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Abstract: 

Replication stress (RS) fuels genomic instability and cancer development and may contribute 

to ageing, raising the need to identify factors involved in cellular responses to such stress. 

Here, we present a strategy for identification of factors affecting the maintenance of 

common fragile sites (CFSs), genomic loci that are particularly sensitive to RS and suffer from 

increased breakage and rearrangements in tumors. A DNA probe designed to match the high 

flexibility island sequence typical for the commonly expressed CFS (FRA16D) was used as 

specific DNA affinity bait. Proteins significantly enriched at such FRA16D-fragment under 

normal and replication stress conditions were identified using SILAC-based quantitative mass 

spectrometry. The identified proteins interacting with the FRA16D-fragment included some 

known CFSs stabilizers, thereby validating this screening approach. Among the hits from our 

screen so far not implicated in CFS maintenance, we chose the Xeroderma pigmentosum 

protein group C (XPC) for further characterization. XPC is a key factor in the DNA repair 

pathway known as global genomic nucleotide excision repair (GG-NER), a mechanism whose 

several components were enriched at the FRA16D-fragment in our screen. Functional 

experiments revealed defective checkpoint signaling and escape of DNA replication 

intermediates into mitosis and the next generation of XPC-depleted cells exposed to RS. 

Overall, our results provide insights into an unexpected biological role of XPC in response to 

replication stress, and document the power of proteomics-based screening strategies to 

elucidate mechanisms of pathophysiological significance.  
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APH                    aphidicolin 

BER                    base excision repair 

CFS                    common fragile site 

DDR                  DNA damage response 

DSB                    double-stranded break 
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FDR                    false discovery rate 

GG-NER            global genome nucleotide excision repair 

GO                     gene ontology 

KEEG                 Kyoto encyclopedia of genes and genomes 

pH3  mitotically phosphorylated histone H3 

RS                      replication stress 

SILAC                stable isotope labelling of amino acids in cell culture 

MMR                mismatch repair 

NER                  nucleotide excision repair 

NHEJ                non-homologous end joining 

γH2AX              phospho-Histone H2AX  
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Introduction 

Common fragile sites (CFSs) are defined as non-random distribution of breaks, gaps and 

constrictions visible on metaphase chromosomes especially under conditions of replication 

stress.1 These sites are conserved among diverse mammalian species2 and have been 

intensively studied mainly owing to their association with chromosomal aberrations 

(deletions, translocations, amplifications) which are found in many types of cancer
 3

 and may 

play a causative role in tumorigenesis.4 

The molecular basis of CFSs-associated chromosomal instability has been partially explained 

through their structural analyses. Many CFSs contain AT-rich stretches forming highly flexible 

sequence islands. The common feature of all these atypical sequences is formation of 

unusual secondary DNA structures that have been shown to compromise DNA replication in 

vitro.
5,6

 Furthermore, an increased occurrence of replication fork collapse and DNA double 

strand break (DSB) formation in the flexible islands were reported for a yeast model with 

artificially introduced human CFS, FRA16D, upon replication stress.7 An additional 

explanation for CFSs’ instability may reflect frequent collisions between DNA replication and 

transcription machineries due to very large genes located in some of the CFSs.8 

Aphidicolin (APH), an inhibitor of DNA polymerases α,ε is the most potent inducer of the 

majority of known CFSs, used at a concentration that slows down but does not arrest 

replication fork progression.9,10 Such RS scenario induces long stretches of single-stranded 

DNA as a consequence of the inhibited DNA polymerases lacking behind the advancing DNA 

helicase during DNA replication.11 The cellular response to RS and stabilization of CFSs 

involve multiple cellular factors as also documented by spontaneous expression of CFSs in 

cells from patients with genetic instability disorders such as Seckel syndrome.
12 

Also genetic 
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models based on experimental knock-downs of checkpoint and/or DNA repair proteins like 

ATR or Chk1 kinases13,14, BRCA115, FANCD216, SMC117, WRN18 and MSH219 show enhanced 

APH-induced CFSs expression. Importantly also oncogenic stress evoked by mutated RAS
20

, 

Cyclin E and E2F21 overexpression leads to CFSs-associated instability and deletions and 

rearrangements in CFSs areas are often detected in human premalignant lesions and 

xenografts experiencing high oncogenic activity.
22,23,24

 

The roles of the aforementioned factors in the protection vs. fragility of CFSs were mostly 

discovered using methods of visual detection of chromosomal breaks and gaps on mitotic 

spreads. Several reports also utilized chromatin immunoprecipitation followed by 

quantitative PCR that allowed the detection of the studied protein at the CFSs 

sequences.25,26 Nevertheless, an unbiased proteome-wide screening for identification of new 

protein candidates that could contribute to CFSs maintenance has not been reported. 

As shown recently, quantitative mass spectrometry in combination with nucleic acid-based 

affinity chromatography is a powerful tool for proteome-wide screens of specific DNA and 

RNA binding proteins pointing to new protein candidates for deeper functional 

characterization.27,28,29 In this regard, stable isotope labelling of amino acids in cell culture 

(SILAC) appears to be a method of choice that is straightforward, minimizes chances of bias 

caused by sample processing errors and allows simple distinguishing of specific interactors 

from background binding proteins.30,31 Here, we present a new strategy combining DNA-

affinity chromatography with SILAC and mass spectrometry to isolate potential CFSs protein 

interactors. Besides the advantages mentioned above, SILAC allowed us not only to identify 

CFSs binding factors but also to distinguish between those bound under normal unperturbed 

cell growth and those enriched under conditions of APH-evoked replication stress. The 
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results obtained with our combinatorial screening approach, and functional characterization 

of XPC as a surprising new factor involved in CFS stability and overall cellular response to RS 

are presented below.   

