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Figure S2-4. RPA is required for RIR 
(A) Schematic of X.l. EXO1. The domain structure of this protein and the locations of 

mutations used in the study are illustrated. 

(B) Control or SJG-136 ICL oligonucleotide duplexes run on a denaturing 
polyacrylamide gel and stained with SYBR Gold. 

(C) RPA immunodepletion. Mock- and RPA-depleted HSS was analyzed by Western blot 
to demonstrate depletion of RPA. 

(D) Quantification of ICL repair in Mock-, RPA-depleted, or RPA-depleted HSS 
supplemented with recombinant RPAWT at 3 hrs. Results represent mean ± SEM of 
n=4 independent experiments. 

(E) Purified RPAWT stained with Coomassie blue. 

(F) Plasmid pull-down assay of SJG-136 treated plasmids in Mock- or RPA-depleted 
HSS. Plasmid bound proteins were analyzed by Western blot using the indicated 
antibodies.  
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Figure S2-5. Sequences of site specific trimethylene and NM-like ICL plasmids 
(A) Sequence of oligonucleotide duplexes with a single trimethylene 5’ GpC-, 5’ CpG-, 

or NM-like ICLs.  

(B) Schematic of plasmids containing single site-specific trimethylene 5’ GpC- or 5’ 
CpG-ICL. Plasmids were generated by ligating trimethylene oligonucleotides in (A) 
into pEGFP. ICL repair was measured using qPCR with X and C primers as 
indicated.  

Supplemental Figure 5

A
NM-like ICL

5’–CCCTGTCACTGGTAGACAGCATTG–3’

3’–CAGTGACCATCTGTCGTAACCACG–5’

Trimethylene ICL 5’ GpG

5’–TCAGCATGCCGCGGGT–3’C

3’–CGTACGGCGCCCAGA–5’

5’–TCAGCATGCCCGGGGT–3’C

3’–CGTACGGGCCCCAGA–5’

Trimethylene ICL 5’ CpG

ICL pEGFP plasmid
4.7 kb

“C”

“X”

B
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Supplemental experimental procedures 
 

Xenopus cell-free extract and depletions 

HSS cell-free extracts were prepared exactly as described previously (Shechter et al., 

2004). Immunodepletions were performed using rabbit anti-MSH2 (Kawasoe et al., 

2016), rabbit anti-MLH1 (Kawasoe et al., 2016) rabbit anti-RPA (Williams et al., 2012), 

and rabbit anti-EXO1 (Liao et al., 2011) antibodies. In each case, antibodies were 

coupled to proteinA sepharose CL-4B beads (Amersham Biosciences) in a 1:3 ratio of 

bed-volume of beads to serum, overnight. Two to three rounds of depletion were 

performed, each for 20 min at 4°C. This was followed by a 10 min clearing round with 

un-coupled proteinA sepharose CL-4B beads. Mock-depleted extracts were prepared 

identically with pre-immune serum. PCNA depletions were performed as previously 

described (Williams et al., 2012), using a p21 peptide (MTDFYHSKRRLIFS) 

immobilized onto a SulfoLink column (Pierce Biotechnology). In all cases, the quality of 

depleted extract was tested by running 0.5 µL of extracts on SDS-PAGE followed by 

Western blot.  

 

ICL Repair assays using quantitative PCR 

ICL repair assays in HSS extracts were performed as described previously (Williams et 

al., 2012). To measure ICL repair, the plasmids recovered from HSS were digested with 

restriction enzymes (PvuI and PvuII for ICLs in pBS backbone and Ndel and DraIII for 

ICLs in pEGFP) prior to qPCR analysis. qPCR was carried out using an Applied 

Biosystems 7500 fast thermocycler with Absolute Blue QPCR SYBR Green low ROX 

PCR mix (Abgene, Cat. #AB-4322B). For experiments involving NM-like ICL lesions 
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TaqMan Fast Advanced Master Mix (Thermo Scientific Cat. #4444964) was used (Figure 

2-5E only).  

 

The cycling conditions used were as follows: ABsolute Blue QPCR Mix: 50°C for 2 min, 

95°C for 15 min followed by 40 cycles of 95°C for 15 sec, 62°C for 30 sec. TaqMan Fast 

Advanced Master Mix: 50°C for 2 min, 95°C for 20 sec followed by 40 cycles of 95°C 

for 3 sec, 62°C for 30 sec. Primers and probes were as follows:  

 

pBS “C” region: 5’ – CTACGGCTACACTAGAAGGACAG and 5’ – 

CCACTGAGCGTCAGACCC 

pBS “X” region: 5’ – CGAGATAGGGTTGAGTGTTGTTC and 5’ – 

ACTAGTTCTAGAGCGGCTGAGG 

pEGFP “C”: 5’ – CTACGGCTACACTAGAAGGACAG and 5’ – 

CCACTGAGCGTCAGACCC 

pEGFP “X”: 5’ – GGGCGTGGATAGCGGTTTGACTCACG and 5’ – 

ATCCCGGGCTGAGGTAGA 

 

TaqMan “C” Probe: 5’ – 6-FAM-TGCAAGCAGCAGATTACGCGCAGAAAA-QSY7 

TaqMan “X” Probe: 5’ – 6-FAM-CGCCCTGATAGACGGTTTTTCGCCCTTT-QSY7 

 

Lac Repressor plasmid pull-down assays 

Lac repressor plasmid pull-down assays in un-depleted and depleted HSS extracts were 

performed as described previously (Williams et al., 2012). Briefly, plasmids were 
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incubated in HSS (15 ng/µL) for 40 min at 21°C. Plasmids were then purified from 

extracts using M-280 streptavidin dynabeads (Invitrogen Cat. #112.05D) pre-bound with 

purified Bio-LacR protein (gift from Dr. K. Marians, MSKCC). The beads were washed 

in a buffer composed of 10 mM Hepes (pH 7.7), 4 mM MgCl2, 50 mM KCl, 1 mM DTT, 

250 mM sucrose, 50 mM NaCl, and 0.015% Triton X-100. Proteins were eluted from 

dynabeads by boiling for 5 min at 95°C in Laemmli buffer and analyzed by SDS-PAGE 

and Western blot. The quantity of plasmid recovered during pull-down experiments was 

assessed by qPCR and used to normalize loading. 

