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1. Introduction

1.1 DNA damage and repair

Deoxyribonucleic acid (DNA), our genetic material, is essential to insure the inheritance
of genetic information from one generation to the next. It is crucial to protect DNA from any
potential damage and maintain genome stability. DNA is wrapped around histone octamer (H2A,
H2B, H3, and H4) forming the unit as the nucleosome. This structure does not only protect naked
DNA from damage, but also regulates gene expression epigenetically. DNA is threatened by both
endogenous and exogenous factors in our daily life. Endogenous mutagens include reactive oxygen
species (ROS), aldehydes as metabolic products from [-oxidation of lipids, or mismatched
incorporated deoxynucleotides during replication. Exogenous mutagens can be ultraviolet (UV)
irradiation, chemotherapeutic drugs, alcohol consumption, tobacco smoking, etc. (Chatterjee and
Walker, 2017). To protect fragile DNA, complex protection mechanisms, DNA damage responses
(DDRs) have evolved in higher vertebrates. The first step of DDR is recognizing cellular DNA
damage. When the damage is detected, a series of signal transduction is initiated. This cellular
response can affect cell cycle progression, DNA replication, transcription, and activation of the
DNA repair machinery. There are two cellular strategies to combat possible DNA damage: the
DNA damage repair and the DNA damage tolerance (DDT) pathways. The former one operates in
an error-free mode that can directly remove damaged DNA and does not introduce mutations after
repair. DNA damage repair (such as base excision repair, nucleotide excision repair, mismatch
repair, etc.) ensures the precise removal of damage in any stage of the cell cycle. DDT pathways,
however, are responsible for tolerating DNA lesions in the S phase of the cell cycle and may be
sources of mutagenesis. During DNA replication, DNA damage can hinder the ongoing process of
replication. There are multiple steps in the DDT pathways to remove the obstacle from the stalled
replication fork. Both DNA repair and DDT mechanisms are required to ensure faithful DNA

replication.

1.2 Post-translational modification of proteins; phosphorylation and
ubiquitination as DNA repair signals

Proteins are produced via the translation of RNA to protein in the ribosomes followed by
folding and post-translational modification (PTM), which are important in determining the

functions of proteins. PTMs are by covalent enzymatic modifications of certain domains in the



protein. Phosphorylation and ubiquitination play essential signal transduction roles in DNA repair
pathways. For example, serine/tyrosine residues are often phosphorylated by protein kinases,
which transfer a phosphoryl group onto the protein. In contrast, a phosphorylated protein can be
dephosphorylated by phosphatases, which remove a phosphate group from the serine/tyrosine
residue by hydrolysis. Both phosphorylation and dephosphorylation can alter the function of the
protein, and the modified protein can act as a signal transducer to amplify cellular signals. The cell
cycle is tightly governed by phosphorylation in DNA damage response so that the damaged DNA
can be repaired or the affected cell can go into senescence or apoptosis. For instance, upon DNA
damage, the MRE11-RAD50-NBS1 (MRN) complex serves as a platform and recruits the Ataxia-
telangiectasia-mutated (ATM) protein, which undergoes autophosphorylation. Activated ATM can
further phosphorylate the tumor suppressor checkpoint kinase 1 (CHK1) (Falck et al., 2005). The
CHKI1 protein can regulate the G2/M cell cycle checkpoint. The phosphorylated CHK1 can
phosphorylate WEEI kinase, and the activated WEE]1 kinase can further phosphorylate tyrosine-
15 residue on the Cyclin-Dependent Kinase 1 (CDK1) for preventing the cell from entering the S-
phase (Zhang and Hunter, 2014). The phosphoryl group is added from one protein to another as a

message, and by passing on this message, cell cycle regulation is well controlled.

Ubiquitin is a stable small regulatory protein, which can covalently bind to another protein
to alter its function or to initiate its degradation. This enzymatic ATP-dependent PTM, the so-
called ubiquitination, consists of a series of chain reactions, which are catalyzed by the El
(ubiquitin-activating enzyme), the E2 (ubiquitin-conjugating enzyme), and the E3 (ubiquitin ligase
enzyme) proteins (Pickart, 2001). Ubiquitin is activated and transferred to catalytic cysteine
residue of E1 via ATP hydrolysis, then it is passed on to catalytic cysteine residue of E2.
Eventually, E3 transfers the C-terminus of the ubiquitin protein to the NH> side chain of a lysine
residue of the target protein (Di Fiore et al., 2003). There are over 500 E3 ligases, and these E3
ligases can be further categorized into RING (Really Interesting New Gene-finger), HECT
(Homologous to the E6-AP Carboxyl Terminus), and U-box (a modified RING motif without the
full complement of Zn**-binding residues) contains their domain structure. The most common E3
ligase contains RING-finger, which brings substrate and E2 together as a scaffold protein (U-box
containing E3 has the same activity). HECT-E3 ligases can form a thioester bond between their
cysteine residue and ubiquitin, and then the ubiquitin is passed to the target lysine residue of a

protein through this additional thioester bond (Passmore and Barford, 2004) (Figure 1).
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Monoubiquitination can be catalyzed on multiple lysine residues within one protein. The
monoubiquitinated protein can be further ubiquitinated by the addition of more ubiquitin proteins
on lysine residues of the ubiquitin. The polyubiquitin chain formation usually can happen on
lysine 48 (K48) or lysine 63 (K63) of ubiquitin. This reaction is referred to as polyubiquitination.
Polyubiquitinated proteins are usually degraded by the 26S proteasome such as in the case of p53
signal responses, thus, this polyubiquitination reaction is mainly characterized by a proteolytic
reaction. However, monoubiquitination, and many times K63-polyubiquitination are not followed
by a proteolytic reaction, and they serve as a signal for cellular DNA damage repair. Ubiquitination
is a reversible enzymatic reaction; the ubiquitinated protein can be deubiquitinated by substrate-
specific deubiquitinating enzymes (Nijman et al., 2005). The proteins that are involved in DNA
repair often possess ubiquitin-binding domains (UBDs), which can recognize and non-covalently
interact with other ubiquitinated proteins of cellular signal transduction cascades (Komander and
Rape, 2012). For instance, upon DNA double-strand breaks (DBS), the histone variant H2AX is
phosphorylated by ATM, and YH2AX can recruit the RING-finger protein RNF8 (E3-ligase).
RNF8 catalyzes the monoubiquitination of histones H2A and H2AX, and these can recruit
RNF168 to the site of damage (Doil et al., 2009). RNF168 can further promote polyubiquitination
of H2AX as a ubiquitin ligase, which becomes a hub for the accumulation of BRCAT1 or 53BP1
proteins (Al-Hakim et al., 2010)
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Figure 1. (A) Schematic review of the ubiquitination reaction. Ub: ubiquitin, HECT: homologous

to E6-associated protein C-terminus, RING: really interesting new gene. DUB: deubiquitinating

enzymes. (B) Schematic review of the functions of ubiquitylated proteins. (Al-Hakim et al., 2010)

1.3 The Fanconi anemia pathway

Fanconi anemia (FA) is a rare genetic disorder characterized by abnormalities of the bones
and skin, bone marrow failure, endocrine disorders and hypersensitivity to crosslinking agents
(Alter BP, Young NS., 1993). During DNA synthesis, the replication machinery may encounter
various DNA lesions due to different damaging agents. Unrepaired lesions may lead to the stalling
of the replication fork. Finally, it may result in genome instability, apoptosis or carcinogenesis.
The Fanconi Anemia (FA) pathway is one of the main processes responsible for the repair of DNA
interstrand crosslinks (ICLs) at the S/G2 cell cycle checkpoint. ICLs are covalent links between
the two strands of the DNA helix. When the replication fork stalls due to an ICL, ssDNA is coated
by the replication protein A (RPA), which is a signal for the autophosphorylation of the ataxia
telangiectasia and Rad3-related (ATR) protein at Thr-1989. The activated phosphorylated ATR,
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as a protein kinase, can further activate the serine 1045 residue of FANCM (FAAP250).
Phosphorylated FANCM acts as an anchor protein for the FANC core complex assembly and
further induces the monoubiquitination of FANCD2/FANCI (ID2) in the Fanconi anemia pathway
(Singh et al., 2013). The monoubiquitinated ID2 complex is able to interact with ID2-associated
nuclease 1 (FANI1) via its UBZ domain (Kim and D’Andrea, 2012), FAN1 can unhook the ICL,
and this unhooked substrate can be further processed by TLS polymerases or nucleotide excision

repair (Figure 2).
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Unhooked ICL

Figure 2. The ongoing replication fork is stalled by ICL (A). The activated ATR can phosphorylate
FANCM, which can act as an ICL sensor and platform to recruit the Fanconi Anemia Core
Complex to the ICL site (B). FANCL (E3) and UBE2T (E2) of the FA core complex can
monoubiquitinate the FANCD2/FANCI heterodimer at the ICL site (C). The monoubiquitinated
ID2 complex can recruit FANI1 to unhook ICL (D). The resolved ICL can be further processed by
TLS polymerases.
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1.4 Interstrand crosslink repair

ICLs hinder ongoing DNA replication and DNA transcription. There are two types of ICL
repair mechanisms, the replication-dependent and independent ICL repair. When the ICL lesion is
located on the DNA in quiescent cells, namely, in the GO/G1 phase, nucleotide excision repair
(NER) is the main pathway employed to remove the lesion from the DNA (Wood, 2010). The
XPC-HHR23B complex of the NER system can recruit the XPF-ERCC1 endonuclease to generate
an [CL-containing adduct, which can be further processed by TLS polymerases (Sarkar et al., 2006)
In non-dividing cells, ICLs are also recognized and repaired by the mismatch repair (MMR)
machinery. MutSa (MSH2-MSH®6) is critical for ICL recognition, while MutLa and EXOI
contribute to key downstream nucleolytic steps during ICL repair (Kato et al., 2017). ICL lesions
can block both leading and lagging strand DNA synthesis, and the FA pathway is the main
mechanism activated to remove ICL lesions from the stalled replication fork. This repair
machinery is more complicated than ICL repair in the GO/G1 phase, because it involves ICL lesion
recognition, recruitment of structure-specific endonucleases/exonucleases, polymerase switching,
and, finally, homologous recombination (HR). Replication-associated ICL repair is tightly
controlled by the phosphorylation and ubiquitination signal transduction mechanisms. UHRF1 was
identified as an ICL sensor, and it can recruit nucleases to process ICL incisions (Liang et al., 2015;
Tian et al., 2015). In a recent report, it was shown that UHRF2, as a paralogue of UHRF1, can
recruit FANCD2 to the site of ICL and stimulate monoubiquitination of the ID2 complex with
UHRF1 (Motnenko et al., 2018). Monoubiquitination of the ID2 complex can act as a platform to
further recruit down-stream DNA repair players such as structure-specific nucleases. Structure-
specific nucleases act as “scissors” in resolving DNA distortion caused by ICLs; some of them cut
on the leading strand, while others make an incision on the lagging strand (Figure 3). This step is
referred to as unhooking. The unhooked substrates can be further processed by TLS polymerases,
a special class of polymerases that facilitate the bypass of the resolved ICL and the rescue of the

stalled replication fork.
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1.5 Structure-specific nucleases

1.5.1 ERCC1-XPF
The role of the Excision repair cross complementation group 1-Xeroderma pigmentosum

complementation group F (ERCC1-XPF) is well characterized in global genome NER (GG-NER)
and transcription-coupled NER (TC-NER) (Faridounnia et al., 2018). Both ERCC1 and XPF
belong to the XPF nuclease family, also known as the XPF/MUSS81 family. ERCC1-XPF forms a
heterodimer complex, which functions as a structure-specific 3’ flap endonuclease and is recruited
to perform an incision at a ds/ss DNA junction on the 5’ side of the damage, while XPG incises
on the 3’ side (Staresincic et al., 2009) (Figure. 3A). ERCCI1-XPF also plays a role in the
unhooking step of replication-coupled ICL repair, and ubiquitinated FANCD?2 is able to recruit
ERCCI1-XPF along with SLX4 to the ICL site (Klein Douwel et al., 2014). This heterodimer can
accommodate the psoralen-induced interstrand crosslink and process the ICL lesion by making an

incision on both sides of the ICL site (Kuraoka et al., 2000).