Materials and experimental procedures 

Chemicals: 

All chemicals used in this study were of analytical grade and purchased from Sigma-Aldrich, 

unless stated otherwise. 

Cell cultures:  

In this study, the following human cell types were used: cervical cancer cell line (HeLa S3; 

ATCC), normal diploid fibroblast strain (TIG3, ATCC) and osteosarcoma cell line (U-2-OS; 

ATCC). 

For the SILAC screen HeLa S3 cells were grown in a RPMI 1640 medium with omitted lysine 

and arginine (Biowest) supplemented with 10% dialyzed fetal bovine serum and 1% of 

penicillin/streptomycin solution. For quantitative SILAC-based MS analysis, the RPMI 1640 

medium was supplemented separately with L-arginine and L-lysine (Arg0, Lys0) or L-[U- 13C6, 

15N4]arginine, L-[U- 13C6, 15N2]lysine (Arg10, Lys8) (Cambridge Isotope Laboratories,Inc.). After 

five cellular doublings, the success rate of protein labelling was verified by in-solution 

digestion and a shotgun LC-MS/MS analysis. 

The other cell types were cultured in Dulbecco´s modified Eagle´s medium (Invitrogen) 

supplemented by 10% fetal bovine serum and 1% penicillin/streptomycin. The doxycycline 

inducible shRNA ATR knockdown model in the U-2-OS cell line was characterized 

previously.32 
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Affinity ligands and immobilization on chromatography media:  

As an affinity ligand mimicking CFS, an oligonucleotide with the sequence (5´-3´) CCC CCC 

CCC GAT TGT GAT AAT CAT TAC ACA ATG TAT ATA GTA ATC AAA TCA TTA CTT TAT was used. 

With the exception of the first nine cytosines that served as a linker, the sequence 

corresponds to a part of the common fragile site FRA16D.7 The ability of the sequence to 

form the same secondary structures as corresponding part of FRA16D was tested in the 

Mfold program.
 33

 Default parameters were modified to reflect our experimental conditions 

(150 mM Cl-, 1 mM Mg 2+, 4°C). 

As a second ligand, a control oligonucleotide with linear structure, oligonucleotide (5´-3´) 

CAA ATT TTA GCC AGT CAT CCC ATA GTA TCG TCC GTT CAA G was used. The oligonucleotide 

should not be able to form stable secondary structure and was designed in silico as follows.   

One million random 40-mers were generated and Tm (melting temperature) of the most 

stable secondary structure was calculated in MFold (settings same as above).  Five percent of 

sequences with the lowest Tm were selected and all the 20 bp subsequences were 

extracted. Another set of 40-mers was created by concatenation of random pairs from this 

pool.  In order to avoid creation of oligonucleotides deprived of certain nucleotides or 

dominated by repetitions, sequences with the lowest variability (expressed as entropy) at 

the level of mono, di, tri and tetra nucleotides were removed. After 20 rounds of this 

"selection" and "recombination", 100 40-mers with the lowest Tm together with their 

reverse sequences were selected for closer inspection. Sequences predicted to interact with 

single strand binding transcription factors by Transcription Element Search System web 
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service34 were removed. Final selection took in consideration the following parameters: Tm 

of the most stable structure, number of structures predicted by MFold, and sequence 

variability. The selected 40-mer is not able to form any structure with negative deltaG and 

corresponding Tm are lower than -47°C. 

Both oligonucleotide sequences were custom synthetized and modified with biotin at 5´end 

(Generi Biotech). Affinity beads were prepared by immobilization of the oligonucleotides to 

streptavidin covered magnetic beads (Chemicell) according to the manufacturer´s 

instructions. Briefly, SIMAG-streptavidin beads (1 mg) were washed three times with 1 mL of 

citrate buffer (150 mM NaCl, 15 mM trisodium citrate, pH=7.0) and resuspended in 0.5 mL of 

citrate buffer. Amount of 200 pmol of the specific oligonucleotide was added and 

immobilization was done at room temperature under slow rotation of the beads in 15 

minutes. Unbound oligonucleotides were removed by washing of affinity beads with three 

volumes of the citrate buffer. Before use, the prepared affinity beads were finally 

equilibrated to a starting condition for DNA affinity chromatography with 1 mL of a binding 

buffer (25 mM HEPES with 150 mM NaCl2, 1 mM MgCl2, pH 7.5) at 4°C under slow rotation 

for 15 minutes.  

 

Preparation of cell lysate and DNA affinity chromatography: 

Two differently labelled HeLa S3 cell populations, marked as light and heavy, were both 

cultivated with or without presence of APH for induction of replication stress. In the first 

experiment, the light and heavy labelled cell populations were cultured under normal grow 

conditions and subsequently used in the SILAC comparative analysis of specific CFSs binding 

proteins enriched by an DNA-affinity chromatography on the FRA16D-fragment and control 

beads covered by linear oligonucleotide. In the second experiment, both labelled cell 
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populations were exposed to 0.4 µM APH for 24 hours before harvesting and also employed 

for the isolation of specific CFSs binding proteins by the same way as in the first experiment.  

