuant (v.1.6.7.0) ® and the human subset of the UniProt

database

Statistical analysis of MS data
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Statistical analysis of MS data was performed in R (version 4.1.2). For XRNAX analysis
(Fig. 1f), LFQ intensity values were log2 transformed and filtered for proteins identified in
all three replicates of either formaldehyde or 4-SU+UVA treated samples. Additionally,
proteins were discarded if they were identified more than once in the untreated control.

For phosphoproteome analysis (Fig. 2a, b and Extended Data Fig. 2a), only peptides
with a localization probability >= 0.75 and no missing values were considered. TMT-reporter
intensities were log2 transformed and quantile normalised between the replicates using the R
package preprocessCore (version 1.56.0). Significantly regulated phosphorylation sites were
identified by employing a moderated T test using limma with Benjamini-Hochberg FDR
correction. Only sites with a log2-fold change > 1 and an FDR-adjusted p value < 0.01 were
considered significant. Phosphosite annotation and kinase-substrate relations were obtained
from the PhosphoSitePlus database. For phosphosite identification the flanking sequence (+/-
7 aa) was used. Kinase activity was estimated using the KSEA App web application with a p
value < 0.01 and a minimum NetworKIN score cut-off of 21°,

For poly-A pulldown MS analysis, LFQ intensities were log2 transformed and filtered
for proteins detected in at least 50% of all 4-SU+UVA treated replicates. Additionally, for
experiments shown in Fig. 5a, b, d, e, g, h only proteins detected in at least three out of four
replicates were kept. Quantile normalization was employed between the replicates and missing
values were imputed based on a mixed imputation strategy using the MSnbase package
(version 2.20.1). In detail, proteins with a higher mean intensity than the top five most abundant
proteins with 33%< (10% for Fig. 5a, b, d, e, g, h missing values) were considered missing at
random and imputed using the k-nearest neighbours algorithm. Proteins below that threshold
were imputed using the MinDet method. To test for differential protein abundance a moderated
T test using limma with Benjamini-Hochberg FDR correction was employed. For figure 4d

proteins with a log2 fold change > 1 or <-1 and an adjusted p value < 0.05 were considered
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significant. For figures 5a, b, d, e, g, h proteins with a log2 fold change > 0.5 or <-0.5 and an

adjusted p value < 0.01 were considered significant.

Data availability statement

The mass spectrometry data reported in this manuscript were deposited to the
ProteomeXchange Consortium (www.proteomexchange.org,) via the Proteomics Identification
Database (PRIDE) partner repository. Data shown in Fig. 1f-g, Fig. 4b, d, Fig. 5a, b, d, e, g, h
and Extended Data Fig. 6a, c, e were deposited with the dataset identifiers PXD038332 for all
data sets; Data shown in Fig. 2a-b reported in this manuscript were deposited with the dataset
identifier PXD038398. RNA-seq data (Fig. 3c-e, g, Extended Data Fig. 4b, c) have been

deposited in the GEO under accession code GSE219055.

Code availability statement

Custom python scripts used in analysing the ribosome profiling data are freely available at

https://github.com/greenlabjhmi/rna_protein_crosslinks
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911 Extended Data Figure Legends

912

913

914  Extended Data Figure 1. Photoactivatable-ribonucleoside-enhanced crosslinking and
915 formaldehyde trigger toxic RNA-protein crosslink formation.

916  a-b: Colony formation assay (a) and cell viability measurement (b) of HeLa T-REXx Flp-In
917  cells after treatment with indicated doses of 4-SU (16 h) and UVA. Values in (b) represent
918 the mean £ SD of three biological replicates normalised to the mean of corresponding control
919  of each replicate.

920 c-d: Colony formation assay (c) and cell viability measurement (d) of HCT116 cells after
921 treatment with indicated doses of 4-SU (16 h) and UVA. Values in (d) represent the mean +
922  SD of three biological replicates normalised to the mean of corresponding control of each
923  replicate.

924  e: HAP1 cells treated with indicated formaldehyde (FA) concentrations for 1 h. Cell viability
925  was measured by AlamarBlue assay 24 h after formaldehyde treatment. Values represent the
926  mean £ SD of four biological replicates normalised to the mean of corresponding control of
927  each replicate.

928 f: DNA-protein crosslinks quantified by KCI-SDS precipitation assay in HeLa T-REX Flp-In
929 cells following treatment as in (Fig. 1d). Crosslinked DNA was determined using Qubit DNA
930 HS assay. Values represent the mean + SD of the fold change of crosslinked DNA of three
931  technical replicates normalised to the mean of untreated controls.

932  g: Gene ontology (biological function, panther) enrichment analysis of proteins purified by
933 XRNAX assay (Fig. 1 f-g), upon formaldehyde (FA) and PAR-CL (4-SU+UVA) treatment
934  using all genes in the reference list as a background. The 20 most enriched terms with an
935 FDR <0.01 and a reference list size > 10 are displayed.