1.5.2 SLX1-SLX4
SLX1-SLX4 forms a structure-specific endonuclease heterodimer, and it makes an incision

when removing ICL lesions blocking the replication fork. SLX1 possesses a UvrC-intron-
endonuclease domain (URI) and a PHD-type zinc finger domain, and it displays a weak
endonuclease activity (Fricke and Brill, 2003). However, the nuclease activity of SLX1 can be
extremely enhanced by its interaction with SLX4 via a helix-turn-helix motif. The heterodimeric
SLX1-SLX4 prefers to cleave the 5’flap substrate, but it incises at the sSDNA-dsDNA junction
(Fricke and Brill, 2003; Klein Douwel et al., 2014) (Figure. 3B). In the past decade, more and more
studies have shown that SLX4 acts as a scaffold protein for recruiting not only SLX1 but other
nucleases as well. For example, SLX4 is able to interact with XPF via an MLR motif (Fekairi et
al., 2009; Klein Douwel et al., 2014), and this recruitment to the ICL site can promote ICL incision
at various angles. Besides its role in ICL repair, SLX4 can also recruit MUS81-EMEI in
homologous recombination repair, and the interaction between MUSS81 and SLX4 is independent

of ICL repair (Castor et al., 2013).

1.5.3 SNM1A
The Human Sensitive to Nitrogen Mustard 1A (SNM1A) protein is a member of the -
CASP family due to its metallo B-lactamase (MBL) and CASP homology domains. It is the

orthologue of Saccharomyces cerevisiae Pso2 and, as such, it also possesses exonuclease activity
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(Callebaut et al. 2002; Cattell et al., 2010). The SNM 1A protein contains a UBZ domain at the N-
terminal and a PIP-box in the middle region of the protein and is involved in the RAD18 DDT
pathway (Yang et al., 2010). Recent research revealed that SNMI1A has single-strand-specific
endonuclease activity (5’- and 3’-overhangs, hairpins, flaps, and gapped substrates) as well (Figure.
3C). SNMI1A might be able to process ICL-containing substrates but not bypass them because
SNMIA stops at a short distance from the incision 3' to the ICL, possibly due to steric inhibition
by the remnants of the ICL generated by further exonucleolytic degradation (Buzon et al., 2018).
SNMI1A may be a downstream processor of other structure-specific nucleases trimming the
unhooked substrate in the ICL bypass repair.
1.5.4 FAN1

FANCD2/FANCI-associated nuclease 1 (FAN1) is a structure-specific nuclease that plays
an important role in the unhooking step of the FA pathway when resolving ICL lesions (Pizzolato
et al., 2015). FANI is composed of 1017 amino acids and its size is 114,225 daltons. FAN1
possesses a UBZ domain, an uncharacterized PIP-box at the N-terminal end and a TPR domain, a
SAP domain (DNA-binding domain), and a VRR-NUC domain (catalytic domain) at the C-
terminal end (Pennell et al., 2014; Porro et al., 2017; Smogorzewska et al., 2010). FANI1 is
activated by monoubiquitinated FANCD?2 via its UBZ domain for unhooking ICL lesions. The
previous in vivo study also indicated that FAN1-knockdown cells are hypersensitive to interstrand

crosslinking agents (Kratz et al., 2010). FAN1 possesses 5'-flap endonuclease activity and is able
to incise at the 4th nucleotide after the replication junction on the 5’ flap substrate (Figure. 3D).
FANT1 has 5'— 3’ exonuclease activity as well, initiating cleavage 4 nt from the 5'-end on single-

and double-stranded DNA (MacKay et al., 2010). FANI is able to unhook nitrogen mustard-

induced interstrand crosslinks in vitro owing to its nuclease activity (Pizzolato et al., 2015).
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Figure 3. The incision site of structure-specific nucleases on the ICL-containing substrate. The

schematic diagram indicates the location of the ICL (red line). (A). ERCCI1-XPF nuclease can

incise in double-stranded DNA on the 5’ side of such a junction (approximately two nucleotides

away). (B). SLX1-SLX4 dimer is able to introduce a cut between ssDNA and dsDNA at replication

fork junction. (C). SMNIA can trim on ssDNA with its 5-3’ endonuclease and exonuclease

activity. (D). FANI1 is able to digest after replication fork junction 4nt.

1.6 Y-family Translesion DNA Polymerases

Replicative polymerases such as Pol & are responsible for DNA replication in both the
leading and the lagging strand (Johnson et al., 2015), and they possess 3' — 5’ exonuclease activity

as a proofreading function to ensure the fidelity of DNA replication. The replisome complex

performs DNA replication in the 5 — 3’ direction. If this process encounters any DNA lesions

(such as base adducts, photoproducts, intrastrand or interstrand crosslinks), the DNA replication
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fork may stall because the active site of the replicative polymerase & cannot accommodate the ICL
lesion (Bezalel-Buch et al., 2020). When the replication fork machinery is blocked, the helicases
and replicative polymerases — the members of the replisome complex — can disassociate. The DDT
pathway can be activated by replication protein A (RPA) to prevent further fork collapse (Davies
et al., 2008). Y-family Translesion (TLS) DNA polymerases are a group of specialized
polymerases that can be activated during DNA lesion bypass. The mammalian Y-family TLS
polymerases includes REV1, Pol 1, Pol 1, and Pol «, and their protein structure is conserved. All
of them contain the DNA-binding domain PAD and a catalytic site at the N-terminal domain and
other protein-protein interaction domains at the C-terminus (Ling et al., 2001; Yang and Gao,
2018). TLS polymerases bypass DNA lesions in a “two-step fashion”: a TLS polymerase adds a
nucleotide opposite the DNA lesion and then another TLS polymerase extends the DNA from this
point. Moreover, Pol 1, Pol 1, and Pol k possess a REV I-interacting-region (RIR), which enables
them to interact with Rev1 in the bypass of DNA lesion (Yamanaka et al., 2017). This process is
known as the Revl-dependent pathway. REV1 is also able to serve as a platform to recruit TLS
B-family Pol £ for the extension part of lesion bypass. DNA damage bypass can also be performed
via a REV1-independent pathway. Pol 1, Pol 1, and Pol « contain the proliferating cell nuclear
antigen (PCNA)-interacting protein (PIP) and ubiquitin-binding motif (UBM)/ubiquitin-binding
zinc finger (UBZ) domains, which allow them to interact with Ub-PCNA in the bypass of DNA
damage (Farh et al., 2005; Haracska et al., 2001; Plosky et al., 2006).

1.7 Ubiquitinated PCNA constitutes a platform for replication fork rescue
Proliferating cell nuclear antigen (PCNA) is a homotrimer DNA clamp protein, which
plays an essential role during DNA replication. PCNA is loaded onto the leading strand of the
DNA replication machinery with the help of replication factor C (RFC). The RAD18 DNA damage
tolerance (DDT) pathway can resolve stalled replication forks during DNA replication. Upon DNA
lesion, the lysine 164 residue (K164) of PCNA can be monoubiquitinated by UBAT1 (E1), RAD6
(E2), and RADI18 (E3). Monoubiquitinated PCNA acts as central hub to recruit UBZ domain-
containing TransLesion synthesis (TLS) polymerases. Monoubiquitinated PCNA can also undergo
polyubiquitination by MMS2-UBC13 through a lysine 63-linked ubiquitin chain, and HTLF can
enhance the polyubiquitination reaction in vitro (Unk et al., 2008). Polyubiquitylated PCNA can
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initiate the error-free DNA damage tolerance pathway template switching. The FA pathway is one
of the main processes responsible for the repair of DNA ICL lesions at the S/G2 cell cycle
checkpoint. In the FA pathway, FANI can be activated by the monoubiquitinated
FANCI/FANCD?2 heterodimer via its UBZ domain. FANI can incise the ICL-neighbouring region
due to its structure-specific endonuclease activity and thus facilitate the bypass of the lesions.
Surprisingly, depletion of FAN1 does not affect ICL-induced double-strand DNA break formation
and does not lead to the development of FA either. Rather, germline FAN1 mutations cause
caryomegalic interstitial nephritis (Lachaud et al., 2016). FAN1 also contains an uncharacterized
PIP domain, which allows it to interact with PCNA to prevent replication fork collapse at G-
quadruplexes (G4s) (Porro et al., 2017). DNA repair proteins are often recruited to specific sites

of DNA damage through protein-protein interactions.
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2. Goals and Objectives

The main goal of this study is to investigate whether FAN1 operates in the RAD18 DDT pathway
and contributes to ICL bypass in cooperation with Ub-PCNA and TLS polymerases. The specific
research questions are the followings:

-Does FANI1 interact with Ub-PCNA via its PIP box or UBZ domain?

-Can Ub-PCNA interaction affect the nuclease activity of FAN1?

- Are TLS polymerases able to cooperate with FANT1 for coordinated ICL lesion bypass and rescue
of the stalled replication fork?

-Finally, to understand detailed molecular role of FAN1. I plan to reconstitute ICL bypass in vitro

using substrates mimicking ICL and highly purified repair proteins.

In order to achieve the above goals, the following specific experiments are proposed:

e Purification of FAN1, FAN1 mutants’ proteins and other DNA repair proteins (PCNA,
TLS polymerases (1, k, 1) by affinity chromatography
e Determining the domain that is responsible for the interaction between FANI and
PCNA/Ub-PCNA by comparing FAN1 mutant derivatives:
I. Examining physical protein-protein interactions with pull-down assays
II. Investigating the effect of FAN1 nuclease activity in the presence of PCNA or
Ub-PCNA and various DNA substrates
e Examining which Y-family TLS polymerase can cooperate with FANT1 in the rescue of the
stalled replication in vitro
e Characterizing the function of TLS polymerase 1 with FAN1 in bypassing TMP-induced
ICL substrates
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3. Materials and Methods

3.1 Plasmids for protein expression

The pDONR201 plasmid carrying the FANI1-coding sequence was a gift from Dr. Jun
Huang (Liu, T., et al. 2010). The point mutant derivatives of FAN1, with inactivated UBZ and/or
PIP domains were obtained by the mutagenic PCR approach using the QuikChange II XL Site-
Directed Mutagenesis Kit (Agilent Technologies) and appropriate pairs of mutagenic

oligonucleotides carrying the desired mutations (Table 3 II).

For expressing FANI and its derivatives in yeast cells, they were cloned in fusion with
glutathione S-transferase (GST) and FLAG tags under the control of the Saccharomyces cerevisiae
galactose-inducible phosphoglycerate promoter using the Gateway cloning system (Invitrogen)
with the LRII clonase enzyme and the pIL1844 (pBJ842 GST-FLAG-Destination) vector resulting
in plasmids pIL2527, pIL3024, pIL2550, pIL3113 expressing the GST-FLAG-FANI, and its
derivatives carrying point mutations/deletions in their UBZ and/or PIP domains, respectively

(Table 1). All plasmid constructs were verified by sequencing.

For localization studies and Western blot analyses, FAN1 and RAD18 cDNAs were cloned
in fusion with N-terminal tags resulting in GFP-FAN1 (pIL2698), HA-FAN1 (pIL2528), FLAG-
FANI (pIL2529), and FLAG-RADI18 (pIL2615).

Number Name Vector Insert Cloning method

PIL2519 | FANI1 pDONR201 | FAN1 WT (Liu et al., 2010)

PIL3022 | FANI1 PIP pDONR201 | FANI PIP mutagenic PCR with
(I30A/F34A, 05635+05636 on
Y128A/F129A) pIL2977

PIL2543 FAN1 UBZ pDONR201 | FAN1 AUBZ (Liu et al., 2010)

PIL3110 FANI PIP/UBZ | pDONR201 | FAN1 AUBZ- PIP | by mutagenic PCR with

(I30A/F34A, 05635+05636
Y128A/F129A)
PIL2527 FAN1 pIL1844 FAN1 WT LR recombination from
pIL2519 to pIL1844
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PIL3024 FAN1 PIP pIL1844 FAN1 PIP LR recombination from

(I30A/F34A, pIL3022 to pIL1844
Y128A/F129A)
PIL2550 FAN1 UBZ pIL1844 FAN1 AUBZ LR recombination from
pIL2550 to pIL1844

PIL3113 | FANI PIP/UBZ | pIL1844 GST-FLAG-FANI- | LR recombination from
AUBZ- PIP pIL3110 to pIL1844
(I30A/F34A,
Y128A/F129A)

Table 1 The list of plasmids used in this study.