 

MMR assay 

MMR assays were conducted in HSS double depleted with MSH2 and MSH6 antibodies 

as follows: 1 volume of MSH2 serum and 2 volume of MSH6 serum were bound to 1 µl 

of protein A-Sepharose beads. A total of 0.2 volume of antibody-coupled beads was 

incubated in 1 volume of HSS at 4ºC for 1 hr, and the procedure was repeated once. The 

MMR repair assay of a site specific A:C mispair on pMM1AC was performed exactly as 

previously described (Kawasoe et al., 2016). 

 

Construction of site-specific trimethylene and NM-like ICL plasmids:  

Plasmids containing single site-specific trimethylene ICL (used in Figure 2-1 to 2-4, and 

2-5E) were generated exactly as previously described (Williams et al., 2012). Briefly, 

control or trimethylene crosslinked oligonucleotide duplexes (a gift from Dr. C. Rizzo, 

Vanderbilt University) were ligated into pBS using DraIII and PflmI restriction sites. 

Plasmids containing single site-specific SJG-136 ICL lesion (Figure 2-1) were prepared 
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similarly, except that SJG-136 containing ICL duplexes were prepared as described under 

“Preparation of site-specific SJG-136 ICL oligonucleotides”. Plasmids containing single 

site-specific 8 atom, non-distorting NM-like ICL lesion (Figure 2-5E) was prepared in an 

identical fashion using oligonucleotide duplexes containing a defined NM-like ICL lesion 

(Mukherjee et al., 2014b), but were ligated into pBS using BbSI restriction sites. Finally, 

plasmids containing single, site-specific trimethylene GpC- and CpG- ICL lesions used in 

Figure 2-5B-D were generated by ligating oligonucleotides containing these lesions (also 

from Dr. C. Rizzo, Vanderbilt University) into pEGFP vector using AccI and BlpI 

restriction sites. In all cases, closed circular plasmids were purified away from linear and 

nicked ligation products by cesium chloride density ultracentrifugation.  

 

Preparation of site-specific SJG-136 ICL oligonucleotides 

The following oligonucleotides were annealed in equimolar ratio: 5’ 

ATAAAGATCTTTTATCCAATGGCCT and 5’ 

CCATTGGATAAAAGATCTTTATCTA, and phosphorylated using T7 PNK. Single, 

site-specific SJG-136 ICLs were generated by incubating 100 µg of oligonucleotide 

duplex with100 µM SJG-136 in 50 mM triethanolamine and 2 mM EDTA overnight at 

37°C. Samples were ethanol precipitated and re-suspended in formamide loading buffer 

and run on a 20% acrylamide urea-TBE gel at 200 V for 2 hrs. Duplex containing ICLs 

were purified away from uncrosslinked oligos using UV shadowing and gel extraction 

using the crush-soak method as previously described (Enoiu et al., 2012b). Purified 

crosslinked oligonucleotide duplexes were used to prepare plasmids with site-specific 

ICL lesions.  
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Protein expression and purification  

Xenopus laevis MSH2-MSH6 complex was a purified using a method modified from 

(Kawasoe et al., 2016). Briefly, Sf9 cells were co-infected with MSH2 and MSH6WT-

Flag, MSH6PIP-Flag, or MSH6FXE-Flag baculoviruses. Cells were harvested 72 hrs after 

infection and lysed through a syringe in Buffer S: 25 mM Tris-HCl pH 7.4, 250 mM 

NaCl, 5 mM 2-mercaptoethanol, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 

1 mM benzamidine and 1x cOmplete, EDTA-free (Roche). The crude lysate was cleared 

by centrifugation for 30 min at 30,000 rpm. Cleared lysates were incubated with FLAG-

M2 agarose beads for 3 hrs at 4°C. After washing, MSH2-MSH6 complexes were eluted 

from beads in 50 µg/mL FLAG-peptide in Buffer A (25 mM Tris-HCl pH 7.4, 5% 

glycerol, 5 mM 2-mercaptoethanol, 1 mM EDTA and 0.1x cOmplete, EDTA-free). 

Eluted proteins were dialyzed in fresh Buffer A overnight at 4°C. 

 

Xenopus laevis MLH1-PMS2 was expressed in Sf9 cells by co-infecting cells with 

MLH1-Flag and PMS2WT or PMS2n.d. baculoviruses. Cells were harvested 48-72 hrs after 

infection, and lysed by swirling gently in Buffer S. The purification procedure was 

similar to that described for MSH2-MSH6 complex except that the protein complex was 

eluted with 50 µg/mL Buffer D: 25 mM Tris-HCl pH 7.4, 50 mM NaCl, 10% glycerol, 5 

mM β-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, and 2 mM Benzamidine.  

 

Xenopus laevis His-tagged EXO1WT and EXO1D173A protein was expressed and purified 

as previously described (Liao et al., 2011).  
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Xenopus laevis 6xHis-tagged PCNA was expressed and purified from BL21 cells exactly 

as previously described (Williams et al., 2012).  

 

Xenopus laevis RPA complex was purified from the soluble fraction of BL21 lysate using 

standard Flag-purification protocol. Polycistronic RPA vector was originally obtained 

from Dr. K. Cimprich (Stanford University).  

 

hExo1 catalytic domain (residues 1–352) was as purified from E. coli BL21(DE3)RIL as 

described previously (Shi et al., 2017). Cells were grown in 10 L Luria Broth (with 100 

g/ml ampicillin) for 16 hr at 16 °C after induction with 0.1 mM IPTG; and harvested by 

centrifugation (4000 × g, 4°C, 30 min). The harvested cells were resuspended in lysis 

buffer (50 mM HEPES-NaOH, pH 7.5; 100 mM NaCl; 10 mM KCl; 5 mM MgC2l2; 5 

mM DTT; 1 mM EDTA; 10% glycerol), and lysed with a cell cracker (Microfluidics). 

The lysate was cleared by centrifugation (18,500 × g, 4°C, 30 min) and loaded onto two 

tandem 5 ml HisTrap HP Ni Sepharose column (GE Healthcare Life Sciences) pre-

equilibrated with wash buffer (lysis buffer with 300 mM NaCl and 20 mM imidazole). 

The protein was eluted with 300 mM imidazole and pooled. TEV protease was added to 

the protein solution and incubated at 4°C for 12 hrs to cleave the hexahistidine 

purification tag. The cleaved mixture was loaded onto pre-equilibrated Ni Sepharose 

column again to remove the hexahistidine purification tag. The eluate was loaded onto 5 

ml HiTrap SP FF column (GE Healthcare Life Sciences) equilibrated in low ion buffer 

(50 mM HEPES, pH 7.5; 100 mM NaCl; 10 mM KCl; 1 mM MgCl2; 5 mM DTT; 1 mM 

EDTA; 5% glycerol). Fractions containing pure protein were then eluted with high ion 
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buffer (low ion buffer plus 500 mM NaCl). The purified protein was exchanged into 

storage buffer (25 mM HEPES-NaOH, pH 7.5; 125 mM NaCl; 10 mM KCl; 1 mM 

TCEP), concentrated to ~20 mg/ml, flash-frozen in liquid nitrogen, and stored at -80°C. 