 

Briefly, HeLa S3 cells, light and heavy, were harvested and the cellular pellets were 

resuspended in a buffer from a NEP-PER nuclear and cytoplasmatic extraction kit (Thermo 

Scientific) for isolation of nuclear proteins. Concentration of isolated nuclear proteins was 

determined by Bradford protein assay (Biorad) with BSA as a standard. The equal amounts of 

nuclear proteins (1 mg) isolated from light and heavy cell populations were mixed with 1 mL 

of the binding buffer and incubated with affinity beads containing either FRA16D-fragment 

or control linear sequence. The association of the nuclear proteins with oligonucleotide 

beads was performed at 4°C under continuous slow vertical rotation for 1 hour. After the 

interaction of the proteins with oligonucleotide baits, the unbound proteins were removed 

by washing of the beads with 1 mL of the binding buffer (repeated five times). The retained 

proteins were eluted from the beads directly by addition of 25 µL SDS-PAGE sample buffer 

and boiling at 95°C with continuous shaking for 10 minutes. The eluates were carefully 

removed from beads and mixed 1:1. All affinity experiments were performed in two 

independent biological replicates. In one replicate, FRA16D-fragment was incubated with the 

heavy labelled nuclear proteins and to the beads with control linear sequence, the light 

labelled nuclear proteins were added. In the second replicate, the labelled protein extracts 

added to the resins were swapped. The same SILAC comparative experiment with beads 

covered by FRA16D-fragment and control linear sequence was carried out with both HeLa S3 

cell populations exposed to 0.4 µM APH for 24 hours. This experiment was repeated in two 

independent biological replicates with swapping of the labelled nuclear proteins added to 

the affinity beads as well. 
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Protein separation and digestion 

Proteins retained and eluted from both oligonucleotide affinity beads (FRA16D-fragment 

sequence vs. linear control sequence) were mixed in the ratio 1:1, separated on 4-16% BIS-

TRIS SDS-PAGE gradient gels (Biorad) and stained with colloidal Coomassie Blue. Each sample 

line was divided into 13 fractions, which were further cut into small pieces. Then, proteins 

were destained, reduced with DDT and subsequently alkylated with iodacetamide and 

digested with rafinose modified trypsin overnight.
35,36 

The released peptides were extracted 

from the gel pieces with 5% formic acid in 30% acetonitrile (v/v), and purified using C18 

StageTips.37 
 

 

Nanoflow liquid chromatography mass spectrometry:  

The desalted peptides were analysed by nanoflow liquid chromatography (nanoEASY-nLC 

System; Thermo Fisher Scientific) coupled to an UHR-Q-TOF maXis instrument equipped with 

online nanoESI source (Bruker Daltoniks). Peptides loaded on a precolumn (2 cm × 75 µm 

packed with ReproSil-Pur C18-AQ 5 µm resin) were eluted and separated on an analytical 

column with a multisteps gradient at flow rate of 200 nL/min for 185 min. The gradient was 

created by mixing of 0.4% (v/v) formic acid (solvent phase A) and 0.4% formic acid in 80% 

acetonitrile (v/v) (SI, Table S-1). The analytical column was prepared in a 15 cm fused silica 

emitter with an inner diameter of 75 µm (New Objective) packed in-house with reverse 

phase ReproSil-Pur C18-AQ 3 µm resin (Dr. Maisch GmbH). The MS instrument was operated 

in a data-dependent acquisition mode using the top 5 precursors with charge states ≥2. The 

selected precursors were fragmented with the use of collision-induced dissociation. The 
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fragmented precursors were dynamically excluded for 18s.The detailed settings of the MS 

analyser are described in the SI. Each sample was analysed in two technical replicates. 
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Data processing: 

The collected raw data were processed using the DataAnalysis v 4.2 SP1 software (Bruker 

Daltonik). The XML files containing precursor and fragmentation data were created and used 

for consequent bioinformatics analysis. The XML files were uploaded to ProteinScape v 2.1 

and searched by Mascot v2.2.07 (in-house server; Matrix Science) against a custom-prepared 

database containing human proteins downloaded from UniProt (20150107, 89706 seq; 

www.uniprot.org) supplemented with common contaminants (keratins, trypsin, bovine 

serum albumin) and reversed sequences of all human proteins for the determination of false 

discovery rate (FDR). The Mascot search was carried out with the following parameters: MS 

and MS/MS tolerances were set to ±25 ppm and ±0.05 Da, respectively; protease specificity 

was set to trypsin and one missed cleavage was allowed; carbamidomethylation of cysteine 

was set as a fixed modification and N-terminal protein acetylation, methionine oxidation and 

heavy labelled 13C(6)15N(2)lysine and 13C(6)15N(4)arginine were set as a variable 

modification. Proteins identified by Mascot algorithm were subsequently processed in 

ProteinScape v2.1 with following parameters: the minimum of 2 peptides with score ≥15 and 

the FDR at 5% at a protein level were needed to accept protein identification. From the list 

of identified proteins only those associated with at least 3 quantified peptide pairs were 

considered as quantifiable proteins and used for subsequent bioinformatics analysis. 

The relative ratios of quantified proteins identified in both forward and reverse label-swap 

experiments were normalized by log2 transformation and plotted in a scatter plot. To 

identify significant differences in relative protein abundance, the normalized ratios of the 

proteins were statistically evaluated for their normal distribution and protein abundance 

was considered as significantly different (p˂0.01) in the case of ratios differing from the 
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mean by 2.58σ as determined from the normalized ratio distributions of the biological 

replicate analyses.38 Such proteins, clustered at the right top corner of the scatter plot, 

represent candidates for FRA16D-fragment specific interactors.  