3.2 Plasmid transformation

The pBJ842 yeast expression vector of GST- FLAG -FAN1 with — LEU selection marker
was mixed with 300 ul 40 % Polyethylene glycol-lithium acetate and transformed into BJ5464
yeast competent cells. The mixture was incubated at 30 °C for 30 minutes on the shaker. After
incubation, 38.5 ul DMSO was added into the mixture for heat shock at 30 °C for 15 minutes.
After pelleting down the cells, the supernatant was removed and +12 media was added. The cells
were incubated at 30 °C overnight on the shaker. The cells were plated on the desired selection

medium (such as -LEU).

3.3 Protein expression and purification

The GST-FLAG tagged FANI WT and mutant proteins were expressed in parallel in
protease-deficient BJ5464 yeast competent cells. The cells containing the expression plasmid were
collected after 7 hours of induction with 7 grams of D-galactose at 30 °C. The cell pellets were
resuspended in buffer A (150 mM Tris—HCI (pH 7.5), 500 mM NaCl, 150 mM KCI 8.5 mM 2-
mercaptoethanol, 30 % sucrose and 1.5 mM EDTA) and were disrupted by a 6775 Freezer/Mill®
Cryogenic Grinder. The supernatant was collected by centrifugation for 30 minutes at 50,377 g at
4 °C. The supernatant was loaded into the filter containing 50 pl Glutathione Sepharose 4B resin

and then incubated at 4 °C for 90 minutes. The Glutathione Sepharose 4B resin was pre-
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equilibriated with buffer A. Following the immobilization of the GST- FLAG tagged protein on
the beads, the beads were washed with an 80 column-volume portion wash buffer containing
decreasing salt concentration (20 mM Tris—HCI (pH 7.5), 500 mM -150 mM NaCl, 0.01 % NP 40,
0.1 mM and 10 % glycerol). Proteins were eluted with PreScission Protease from the beads in

wash buffer containing 150 mM NaCl.

GST-fussed human PCNA protein and GST-tagged human DNA polymerases 7, «, 1, were
expressed in protease-deficient BJ5464 yeast competent cells as GST-fusion proteins, from which
GST was removed by Prescission protease during the elution step of purification as described
(Haracska et al., 2001, 2001, 2002). The expression and purification of RFC complex was
following the protocol from Gomes et al., 2000.

3.4 DNA substrates and DNA sequences

3.4.1 Preparation of structure-specific oligonucleotides
Non-single-stranded DNA was annealed in TE buffer. In order to get rid of the non-

annealed oligonucleotides, the samples were run on a 4 % non-denaturing polyacrylamide gel and
imaged using the Typhoon Trio Imager. The desired substrates were isolated by cutting them out
from the gel. The isolated gel parts were soaked in water overnight at 4 °C. The sequence of the

oligonucleotides are listed below:

73 nt 5’-flap DNA FITCx
05613

A

S AT
N 05615 Biotin

Biotin

73 nt 5’-flap interstrand- | '€
05613
crosslinked DNA o%>%mm

Biotin

73 nt 5’-flap DNA with | Fre, oseLs

6\%

20-nt flap length S e

\\ 05613
- <
25-nt flap length OW

73 nt 5’-flap DNA with | FITC
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73 nt 5’-flap DNA with | rFrc
40-nt flap length 05613

1

05675

73 nt 5°-flap DNA with | FITC
30-nt flap length <

05613

1

>

05614

73 nt 5’-flap DNA with
30-nt flap length and 3’
labeled with FITC

05701 FITIC

f

8] 05615 Biotin

Biotin

73 nt 5’-flap DNA with

g

05613*

30-nt flap length, FAM &
p g O:y 05615 Biotin
on the leading strand M e

Biotin

Table 2 DNA substrates used in this study

3.4.2 Preparation of site-specific interstrand-crosslinked oligonucleotides

The site-specific interstrand-crosslinked substrate was prepared according to the following
protocol: the 87.6 mM 4,5°,8-trimethylpsoralen (TMP, Sigma, T6137) crosslinking agent was
applied alone with 2.6 mM annealed DNA in crosslinking buffer (10 mM Tris-HCI pH 7.5, 1 mM
EDTA, and 50 mM NaCl) under a UVA source (4.2 mWm™) wavelength of 365 nm. The reaction
was repeated for 5 cycles at 15 minutes intervals. Our protocol is a modification of a previously
published method (Liang et al., 2016). ICL was confirmed by 8 M urea 8% denaturing
polyacrylamide gel electrophoresis.

3.4.3 DNA sequences
L

Name Sequence Length | 5'labeling | 3'labeling

05613 S’GTTTTCCGAGTCACGACGCCGCTCCG | 73 nt FITC None
GAACTCGCGTAGGCTTCTCACGACTTC
TCGAGGAAGGCTCGGCGGCT 3°

05614 5’AGCCGCCGAGCCTTCCTCGAGAAGT | 73 nt None None
CGTGAGAAGCCTACGCGACCGTTCTTC
GCCTGGCGGACTGCCTTCCCG 3!
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05615

5’AGCCGCCGAGCCTTCCTCGAGAAGT
CGTGAGAAGCCTACGCGACCGTTCTTC
GCCTGGCGGACTGCCTTCCCG 3!

73 nt

Biotin

Biotin

05617

5’CGGGAAGGCAGTCCGCCAGGCGAAG
AACGG 3’

30 nt

None

None

05635

S’AAAAGCATCTAATTCTGCTATTTCGT
GTGCTAACAATGCACCACCTGCTA ‘3

50 nt

None

None

05636

S’TAGCAGGTGGTGCATTGTTAGCACAC
GAAATAGCAGAATTAGATGCTTTT ‘3

50 nt

None

None

05671

5’AGCCGCCGAGCCTTCCTCGAGAAGT
CGTGAGAAGCCTACGCGAGTTCCGGA
GCCCTGGCGGACTGCCTTCCCG 3’

73 nt

None

None

05672

5 CGGGAAGGCAGTCCGCCAGG 3’

20 nt

None

None

05673

5’AGCCGCCGAGCCTTCCTCGAGAAGT
CGTGAGAAGCCTACGCGAGTTCCCTTC
GCCTGGCGGACTGCCTTCCCG 3’

73 nt

None

None

05674

5’CGGGAAGGCAGTCCGCCAGGCGAAG
3 2

25 nt

None

None

05675

5’AGCCGCCGAGCCTTCCTCGAGAAGT
CGTGAGAACTAAGGTAACCCGTTCTTC
GCCTGGCGGACTGCCTTCCCG ¥’

73 nt

None

None

05676

5’CGGGAAGGCAGTCCGCCAGGCGAAG
AACGGGTTACCTTAG 3’

40 nt

None

None

05701

5’AGCCGCCGAGCCTTCCTCGAGAAGT
CGTGAGAAGCCTACGCGAGTTCCGGA
GCCCTGGCGGACTGCCTTCCCG 3’

73 nt

None

FITC

05613*

S’GTTTTCCGAGTCACGACGCCGCTCCG
GAACTCGCGTAGGCTTCTCACGACTTC
TCGAGGAAGGCTCGGCGGCT 3°

73 nt

None

None

05617*

5’CGGGAAGGCAGTCCGCCAGGCGAAG
AACGG 3’

30 nt

FAM

None
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II.

Name Sequence Purpose

05635 5’AAAAGCATCTAATTCTGCTATTTCGT | Forward mutagenic primer for the
GTGCTAACAATGCACCACCTGCTA 3° PIP I30A/F34A of FANI

05636 | SSTAGCAGGTGGTGCATTGTTAGCACAC | Reverse mutagenic primer for the

GAAATAGCAGAATTAGATGCTTTT3’ PIP I30A/F34A of FANI

03378 5’"GTAAAGCAGAAGATCAGTCCCGCCG | Forward mutagenic primer for PIP

CTAAAAGTAATGATGTGGTGTG3’ Y128A/F129A of FANI1
03379 5’CACACCACATCATTACTTTTAGCGGC | Reverse mutagenic primer for the
GGGACTGATCTTCTGCTTTAC 3° PIP Y128A/F129A of FANI

Table 3 (I). The sequences used to prepare structure-specific oligonucleotides, and (II) oligos for
mutagenic PCR.

3.4 Gels

In my studies, I used various polyacrylamide gels for different experimental purposes.
SDS-PAGE: Sodium dodecyl sulfate (SDS) is able to denature the quaternary structure of protein,
and the percentage of SDS-PAGE was set according to the size of the protein. 4 % native PAGE
was used to separate and isolate DNA substrates of different size and structure. 10 % (8 M)

denaturing urea PAGE was employed to separate the products of the nuclease and TLS assays.

3.5 Nuclease and TLS assays

3.5.1 In vitro nuclease assay

FANI nuclease assays were performed with incubation at 37 °C for 15 minutes in a reaction
buffer containing 25 mM Tris pH 7.5, 150 mM sodium chloride, 15 mM potassium chloride, 7.5
mM magnesium chloride, 1 mM dithiothreitol. 30 nM of fluorescein-labeled substrate, a constant
740 nM of the FANI1 and mutant proteins, a constant 43 nM RFC, and increasing amounts of
PCNA or mono-ub-PCNA (60 nM-600 nM) were applied in the reaction and then stopped with
formamide loading buffer (95% formamide, 10 mM EDTA). The arm length of 73-nt-long 5°-
fluorescein labeled flap substrate applied in the nuclease assay was 30 nt, or indicated otherwise.
Products of the FAN1 WT and mutant proteins were separated using 16 % denaturing PAGE and
detected at 526 nm using the Typhoon Trio Imager.
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3.5.2 In vitro TLS polymerase assay

The TLS polymerase reactions were incubated at 37 °C in the reaction buffer (25 mM Tris
pH 7.5, 50 mM sodium chloride, 15 mM potassium chloride, 7.5 mM magnesium chloride, 1 mM
dithiothreitol). The incubation time is indicated in the figure legend. The concentrations used for
this assay were as follows: 740 nM FANI, 43 nM RFC, 600 nM monoubiquitinated PCNA, 24
nM Pol n/Pol vPol kx, 100 uM dNTPs. Aliquots were withdrawn at the indicated time points,
stopped with formamide loading buffer (95 % formamide, 10 mM EDTA). The reactions were run
in 10 % denaturing PAGE and detected at 526 nm using the Typhoon Trio Imager.

3.6 Immunoprecipitation and western blot analysis

The GST-FLAG-tagged FANI1 and GST-FLAG-tagged FAN1 UBZ mutants were
expressed under the same conditions as described in 3.3. The cell lysate of the two proteins were
loaded on the columns separately, and GST-FLAG-tagged FAN1 and GST-FLAG-tagged FAN1
UBZ proteins were immobilized on glutathione-Sepharose beads. The beads were washed with an
80x column-volume of gradually decreasing wash buffer B (20 mM HEPES-HCI (pH 7.4), 500
mM~150 mM NacCl, 0.01 % NP 40, 1 mM dithiothreitol, and 10 % glycerol). The GST-FLAG-
tagged proteins bound to glutathione-Sepharose beads (15 ul) along with highly purified PCNA
and monoubiquitinated PCNA (100 nM each) were incubated for 90 minutes at 4 °C in buffer B
containing 150 mM NaCl. Beads were washed three times with buffer B, and bound proteins were
eluted in buffer B containing 150 mM NaCl and 20 mM reduced glutathione. Eluted fractions were

analyzed by immunoblotting as indicated.

The GST-tagged PCNA and GST-Flag-tagged fusion-Ub-PCNA proteins were expressed
under the same conditions as the FAN1 proteins. The cell lysates of the two proteins were loaded
on the columns separately, and GST- tagged PCNA and GST-FLAG tagged fusion-Ub-PCNA
proteins were immobilized on glutathione-Sepharose beads. The beads were washed with an 80x
column-volume portion of gradually decreasing wash buffer B (20 mM HEPES-HCI (pH 7.4),
500 mM~150 mM NaCl, 0.01 % NP 40, 1 mM dithiothreitol, and 10% glycerol). The GST-tagged
proteins bound to glutathione-Sepharose beads (15 pl) along with FAN1 and mutant proteins (100
nM each) were incubated for 90 minutes at 4°C in buffer B containing 150 mM NaCl. Beads were

washed three times with buffer B, and bound proteins were eluted in buffer B containing 150 mM
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NaCl and 20 mM reduced glutathione. Eluted fractions were analyzed by immunoblotting as

indicated.