 

Mutagenesis Primers: Site-directed mutagenesis was used to generate the following 

mutations (QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies; Cat. 

#200517) following manufacturer’s instructions. The numbering of mutant residues 

corresponds to the amino acid residue of the Xenopus proteins.  

MSH6F411A – mismatch binding FXE mutant 

• 5’ 

TATTTTTTACAAGGTTGGCAAGGTTTATGAACTTTATCACATGGATGCTGT

C 

• 5’ 

GACAGCATCCATGTGATAAAGTTAATAAGCCTTGCCAACCTTGTAAAAAA

TA 

PMS2E692K – nuclease dead 

• 5’ GATCAGCATGCGACCGATGAGAAATACAACTTTGAGGTTTT 

• 5’ AAAACCTCAAAGTTGTATCTCTTATCGGTCGCATGCTGATC 

PCNAL126A,I128A – IDCL (this mutant was generated from pET28aPCNAwt, a gift from 

Dr. V. Costanzo, IFOM) 

• 5’ GTGGAGCAGGCGGGCGCTCCTGAACAAG 

• 3’ CTTGTTCAGGAGCGCCCGCCTGCTCCAC 
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EXO1352 nuclease assay 

The following oligonucleotides (with or without a biotin moiety on 5’ ends), which 

contain a single SJG-136 ICL reaction site were annealed at equimolar concentrations:  

• 5’ ATAATTTGATCATTATTAT 

• 5’ ATAATAATGATCAAATTAT 

Singly crosslinked oligonucleotides were purified by incubating duplex oligo with 100 

µM SJG-136 overnight at 37°C. Crosslinked oligonucleotides were purified by gel 

extracted using the crush soak method. 25 ng control or crosslinked oligos were 

incubated with 0-100 nM EXO1-352 in nuclease reaction buffer (20 mM Tris HCl, 0.7 

mM Hepes-KOH, 120 mM KCl, 5 mM MgCl2, 250 µg/mL BSA, 1.5 mM ATP, 1 mM 

glutathione, 60 µM DTT, 1% glycerol) for 30 min at 37°C in a 5 µL total volume. The 

reaction was stopped with the addition of formamide loading buffer, before running on a 

12% acrylamide urea gel. Gels were stained with SYBR Gold.  

 

Antibodies used for Western blot 

The following antibodies were used for Western blot of Xenopus extracts: PCNA (Sigma-

Aldrich Cat. #P8825), Histone H3 (Cell signaling Cat. #9715S), and Flag M2 (Millipore 

Sigma Cat. # F1804), MSH6 (X.l.) (Olivera Harris et al., 2015), MSH2 (X.l.) (Olivera 

Harris et al., 2015), EXO1 (X.l.) (Liao et al., 2011), RPA 70 (X.l.) (Williams et al., 2012), 

FANCI (X.l.) (Williams et al., 2012), MLH1 (X.l.) (Kawasoe et al., 2016), and PMS2 

(X.l.) (Kawasoe et al., 2016). 
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Chapter 3. Conclusion 
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Discussion and Future Directions 
 
Cells have evolved multiple repair pathways to remove ICL lesions from their 

genomes. The mechanism by which ICLs become destined for repair is determined not 

only by cell cycle, but also dependent on the transcription status of the DNA in which it 

lies. Moreover, repair pathway choice can be further influenced by the structure and 

chemistry of ICLs, and the level of distortion it imparts on the DNA molecule. 

Despite this complexity, the field has made outstanding progress over the last 10 

years in elucidating the molecular details by which cells respond to and repair these 

lesions (Figure 3-1). In rapidly dividing cells, replication is the primary mechanism of 

ICL detection. ICLs that are amenable to direct cleavage by NEIL3, such as Ap-ICLs and 

psoralen ICLs are processed quickly and efficiently without the generation of DSB repair 

intermediate (Semlow et al., 2016). The preference of NEIL3 for psoralen and Ap-ICLs 

may reflect an evolutionary bias for ICLs that occur more commonly as a result of 

cellular metabolism. A slower, and more complex method of repair occurs for cisplatin- 

and MMC-ICLs, which are not amenable to processing by NEIL3. In this modality of 

repair, the entire FA pathway and the HR machinery must cooperate to fully repair ICL 

lesions in a multi-step repair reaction that also involves the repair of a DSBs intermediate 

(Räschle et al., 2008). While S-phase repair of ICLs is complex in itself, there is one key 

simplifying factor: during RCR, all ICLs regardless of structure, are recognized by the 

replication machinery.  

In cells that are not dividing, this critical step is a more complex task. If the ICL lies 

in a transcriptionally active locus, it may be recognized through collision with the 

transcription machinery. However, ICLs can also occur in less-active regions of the 
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genome, and can interfere with processes such as transcription factor binding. These ICLs 

must be recognized through surveillance mechanisms by DNA damage sensor proteins, 

and funneled into a repair pathway. However, the precise proteins involved, and the 

mechanisms by which they contribute to repair process have remained elusive during this 

process. 

Our lab previously established the Xenopus laevis extract system to study replication 

and transcription independent ICL repair (Ben-Yehoyada et al., 2009; Williams et al., 

2012). This system has been instrumental in establishing RIR as a bone fide ICL repair 

pathway, with distinct molecular requirements for ICL repair compared to RCR. Indeed, 

RIR does not require the FA proteins, the HR machinery, or the TLS polymerase, Pol z 

(Williams et al., 2012), but instead requires TLS polymerase Pol κ and PCNA (Williams 

et al., 2012).  

In this thesis, I used this system to examine the contribution of DNA repair proteins 

from multiple diverse pathways including MMR (Chapter 2 and Appendix B), NER 

(Appendix E), DSBR (Appendix D), and TLS (Appendix C). Our studies identify 

additional molecular components of RIR, and also shed significant insight into the 

enzymatic unhooking and processing of ICLs during RIR.  