 

Gene ontology annotation analysis: 

To determine the significantly enriched gene ontology (GO) molecular function and 

biological process terms related to FRA16D-fragment associated proteins, ClueGO39, a 

Cytoscape
40

 plug-in, was employed. A two-sided minimal-likelihood test on the 

hypergeometric distribution, an equivalent to the classical Fisher´s exact test, was utilized 

for the enrichment analysis with the human genome set as a background gene population. 

The p-values for all enriched GO terms were adjusted with the Benjamini-Hochberg 

correction method. 

 

Antibodies:  

For immunoblotting, the following antibodies were used: XPC (Novus Biological, NB100-477, 

1:1000), pChK1 (Ser345, Cell Signalling, 2348, 1:500), ChK1 (Santa Cruz, sc-8408, 1:500), 

GAPDH (GeneTex, GTX30666, 1:2000), MCM7 (Santa Cruz, sc-65469, 1:100). HPR-conjugated 

secondary antibodies: anti-mouse (GE-Healthcare, NA931V, 1:1000), anti-rabbit (GE-

Healthcare, NA934V, 1:1000) and anti-goat (Santa Cruz, sc-2020, 1:1000).  

For immunofluorescence microscopy, the following primary antibodies were used: ATR 

(Santa Cruz (N-19) sc-1887, 1:250), ATRIP (Cell Signalling, 2737, 1:250), γH2AX (pSer139, 

Millipore, 07-146, 1:500), 53BP1 (Santa Cruz, sc-22760, 1:500), Cyclin A (Leica, NCL-cyclinA, 

1:200), pH3 (pSer10, Millipore, 06-570, 1:1000). Secondary anti-mouse and anti-rabbit 

antibodies were Alexa Fluor 488 (A11001) and Alexa Fluor 568 (A11036) (Invitrogen, 1:1000). 
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Immunoblotting:  

For the analysis of checkpoint response, the same amounts of cells were resuspended in the 

SDS-PAGE sample buffer and incubated at 95°C for 8 minutes with shaking (1400 rpm). The 

samples were resolved by SDS-PAGE (4-15% gradient) (Biorad) and subsequently transferred 

to a nitrocellulose membrane for immunoblotting detection by specific antibodies. 

 

Gene silencing: 

siGenome Human XPC (7508) siRNA SMART pool was purchased from Dharmacon (Cat.no. 

M-016040-01-0010) and transfection was conducted using siRNA MAX (Invitrogen) following 

the manufacturer´s instructions. As a control siRNA, GGCUACGUCCAGGAGCGCACC from 

Eurofin MWG operon or siGenome RISC FREE control siRNA from Dharmacon (Cat. No. D-

001220-01-05) were used. Both control siRNAs were tested to exclude cytotoxicity, using the 

colony formation assay. 

 

Biochemical analysis of XPC ubiquitination upon APH treatment 

U2OS were transfected with siXPC pool or control siRNA. Two days after transfection, cells 

were treated with 0.4 µM aphidicolin for 24h and subjected to lysis or biochemical cell 

fractionation and then analyzed by immunoblotting as previously described
41

. The primary 

antibody used in this study was against XPC (Novus Biological, NB100-477). 

 

Fluorescence microscopy: 

Immunofluorescence detection of DDR factors: The transfected cells were seeded in 24 well 

plates and treated with 0.4 μM APH or 0.5% DMSO 24h before fixation. The cells were either 
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fixed directly with 10% formalin, followed by 5min permeabilisation with 0.5% TritonX 

(staining for 53BP1, cyclin A) or fixed after pre-extraction (ATR, ATRIP). Samples were stained 

with primary antibodies at 4°C overnight, then with secondary antibodies at room 

temperature for 1h and incubated with Hoechst 33342 at room temperature for 5 minutes 

before mounting. Images were automatically recorded using an inverted fluorescence 

microscope BX71 (Olympus) and ScanR Acquisition software (Olympus), analyzed with ScanR 

Analysis software (Olympus) and evaluated with Statistica software (StatSoft).  Based on 

DNA cyclin A staining, the cell population was gated to G1 (cyclin A negative cells). Number 

of foci or signal intensity of respective markers was counted. Each experiment was 

performed at least in three biological replicates. 

Immunofluorescence analysis of mitotic cells: The transfected cells were seeded in 24-well 

plate and treated either with 0.4 µM APH or with 0.5% DMSO for 24h. After treatment, the 

cells were fixed by 10% formalin, permeabilized by 0.5% Triton X and stained for the specific 

markers. Images were taken using the inverted fluorescent microscope (Zeiss Observer Z.1, 

63x oil objective). The plates were placed onto sliding table of the microscope and 

automatically scanned. On the basis of phospho-H3 marker positivity, approximately 150 

mitotic cells were chosen and subsequently scanned for the phospho-H2AX (yH2AX) foci. 

yH2AX foci were analysed in a custom-made software implemented in MatLab. Each 

experiment was performed at least in three biological replicates. 

 

Flow cytometry analysis of pH3 positive cells 

The transfected cells were seeded on 6cm-diameter Petri dish and treated with eother 0.2 

μM APH, 0.4 μM APH or 0.5% DMSO 24h before fixation, and adding 100 ng/ml of 
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nocodazole 6h before fixation. The cells were trypsinized, fixed with cold (4°C) 10% formalin 

for 15min at RT and permeabilized with 0.5% Triton X for 5min. Samples were stained with 

the primary antibody against pH3 for one hour at RT, then with the secondary antibody for 

1h. Cells were centrifuged and resuspended in PBS+2% FBS with 0.5 μg/ml DAPI. Samples 

were analyzed with the BD FACSVerse flow cytometer, and pH3 positive cells were gated as 

indicated in Figure S-4. 