After running the SDS-PAGE gel, proteins were transferred onto blotting membrane. The
blots were placed into 5 % BSA blocking solution for 1 hour at RT. Anti-FLAG M2 monoclonal
antibody conjugated to HRP (Sigma-Aldrich) targeted the FAN1 proteins, and Anti-GST HRP
conjugated antibody (GE healthcare) was able to recognize GST-tagged proteins.

3.7 Cell culture and cell transfection

HCT116 and HEK293 cells were grown in Dulbecco’s modified Eagle’s medium (Sigma)
supplemented with 10% FCS (Sigma) at 37 °C. Transfections were carried out using Lipofectamine
2000 transfection reagent (Invitrogen) according to the instruction of the manufacturer. After
treatment with UV (20 J/m?) or Cisplatin (50 pM), cells were incubated for 6 hours and
immunostaining where indicated. For the cellular localization of FAN1 and PCNA, cells were
treated with a detergent solution (10 mM TRIS-HCI, 2.5 mM MgCl,, 1 % NP-40, 1 mM PMSF)
and immunostaining by using anti-HA antibody (Cell signaling, C29F4) diluted 1:300 and Alexa
Fluor 488 (Invitrogen, A11011) diluted 1:500, anti-PCNA antibody (Santa Cruz, sc-56) diluted
1:200, and Cy3-conjugated anti-mouse antibody (Sigma, catalogue number: C2181) diluted
1:1000.

RNAI1 and stable cell lines: HCT116 RAD18 -/- cell line was described previously (Shiomi
et al., 2007). To complement the HCT116 RAD18 -/- cells, we used a DsRed-RAD18 plasmid

construct.

HEK293-derived stable-silenced cell lines (shFANT) were cultured in Dulbecco Modified
Eagle Medium (DMEM) supplemented with 10 % fetal bovine serum (FCS), 100 U/ml penicillin,
and 100 pg/ml streptomycin. Performing lipofectamine (Invitrogen)-mediated transfection
according to the manufacturer's protocol and using 300 pg/ml G418 for selection, we established
a cell line (shFAN1) stably expressing shRNA targeting FAN1. Silencing was detected by Western
blot using anti-FLAG antibody (SIGMA M2A8592,1:3000) for detecting transiently expressed
FLAG-FANI.

29



3.8 Immunostaining and microscopy

Cells were cultured on coverslips, the medium was removed, and cells were washed two
times with PBS. For detection of PCNA or UB-PCNA together with fluorescently labelled proteins,
a pre-extraction step was performed (J. K. Hicks et al., 2010). Nuclei were pre-extracted by
incubating the coverslips with pre-extraction buffer (20 mM HEPES pH 7.4, 50 mM NacCl, 1| mM
EDTA, 3 mM MgCl, 300 mM sucrose, 0.5% Triton-X-100) for 15 minutes at 4 °C. Nuclei were
then fixed with 4 % formaldehyde/PBS for 10 minutes at room temperature, washed once with
PBS, and then fixed again in ice-cold 100 % methanol to expose the PCNA (PC-10) epitope.
Coverslips were incubated in 5 % BSA in PBS for minimum 2 hours. In other cases, after the
paraformaldehyde fixation, cells were permeabilized with 0.2 % Triton X-100 in PBS for 5
minutes at 4 °C. Samples were mounted with Fluoromount (PBS and analyzed with an Olympus
FV1000 or Leica LS< microscope). Antibodies: anti-PCNA: Santa Cruz (sc56), anti-Ub-PCNA
(lys164): Cell signaling DSC7P 13439S

3.9 Co-immunoprecipitation

Cells (2.5 x10°) were lysed in a buffer containing 50 mM Tris—HCI (pH 7.5), 5 mM EDTA,
150 mM NacCl, 0.1 % NP-40, 1 mM PMSF, and protease inhibitor cocktail (Sigma P8340). To
reduce viscosity, the cell lysates were sonicated on ice. FLAG-tagged proteins were
immunoprecipitated with immobilized M2 FLAG antibodies (Sigma). The precipitated proteins
and the input lysates were analyzed by Western blot using mouse anti-PCNA HRP (Santa Cruz
catalogue number: sc-56), mouse anti-FLAG HRP (Sigma M2 A8592), rat anti-HA HRP (Roche,
catalogue number: 12013819001 clone 3F10), rabbit anti-Tubulin (Santa Cruz catalogue number:
sc-9104) and goat anti-rabbit HRP (Millipore AP132P) antibodies.

3.10 Bimolecular fluorescence complementation assay

In order to examine the physical interactions between FAN1 and Pol n in vivo, the yellow
fluorescent protein (YFP)-based bimolecular fluorescence complementation (BiFC) analysis was

used (Kerppola, 2008). cDNA sequences coding for FAN1 derivatives and Pol n were fused to
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Venus variant YFP fragments V1 and V2, respectively. Human cell lines (U20S, HeLa) co-
transfected with these constructs were analyzed with an ImageXpress high-throughput microscope
using the MetaXpress software package (Molecular Device). First, 100 photos were taken using a
40x Plan Fluor ELWD objective. Total cell number was determined by counting DAPI-stained
nuclei. In each experiment, at least 1000 cells were examined. For detection of interaction, YFP
spots of 1-2 um size with at least 2000x intensity above local background were counted. Spots
located outside nuclei were omitted from further analysis. Then, the ratio (fold change) of YFP
positive cells possessing at least 5 foci compared to cells carrying V1-FAN1 and V2-GUS

constructs was calculated.

3.11 Resazurin-based cell viability assay

Cell viability was detected by a resazurin-based fluorometric assay. Briefly, HEK293 cells
were seeded at 7x10° cells/well in 6-well plates. After 24 hours, cells were transfected with the
appropriate shRNA-expressing construct, described above. One day after transfection, cells were
harvested and seeded in a 96-well plate at a density of 4x10° cells/well in a volume of 100 ul of
complete DMEM. Next day, cells were treated with different concentrations of cisplatin ranging
from 0 to 40 uM (added in a volume of 100 pl to the 100 pl culturing media (2% dilution of
cisplatin)) and incubated for an additional 48 hours. Experiments were carried out in hexaplicates
for each drug concentration. After 2 days of treatment, 40 pl of resazurin solution in DMEM (0.15
mg/ml, Sigma, R7017-1G) was added to each well. After 5 hours of incubation at 37 °C, cell
viability was monitored by measuring fluorescence with excitation wavelength at 542 nm and
emission wavelength at 590 nm in a Fluoroskan Ascent FL (Thermo Scientific) fluorimeter. The
fluorescent signal generated from the assay is directly proportional to the number of living cells in
the sample. Percentages of viability of cisplatin-treated cells were calculated relative to untreated

control cells after calibration to background.
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4. Results

4.1 FAN1 is involved in the RAD6/RAD18 DDT pathway

To examine whether FANI1 is involved in the RAD18 DDT pathway, we used the HCT116
cell line (colon cancer cell line) and UV irradiation as DNA damaging factor. After UV treatment,
we could observe GFP-tagged FAN1 foci formation as FAN1 was recruited to the site of damage
where it co-colocalized with PCNA (Figure 4A first line). In Rad18-/- knockout cells, however,
GFP-FANTI lost its ability to co-localize with PCNA. When a FLAG-RAD18-expressing construct
was transfected into RAD18-/- cells, FAN1 foci formation could be detected again at the site of
damage. Following image quantification, these results lead to the conclusion that FANI is
regulated by the RAD18 DDT pathway and is able to co-localize with PCNA upon UV treatment
(Figure 4B). Furthermore, we also performed co-immunoprecipitation of RAD18 by FLAG-FAN1
in vivo. HA-RAD18 and FLAG-FANI1 were co-expressed in HEK 293 cells. After cell lysis,
FLAG-FANI immobilized on the anti-FLAG-beads along with RAD18 (Figure 4C). We conclude
that FAN1 and RADI18 can act together in DNA repair.

In the RAD18 DDT pathway, the homotrimer PCNA can be monoubiquitinated by
RAD6/RADI18 on K164. The ubiquitinated PCNA can further recruit UBZ-domain-containing
DNA repair proteins. A previous report indicated that the ubiquitin-PCNA-dependent FANI
stabilizes G4 structures to prevent replication fork collapse via its PIP-box and UBZ domains
(Porro et al., 2017). FAN1 contains PIP-box and ubiquitin-interacting domains at the N-terminal,
an SAP-type DNA-binding domain in the middle, and highly conserved VRR-nuclease domain at
the C-terminus (Figure 4D). In this study, we mapped possible functional domains of FAN1 by
using the VectorNTI program. In detail, we constructed a FAN1 PIP point mutant by combining a
PIP box (I30A/F34A) from Porro et al and a mapped PIP box (Y128A/F129A). We also made
FAN1 UBZ deletion mutant and FAN1 double mutant (PIP/UBZ). To investigate whether FAN1
is involved in the ubiquitin-PCNA-mediated RAD18 DDT pathway, we examined FAN1, FAN1
PIP, FAN1 UBZ, and FAN1 PIP/UBZ double mutants in the colocalization study. The results
indicated that FAN1 does not form nuclear foci in undamaged cells, while it forms clear nuclear
foci and colocalizes with ubiquitinated PCNA upon cisplatin treatment. However, the various
mutants completely lost DNA-damage induced FAN1 foci formation and did not colocalize with

ubiquitinated PCNA (Figure 4E).
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Figure 4. (A) The localization of FAN1 depends on RAD18. Knockout HCT116 RAD18-/- and
HCT116 WT cells were transfected with plasmids expressing GFP-FAN1. FANI localization was
compared in these two cell lines and in a cell line in which Radl8 was complemented with a
FLAG-RADI18 plasmid construct. The cells were immunostained with anti-PCNA antibody and
the localization of FAN1 was compared. (B) Quantification of FANI1 localization in RADIS8
knockout cells. The percentage of PCNA — FANI1 colocalization was determined from three
independent experiments, and standard deviation was calculated. (C) FANI1 associates with
RADI18 in vivo. HEK293 cells were transfected with HA-RAD18 and FLAG-FANI. Cell extract
was subjected to immunoprecipitation with anti-FLAG antibody, and the co-immunoprecipitated
RADI18 was detected by western blotting using anti-HA antibody. Tubulin was used as loading
control. (D) The schematic representation of important residues of human FAN1 for interacting
with mono-ubiquitinated PCNA in blue (PIP-box) and dash line (UBZ-domain). (E).
Colocalization of GFP-FAN1 WT and FANI mutants with Ub-PCNA. Representative fluorescent
microscopical images of colocalization of GFP-FAN1 or different GFP-tagged FAN1 mutants
(untreated and cisplatin-treated) with Ubiquitin-PCNA. GFP-FAN1 and FAN1 mutants were
transiently expressed in U20S cells. Cells were treated with 30 uM cisplatin, washed and left to
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recover for 1 h, fixed and immunostained with anti-Ub-PCNA antibody. (F). Quantitative
measurement of experiment. Scanning and measurements were taken with an ImageXpress Micro
Confocal microscope using a 40x ELWD objective and analyzed with the MetaXpress software
package (Molecular Devices). Error bars represent standard deviations. Statistical analysis was
done by 2way ANOVA with Turkey’s multiple comparisons test (N=3). (****) p<0.0001; (**)
p<0.01.