Most notably, in Chapter 2, we show that the MMR machinery is an important 

contributor of RIR. We show that in the absence of replication and transcription, the 

MutSa (MSH2-MSH6) complex binds and recognizes ICLs. MutSa recruits various 

downstream repair proteins including the MutLa endonuclease, and the EXO1 

exonuclease to sites of damage. And the catalytic activity of both of these nucleases are 

required to process ICLs. Together our data unambiguously demonstrate that the MMR 
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proteins contribute to the productive repair of ICLs, an idea that has been controversial to 

date.  

We have demonstrated that structurally distinct ICLs are repaired during RIR 

(Chapter 2 and Appendix A), albeit with varying efficiencies. These include the 

trimethylene-ICLs in two conformations (GpC and CpG), as well as the Ap-ICL. The 

non-distorting NM-like ICL had no detectable levels of repair.  

These observations support my hypothesis that during RIR, helix distorting ICLs are 

more amenable to recognition by DNA damage sensor proteins, and are repaired with 

better efficiencies than ICLs which do not alter the structure of the DNA molecule. To 

further corroborate this idea, it would be interesting to also compare the repair kinetics of 

additional ICL types such as the cisplatin ICL, the 5- and 6- atom linker NM-like ICLs 

analogs, and the Ap-ICL in multiple different conformations.  

In addition to ICL structure, ICL repair kinetics can be reflective of the actions of 

different DNA damage sensor proteins. While we extensively investigated the role of 

MutSa in Chapter 2, we have not yet explored the contribution of MutSb, XPC, and 

DNA glycosylases (such as NEIL3) during RIR. It is clear that MutSa is a major sensor 

of trimethylene-ICLs, but it is likely that other structurally distinct ICLs may be more 

amenable to detection by these other DNA damage sensor proteins. In fact, my 

preliminary studies with Ap-ICLs show that these lesions are repaired independently of 

MSH2 (Appendix A), and are a good candidate for repair by the NEIL3 glycosylase.  

Given that all the aforementioned DNA repair proteins (MutSa, MutSb, XPC, and 

NEIL3) are known to participate in the repair of other DNA lesions, it would be 

important to study the crystal structures of the proteins bound to ICLs. These studies 
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could shed insight into whether mechanism of DNA damage recognition is conserved 

between repair pathways. Indeed, our data suggest the mechanism of DNA damage 

recognition by MutSa is conserved between MMR and RIR since both processes are 

dependent on the FXE motif in MSH6.  

Our studies using nicked ICL plasmids (trimethylene and NM-like ICLs) show that a 

single 5’ incision ~20 based away from the ICL site is able to stimulate ICL repair. This 

observation has several implications. First, these experiments demonstrate that incision 5’ 

to the ICL is a rate-limiting step during RIR. Second, the asymmetry between 5’ and 3’ 

incisions on repair kinetics could reflect the action of 2 distinct nucleases. Finally, these 

experiments suggest that incision ~20 bases away from an ICL is optimal for its repair 

and could reflect the physiological site of incision.  

The stimulatory asymmetry between 5’ and 3’ incisions on ICL repair rate is 

conserved between trimethylene (Chapter 2) and NM-like ICLs (Figure A1 B). These 

results are interesting as it points to a unique mechanistic phenomenon, specific to ICL 

repair. During MMR, a single nick either 5’ or 3’ is able to stimulate repair, and this 

stimulation is observed even when nicking occurs hundreds of bases away from the 

mispaired site. It would be interesting to test whether repair or other ICLs is also 

stimulated by a 5’ incision.  

The 5’ nick-directed repair of NM-ICLs is very robust, and warrants further 

investigation. For example, it would be informative to conduct depletion-rescue 

experiments using the 5’ nicked NM-ICL repair to determine whether its repair requires 

components of the MMR pathway (particularly MutLa) and/or TLS Pol k. In RCR, the 

cisplatin and NM-like ICLs requires Pol z and Rev1 for lesion bypass (Räschle et al., 
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2008). If the requirement for TLS is dependent foremost on lesion structure, the NM-ICL 

may also require these polymerases during RIR. 

Finally, multiple NM ICLs have been synthesized in various different conformations 

(Guainazzi et al., 2010; Mukherjee et al., 2014a), from completely non-distorting (8-atom 

NM linker) to moderately distorting (5-atom NM linker) (Mukherjee et al., 2014a; Roy 

and Schärer, 2016). The studies described herein only pertain to the 8-atom NM linker. It 

would be interesting to study the other NM-ICL analogs to further study how ICL 

structure affects its repair during RIR.  

While our experiments with the nicked plasmid suggest that incision ~20 bases away 

from the ICL is a physiologically relevant sight of incision, it would be informative to 

examine the precise location of this incision site during RIR in HSS.  

For this, a single strand ligation mediated PCR (sslm-PCR) and high throughput 

sequencing could be useful (Figure 3-2). During processing of an ICL site, for instance 

after incision events or repair synthesis events, 3’ hydroxyl ends are generated. These 

free hydroxyl ends are available for ligation with small adapters. Using a forward primer 

complementary to the ICL plasmid backbone, and a reverse primer complementary to 

that of the ligated oligonucleotide, we will be able to use PCR and sequencing to 

characterize each structure at single base pair resolution. Given that single stranded 

byproducts are only obtained upon initiation of repair, results will exclusively represent 

repair species.  

This sslm-PCR approach would not only be useful in mapping sites of 

endonucleolytic incision, but could also be useful to investigate the extent to which 

polymerases contribute to the repair reaction. RIR is thought to involve the sequential 
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action of multiple DNA polymerases including, Pol k. However, it is not known if Pol k 

participates in the synthesis up to or across the unhooked ICL adduct. I hypothesize that 

upon depletion of a Pol k, specific ICL repair intermediates will accumulate, using sslm-

PCR we can learn the extent to which Pol k participates during TLS.  

Finally, while the Xenopus extract system is a powerful system to study the 

mechanism of RIR, it would be exciting to extend our studies to mammalian cells. For 

this, it would be important to use terminally differentiated, non-dividing cells such as 

neurons. Various approaches including immunofluorescence to monitor recruitment of 

repair proteins to crosslinker treated cells, or monitoring ICL repair using ICL-specific 

antibodies would be especially exciting.  

 

Concluding Remarks 
 
Many studies have suggested that diverse DNA repair pathways contribute to the RIR 

of DNA interstrand crosslinks. However, the precise proteins involved, and the 

mechanisms by which they contribute to repair process have remained largely elusive. 

My studies using structurally defined ICL substrates in Xenopus cell free extracts lends 

insight into how the MMR helps identify and process ICL lesions in cells that are non-

dividing.  