Results and discussion 

 

Experimental strategy for the identification of potential CFSs interactors 

The main goal of this work was to identify candidate CFSs binding proteins and provide 

further insight into the biological function of selected hits. To perform the first unbiased 

proteome screen that would allow the detection of proteins bound to the structurally 

specific CFSs sequence, we designed and performed DNA affinity chromatography28 in 

combination with SILAC-based quantitative proteomics42, 43 (Figure 1).   

→place Figure 1 approximately here 

 

The crucial step of our experimental approach was the DNA affinity chromatography that 

demanded design and synthesis of baits suitable for isolation of specific CFSs interacting 

proteins. We based our bait on the concept that CFSs arise as a consequence of specific DNA 

sequences which under replication stress create stable secondary structures that are difficult 

to replicate. Thus, we used a fragment mimicking the high-flexibility island within the well 

characterized CFS, FRA16D
7
, as the specific DNA bait. The ability of this sequence to form the 

hard-to-replicate secondary structure under our experimental conditions was verified in 
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Mfold program33, (for final form see Figure S-1). To distinguish the candidate specific CFS 

interactors from common DNA binding proteins, control bait with linear structure was 

designed and employed in parallel. Moreover, the nucleotide order was selected in a way to 

avoid resemblance with known promoters (for further details on control bait construction, 

see the experimental procedures). Both baits were modified at the 5´end by adding biotin to 

facilitate their immobilization to streptavidin-covered magnetic beads. To identify FRA16D-

fragment binding proteins, we used the following experimental strategy.  

First, we performed an experiment to obtain a list of nuclear proteins interacting with the 

FRA16D-fragment-specific bait from lysates of HeLa S3 cells growing under normal 

conditions. In the next experiment, the HeLa S3 cells were exposed to replication stress 

induced by 0.4 µM APH, a concentration of the drug that reliably induces CFSs expression.9,10 

Importantly, comparison of FRA16D-fragment interactors from cells under normal versus 

replication stress conditions revealed multiple interacting proteins (Figure 2) some of which 

have not been associated with CFS biology yet.  

Analysis of CFS-enriched proteins 

Using a stringent threshold for FDR at less than 5%, we identified in total 655 and 282 

proteins binding to the FRA16D bait in APH-treated and control cells, respectively. Protein 

ratios for FRA16D-fragment-specific versus control bait beads could be assessed for at least 

559 and 228 proteins from the above two groups, of which 410 and 150 were detected in 

independent biological replicates. As documented by scatter plots of log2 transformed ratios 

(Figure 2), 13 distinct proteins appeared to specifically and robustly interact with the 

FRA16D-fragment but not with the control bait. 

→ place Figure 2 approximately here 
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Among these selected 13 hits, 2 and 8 proteins bound to FRA16D exclusively under normal 

and APH-induced stress conditions, respectively, while 3 proteins interacted with FRA16D 

under both conditions (Figure 3). A validation in the form of a proof of principle for our 

screen was provided by the following two results. First, examination of the GO annotations 

of the candidate CFS binders revealed a high enrichment of proteins involved in binding to 

various DNA structures and proteins implicated in mechanisms responsible for genome 

maintenance (Figure 4A and B). This is in agreement with the use of structured DNA as the 

specific bait. Second, and possibly even more important validation was provided by the fact 

that our list of 13 hits included Werner helicase (WRN) and Mismatch repair protein 2 

(MSH2), both proteins previously characterized for their biological functions in the 

maintenance of CFSs stability.18,19 

→ place Figure 3 approximately here 

→ place Figure 4 approximately here 

According to Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis, our 13 

selected candidate FRA16D-interactors play roles in several DNA repair pathways, including 

non-homologous end-joining (NHEJ), mismatch repair (MMR), base excision repair (BER) and 

nucleotide excision repair (NER) (Figure 4C). The last mentioned, NER, is the pathway that 

operates anywhere within the genome to eliminate “bulky” DNA lesions.45 The DNA damage-

binding protein 1 (DDB1), XPC and Centrin-2 (CETN2) form the so-called initiation complex of 

global-genome NER (GG-NER), while XRCC1 and LIG3 are involved in sealing nicks or gaps 

after excision of the nucleotides.46,47,48,49 Our observation that these proteins together 

accumulate at the FRA16D-fragment under replication stress conditions together with their 
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high interconnectivity (Figure 3) may suggest that GG-NER could be involved in resolution of 

DNA structures that occur within CFSs regions under replication stress. 

The GG-NER initiation is supported by XPC ubiquitylation which is promoted by UV-DDB- 

Ubiquitin ligase complex47. This UV-DDB mediated recognition of DNA damage by XPC is 

observed especially in the case of UV induced cyclobutane pyrimidine dimers and lesions 

that cause low distortion of DNA helix
50

, while direct recognition of (6-4) pyrimidine-

pyrimidone photoproducts and some other lesions caused by chemical adducts could be UV-

DDB independent. To verify whether the DNA structures created upon APH treatment in 

CFSs loci are recognized through a process that involves XPC ubiquitylation, we performed 

cell fractionation and assessed the ubiquitylation status of chromatin-bound XPC after APH 

treatment by through electrophoretic mobility of XPC. In contrast to UV-induced 

ubiquitylation mediated electrophoretic mobility shift, XPC did not show such altered 

mobility upon treatment of cells with APH (Figure S-2), indicating a mechanism distinct from 

the UV response, potentially direct recognition of these replication barriers by XPC. 