4.2 Pull-down assay and purification of the FAN1 protein and FAN1 mutants
by affinity chromatography

The affinity chromatography technology is able to separate the biomolecule of interest
from a mixture based on the specific type of binding interaction. In my experimental setup, the
Glutathione Sepharose 4B resin was applied for binding the GST-FLAG-tagged FANI protein
from the cell lysate. Affinity chromatography provides a highly specific, strong interaction
between the resin and the target protein. After removing non-specific bound proteins with wash
buffer, the GST-Flag-tagged FAN1 was eluted with PreScission Protease or 20 nM glutathione.
Taking advantage of this affinity chromatography technique, I was able to investigate the direct
interaction between FAN1 and PCNA/Ub-PCNA. I immobilized GST-Flag-tagged wild-type and
UBZ-mutant FAN1 proteins as the “bait” protein on the glutathione agarose beads and then added
highly purified PCNA or Ub-PCNA as the “prey” protein in the GST-pull down assay. This affinity
system revealed that from a one-to-one mixture of PCNA and Ub-PCNA, FANI bound the
ubiquitinated form of PCNA preferentially and that the mutation in the FAN1 UBZ domain
completely disrupted this binding (Figure 5). Moreover, when we compared the binding affinity
of FAN1 to GST-PCNA and GST-Ub-PCNA, we detected a higher affinity to Ub-PCNA than to
PCNA. In addition, while the PIP mutations impaired FAN1 binding to PCNA, its ability to bind
to Ub-PCNA remained partially, indicating that FAN1 can bind to PCNA via its two PIP domains
and to ubiquitin via its UBZ domain (Figure 6). Taken together, we provide evidence that the PIP
and UBZ binding sites of FAN1 provide direct and preferential Ub-PCNA binding, which is
consistent with a model suggesting that after ICL-induced replication fork stalling, activated

RADI18 can ubiquitinate PCNA, which can then recruit FAN1 to fork rescue.
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Next, I purified FLAG-tagged wild-type FAN1 and its various mutant proteins (Figure 7).
The cell lysate containing the protein of interest was loaded onto the Glutathione Sepharose 4B
resin. After intensive washing of the beads, the GST-FLAG-tagged FANI protein was eluted with
PreScission Protease. This specific protease is able to cleave between the Gln and Gly residues of
the core amino acid sequence Leu-Phe-GIn/Gly-Pro. In my experimental setup, this core amino
acid sequence is located between the GST tag and the FLAG tag, therefore, the GST tag will be
removed in the last step of protein purification in the presence of PreScission Protease. The purified

FANT1 proteins were subjected to further investigations.
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Figure 5. Pull-down assay. GST-FLAG-FANI, and GST-FLAG-tagged FAN1 UBZ mutant
bound to Glutathione Sepharose 4B resin were incubated with purified PCNA or
monoubiquitinated PCNA in a 150 mM NaCl-containing buffer. After elution by 20 mM
glutathione, samples were analyzed for direct physical interaction between FAN1 and PCNA/Ub-
PCNA with anti-PCNA and anti-GST antibodies after western blotting.
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Figure 6. Pull-down assay: purified FLAG-FANI1 preferentially binds to GST-Ub-PCNA. GST-
PCNA, and GST-Ub-PCNA bound to Glutathione Sepharose 4B resin were incubated with
purified FLAG-FANI1 and its mutants in a 150 mM NaCl-containing buffer. After elution by 20
mM glutathione, samples were analyzed for direct physical interaction between FANI1 and

PCNA/Ub-PCNA with anti-FLAG and anti-GST antibodies after western blotting.
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Figure 7. The purified human FAN1 WT and FAN1 mutants (800 ng) were subjected to 8% SDS—
PAGE, and the gel was stained with Coomassie Brilliant Blue

4.3 The nuclease activity of FAN1 can be stimulated by PCNA via PIP-box
The function of FAN1 is considered as key step of ICL bypass. Because FAN1 possesses

5’flap endonuclease activity and 5’ exonuclease activity by its VRR nuclease domain (MacKay
et al., 2010) , FANI is able to incise the ICL DNA to generate unhooked substrate for TLS
polymerase. To investigate further these properties of FAN1, I designed a 73nt-long 5’-Fluorescein
labeled flap substrate for nuclease assay (Figure 8). Firstly, I have compared the basic nuclease
activity of FAN1 WT and its various mutants (Figure 9). All of the FAN1 preps exhibit the same
level of nuclease activity and process the substrate by two cuts (indicated by “a” and “b”).
Secondly, I introduced RFC and biotin-streptavidin on both sides of leading template strand to
load increased concentration of purified PCNA and prevent its sliding off from the same DNA
substrate (Figure 8). We could observe the enhanced nuclease activity of FAN1 WT with increased
PCNA concentration (Figure 10, lane 4-6). We presumed that the stimulation of nuclease activity

is due to the interaction of FAN 1 and PCNA via PIP-box. We have changed Y128 and F129 to

alanine and mutated [30 and F34 to alanine as previously described by Antonio Porro et al. (2017).
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These mutants allowed us to prove our hypothesis in vitro. The nuclease activity of PIP mutant
FANI failed to be enhanced by PCNA (Figure 10, lane 8-10). So far, we obtain the insight that the
nuclease activity of FAN1 can be stimulated by PCNA via PIP-box.

FITC .4, FITC .., FITC 4,
‘»vb ‘,'b a >y
AN b
S NUR N
+

Figure 8. Schematic DNA substrate, red arrow indicates the incision site of FANI1. Strep:

streptavidin.

. 8084
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b% 0 10 12 13 12

a% 0 71 75 73 78

Figure 9. Comparison of the 5’ flap endonuclease activities of FAN1 WT and various FAN1

mutants. 28 nM substrate and equal amounts of proteins (1 pM) were subjected to the reaction.
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The nuclease reaction was run at 37 °C for 15 minutes. Reactions were resolved on 16 % urea

polyacrylamide gels, and fluorescently labelled DNA was detected by Typhoon Trio Imager.

FANIWT - - + + + + - - - -
FANIPIP - - - - - - + + + +
PCNA e —

e W e R b
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Figure 10. The nuclease activities of FANI and its PIP mutant were tested with increasing
concentrations of PCNA. The nuclease buffer used in the experiments contained NaCl under 150
mM, and the reaction was incubated at 37 °C for 15 min. Reactions were resolved on 16 % urea

polyacrylamide gels and fluorescently labelled DNA was detected by Typhoon Trio Imager.

4.4 Both PIP-box and UBZ-domain of FANT1 is regulated by Ub-PCNA

To explore the UBZ domain function of FANI, I have applied the same method for
comparing the nuclease activity of FAN1 in the presence of PCNA and Ub-PCNA. When we
increased the concentration of the purified monoubiquitinated PCNA, FANT1 nuclease activity was
significantly more than in the case of unmodified PCNA (Figure 11, compare lanes 4-7 to 8-11).
To confirm my finding, I have applied FAN1 PIP/UBZ in the nuclease assay. Mutations in the
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UBZ domain of FANI1 impaired the robust Ub-PCNA-dependent stimulation of the FANI

nuclease (Figure 12, lanes 8-10).
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Figure 11. The enhanced nuclease activity of FAN1 was tested with increasing concentrations of

PCAN and monoubiquitinated PCNA.
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Figure 12. The enhanced nuclease activity of FAN1 and FAN1 PIP/UBZ mutants was tested with

increasing concentrations of monoubiquitinated PCNA.

4.5 PCNA can spatially regulate FAN1 function

During the examination of the enhanced nuclease activity of FAN1 in the presence of
PCNA, I have observed that the incision site of FAN1 on the substrate was dependent on the arm
length of 5’ flap substrate. When I applied FAN1 alone in the nuclease assay, I could observe two
different sizes of products generated by FAN1 (Figure 9). FANI1 was able to digest 4 nt 3’ to the
branch point as described by Craig MacKay et al., (2010) with 20 nt and 25 nt arm length. We
hypothesized that the incision site of FAN1 might dependent on the length of 5° flap substrate. To
confirm this theory, I have applied the same DNA sequence with various length of substrate arm
from 20 nt to 40 nt. [ have used an equal amount of FAN1 alone in the nuclease assay. I concluded
that if the arm length was longer than 25 nt, FAN1 produced a short product close to the 5* end of
the flap (Figure 13). Surprisingly, when I examined the nuclease activity of FAN1 in the presence
of PCNA, we could observe that the PCNA was able to alter the specificity of FAN1 incision site
near to the 5’ end of the flap to 4 nt 3 to the branch point (Figure 14). It seems that PCNA is able

to manipulate the specificity of FAN1 via its PIP-box interaction.
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Figure 13. The comparison of FAN1 cutting site on substrates with different length of arm and
same sequence. The red arrow indicates the incision site on the substrate. The reaction was carried
in for 37 °C in 15 minutes. Reactions were resolved on 16 % urea polyacrylamide gels, and

fluorescently labelled DNA was detected by Typhoon Trio Imager.
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Figure 14. Schematics of substrate and products generated by FAN1 are shown next to the

corresponding substrates, and the red arrow indicates the incision site of FANI1. The reaction was

carried out at 37 °C in 15 minutes. Reactions were resolved on 16 % urea polyacrylamide gels, and

fluorescently labelled DNA was detected by Typhoon Trio Imager.

4.6 TMP-induced interstrand crosslink substrate

In order to mimic the process of FAN1 bypassing ICL, I have designed the DNA sequence

of a substrate, which is suitable for making 4,5',8-Trimethylpsoralen (TMP) induced ICL substrate.

TMP is UV-induced photochemical DNA crosslinker, and it is able to promote 5°-AT

dinucleotides as cross-link site (Espositos et al., 1988). Therefore, I have taken advantage of this

compound to create of ICL-containing substrates for in vitro reconstitution assay, having cross-
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link site 5 nt away from replication junction (Figure 15A). There are two kinds of ICL-containing
substrates with the exactly same DNA sequence, namely, 73 nt 5’-FITC labeled flap substrate
(Figure 15B) and 73 nt 5’ (leading strand of replication fork) -FAM labeled flap (Figure 15C). The
former one is to investigate the gap filling activity of TLS polymerases after FAN1 incision, and
the latter substrate is to examine how TLS polymerases does the primer extension on FANI

unhooked ICL substrates.
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Figure 15. (A) Synthetic representative for 73 nt-long 5’-Fluorescein labeled ICL-containing flap.
TMP: 4,5",8-Trimethylpsoralen, UV: ultraviolet, Strep: streptavidin. See Materials and Methods

for detail of making ICL-substrate. (B) 73nt 5’-FITC labeled flap substrate (C) 73 nt 5’ (leading
strand of replication fork) -FAM labeled flap substrate.

4.7 FAN1 and Pol n can bypass ICL in the presence of Ub-PCNA in vitro

We have demonstrated the Ub-PCNA dependent function of FAN1 in DNA damage repair.
In RAD18 DDT pathway, Ub-PCNA is able to recruit Y-family TLS polymerases via its UBZ
domain on the DNA damage site, so that DNA lesion can be repaired. For example, Pol 7 is able
to insert nucleotides opposite the UV-damaged cyclobutene pyrimidine dimers (Masutani et al.,
1999). In this study, we are going to address how FANI facilitates to resolve the stalled replication
fork with Y-family TLS polymerases. Since the TMP-induced ICL lesion affects both strands of
the DNA, we applied two kinds of 5’flap substrates for monitoring the ICL lesion repair in vitro
(Figure 16A). We are going to address which Y-family TLS polymerases is able to process FAN1-
unhooked substrate. To do that, firstly we have applied 73 nt 5’-FITC labeled flap substrate in this
reconstitution assay for examine the “gap filling” activity of TLS polymerases. We have