936

937

938 Extended Data Figure 2. PAR-CL induces ZAKa- and GCN2-dependent stress

939  responses.

940 a: Kinase-substrate enrichment analysis (KSEA) showing kinase Z-scores (4-SU (5 uM, 16
941  h) +UVA (6 kJ/m?) vs control) based on significantly altered phospho-sites shown in (Fig.
942  2a).

943  b-c: Representative western blot analysis of clonal HeLa T-REXx Flp-In (b) and HCT116 (c)
944  ZAK KO cells complemented with constructs expressing GFP, ZAKa'W" or ZAKa**R, and
945  matched AAVS1 control cells treated with 4-SU (5 pM, 16 h), UVA (6 kJ/m?), or ANS (1
946  uM, 0.5 h), as indicated. Asterisk indicates unspecific band.

947  d-e: Representative western blot analysis of clonal HeLa T-REXx Flp-In (d) and HCT116 (e)
948  GCN2 KO cells complemented with constructs expressing GFP, GCN2WT or GCN2P848N and
949  matched AAVS1 control cells treated with 4-SU (5 pM, 16 h), UVA (6 kJ/m?), or ANS (1
950 pM), as indicated.

951 f-g: Representative western blot analysis of eHAP cells expressing doxycycline-inducible
952 Cas9 and AAVS1 or ZAK gRNAs (f) or GCN2 gRNAs (g) incubated with doxycycline (1
953  pg/ml, 48 h) followed by the treatment of 4-SU (5 pM, 16 h) and UVA irradiation (6 kJ/m?)
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or the treatment of anisoymcin (ANS, 1 uM, 0.5 h), as indicated. Asterisk indicates
unspecific band.

h-i: Representative western blot analysis of HeLa T-REXx Flp-In cells treated with 4-SU (5
MM, 16 h) followed by HAR (2 pug/ml, 0.5 h) pre-treatment prior to irradiation with UVA (6
kJ/m?) and anisomycin (ANS, 1 uM, 0.5 h) (h) or anisomycin pre-treatment (ANS, 375 uM,
0.5 h) prior to irradiation with UVA (6 kJ/m?) (i), as indicated. Asterisk indicates unspecific
band.

Extended Data Figure 3. Formaldehyde induces ZAKa- and GCN2-dependent stress
responses.

a-b: Representative western blot analysis of clonal HeLa T-REx Flp-In ZAK KO (a) and
GCN2 KO (b) cells and matched AAVS1 control cells treated with increasing doses of 4-SU
(0.04, 0.2, 1 and 5 pM, 16 h), followed by UVA irradiation (6 kJ/m?) or increasing doses of
formaldehyde (FA, 100, 200, 500, 1000 puM, 1 h).

c-d: Representative western blot analysis of HAP1 (c) and HeLa T-REXx Flp-In (d) cells
treated with 4-SU (5 uM, 16 h) followed by harringtonine (HAR, 2 pug/ml, 0.5 h) pre-
treatment prior to irradiation with UVA (6 kJ/m?) or the treatment of increasing doses of
formaldehyde (FA, 100, 200, 500, 1000 puM, 1 h), as indicated. Asterisk indicates unspecific
band.

Extended Data Figure 4. PAR-CL induces translation stress and ribosome collisions.

a: Relative levels of O-propargyl-puromycin (OPP) incorporation measured by flow
cytometry to determine protein synthesis rate in HeLa T-REXx Flp-In cells following treatment
with indicated doses of 4-SU (16 h) followed by UVA irradiation (6 kJ/m?). Values represent
fluorescence intensities of live, single cells normalised to the mean of untreated controls.

b: Frequency of C-T conversion in 30-mer ribosome footprints isolated from HAP1 cells
treated with 4-SU (5 uM, 18 h) and UVA (6 kJ/m?), as indicated compared to controls.
Values represent the mean + SD of three replicates.

c: Representative size distribution of ribosome footprints from HAP1 cells treated with 4-SU
(5 UM, 18 h) and UVA (6 kJ/m2) compared to controls.

d: Polysome profiles of RNase-digested lysates of HAP1 cells treated with 4-SU alone (5
MM, 18 h) or 4-SU+UVA (6 kJ/m?), as indicated and harvested 0.5 h after irradiation.
Following lysis and RNase A digestion, lysates were fractionated over 10-35% sucrose
gradients followed by UV/(A260) absorbance measurement

e-f: Representative western blot analysis of clonal HeLa T-REx Flp-In (e) and HCT116 ()
ZNF598 KO cells complemented with constructs expressing GFP, ZNF598WT or ZNF598¢2%
and matched AAVS1 control cells treated with 4-SU (5 uM, 16 h), UVA (6 kJ/m?), or
anisomycin (ANS, 1 uM, 0.5 h), as indicated.