 Recent studies indicate that XPC is not only the main initiator of NER but thanks to its 

substrate versatility, it seems to be a general sensor of aberrant structures such as DNA 

crosslinks and various “DNA bubbles” 51,52 with a potential to be involved in other cellular 

mechanisms besides NER.53 It was shown that XPC plays a role in elimination of oxidative 

damage by regulation of BER54,55, in chromatin remodeling and checkpoint response56,57, in 

regulation of transcription
58

 and in maintenance of telomere stability.
59

 Based on these 

emerging reports, we next developed an automated approach to assess mitotic CFSs and 

tested the possibility that CFSs regions (especially under replication stress) generate some 

secondary DNA structures which are “sensed” by XPC. 
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Method for automated evaluation of CFSs expression in mitosis  

The involvement of proteins in the maintenance of CFSs stability is usually determined by 

scoring for chromosomal aberrations under unperturbed control and replication stress 

conditions, with the protein of interest either absent (mutant, deleted or knocked down) or 

overexpressed. For better resolution of individual CFSs regions the Giemsa staining or FISH 

method on mitotic spreads is usually used.14, 16, 18 A major technical shortcoming associated 

with such standard approaches is the high demand for the quality of mitotic spreads. 

Furthermore, such evaluations are very time-consuming and a subset of smaller lesions may 

remain undetected. To overcome these limitations, a more precise method for detection of 

phosphorylated histone H2AX (γH2AX) in mitosis was developed 60and further optimized in 

our present project for our purposes (Figure S-5). yH2AX foci are commonly accepted as a 

marker of DNA double-stranded breaks 61 and quantification of yH2AX immunofluorescence 

signal intensity or rather number of foci can be used to estimate the extent of DNA damage 

or repair kinetics.
62

 

Our quantitative method for CFSs expression is principally based on the fact that in APH-

treated human lymphoblasts the 20 most expressed CFSs account for 80% of all detectable 

mitotic DNA double strand breaks.
1
 Because these mitotic breaks are marked by the γ-H2AX 

signal (Figure S-5A) the overall quantification of yH2AX foci in mitosis after APH treatment 

correlates with CFSs expression. Our method was further optimized by combined 

immunofluorescence staining for γ-H2AX and serine 10-phosphorylated histone H3 (pH3), 

the latter a recognized marker of mitosis. Such setup allows for high throughput analysis 

using automated microscopy-based detection of mitotic cells within the cell population 

followed by detailed yH2AX foci scoring selectively in the mitotic cells (Fig S-5B). The 

feasibility of our method for identification of factors involved in CFSs stability was validated 
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in a cellular model allowing inducible knockdown of ATR by shRNA. APH treatment resulted 

in an increase of γ-H2AX in mitotic cells that was strongly augmented after ATR depletion 

(Figure S-5C), consistent with published data about the ATR kinase and its involvement in 

CFSs stability.13 

XPC participates in replication stress-induced DNA damage response and in the 

maintenance of CFSs stability 

To test if XPC plays role in CFSs stability, the human U-2-OS cells depleted of XPC by RNAi-

mediated knockdown were treated with 0.4 µM APH for 24h. The mitotic yH2AX foci were 

quantified by the automated routine described above. Surprisingly, in analogous experiment 

as with ATR knockdown, XPC deficiency caused a significant decrease in the number of 

yH2AX foci after APH treatment (Figure 5a, b). This observation has two possible 

explanations. Either the depletion of XPC leads to such a prominent form of CFSs-associated 

instability that the G2/M checkpoint blocks such cells from mitotic entry, or the CFSs-

associated aberrant DNA structures are sensed by a cellular mechanism that may involve 

XPC and that is required for the signaling from such aberrant DNA structures and thereby for 

generation of the ensuing enhanced y-H2AX signal. To address this intriguing observation 

further, we compared also the number of yH2AX foci in XPC-depleted and ATR/XPC co-

depleted U-2-OS mitotic cells after APH treatment. XPC depletion resulted in decreased 

yH2AX foci in mitotic cells compared to control mock-depleted cells (Figure S-6). In addition, 

depletion of XPC in cells co-depleted for ATR further decreased the number of yH2AX foci in 

mitotic cells compared to cells depleted of ATR alone (Figure S-6).  

Given that ATR is the major checkpoint kinase whose signaling ensures arrest of cells with 

damaged DNA at the G2/M boundary
63

 we argued that the observed decrease or loss of 
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mitotic yH2AX signaling might reflect a previously unrecognized positive role of XPC in 

promoting checkpoint signaling within CFSs. Based on our results with mitotic yH2AX we 

suggest a possibility that XPC may bind to stalled replication forks to initiate incision of the 

DNA structures which are difficult to replicate, such as the high-flexibility islands within CFSs. 

The XPC-driven incision process could then initiate and/or contribute to activation of the 

DDR signalling and create structures marked by yH2AX foci in mitosis. Thus, in the absence of 

XPC, at least a fraction of stalled replication forks are not turned into such “visible” lesions, 

leading to insufficient checkpoint response documented here by the impaired yH2AX signal. 

Provided this proposed scenario is correct, XPC deficient cells exposed to replication stress 

should accumulate unresolved replication fork intermediates, particularly in the vulnerable 

genomic loci in the vicinity of CFSs. Importantly, ineffective checkpoint signaling due to XPC 

depletion would make such cells largely unreceptive (‘blind’) to the accumulating aberrant 

and potentially hazardous structures at CFSs and allow entry into mitosis despite the danger 

of breaking the chromosomes.  