Taken together, these studies contribute profoundly to our understanding of how cells 

respond to and repair ICL lesions throughout the cell cycle. Better understanding how 

these mechanisms cooperate or compete to remove ICLs will help develop better 

crosslinker based chemotherapies.  
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Chapter 3 Figures 
 

  

Figure 3-1. Mechanism of ICL repair 
ICLs are repaired throughout the cell cycle. ICL repair during S-phase is triggered by the 
replication machinery, which collides with the damage site, and funnels the lesion into 
repair either by a glycosylase- or FA-dependent mechanism. Outside of S-phase ICL 
recognition is either accomplished by the transcription machinery, or by DNA damage 
sensor proteins. The molecular components and mechanisms of repair are significantly 
divergent between repair pathways.  
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Figure 3-2. Mapping sites of ICL processing using sslm-PCR 
(A) Schematic of ICL plasmid and the site of stimulatory 5’ incision event 
(B) The sslm-PCR protocol that we have devised to map sites of ICL repair in Xenopus 

extracts.  
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Appendix A. Structure Specific Repair of ICLs during RIR 
 
Niyo Kato, Jean Gautier 

 

Our studies using Xenopus HSS extracts in Chapter 2 demonstrate that structure is a 

key determinant of ICL repair efficiency during RIR. Briefly, we compared trimethylene 

ICLs in two structural conformations (more distorting GpC-ICL vs less distorting CpG-

ICL), and found that the more distorting lesion led to a more robust DNA damage 

checkpoint activation, and was repaired 40% more efficiently than its less distorting 

counterpart. Moreover, a non-distorting NM-like ICL remained unrepaired over the 

course of 3-4 hours, a timespan in which trimethlyene ICLs undergo robust repair. 

Together these results suggest that more distorting ICLs are more amenable to 

recognition and hence repair, in the absence of replication and transcription. 

Here, we build on this idea in two ways. First, we show that the NM-like ICL lesion 

can be stimulated to repair at 30-40 fold (corresponds to increase in repair from 0 to  

~10% repair) better efficiency with a single nick ~25 bases 5’ to the ICL site compared to 

un-nicked substrate (Figure A1 A,B). An incision at a similar distance 3’ (27 bases away) 

to the lesion has no effect on repair kinetics. Because incision events are thought to be the 

first catalytic event during RIR, these experiments suggest that a single nick can help 

bypass the requirement for NM-ICL recognition. It further suggests that sensing of NM-

ICLs is a key rate-limiting step for its repair, further supporting the hypothesis we pose in 

Chapter 2, that MutSa favors DNA lesions that are more distorting.  

We have also studied the repair of an Ap-ICL lesion (Figure A2 A). The repair of this 

Ap-ICL was recently studied in the context of replication by the Walter lab (Semlow et 

al., 2016). Unlike the cisplatin and NM-ICLs which require the FA machinery for repair, 
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the authors show that Ap-ICLs undergo direct cleavage by the NEIL3 DNA glycosylase. 

The authors conclude that Ap-ICLs only repair during replication, as inhibition of 

replication in HSS+NPE (replicating Xenopus extracts) by geminin inhibited ICL repair 

in their repair assays, (Southern blot and radionucleotide incorporation assays). 

Nevertheless, it remains possible that Ap-ICLs are repaired in the absence of replication 

at low levels that are undetectable using these methods. 

We use a more sensitive qPCR based assay to determine whether Ap-ICLs are 

repaired in non-replicating HSS extracts. We find that Ap-ICLs are rapidly repaired in 

HSS (Figure A2 B), and that the repair of these lesions occurs on both strands of the 

DNA molecule. This is determined by BglII restriction enzyme digestion of the ICL 

plasmid after incubation in HSS extract, where completion of ICL repair results in the 

production of a BglII restriction site. 

Unlike trimethylene-ICLs in HSS, the repair of Ap-ICLs is not dependent on MMR, 

as depletion of MSH2 or MLH1, has no impact on the repair of Ap-ICLs (Figure A2 

C,D). This suggests that Ap-ICLs are not amenable to detection by MutSa, and are 

further not processed by the MMR machinery. Ap-ICLs likely rely on the function of 

other DNA damage sensor proteins, perhaps XPC or NEIL3 (or other) which triggers a 

mechanistically distinct ICL repair process. Not surprisingly, this process still relies on 

PCNA for efficient repair (Figure A2 E), suggesting and TLS repair is a critical event 

during the repair of Ap-ICLs. Moreover, if Ap-ICLs are in fact processed by NEIL3 in 

RIR, PCNA depletion would only result in a 50% repair phenotype as measured by our 

qPCR based assay: upon cleavage of an Ap-ICL by NEIL3 the DNA will resolve into one 

intact DNA strand, with the opposing DNA strand containing a single abasic lesion. 
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Further studies are needed to determine which DNA damage sensor proteins are 

required for the recognition of Ap-ICLs in HSS extracts, and to determine what other 

molecular components are required for the repair of this type of lesion. 
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Figure A 1. Nicking experiments with NM-like ICL in HSS 
A. Sequence surrounding the NM-like ICL lesion, and the specific locations of nicking 

sites used in (B). 
B. Quantification of repair of NM-like ICL lesion in HSS at 40 min. Repair is only 

stimulated by 5’ incision ~20 bp from the ICL lesion. 
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Figure A 2. Repair of Ap-ICL in HSS 
A. Sequence of Ap-ICL oligo.  
B. Quantification of Ap-ICL repair in HSS extract at the indicated time points (Mock). 

Repaired plasmids, which were recovered from HSS extracts, were digested with 
BglII to monitor whether ICL repair occurred to completion.  

C. Quantification of Ap-ICL repair in Mock- and MSH2-depleted HSS at 3 hrs. Results 
represent mean ± SEM from two independent experiments. 

D. Quantification of Ap-ICL repair in Mock- and MLH1-depleted HSS at 3 hrs. Results 
represent mean ± SEM from three independent experiments. 

E. Quantification of Ap-ICL repair in Mock- and PCNA-depleted HSS at 3 hrs. Results 
represent mean ± SEM from two independent experiments. 
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Appendix B. MMR Deficient Mammalian Cells are Sensitive to MMC 
 

Niyo Kato, Jean Gautier (unpublished) 
 

Our results in Xenopus extracts (Chapter 2) indicate that ICL repair in non-replicating 

extracts harness components of the MMR pathway. If this pathway is also operative in intact 

cells, the loss of MMR should increase cell susceptibility to crosslinking drugs.  