g-i: Representative western blot analysis of clonal HAP1(g), HeLa T-REx Flp-In (h) and
HCT116 (i) ZAK or GCN2 KO cells and matched AAVS1 control cells treated with 4-SU (5
UM, 16 h), UVA (6 kJ/m?) or anisomycin (ANS, 1 uM, 0.5 h), as indicated.
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J-1: Representative western blot analysis of clonal HAPL1(j), HeLa T-REXx Flp-In (k) and
HCT116 (l) ZNF598 KO cells and matched AAVS1 control cells treated with 4-SU (5 uM, 16
h), UVA (6 kJ/m?) or anisomycin (ANS, 1 uM, 0.5 h), as indicated. Asterisk indicates
unspecific band.

Extended Data Figure 5. RQC is not essential for resolution of PAR-CL-induced
translational stress.

a: Representative western blot analysis of eHAP cells expressing doxycycline-inducible Cas9
and AAVS1 or ZNF598 gRNAs were incubated with doxycycline (Dox, 1 pg/ml, 48 h)
followed by treatment with 4-SU (5 uM, 16 h) and UVA irradiation (6 kd/m?) or anisomycin
(ANS, 1 pM, 0.5 h), as indicated.

b: eHAP cells expressing doxycycline-inducible Cas9 and AAVS1 or ZNF598 gRNAs were
incubated with doxycycline (Dox, 1 ug/ml, 48 h) followed by treating with indicated doses of
4-SU (16 h) and UVA irradiation (6 kd/m?) or indicated doses of formaldehyde. After 24 h,
viability was determined using AlamarBlue assay. Values represent the mean = SD of three
(PAR-CL, 4-SU+UVA) or four (FA) biological replicates normalised to the mean of
corresponding controls of each replicate.

c: O-propargyl-puromycin (OPP) incorporation analysed by flow cytometry in HeLa T-REX
Flp-In cells treated with 4-SU (5 uM, 16 h) and UVA (6 kJ/m?) at different timepoints after
irradiation. Values represent fluorescence intensities of live, single cells normalised to the
mean of controls.

Extended Data Figure 6. Resolution of mMRNA-protein crosslinks is independent of
autophagy, ZAK, GCN2, or ZNF598.

a: Bar graphs depicting normalised label free quantification (LFQ) intensities of YBX3-
mMRPCs isolated by poly-A pulldown from HAP1 cells treated with 4-SU (2.5 uM, 16 h) and
ubiquitin E1 inhibitor (Ub-Eli, TAK-243, 1 uM, 1 h), as indicated, prior to irradiation with
UVA (6 kJ/m?) at indicated timepoints. Bar graphs depict mean + SD of four biological
replicates

b: Representative western blot showing indicated timepoints of recovery of mRPCs isolated
by poly-A pulldown from HAP1 cells treated with 4-SU (2.5 uM, 16 h) and treated with
autophagy inhibitor (Bafilomycin Al, BAF, 50 nM, 1 h) prior to irradiation with UVA (6
kd/m?).

c: Bar graphs depicting normalised label free quantification (LFQ) intensities of YBX3-
mRPCs isolated by poly-A pulldown from HAP1 cells treated with 4-SU (2.5 puM, 16 h) and
proteasome inhibitor (MG132, 5 uM, 1 h), as indicated, prior to irradiation with UVA (6
kJ/m?) at indicated timepoints. Bar graphs depict mean + SD of four biological replicates

d: Representative western blot showing indicated timepoints of recovery of mRPCs isolated
by poly-A pulldown from clonal HAP1 ZAK, GCN2 or ZNF598 KO cells and matched
AAVS1 control cells treated with 4-SU (2.5 uM, 16 h) and UVA (6 kJ/m?).

e: Bar graphs depicting normalised label free quantification (LFQ) intensities of YBX3-
mRPCs isolated by poly-A pulldown from HAP1 cells treated with 4-SU (2.5 puM, 16 h) and
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1041 translation inhibitor anisomycin (ANS, 375 UM, 1 h), as indicated, prior to irradiation with
1042  UVA (6 kJ/m?) at indicated timepoints. Bar graphs depict mean + SD of four biological

1043  replicates

1044  f: Representative western blot analysis of HAP1 cells treated with ubiquitin E1 inhibitor (Ub-
1045 E1i, TAK-243,1 uM, 1 h) and translation inhibitor anisomycin (375 uM ANS, 1 h), followed
1046 by UVC (50 J/m?) irradiation.

1047

1048

43



Extended Data Figure 1
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Extended Data Figure 2
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Extended Data Figure 3
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Extended Data Figure 4
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Extended Data Figure 5
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Extended Data Figure 6
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