To test if such unresolved abnormal replication intermediates are indeed present and 

transferred through mitosis to the next cell generation, we scored the so-called 53BP1 

bodies in G1 cells, a commonly recognized feature of cells undergoing enhanced replication 

stress in the previous cell cycle.64 Mechanistically, unresolved aberrant underreplicated loci 

that escape into mitosis may result into DNA double strand breaks during mitosis and then 

recognized and stabilized in early post-mitotic daughter cells by 53BP1 and related proteins, 

forming the microscopically recognizable G1 53BP1 bodies.64 

Indeed, quantification of 53BP1 bodies in G1 cells in our experiments revealed a significant 

increase in the XPC-depleted cells upon 0.4 µM APH treatment, a result which is fully in line 

with the above hypothesis (Figure 5c, d). 
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→place figure 5 approximately here 

 

Based on the obtained data, we conclude that XPC participates in detection and/or 

resolution of replication barriers arising at CFSs regions and promotes checkpoint activation.  

 

XPC influences checkpoint response after replication stress 

To assess whether XPC depletion indeed influences checkpoint signaling after APH-induced 

replication stress, we tested phosphorylation of Chk1, the key ATR substrate and effector 

kinase promoting the G2/M checkpoint arrest.63 Consistent with our conceptual predictions, 

knockdown of XPC in  2 human cancer cell lines (U-2-OS, HeLa S3) and diplod fibroblast strain 

(TIG-3) resulted in a prominent negative impact on Chk1 phosphorylation at early time 

points after treatment with 0.4 µM APH (Figure 6a and Figure S-3). In addition, the mitotic 

indeces in such experiments, measured as accumulation of nocodazole-arrested pH3 positive 

mitotic cells were shifted towards unscheduled mitotic entry, pointing at impaired checkpint 

function in the XPC depleted cells (Figure S-4a, b). While XPC-depleted U2OS cells treated 

with APH showed also the elevated numbers of 53BP1 bodies in G1 phase after the aberrant 

mitotic progression, similarly XPC-depleted APH-treated TIG3 and Hela S3 cells did not show 

a prominent elevation of G1 53BP1 bodies, suggesting that this type of readout is not 

manifested in all the cell lines, probably due rapid elimination of the damaged cells (data not 

shown). As the ATR-Chk1 cascade represents a major checkpoint signaling ‘unit’, we 

performed also quantitative immunofluorescence microscopy analysis of chromatin bound 

ATR and its partner ATRIP. The chromatin-bound signal of both proteins was decreased in 
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XPC-depleted cells (Figure 6b). How XPC promotes binding of the ATR/ATRIP complex to 

chromatin remains elusive but it is known that the binding of ATR is a necessary pre-

requisite for subsequent ATR-dependent checkpoint activation
63

, thereby providing a 

plausible explanation for the impaired Chk1 phosphorylation detected in our experiments 

with XPC-depleted cells under replication stress.  

→ place figure 6 approximately here 

Altogether, the dataset obtained in our present study supports the idea of the XPC/ATR–

Chk1 pathway interaction in response to replication stress and their functional link in 

promoting activation of checkpoint signaling. Notably, a broadly analogous function of XPC 

was described for the lesions induced by UV radiation where cells depleted for XPC displayed 

impaired ATR activation and phosphorylation of its downstream target Chk1.57  On the other 

hand, signalling of UV-induced lesions reportedly relied on XPC during G1 phase but not 

during S phase,65 Our data on response to APH on the other hand demonstrate an S-phase 

relevant ATR/Chk1-promoting role of XPC in checkpoint signalling, most likely reflecting the 

different nature of the APH-induced vs. UV-induced DNA lesions, as well as the differential 

requirement for XPC ubiquitylation, important mechanistic differences demonstrated in our 

present study. In terms of the impact on DNA, APH generates long stretches of single-

stranded DNA by uncoupling of DNA polymerases and helicases, tereby creating vulnerable 

secondary structures, especially at CFSs that become the substrate for XPC and possibly GG-

NER. Upon UV irradiation, on the other hand, DNA crosslinks are formed and rapidly 

processed either by translesion synthesis 66 or converted into DNA double strand breaks67. 

Overall, we propose that in the absence of XPC, the replication problems that occur 

at CFSs are not properly recognized and/or processed during the S phase and become the 
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source of subsequent genomic instability. Last but not least, our results also illustrate the 

power of innovative high-throughput screens based on quantitative proteomics and 

hypothesis-driven strategies to identify new component of fundamental mechanisms such as 

cellular stress responses and maintenance of genomic integrity.   

Conclusions:  

In this study we performed the first unbiased proteome-wide screening to identify new 

putative proteins responsible for maintenance of CFSs stability. Besides previously 

characterized WRN and MSH2 proteins, we identified also several additional candidates 

whose role in CFSs maintenance warrants deeper characterization. Because of the fact that 

almost half of the identified proteins are implicated in NER, the XPC protein as the main 

initiator of the NER pathway was chosen for a follow-up functional study.  