reconstituted the replication fork rescue in the presence of FAN1, Ub-PCNA, and various TLS
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polymerases in vitro. FAN1 can incise this ICL-containing substrate precisely after junction 4 nt
site (which is exactly before the ICL) in the presence of Ub-PCNA (Figure 16B, lane 6). The
unhooked substrate containing ICL attached covalently has become a substate for TLS
polymerases. We have applied three different Y-family TLS polymerases to see which one can
fulfill the gap that was created by FANT1. All of TLS polymerases accommodated FAN1 processed
3’ hydroxyl group end substrate. Pol 1 extended substrate efficiently passing though ICL site
(Figure 16B, lane 7-10). Other TLS polymerases (Pol 1 and Pol k), however, were able to insert
dNTPs opposite of ICL site (Figure 16B, lane 12-15 and lane 17-20) only. Next, I also have applied
73 nt 5’ (leading strand of replication fork) -FAM labeled flap DNA substrate for investigating
extension of leading strand by Pol 1 in the presence of FAN1. We have subjected the reaction
mixture with the same experimental condition as “gap filling”. However, this experimental setup
does not allow us to visualize FAN1 cleavage, its activity was controlled in a parallel reaction with
the previous lagging-strand-labelled substrate (Figure 16D). We could observe that Pol n was able
to bypass the ICL lesion and extend the labeled primer. In detail, the nuclease activity of FANI
was stimulated by Ub-PCNA via its UBZ domain and PIP-box resulting in incision precisely 4nt
after replication junction (in front of ICL site). The active site of Pol n was then able to
accommodate the unhooked ICL adduct and inserted two nucleotides opposite of ICL lesion
(Figure 16C, compare lane 9 and lane 10). In this study, we were able to reconstitute the whole
process of ICL lesion bypass in vitro and found that bypass can occur by the coordinated action of
FAN1, Ub-PCNA and Pol . We conclude that Ub-PCNA dependent FAN1 nuclease can unhook
the ICL and generate a bypassable substrate for Pol n indicating that FAN1 and Pol n might work
together.
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Figure 16. (A) Schematic representation of FAN1-Pol n bypass ICL reconstitution in vitro. 1. The
template of lagging strand was labeled at 5’ prime, and FANI1 is able to generate the gap to unhook
ICL; a: the products from FAN1 that can be visualize on the gel; a’: the extension products from
TLS Pol n that can be visualized on the gel. II. The 5’ prime of leading strand was labeled, we
could observe the primer extension after FAN1 unhooking; b: the extension products from TLS
Pol n that can be visualized on the gel. (B) Comparison of the 5’ flap ICL substrate bypass of
different TLS polymerases in vitro. 28 nM of the ICL-containing substrate [ was applied. The
reaction was carried until various time points, which is indicated in the figure. Reactions were
resolved on 10% urea polyacrylamide gels, and fluorescently labelled DNA was detected by
Typhoon Trio Imager. (C) 28 nM of the ICL-containing substrate I was applied. The reaction was
carried until various time points, which is indicated in the figure. Reactions were resolved on 10 %
urea polyacrylamide gels, and fluorescently labelled DNA was detected by Typhoon Trio Imager.
(D) 28 nM of the ICL-containing substrate was applied as parallel experiment as indicated in (C).
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4.8 FANI processes ICL lesions and recruits TLS Pol 1} on the lesion site

My previous in vitro results indicated that FAN1 and Pol n may work together in the rescue
of the stalled replication fork. In this experiment, we took advantage of bimolecular fluorescence
complementation system (BiFC) to investigate the functional interaction of FAN1 and Pol n. BiFC
assay is based on the ability of certain fluorophores to re-fold and emit fluorescent light when two
truncated versions of the protein come to close proximity to each other. cDNA sequences of FANI,
its mutant derivatives, as well as Pol n were fused to fragments encoding the N- and C-terminal
part (termed V1 and V2) of the YFP variant Venus, respectively. From the beginning of this
experiment, we have carried out a systematic survey to detect the best combination of fusional
constructs giving the highest fluorescent signal. Although all the eight possible combinations
formed detectable fluorescent complexes, the VI-FANT1 and Pol n -V2 pair was selected for the
further experiments. Consequently, the mutant variants of FAN1 were fused with the N-terminal
V1 fragment only. As a positive control the Mek1-Tribl complex was used (Guan et al., 2016).
For setting up background fluorescence, V1-FAN1 was pared with V2-GUS construct carrying a
beta-glucuronidase fusion. Consistent with the previous observations Mekl1-V1/Trib1-V2
complexes showed strong, quite homogenous nuclear localization (Guan et al., 2016). Co-
transfection efficiency calculated from the ratio of YFP positive/total cell number was between
10-15 % in each set of experiments. In the V1-FAN1/V2-GUS control samples rare cytoplasmic
as well as nuclear bulbs were detected, considered as background fluorescence. The overlap of
FAN1 and Pol n foci suggested that they might be localized to the same nuclear structures (Figure.
17). To evaluate that the two proteins came to close proximity to each other in response to cisplatin
treatment, YFP positive cells possessing at least 5 nuclear foci were counted and compared to cells
carrying V1-Fan1/V2-GUS constructs. Under normal conditions, the number of foci-forming cells
was 4 times more in the V1-FAN1/V2-Pol n sample as compared to the negative control. However,
FANI1 derivatives carrying mutations in the UBZ and/or PIP domains formed just as many foci as
the negative control. Upon cisplatin treatment, the number of the positive cells increased to 11x in
the VI-FAN1/V2-Pol n sample, while in the others carrying the mutants, the number of foci was
not significantly different from the background (Figure 18). These results suggest that FAN1 and

Pol n are closely associates upon cisplatin treatment.

The functional interaction between FANI and Pol 7 is further supported by ICL-induced

sensitivity assay in HEK293 cell line with stable expressing a silencing construct against FANI.
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To test the sensitivity of shFANI1 cells to cisplatin induced DNA crosslinks, we transiently
transfected shFANT1 cell line with an indifferent sShDNA (shControl vector) or a vector expressing
shPol 1 shDNA, creating double silenced shFAN1/shPol 1 cells. We also transiently transfected
HEK293 cells with shPol n alone and after 48 h we treated all the silenced cell lines with cisplatin
for 48 h and calculated the percentage of surviving cells by a resazurin based cell viability assay
(Figure 19). In the absence of either Pol n or FAN1 alone the HEK293 cells showed increased
sensitivity to cisplatin compared to the shControl cells, however silencing both Pol 1 and FAN1

did not sensitize the cells further, reflecting epistatic relationship between FAN1 and Pol 1.
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Figure 17. Schematic representation of the Split-Venus method to detect the interaction between
FANT and Pol 1. A fluorescent Venus protein is reassembled from its two complementary non-
fluorescent fragments (Venus! and Venus2) that are fused to the FAN1 and Pol 1 in appropriate
combination (V1-FANI1 and Pol n-V2). The association of the Venus fragments depends on the
FAN1-Pol n interaction. Fluorescence images of U20S cells co-expressing FAN1 WT and Pol n
without/with the treatment of a DNA crosslinking agent cisplatin. Followed by treated U20S
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cells co-expressing FAN1 PIP, FAN1 UBZ, FAN1 PIP, UBZ, together with Pol . For all the
experiments 30 uM cisplatin was used with 1 hour of treatment and 6 hours of recovery. Cells
were fixed (4 % PFA) and DAPI stained. Fluorescent images were taken with an ImageXpress
Micro Confocal microscope using a 40x ELWD objective and analyzed with the MetaXpress

software package (Molecular Devices).
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Figure 18. Quantitative analysis of cell numbers possessing more than 5 fluorescent nuclear foci.
Ratios (fold changes) of mean cell numbers of samples relative to the controls. Error bars
represent standard deviations. Statistical analysis was done by 2way ANOVA with Tukey’s
multiple comparisons test (N=3). (****) p<0.0001; (**) p<0.01.
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Figure 19. Simultaneous depletion of FAN1 and Pol 1 do not enhance the sensitivity of HEK293
cells against cisplatin. HEK293 cells were transiently transfected with plasmids encoding
indifferent shRNA (shControl) or shRNA against Pol . HEK293 stably expressing shRNA against
FAN1 (shFANTI) was transiently transfected with a plasmid encoding shRNA against Pol n or
simultaneously transfected with silencing constructs against FAN1 and Pol n. Two days after
transfection cells were treated with different doses of cisplatin, incubated for 48 h and analyzed in

resazurin viability assay.
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5. Discussion

5.1 FANTI resolves interstrand crosslink in cooperation with Ub-PCNA

The long history of studying the repair of replication-dependent ICL bypass has revealed
that the unhooking step is crucial in resolving obstacles from the stalled replication fork and
generating a suitable substrate for TLS polymerases. There are many structure-specific nucleases
that play a role in unhooking of ICL. FAN1 was previously recognized as a nuclease in the FA
pathway; it is activated and recruited to sites of DNA damage by monoubiquitinated FANCD2
(MacKay et al., 2010). FAN1, as DNA “scissors”, can unhook ICL-induced DNA distortion in
vitro and generate unhooked substrates for TLS polymerases (Pizzolato et al., 2015). Previous
reports indicate that FAN1 also possesses a UBZ-domain and PIP-boxes at the N-terminus (Porro
et al., 2017). FANI mutations cause much less DNA damage-induced genomic instability than
other FANC protein mutations; and genetic findings indicated that instead of Fanconi Anemia
FANT1 deficiency leads to karyomegalic interstitial nephritis (Yoshikiyo et al., 2010; Zhou et al.,
2012). These features of FAN1 lay the groundwork for its role in replication fork rescue and allow

us to explore the possible novel roles of FAN1 in the RAD18 DDT pathway.

The replication clamp PCNA homotrimer is a key platform of DNA replication processes.
Upon stalling of the replication fork, monoubiquitination of PCNA on K164 by RAD6/18 is the
key connecting link between upstream DNA damage sensor proteins and downstream DNA repair
players in the RAD18 DDT pathway. The downstream recruitments are based on protein-protein
interactions via UBZ-domains or/and PIP-boxes of PCNA-interacting proteins. In this study, I
explore some new functions of FANI1 in the rescue of the stalled replication fork. First, I show the
possible interaction between RAD18 and FANI1, and that FAN1 and Ub-PCNA can form DNA
damage-induced nuclear foci in vivo. Second, based on cellular results, I investigate the manner of
protein interaction between FAN1 and PCNA/Ub-PCNA. Protein-protein interactions (PPIs) are
achieved via stable complex or transient interactions. By pull-down assays, we can observe the
physical interaction between FAN1 and PCNA/Ub-PCNA via the PIP-boxes and the UBZ-domain,
which is abolished between various FAN1 mutants and PCNA/Ub-PCNA. Our results from pull-
down experiments are in agreement with the previous observations of Porro et al., (2017). I also
show that the endonuclease activity of FAN1 is enhanced by Ub-PCNA via its PIP-box and UBZ-
domain. Various FANIT mutants (PIP-box and/or UBZ-domain) enabled the identification of the
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functional domain responsible for the enhancement of nuclease activity. During my nuclease assay,
I noticed that FANT is able to cleave at two sites on the branched DNA substrate (one near the 5’-
FITC label and the other close to the junction point of the replication fork), and that FANI1’s
preferable incision site differs according to the length of the replication arm (Figure 13). Previous
reports indicate the induced dimerization of FAN1 upon binding branched DNA. The mutation of
the core ay helix region of the SAP domain abolishes dimerization and impacts the endonuclease
activity of FAN1, but this mutant FANI1 still possesses exonuclease activity like the wild-type
FAN1 (Zhao et al., 2014). These results illustrate that the structure-specific endonuclease activity
of FANI1 is dependent on dimerization upon interaction with DNA. My experimental results reveal
that when the 30-nt replication arm 5’flap substrate is applied in the presence of PCNA, FANI1 is
able to incise after the junction preferably, exhibiting the endonuclease activity of FANI.
Therefore, we can conclude that PCNA is able to alter FAN1 cleavage specificity, and one of the
possible explanations could be that PCNA may stimulate FAN1 dimerization via its PIP-boxes.
Upon DNA damage, monoubiquitinated PCNA co-localizes with FANT1 at the site of damage,
which further indicates that FAN1 might be a downstream player in resolving DNA lesions. To
prove FAN1’s unhooking ability in vitro, I employed a 73 nt 5’flap ICL-containing replication
fork in the same nuclease assay experimental setup. In these experiments, FAN1 was able to bypass
the ICL-containing substrate with Ub-PCNA, which indicates that the catalytic domain of FANI
can accommodate TMP-induced ICLs. It has been described that FANI is able to bypass nitrogen
mustard-induced ICLs (Pizzolato et al., 2015). Different experimental ICL antitumor drugs can
interact with DNA to form various structures of ICL lesions. For example, ICL formation by

nitrogen mustard was located exclusively at guanine residues in 5'-GNC-3' sequences and caused

distortion between the helix (Millard et al., 1990). Psoralen forms ICLs preferably with thymines
in 5'-TA-3" sequences in the DNA, and these covalent adducts do not generate DNA distortion

(Noll et al., 2006). Cisplatin causes mainly DNA-protein and DNA intrastrand crosslinks, but it is
also able to induce DNA interstrand crosslinks at 5’-GC sites. As a result of CG interaction, a
cytosine can be displaced from the DNA helix to reduce the distance from opposite the guanine
(Coste et al., 1999). Therefore, cisplatin can also induce DNA distortion. FANI1 is able to process
TMP and nitrogen mustard-induced ICLs in vitro, and there is a possibility for FANI to bypass
ICLs induced by other anticancer drugs. FANI1 seems to be a powerful tool in resolving DNA
lesions, and Ub-PCNA might be the guide for its function. This physical protein-protein interaction
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can regulate the nuclease activity of FANI1 in unhooking the ICL substrate in vitro. Our data
illustrate that FAN1 first incises exactly in front of the ICL site and secondly cuts after the ICL to
generate a gap on the 5” to 3’ lagging strand of the replication fork in the presence of Ub-PCNA
(Figure 16A). The FAN1-unhooked substrate can be further processed by TLS polymerases.
Unhooking is an essential step in ICL repair, and there is a cellular functional redundancy of
endonucleases; other structure-specific nucleases may replace/incorporate FAN1’s activity. Such
a suitable candidate could be SNM1A, which also acts as “molecular scissors” and possesses a
UBZ-domain and a PIP-box. Some reports indicate that SNMAI is able to interact with PCNA,
and it is involved in the RAD18 DDT pathway (Yang et al., 2010). Like FAN1, SNMIA also
prefers 5’ flap substrates, but it targets the single-strand region of this type of substrates. The
exonuclease activity of SNM1A is significantly more robust than its endonuclease activity, and it
stops before the ICL site (Buzon et al., 2018). During replication fork rescue, SNM1A mainly

trims the substrate to create a nicked substrate which can be further processed by TLS polymerases.