To test this prediction, I generated MCF10A cells lines stably expressing constructs in which 

doxycycline-inducible shRNA mediates knockdown of either MSH6 or PMS2. MCF10A cells 

were chosen because they are non-transformed and near-diploid breast epithelial cells, and 

therefore offer a clean system to study drug sensitivity.  

MSH6 and PMS2 were efficiently knocked-down 72 hours after addition of doxycycline to 

growth media, as shown by Western blot (Figure B1 A-C). These cells were treated with MMC, 

which induces a crosslink similar in structure to the trimethylene-GpC-ICL lesion we assayed in 

HSS extracts. Cells were exposed for drug for 3 hours, followed by growth for 12-15 days in the 

presence of doxycycline. Both MSH6- and PMS2- deficient cells were more sensitive to MMC 

compared to control cells with scramble shRNA (Figure B2 A,B). These results support our in 

vitro findings that MMR proteins cooperate to recognize and remove ICLs. These results are 

consistent with several previous studies that correlate the loss of MutSa or MutLa to MMC 

sensitivity (Fiumicino et al., 2000; Huang et al., 2011; Peng et al., 2014). 

It is important to point out that MutSa deficiency has also been linked to cisplatin-resistance 

(reviewed in (Jung and Lippard, 2007). This phenotype is unique to cisplatin, and not observed 

when cells are treated with other platinum drugs including oxaliplatin (Jung and Lippard, 2007), 

or crosslinkers such as NMs and MMC (Fiumicino et al., 2000). The differences in cellular 

responses to these drugs, measured by survival in these experiments, therefore likely reflects the 

diverse ways in which cells respond to structurally distinct ICLs or the other DNA adducts that 

these chemicals also generate. Hence, inferring the contribution of DNA repair proteins from 
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crosslinker sensitivity studies alone are not sufficient to deduce the roles of these proteins in ICL 

repair. 
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Figure B 1. shRNA mediated knockdown of MSH6 and PMS2 in MCF10A cells 
A. Western blot analysis of MCF10A whole-cell lysate to demonstrate knockdown of 

MSH6 72 hrs after addition of doxycycline to cell growth media. 
B. Western blot analysis of MCF10A whole-cell lysate showing efficient MSH6 

knockdown with three shRNA clones. Clones A and B were used for clonogenic 
survival assays. 

C. Western blot analysis of MCF10A whole-cell lysate showing efficient PMS2 
knockdown with three shRNA clones. Clones C and D were used in clonogenic 
survival assays. 
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Figure B 2. Sensitivity of MSH6- and PMS2-deficient MCF10A cells to mitomycin C 
A. Clonogenic survival assay of MSH6-deficient human breast epithelial MCF10A cells 

in the presence of indicated doses of MMC. Results represent the mean ± SEM of at 
least three independent experiments. 

B. Clonogenic survival assay of PMS2-deficient human breast epithelial MCF10A cells 
in the presence of indicated doses of MMC. Results represent the mean ± SEM of at 
least three independent experiments. 
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Appendix B. Methods 
 

Cell Culture and production of MCF10A cells with stable integration of doxycycline 
inducible shRNA 

 
MCF10A cells were cultured in DMEM-F12 (Invitrogen) supplemented with 5% 

horse serum (Invitrogen), 20 ng/mL EGF (Peprotech), 0.5 µg/ml hydrocortisone (Sigma- 

Aldrich Corporation), 100 ng/mL cholera toxin (Sigma), 10 µg/ml insulin (Sigma), and 

Pen Strep (Invitrogen). 293T cells were cultured in DMEM (Invitrogen) and Pen Strep 

(Invitrogen), supplemented with 10% FBS (Invitrogen). All cells were incubated at 37°C 

with 5% CO2. The following doxycycline inducible shRNA clones (Dharmacon) 

targeting MSH6 (MSH6-A: V3THS_318784 and MSH6-B: RHS4696-101352772) and 

PMS2 clones (PMS2-C: V3THS_302063 and PMS2-D: V2THS_93546) were used. Each 

shRNA vector was purified using E.Z.N.A. Plasmid Miniprep kit (Omega Bio-Tek, Inc.) 

and packaged into lentiviruses by transfecting (jetPEI by Polyplus-transfection) into 293T 

cells with pMD.G and pCMVR8.91. After 24 hrs, the media was replaced with MCF10A 

media, which was used to collect viruses at the 48 hr timepoint. Viruses were filtered and 

were used to infect MCF10A cells by spin infection; 1 hr at 1000 rpm at RT in the 

presence of 8 µg/ml polybrene (Sigma). After 24 hrs of incubation, infected cells were 

selected by the addition of 2 µg/ml puromycin (Sigma). For Western blot of MCF10A 

whole-cell lysates, cells were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% Na-

DOC, 0.1% SDS, 50 mM Tris pH 8.0), supplemented with protease and phosphatase 

inhibitors (Sigma), for 10 min on ice.  

 
Clonogenic Survival Assays 
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Cells were induced to express shRNA against MSH6 or PMS2 with addition of 1 

µg/mL doxycycline in growth media. After 72 hrs, cells were plated at a density of 300 

cells per 100 mm plate and allowed to adhere for 1 hr. Cells were treated with MMC for 

3 hrs, and then grown in fresh media for 14 days. Throughout the experiment, cells were 

grown in 1 µg/mL doxycycline, which was added to the media every three days. Colonies 

were fixed with methanol and stained with crystal violet. Cell survival was calculated as 

a percentage of colonies on drug treated plates compared to untreated plates.  
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Appendix C. The Role of Pol d, Pol e, and Rev1 in RIR 
 

Niyo Kato, Hannah Williams, Jean Gautier (unpublished) 
 
ICL repair is thought to involve the sequential action of multiple DNA polymerases. 

The first polymerase is thought to synthesize up to or across the unhooked ICL adduct, 

while a second polymerase is thought to extend from the often mispaired/distorted DNA 

junction.  

During RCR in S-phase, the replicative DNA polymerases Pol d and Pol e, as well as 

the TLS Pol z and Rev1 are important for ICL repair. Indeed, in replicating Xenopus 

extracts, the Walter lab has shown that Pol d and Pol e are retained on ICL-containing 

plasmids, and that the Pol z and Rev1 are required for the extension phase of repair 

synthesis (Budzowska et al., 2015; Räschle et al., 2008).  