Based on our results, we propose a hypothesis of XPC’s role in preventing CFSs expression 

through promoting checkpoint signaling under replication stress. We show that XPC deficient 

cells are incapable of proper checkpoint activation in response to RS, leading to increased 

genomic instability manifested as accumulation of specific DNA lesions marked by 53BP1 

bodies in G1 cells. We furthermore suggest that this phenotype may reflect a new role of 

XPC, or possibly the whole GG-NER repair pathway, in sensing aberrant replication structures 

and providing the incision step, a role that is especially required at hard-to-replicate 

structures in CFSs loci formed after RS. Thus, XPC deficiency leads to impaired CFSs-

associated signaling through the ATR/ATRIP-Chk1 axis, thereby allowing for inappropriate 

passage of cells with aberrant structures associated with stalled replication forks through 

mitosis. The fate of such damaged cells depends on the respective genetic background and 

fitness of cellular DDR. In the next cell generation of U-2-OS cells passing through the 
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unscheduled mitosis, such aberrant DNA structures can be detected as DNA double strand 

breaks marked by focal accumulation of 53BP1 in the form of the 53BP1 bodies. In some 

other cell lines, represented here by HeLa S3 or TIG-3 cells, this aberrant scenario during the 

methaphase/anaphase transition and/or immediately after mitosis of APH-exposed cells is 

‘solved’ by elimination of such abnormal cells through apoptosis. This is consistent with the 

notion that CFSs are important sites of the genome that may serve as alarm sensors for 

elimination of the cells with unstable genetic material arising upon replication stress. By this 

mechanism CFSs may contribute to the intrinsic cellular barrier against tumorigenesis68.  

 Apart from this important biological insight into the function of XPC protein and its 

relevance for chromosomal (in)stability and cancer, we also document that the strategy of 

using DNA-structure-specific baits which can be successfully combined with quantitative 

proteomics, can generate a wealth of results valuable for contemporary biomedicine.    
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Supporting information: 

The following files are available free of charge at ACS website http://pubs.acs.org: 

Supporting information (SI). Final structure of specific FRA16D-fragment bait, verification 

of XPC ubiquitination upon APH, 53BP1 bodies in G1 cells, checkpoint response and MI of 

TIG-3, HeLa XPC KD cells, illustration of automated evaluation of yH2AX foci in mitosis, 

detection of yH2AX in XPC silenced U-2-OS shATR mitotic cells, description of MS analyser 

settings and gradient for peptide separation during LC-MS/MS. (1 pdf file) 

Quantification of FRA16D interactors_ APH treatment. Comparison of normal vs. reverse 

experiment. (1 xls. File) 

Quantification of FRA16D interactors_ MOCK treatment. Comparison of normal vs. reverse 

experiment. (1 xls. File) 

APH treatment_ normal experiment. Detailed protein report. (1pdf file) 

APH treatment_ reverse experiment. Detailed protein report. (1pdf file) 

MOCK treatment_ normal experiment. Detailed protein report. (1pdf file) 

MOCK treatment_ reverse experiment. Detailed protein report. (1 pdf file) 

Summary of MS data. Complete protein identification + quantification data. (1 xls. File) 
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Figure legends 

Figure 1.: Experimental strategy for identification and quantification of specific FRA16D-

fragment interactors  

Cells were grown in the SILAC “heavy” and “light” medium. The extracts of nuclear proteins 

were added to the resins covered by a specific FRA16D-fragment as a bait and control linear 

sequence. After the affinity purification step, the eluates were mixed 1:1, separated by SDS-

PAGE and in-gel digested. Resulting peptide mixtures were analyzed by LC-MS/MS. The 

workflow was performed with cells cultured under normal conditions and also upon 0.4 µM 

APH for 24h.  

Figure 2.: Determination of FRA16D-fragment interaction partners  

Graphs contain logarithmic ratios from both replicates “forward” H/L and “reverse” L/H 

plotted against each other. The specific FRA16D-fragment interactors are clustered in the 

upper right corner (red points), because of the high ratio in both replicates of the 

experiment. Background proteins are centered to the origin with ratio 1:1 in both replicates 

and contaminants are observed in the upper left corner with high ratio in the light form in 

both repetitions. A) Cells cultured under normal conditions. B) Cells exposed to 0.4 µM APH 

for 24h.  

Figure 3.: FRA16D-fragment retained proteins and their mutual interactions 

Interaction network for the proteins specifically enriched by FRA16D-fragment under normal 

and replication stress conditions. The depicted interactions were drawn in Cytoscape 

software40 after importing the data from Fig. 2 and downloading the protein-protein 

interactions from String database.44 
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Figure 4.: Gene ontology annotation enrichment analysis of identified FRA16D-fragment 

interaction partners  

The most significant enriched terms of identified interaction proteins reveal structured DNA 

affinity, DNA damage signaling and repair signatures as depicted in graphs. A) Molecular 

functions, B) biological functions, C) significantly enriched KEGG pathways, significance is 

expressed as -log10 of respective p values. 

 

Figure 5.: Analysis of DNA damage in XPC-depleted cells  

Replication stress induced DNA damage signalling is significantly altered in XPC silenced cells. 

A) Immunofluorescence detection shows significant decrease of yH2AX foci signal in XPC 

depleted mitotic cells. B) Illustrative pictures depicting the evaluation based on pH3 

immunostaining of mitotic cells and yH2AX foci. C) Immunofluorescence detection shows 

significant increase in G1 phase-associated 53BP1 bodies in XPC depleted cells. D) Illustrative 

pictures depicting the evaluation based on immunostaining of S-G2 marker (Cyclin A) and 

53BP1 bodies. Only cells negative for Cyclin A (encircled) were analysed. The asterisks mean 

significance with p-value <0.05.  

 

Figure 6.: ATR-promoted checkpoint signaling is altered in XPC-depleted cells; A) Western 

blot based analysis of impaired phosphorylation of direct ATR target Chk1 in XPC-silenced 

cells. Cells were treated by APH and harvested at various time points. MCM7 served as a 

loading control. B) Microscopy-based quantification of ATR and ATRIP recruitment to the 

chromatin shows significant decrease in XPC silenced cells under normal conditions and also 

after APH-induced replication stress.  
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