In sum, the cellular redundancy of FAN1 and SNM1A can guarantee the removal of ICLs
from the 5° terminus. The unhooking step also depends on the location of the ICL, whether it is at
the ss/ds DNA replication junction or after the junction and also on the type of ICL, because
different structure-specific nucleases can accommodate different anticancer drug-induced

monoadducts.

5.2 TLS polymerase i can process the unhooked FAN1 products

TLS polymerases are a group of specialized DNA polymerases that can bypass DNA
lesions without 3’ to 5” exonuclease proofreading activity. This low-fidelity DNA replication may
give rise to mutagenesis, but its function is very important in ensuring progressive DNA replication
when it faces obstacles. The monoubiquitination of PCNA is a key step in regulating the action of
TLS polymerases, and the ubiquitylation reaction is recognized as a molecular switch for DNA
repair. It is known that Y-family TLS polymerases can cooperate with monoubiquitinated PCNA
via its UBM/UBZ domain and PIP-box to bypass DNA lesions (Bienko M et al., 2005). More and
more reports have emerged that these Y-family TLS polymerases are not only able to bypass DNA
intrastand crosslinks (such as cyclobutene pyrimidine dimers), but can also process ICL-containing

monoadducts (Prakash et al., 2005; Roy and Schérer, 2016)(Yang and Gao, 2018).
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TLS polymerases often need to process unhooked substrates from structure-specific
nucleases in interstrand crosslink DNA repair. In this study, I examine different Y-family TLS
polymerases to determine which are able to process FAN1 unhooked substrates from two aspects,
namely, gap filling and TMP-induced monoadduct bypass. Following Ub-PCNA-dependent
incision, FANT1 can generate a gap on the template of the lagging strand and a monoadduct on the
template of the leading strand (Figure 16A). In order to monitor the activity of TLS polymerases,
we used a 73-nt-long 5’-Fluorescein-labeled flap substrate to examine gap filling and a 73-nt-long
5’-FAM leading strand 5’ flap to observe TMP-induced monoadduct bypass. I applied Pol n, Pol
tand Pol « separately to reconstitute FANI1-TLS polymerase bypass of ICLs in vitro. The novelty
of this experimental setup is that I not only applied FAN1 as “scissors” to digest the ICL-containing
substrate, but I also introduced highly purified Pol n, Pol 1, and Pol k, separately, to examine how
they process the products unhooked by FAN1. My results indicate that Pol n is the only TLS
polymerase which is able to fill the gap generated by FAN1. In fact, Pol | can take the position at
the 3° end of the FANI digestion site and extend it over 50 nt, but not fully, because the 5’-
3’exonuclease activity of FAN1 digests the template strand of Pol . In addition, by applying a 73-
nt-long 5’-FAM leading strand 5’ flap, we observed that Pol n) is also able to process monoadducts
generated by FANI. It can insert nucleotides opposite the ICL lesion site. Because of the unique
structure of its active site, it can accommodate two covalently linked and closely spaced DNA
bases (Nair et al., 2004). Another possible reason could be that Pol n can process 5,6-position-
modified thymines between the DNA duplex, so that ICLs induced by TMP (an analog of psoralen,
which is able to crosslink 5’-TA-3") can also be processed by Pol n. TLS Pol 1, however, possesses
a narrow active pocket (Smith et al., 2012). This may be the reason why it can only insert one
nucleotide opposite the ICL site. TLS Pol « displays the same repair activity as Pol 1 under our
experimental conditions. DNA polymerase k was shown to act as an extender in the bypass of
minor adducts (Smith et al., 2012). This could explain why Pol k alone was not able to process
substrates unhooked by FAN1, and it may require another TLS polymerase as an inserter for its
extender function. Our results are consistent with the previous reports of Leigh A. Smith et al.,
2012. They also stated that both Pol 1 and Pol k were able to insert one nucleotide opposite the ICL

lesion.

The recruitment of TLS polymerases to the site of damage is coordinated by ubiquitinated

PCNA in the RAD18 DDT pathway. From biochemical assay, we show that FAN1 and Pol n are
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able to bypass ICLs in the ubiquitinated PCNA-dependent manner. We presume the possible
explanation is that FAN1 and Pol n can form a protein complex along with ubiquitinated PCNA
at the site of lesion at cellular context. Therefore, we employ bimolecular fluorescence
complementation (BiFC) testing the functional interaction between FAN1 and Pol n upon cisplatin
treatment. From BiFC assay, our data illustrate that FAN1 is able to recruit TLS Pol 1 to the
cisplatin-induced DNA damage site as the signal of nuclear foci increases by 11-fold (by
comparing to without cisplatin treatment). However, the signal of nuclear foci from UBZ and/or
PIP domain mutants of FAN1 remain almost the same level as negative control. We can conclude
that ubiquitinated PCNA can coordinate the recruitment of FAN1 and Pol n) at ICL-induced nuclear
foci. We also learned that silencing FAN1 and Pol ) together did not increase cisplatin sensitivity
compared to the FANI-silenced sample. These results show an epistatic relationship between
FANT and Pol n, suggesting that they act in the same pathway. It is not surprising that a structure-
specific nuclease can cooperate with a TLS polymerase to bypass DNA lesions. The question
remaining here is whether the recruitment of Pol 1 depends on a physical interaction with FANI1
or may be due to the catalytic processing of the gapped intermediate which generates a Pol n
substrate. From my in vitro nuclease assay data, Pol | is indeed able to process the products from
FANI1 digestion (gap filling activity and insertion of ANTP opposite the ICL lesion). Therefore,
the possible answer here is that the recruitment of Pol n via FANI1 to the site of damage is due to
the catalytic processing of the gapped intermediate which generates a Pol ) substrate. The direct
physical interaction between FAN1 and Pol n should be further investigated. In our model, we
demonstrate that FANI is able to unhook the ICL-containing replication fork with the help of Ub-
PCNA, and TLS Pol n is able to process the unhooked monoadduct by filling the gap on the lagging
strand and by extending the primer on the leading strand (Figure 20).
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Figure 20. Model of RAD18-dependent FAN1- and Pol n-mediated bypass of DNA interstrand
crosslinks. When DNA replication by canonical replicative DNA polymerases is blocked by an
interstrand crosslink (I), the K164 residue of PCNA can be monoubiquitated in the RAD6/RAD18
DNA damage tolerance pathway (II). Monoubiquitated PCNA can further recruit FAN1 to unhook
the ICL and Pol n to process the unhooked substrate (III), so that DNA replication can continue
unhindered. (IV) Finally, Ubiquitin Specific Peptidase 1 (USP1) removes ubiquitin from the K164
residue of PCNA, and the ICL adduct can be removed through another DNA repair pathway such

as nucleotide excision repair (NER).
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8. Summary

DNA damage can be generated by both external agents and internal metabolic processes.
Once cells lose their ability to efficiently repair damaged DNA, there are three possible cellular
responses. The cell may become apoptotic, malignant, or senescent. For every type of DNA
damage, cells have evolved a specific method of repairing the damage or eliminating the damaging
compound. For instance, UV-induced pyrimidine dimers can be repaired by nucleotide excision
repair. RAD18 DNA damage tolerance (DDT) can resolve stalled replication forks during DNA
replication. Upon DNA lesion, PCNA can be monoubiquitinated by RADI18/RAD6, and
TransLesion Synthesis (TLS) polymerases can be recruited by the monoubiquitinated PCNA.
Chemotherapeutic drugs such as cisplatin or mitomycin C and metabolites from lipid peroxidation
can cause interstrand crosslinks (ICLs), covalent links between the opposite strands of the DNA
(Stone et al., 2008). ICLs prevent strand separation, physically blocking replication and
transcription. Stalled replication forks may collapse, causing DNA double-strand breaks, which
can lead to chromosomal rearrangements, carcinogenesis, or cell death. Because ICLs pose such a
risk to the human genome, cells have developed multiple pathways to repair this type of DNA
lesion. The Fanconi anemia (FA) pathway is one of the main processes responsible for the repair
of DNA interstrand crosslinks at the S/G2 cell cycle checkpoint. In the FA pathway,
FANCD2/FANCIl-associated nuclease 1 (FAN1) can be activated by the monoubiquitylated
FANCI/FANCD?2 heterodimer via its UBZ domain. FAN1 can digest the ICL-neighbouring region
due to its structure-specific endonuclease activity and thus facilitate the bypass of the lesion. A
recent report indicates that FAN1 can prevent fork collapse at G-quadruplexes with ubiquitylated
PCNA via an uncharacterized PIP domain. Surprisingly, depletion of FANTI neither affects ICL-
induced double-strand DNA break formation nor leads to the development of FA. Rather, germline
FAN1 mutations cause karyomegalic interstitial nephritis. Therefore, we asked whether FANI is
regulated by the RAD18 DDT pathway and investigated the possible interaction between FANI
and TLS polymerases.

In our current study, we first provide cellular results indicating that the recruitment of
FAN1 to the stalled replication fork is regulated by RADI18. Our co-immunoprecipitation
experiments also demonstrate that FAN1 and RAD18 can indeed be present in the same cellular

multiprotein complex. Second, to further confirm the interplay between FAN1 and Ub-PCNA, we
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mapped the protein domains of FAN1 required for the interaction with Ub-PCNA and then mutated
these functional domains to use them as negative controls. After expressing FAN1 and its
derivatives in yeast cells, we purified the protein of interest by affinity chromatography for in vitro
functional studies. We subjected both FAN1 and its mutants to a nuclease assay and compared
their nuclease activity. All the protein preparations displayed equal enzymatic activity.
Subsequently, we examined the nuclease activity of FAN1 and its mutant derivatives in the
presence of PCNA/Ub-PCNA. We loaded PCNA/Ub-PCNA by RFC and, to prevent its sliding off
from the DNA, we introduced biotin-streptavidin on both sides of the leading template strand.
After data analysis by ImageJ software, we concluded that the endonuclease activity of FAN1 can
be enhanced by PCNA/Ub-PCNA via the PIP-box and the UBZ domain. To validate the physical
interaction between FAN1 and PCNA or Ub-PCNA and to investigate the preferential binding
ability of FAN1 to PCNA or Ub-PCNA, we also conducted GST pull down-assays. FANI is able
to bind PCNA via its PIP-box, and it can interact with Ub-PCNA via its PIP-box and UBZ domain.
During our FAN1 nuclease assays, we observed that the sites of the two incisions — one at the end
of the 5’ flap and the other after a junction 4 nt from the fork — depend on the length of the 5’ arm
of the substrate. This was revealed when we applied the same DNA sequences with various lengths
of the 5° arm ranging from 20 nt to 40 nt. We found that FAN1 can only cleave after the junction
on the substrate that has a short arm (< 30 nt) while it can also cut at the end of the 5° flap on the
substrate that has a longer arm (> 30 nt). However, if we add PCNA to the substrate containing
30-nt arm in the nuclease assay, the cleavage specificity of FAN1 can be modified by PCNA via
its PIP-box; PCNA is able to position FAN1 to cut at a specific site (4 nt after the junction) on the
5’ flap substrate.