In contrast, during RIR in non-replicating Xenopus HSS extracts, our lab has 

previously demonstrated that Pol z is dispensable for trimethylene ICL repair, as 

depletion of Rev7, the catalytic subunit of Pol z had no impact on ICL repair in HSS 

(Williams et al., 2012). Instead, we found that Polk and monoubiquitinated PCNA is 

essential for repair synthesis reaction.  

We now directly interrogate the contribution of the DNA polymerases Pol d and Pol 

e, as well as Rev1 during RIR in HSS extracts. Pol d and Pol e are replicative 

polymerases, best known for their involvement in leading and lagging strand synthesis 

reactions during replication. They are intricately linked to RCR, as replication fork 

convergence is a requirement to trigger ICL repair during S-phase (Zhang et al., 2015). 

Rev1 is a deoxycytidyl transferase, and a member of the Y-family of translesion 

sysnthesis DNA polymerases. Rev1 has been linked to ICL repair in several studies 
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(Budzowska et al., 2015; Räschle et al., 2008). Cells deficient for Rev1 are extremely 

sensitive to crosslinker drugs (Kim and D’Andrea, 2012), and have defects in repairing 

psoralen, MMC (Shen et al., 2006), and cisplatin ICLs (Enoiu et al., 2012a). These 

studies, which use a plasmid based luciferase reporter assay with a site-specific ICL 

between the CMV promoter and a luciferase reporter, suggests that Rev1 plays a key role 

during transcription initiated ICL repair, in addition to its role during RCR.  

We immunodepleted Pol d, Pol e, and Rev1 from HSS extracts (Figure C 1A), and 

conducted ICL repair assays. Pol d and Pol e antibodies were generous gifts from Shou 

Waga. Rev1 antibodies were a gift from Johannes Walter.  

In these extracts, we monitored the repair of the trimethylene-GpC-ICLs. 

Interestingly, depletion of Pol d, enhanced ICL repair compared to mock-depleted 

extracts (Figure C1 B). This suggests that Pol d eviction from sites of ICL repair may be 

important for the recruitment of TLS polymerases during repair. In contrast, depletion of 

Pol e resulted in ~50% reduction in ICL repair capacity (Figure C1 C). Pol e may 

therefore contribute to ICL repair during RIR. Of note, the specificities of these defects 

have not been established in a depletion-rescue experiment with recombinant Pol d and 

Pol e protein.  

Finally, the level of ICL repair between Mock and Rev1-depleted extracts were 

comparable, strongly suggesting that Rev1 does not contribute to the repair of 

trimethylene ICLs during RIR (Figure C1 D). A similar result was obtained for Ap-ICL 

in Mock and Rev1-depleted extracts (Figure C1 E). These results are consistent with our 

previous data that a Rev1 binding deficient Polκ F562A,F563A fully rescued repair of the 

trimethlyene-GpC ICLs in HSS (Williams et al., 2012).  



 126 

Further studies are needed to determine whether Rev1 contributes to the repair of 

other, structurally distinct ICLs during RIR. It would be particularly informative to test 

the cisplatin-ICL, which is known to require Pol z and Rev1 during RCR, in the HSS 

system.  
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Figure C 1. The role of Rev1 during RIR 
A. Pol d, Pol e, and Rev1 immuno-depletions. Mock-, Pol d-, Pol e-, and Rev1-depleted 

HSS were analyzed by Western blot to confirm depletions. Pol d was immuno-
depleted using 2 rounds of p125 followed by 2 rounds with p66 antibody (1:3:3 ratio 
of beads : serum : HSS). Pol e was depleted in 4 rounds of pol e serum (1:2:3 ratio of 
beads : serum : HSS). Rev1 was efficiently immuno-depleted from HSS as previously 
described (Budzowska et al., 2015). 

B. Quantification of trimethylene-ICL repair in Mock- and Pol d-depleted HSS at 3 hrs. 
Results represent mean ± SEM from two independent experiments. 

C. Quantification of trimethylene-ICL repair in Mock- and Pol e-depleted HSS at 3 hrs. 
Results represent mean ± SEM from two independent experiments. 

D. Quantification of trimethylene-ICL repair in Mock- and Rev1-depleted HSS at 3 hrs. 
Results represent mean ± SEM from two independent experiments 

E. Quantification of Ap-ICL repair in Mock- and Rev1-depleted HSS at 3 hrs. Results 
represent mean ± SEM from two independent experiments. 
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Appendix D. The Role of CtIP in RIR 
 

Niyo Kato, Jean Gautier (unpublished) 
 
CtIP plays a critical role double strand break repair. Together with the MRN complex 

(Mre11, Rad50, and Nbs1), CtIP promotes DNA end resection in response to double strand 

breaks, biasing the repair of the damage lesion into homology directed repair processes 

(Symington and Gautier, 2011).  

Recent studies show that CtIP has an additional, MRN independent role during replication 

coupled ICL repair (Murina et al., 2014; Unno et al., 2014). These studies reveal that CtIP is 

recruited to chromatin in response to treatment with MMC, in a FA dependent manner. Cells 

deficient in FA proteins have deficient CtIP foci formation in response to MMC. CtIP binds the 

core Fanconi Anemia protein FANCD2, and this interaction helps localize CtIP to ICL lesions, 

early in the ICL repair process. CtIP helps suppress repair of ICL-induced double strand breaks 

by NHEJ, and promote homology directed repair processes (Murina et al., 2014; Unno et al., 

2014). Importantly, these studies also show that CtIP depleted cells are sensitive to MMC and 

have increase gross chromosomal aberration, a hallmark of FA cells. 

In contrast to RCR, double strand breaks are not generated during RIR. The requirement for 

DNA resection to promote homology directed repair is therefore absent. However, during RIR 

nucleolytic processing of ICL repair intermediates are thought to occur.  

To determine whether CtIP contributes to ICL repair outside of replication, I conducted 

depletion rescue experiments ICL plasmids containing a single site-specific trimethylene-GpC 

ICL lesion in HSS. CtIP was efficiently immuno-depleted from HSS using CtIP specific 

antibodies (gift from Richard Baer) (Figure D 1A). ICL repair in CtIP depleted extracts were 

similar to that of mock-depleted extracts, indicating that CtIP does not contribute to ICL repair 

outside of replication (Figure D 1B).  
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Figure D 1 The role of CtIP during RIR 
A. CtIP immunodepletion. Mock- and CtIP-depleted HSS were analyzed by blot to 

confirm depletion of CtIP. 
B. Quantification of trimethylene-GpC-ICL repair in Mock- and CtIP-depleted HSS at 3 

hrs. Results represent mean ± SEM from three independent experiments. 
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Appendix E. Homemade Antibodies 
 
Xenopus extracts are a powerful system to study DNA damage and repair 

mechanisms. Extracts provide a unique opportunity to study the function of a given 

protein by removing the protein from the extract without resulting in lethality. Protein-

depletion requires multiple rounds of depletion using high quality antibodies or peptides 

that can specifically and quantitatively deplete a protein from the extracts. 