To investigate the role of FANI in the rescue of ICL-induced stalled replication forks, we
in vitro synthesized a DNA molecule mimicking an ICL replication fork substrate with 4,5°,8-
Trimethylpsoralen (TMP) employing ultraviolet treatment (above 300 nm wavelength). TMP
introduced a covalent bond between the 5°-TA-3’ and 3°-AT’-5 sequences of the DNA helix at the
5th nucleotide after the junction. We reconstituted the ICL bypass for gap filling on the lagging
strand. We added FAN1, Ub-PCNA, and different Y-family TLS polymerases employing the same
experimental setup as for the nuclease assay. We discovered that Pol n is the only TLS polymerase
that is able to process the substrate containing the ICL unhooked by FAN1. Pol n can fill the gap
on the template of the lagging strand, and it is also able to insert ANTPs opposite the ICL lesion.
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We also investigated the primer extension performed by Pol 1 in the presence of ICL blocks and
revealed that following Ub-PCNA-dependent unhooking of the ICL by FANI1, Pol n was able to
extend the primer through the ICL site. Furthermore, we provide in vivo evidence for the epistatic
relationship between FAN1 and Pol n upon treatment with ICL-inducing DNA-damaging reagents.
In addition, we took advantage of the bimolecular fluorescence complementation system (BiFC)
to investigate the functional interaction between FAN1 and Pol n and showed direct binding

between the two proteins following cisplatin treatment.

In conclusion, our current results indicate that FAN1 does not only play a role in the FA
pathway, but it also participates in the RAD18 DDT pathway, acting in the rescue of stalled
replication. Therefore, here we propose a new model for the function of FAN1: upon encountering
ICL lesions, the Ub-PCNA-dependent FAN1 nuclease can unhook the covalent bond between the
strands of the DNA helix, the unhooked substrate can be further processed by TLS Pol 1, and thus
stalled replication can be rescued. FAN1 may be a cross-talk protein which regulates two pathways
in different cell cycle stages. Our model provides important scientific insight into the repair

mechanism of DNA interstrand crosslinks and reveals fine details of the process.
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9. Osszefoglalé

Mind kiils6é tényezdk, mind belsd metabolikus folyamatok okozhatnak DNS-karosodast.
Ha a sejtek elveszitik azon képességiiket, hogy a karosodott DNS-t hatékonyan ki tudjak javitani,
harom lehetséges valaszut all eldttiik: apoptotikussa, malignussa vagy szeneszcenssé valhatnak.
A DNS-kérosodasok minden tipusahoz specifikus mechanizmus alakult ki a hiba kijavitasara vagy
a hibas komponens eltavolitdsara. Az UV-indukalta pirimidin dimereket példaul a nukleotidkivago
hibajavitas folyamata javithatja ki, mig a RAD18 DNS-hibatolerancia (DDT) titvonal a replikacio
soran elakadt replikacios villat menekiti. DNS-1€ézi6 kialakulasakor a RAD6/RADI18
fehérjekomplex monoubikvitinalja a PCNA-t, amely transzlézids polimerazokat (TLS) toboroz a
karosodas helyére. Kemoterapias szerek, mint példaul a cisplatin vagy a mitomycin C, illetve
lipidperoxidaciobol szarmazo metabolitok keresztkotéseket (ICL), kovalens kdotéseket
alakithatnak ki a DNS egymassal szemben 1év0 két szala kozott (Stone et al., 2008). Az ICL-ek
megakadalyozzak a széalak szétvalasat, fizikailag gatolva a replikédciot és a transzkripcidt. Az
elakadt replikacios villa Osszeomolhat, kettésszala DNS-toréseket okozva, melyek
kromoszomaatrendezddésekhez, karcinogenezishez, illetve sejthalalhoz vezethetnek. Mivel az
ICL-ek komoly veszélyt jelentenek a human genomra, a sejtek tobbféle titvonalat alakitottak ki az
ilyen tipusu DNS-hibak kijavitdsara. A Fanconi Anemia (FA) utvonal képviseli az egyik
legjelentdsebbet a DNS-keresztkotések javitasaban, az S/G2 sejtciklus-ellendrzési pontndl. Az FA
utvonalban a FANCD2/FANCI-asszocialt nukledaz 1 (FANI1) fehérjét a monoubikvitinalt
FANCI/FANCD?2 heterodimer aktivalja, UBZ doménjén keresztiil. A FAN1 szerkezetspecifikus
endonukledz aktivitdsa révén az ICL melletti régio hasitdsara képes, eldsegitve ezzel a 1ézion
torténd athaladast. Egy friss tanulmany szerint a FAN1 az ubikvitinalt PCNA-vel egyiitt meg tudja
akadalyozni a replikacios villa G-quadruplexeknél torténd 0sszeomlésat, egy még nem jellemzett
PIP doménen keresztiil. Meglepé médon, a FAN1 hianya nincs hatdssal sem az ICL-ek altal
okozott kettdsszala DNS-torések, sem az FA kialakuldsara, ugyanakkor a csiravonalbeli FAN1
mutaciok kariomegalids intersticialis nefritiszt okoznak. Feltettiik tehat a kérdést, hogy vajon a
FAN1-et a RADI8 DDT utvonal szabalyozza-e, és megvizsgaltuk a FAN1 fehérje és a TLS

polimerazok kozotti lehetséges interakciokat.

Jelen tanulmédnyunkban eldszor a sejtbioldgiai kisérletek eredményeit mutatjuk be, melyek

azt bizonyitjak, hogy a FANI1 elakadt replikacios villahoz torténd toborzasat a RAD18 szabalyozza.
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Koimmunoprecipitacids kisérleteink szintén azt igazoljak, hogy a FAN1 és a RADIS8 fehérje
valoban ugyanabban a fehérjekomplexben van jelen a sejtben. Ezt kdvetden, a FAN1 ¢és az Ub-
PCNA koz6tti interakcid megerdsitéséhez, feltérképeztiikk a FAN1 azon doménjeit, melyek az Ub-
PCNA-vel kialakitott interakciohoz sziikségesek, ¢és mutaciokat hoztunk létre ezekben a
funkciondlis doménekben, hogy negativ kontrollként szolgaljanak. A FANI1 és szarmazékainak
¢lesztében tOrténd expresszaltatdsat kovetden, a vizsgalt fehérjét affinitas kromatografiaval
tisztitottuk in vitro funkcidvizsgalatokhoz. Mind a FANI1-et, mind muténsait nukledz esszével
vizsgaltuk, és Osszehasonlitottuk nukledz aktivitasukat. Az Osszes fehérjepreparatum azonos
enzimaktivitast mutatott. Ezt kovetden megvizsgaltuk a FAN1 €s mutans szarmazékainak nukleaz
aktivitasit PCNA/Ub-PCNA jelenlétében. A PCNA/Ub-PCNA-t RFC segitségével a DNS-re
juttattuk, és hogy megakadalyozzuk lecsuszésat, biotin-streptavidint vittiink fel a vezetd templat
szal mindkét oldaldra. Az Imagel szoftverrel végzett képelemzést kdvetden arra a kdvetkeztetésre
jutottunk, hogy a FAN1 endonukleaz-aktivitasa PCNA/Ub-PCNA-vel névelhetd, a PIP-box és az
UBZ domén révén. Ahhoz, hogy a FANI fehérje ¢s a PCNA vagy az Ub-PCNA kozotti fizikai
interakciot igazoljuk és megvizsgaljuk a FAN1 PCNA-hez vagy Ub-PCNA-hez torténd
preferencialis kotddését, GST pull down kisérleteket is végeztink. A FAN1 fehérje PIP-boxa
révén tud kotédni a PCNA-hez; PIP-boxa ¢s UBZ doménje révén pedig interakcioba tud 1épni az
Ub-PCNA-vel. A FANI1 nukleéz kisérletek soran azt figyeltilk meg, hogy a két hasitas helye — az
egyik az 5’ talnyul6 végen, a masik pedig a villa elagazasat kdvetd 4. nukleotidndl — a szubsztrat
5’ karjanak hosszatdl fiigg. Amint ez kideriilt, amikor olyan DNS szubsztratokat alkalmaztunk,
melyek eltérd, 20-40 nt hosszusagu 5’ karral rendelkeztek. Azt tapasztaltuk, hogy a FAN1 fehérje
a rovid karral (<30 nt) rendelkezd szubsztraton csak az elagazas utan tud hasitani, mig a hosszabb
karral (>30 nt) rendelkezd szubsztraton az 5’ tulnyulo végen is. Ha azonban PCNA-t adunk a 30
nukleotid hosszusagu kart tartalmaz6 szubsztrathoz a nukleaz esszében, a PCNA a PIP-boxon
keresztiil modositani képes a FAN1 hasitasi specificitasat; a FAN1 fehérjét igy pozicionalja, hogy

annak hasitasa egy adott helyre (4 nukleotiddal az elagazas utan) korlatozodjon.

Annak érdekében, hogy megvizsgaljuk a FAN1 fehérje szerepét az ICL altal kivaltott
replikacios villa elakaddsanak menekitésében, in vitro szintetizaltunk egy ICL-t tartalmazo
replikacios villa szubsztrat DNS molekulat, 4,5°,8-Trimethylpsoralent (TMP) ¢és ultraibolya
sugarzast alkalmazva (300 nm hulldmhossz felett). A TMP kovalens kotést hozott 1étre a DNS

hélix 5°-TA-3" és 3°-AT’-5 szekvencidi kdzott az eldgazast kovetd 5. nukleotidndl. Rekonstrualtuk
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az ICL-hibajavitas sordan a lemarado6 szalon torténd résfeltoltést. A nukleaz esszével megegyezd
kisérleti elrendezésben FANI1-et, Ub-PCNA-t és kilonbozd, az Y csaladhoz tartozd6 TLS
polimerdzokat alkalmaztunk. Kimutattuk, hogy a Pol n az egyetlen olyan TLS polimeraz, amely
képes a FANI altal kihurkolt ICL-t tartalmazd szubsztrat processzalasara. A Pol n képes a
lemarado szal templatjan 1évo rés feltdltésére és az ICL-1ézidval szemben is képes dNTP-ket
beépiteni. Megvizsgaltuk a Pol n altal, az ICL-blokk jelenlétében végzett primer extenziot is, és
kimutattuk, hogy miutan a FAN1 Ub-PCNA-fiiggé modon kihurkolta az ICL-t, a Pol n képes volt
tovabbszintetizalni a primert, az ICL helyén keresztiil. Ezen tilmenden, in vivo bizonyitékot is
adunk a FANI1 és a Pol n kozotti episztatikus kapcsolatara, ICL-t indukalé DNS-kérositd
reagensekkel torténd kezelés soran. A FAN1 ¢és a Pol n kozotti funkcionalis interakciodt is
megvizsgaltuk Bimolekularis Fluoreszcens Komplementacié (BiFC) segitségével, és kozvetlen

kotddést mutattunk ki a két fehérje kozott cisplatin kezelést kdvetden.

Osszegzésként, eredményeink azt mutatjak, hogy a FANI nemcsak az FA, hanem a
RADI18 DDT utvonalban is részt vesz, szerepet jatszva az elakadt replikéacios villa menekitésében.
Kovetkezésképpen, egy a FAN1 milkddését leird, 0j modellt mutatunk be: ICL-lel torténd
talalkozas esetén, az Ub-PCNA-fliggé FAN1 nukleaz kihurkolja a DNS-hélix két szala kozott 1évo
kovalens kotést, az igy 1étrejott szubsztratot a TLS Pol i) tovabb feldolgozza, ezaltal menekitve az
elakadt replikacios villat. A FAN1 fehérje lehet az az 6sszekotd fehérje, amely a két kiilonbozo
utvonalat kiilonbo6z0 sejtciklus-stadiumokban szabéalyozza. Modelliink értékes betekintést nyujt a

DNS-keresztkotések javitdsanak mechanizmusaba, ¢s ravilagit a folyamat pontos részleteire.
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