In order to study the effects of MSH2 and XPC on ICL repair using HSS extracts, I 

generated antibodies against Xenopus laevis MSH2 and XPC as described in detail 

below.  

 

MSH2 Antibody 
 
I generated antibodies against Xenopus laevis MSH2 essentially as previously 

described by the Takahashi group (Kawasoe et al., 2016). Briefly, a 19 amino acid C 

terminal peptide of X.l. MSH2 (sequence: C+LAKNNRFVSEVISRTKTGL) was KLH-

conjugated (at the C residue) and used to immunize 3 rabbits (Covance): Rabbit-1828, -

1829, and -1830. Serum from all three rabbits were tested for competence for Western 

blot analysis and immunodepletions of MSH2 in Xenopus HSS extracts.  

To test the sera for suitability for Western blot analysis, I checked to see whether each 

serum (1:5000 dilution) would be able to recognize a band corresponding the MSH2 in 

HSS, either mock depleted, or MSH2-depleted using antibodies generated by the 

Takahashi lab. While all three sera are able to detect a band corresponding to MSH2 

(Figure E1 A), probing with the MSH2-1828 serum produces the cleanest signal, without 

any non-specific signal in the vicinity of the MSH2 protein.  
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I also extensively tested each serum to check for their ability to efficiently deplete 

MSH2 from HSS in a series of immunoprecipitation experiments (data not shown), and 

found that serum-1829 and 1830 are best for this purpose. Depletion of HSS with serum-

1830 is able to deplete both MSH2 and MSH6 from HSS using 3 rounds of depletion 

1:3:3 = beads : serum : HSS ratio, followed by a clearing round (Figure E1 B). 

Repair of a trimethylene ICL are defective in ∆MSH2-1830, and this phenotype can 

be rescued with recombinant MutSa complex. MSH2-1830 serum can therefore be used 

in depletion-rescue experiments in HSS. 
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Figure E 1. Homemade MSH2 antibodies for Western blot and immunodepletion 
A. Western blot of mock or MSH2 depleted HSS. Extracts were depleted with T. Takahashi 

MSH2 antibodies, and probed with homemade MSH2 serum (all 1:5000 dilution). MSH2-
1828 serum is best for Western blot analysis. 

B. Western blot of HSS depleted with MSH2-1830 serum. MSH2 was probed with J. Jiricny 
MSH2 antibody.  
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XPC Antibody 
 
I generated antibody against Xenopus laevis XPC using a protein fragment of XPC 

which I cloned from the X.l. cDNA library. The sequence of X.l. XPC is not available. I 

therefore referenced the Xenopus tropicalis XPC sequence (Xenbase) to design 

degenerate primers to use for the cloning process. 

I cloned a 528 base pair fragment of XPC using PCR and TA cloning into the 

pGEMT vector (Figure E2). This fragment was subsequently His-tagged and subcloned 

into the bacterial expression vector: pProEX HTc. The ~25KDa XPC fragment was 

induced to express in BL21 cells with IPTG overnight, before being purified from 

bacterial lysate (Sambrook and Green, 2012).  

Purified XPC fragment was further gel purified, and was used to immunize three 

rabbits (Covance): Rabbit-1777, -1778, and -1779. All three sera were able to recognize 

the ~25KDa XPC fragment in BL21 whole cell lysate (Figure E3) to some degree. 

However, they were not competent for Western blot analysis of HSS extract (data not 

shown). In an effort to validate the specificity for XPC-1777 for Xenopus XPC protein, 

we used UV-irradiated Xenopus nuclei as a substrate to test whether the antibody has 

specificity for UV damaged chromatin using immunofluorescence. We found that XPC-

1777 specifically recognized nuclei irradiated with 1000 mJ/cm2 UV.  XPC has a well-

documented role in the binding and repair of UV lesions. Therefore, these results suggest 

that the XPC-1777 serum has specificity for XPC protein. However, further studies are 

needed to validate these preliminary results.  

Nevertheless, I tested whether the depletion of XPC using these antibodies would 

lead to an ICL repair defect in HSS. I found that in fact, the repair of trimethylene ICLs is 



 134 

defective in HSS depleted with XPC-1777 serum (3 rounds of depletion 1:3:3 = beads : 

serum : HSS ratio, followed by a clearing round). This phenotype is more pronounced at 

earlier time points during repair (Figure E4A).  

Intriguingly, this ICL repair defect can be rescued with 5’ or 3’ nicked ICL plasmid 

substrates, suggesting that this defect was due to the loss of a protein that functions in an 

upstream role during the repair process (Figure E 4B). We did not attempt to clone and 

purify full length XPC protein from the cDNA library, and hence the specificity for the 

repair defect has not been fully determined.  
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Figure E 2. XPC fragment used to generate X.l. XPC antibody 
Primers used to clone a 528 base pair fragment of X.l. XPC from the cDNA library are 
indicated. The DNA bases correspond to the sequenced product of the XPC fragment. 
This fragment was subsequently cloned into a bacterial expression vector and expressed 
in BL21 cells. XPC528 was then purified and used to generate XPC antibodies.  
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Figure E 3. Homemade XPC antibodies recognize XPC528 in BL21 whole cell lysate 
Western blot of BL21 lysate from uninduced, or IPTG induced culture. All XPC sera 
(1:10,000 dilution) seem to recognize ~25 KDa XPC fragment, but XPC-1778 is best.  
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Figure E 4. XPC antibodies specifically recognize UV-damaged Xenopus nuclei 
Immunostaining of Xenopus nuclei using a commercial antibody against thymine dimer 
(TD) or XPC-1777 antibody. Both TD and XPC-1777 specifically recognize UV-
damaged nuclei.   
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Figure E 5. XPC depletion results in defects in trimethylene ICL repair 
A. Upon depletion of XPC with XPC-1777 serum, the repair of trimethylene ICLs are 

significantly diminished at earlier timepoints.  
B. ICL repair defect in XPC depleted HSS can be rescued with 5’ or 3’ nicked ICL 

plasmid at 40 min.  
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