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Abstract:  
Cancers that are deficient in BRCA1 or BRCA2 are hypersensitive to genotoxic agents, including 

platinums and other first-line chemotherapeutics. The established models propose that these cancers 

are hypersensitive because the chemotherapies block or degrade DNA replication forks and thereby 

create DNA double strand breaks, both of which require functional BRCA proteins to prevent or resolve 

by mechanisms termed fork protection (FP) or homologous recombination (HR). However, recent 

findings challenge this dogma because genotoxic agents do not initially cause DNA double strand 

breaks or stall replication forks. Here, we propose a new model for genotoxic chemotherapy in which 

ssDNA replication gaps underlie the hypersensitivity of BRCA deficient cancer, and we propose that 

defects in HR or FP do not. Specifically, we observed that ssDNA gaps develop in BRCA deficient cells 

because DNA replication is not effectively restrained in response to genotoxic stress. Moreover, we 

observe gap suppression (GS) by either restored fork restraint or by gap filling, both of which conferred 

resistance to therapy in tissue culture and BRCA patient tumors. In contrast, restored HR and FP were 

not sufficient to prevent hypersensitivity if ssDNA gaps were not eliminated. Together, these data 

suggest that ssDNA replication gaps underlie the BRCA cancer phenotype, “BRCAness,” and we 

propose are fundamental to the mechanism of action of genotoxic chemotherapies. 

 
Introduction: 
Mutations in the hereditary breast cancer genes, BRCA1 and BRCA2, first demonstrated that cancer 

is a genetic disease in which susceptibility to cancer could be inherited (King et al., 1986). In addition 

to breast cancer, mutated BRCA1 or BRCA2 also cause a predisposition to other cancer types, 

including breast, ovarian, pancreatic, and colorectal cancers. Importantly, cancers with mutated BRCA 

genes are hypersensitive to cisplatin, a first-line anti-cancer chemotherapy that has been the standard 

of care for ovarian cancer for over 40 years (Munnell, 1968). BRCA deficient cancers are thought to be 
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hypersensitive to cisplatin due to their inability to repair cisplatin-induced DNA double strand breaks 

(DSBs) by homologous recombination (HR) (Li and Heyer, 2008). Accordingly, it is proposed that the 

DNA breaks are created when replication forks collide with the cisplatin-DNA crosslinks, causing the 

fork to collapse into DSBs (Feng and Jasin, 2017). This broken-fork-model was further supported by 

reports that mutations in the BRCA genes also lead to defective fork protection (FP), which are thought 

to render forks vulnerable to fork collapse and subsequent DSB induction (Schlacher et al., 2011; 

Schlacher et al., 2012). Correspondingly, chemoresistance in BRCA cancer is proposed to occur when 

either HR or FP is restored, with the latter largely preventing DSBs and therefore eliminating the 

requirement for HR.  

 

However, recent findings challenge the fundamental premise that DSBs are the critical lesion for 

cisplatin sensitivity. Notably, cisplatin does not initially cause replication forks to stall and collapse 

(Huang et al., 2013; Mutreja et al., 2018). Moreover, recent findings indicate that cisplatin toxicity in 

triple negative breast cancer is unrelated to loss of DNA repair factors (Heijink et al., 2019). In addition, 

in several distinct models restored FP fails to restore cisplatin resistance, suggesting FP is uncoupled 

from the mechanism of resistance (Feng and Jasin, 2017) (Cantor and Calvo, 2018). Most saliently, 

indicating that the underlying sensitizing lesion may in fact not be a DSB, HR proficient cells show 

cisplatin hypersensitivity (Wang et al., 2015). Moreover, in addition to cisplatin, BRCA deficient cells 

and patient tumors have been found to be hypersensitive to a wide range of genotoxic agents that were 

previously thought to be distinct, including doxorubicin, PARPi, and others agents that do not generate 

DSBs such as oxaliplatin (Bruno et al., 2017). Taken together, these findings indicate an opportunity to 

revise the current framework for both BRCAness as well as the mechanism of action of multiple first-

line chemotherapies. 

 

Here, we present evidence that BRCAness derives from single stranded DNA (ssDNA) formation, and 

not from the failure to repair or prevent the induction of DNA double strand breaks due to defects in HR 

or FP. Specifically, we observed in BRCA deficient cells that ssDNA gaps develop because DNA 

replication is not effectively restrained in response to genotoxic stress. Moreover, we observed gaps 

could be suppressed by either restored fork restraint or by gap filling, both of which conferred resistance 

to therapy in tissue culture and BRCA patient tumors. In contrast, restored FP or HR were not sufficient 

to prevent hypersensitivity if ssDNA gaps were not eliminated. Together, these data indicate that ssDNA 

replication gaps underlie the BRCA cancer phenotype, “BRCAness,” and we propose are fundamental 

to the mechanism of action of genotoxic chemotherapies. 
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Results: 
To analyze the mechanism underlying the hypersensitivity of BRCA deficient cancers to chemotherapy, 

we monitored the immediate response of DNA replication to stress using DNA fiber assays. In DNA 

fiber assays, cells are exposed to the nucleotide analogs IdU and CldU, which are incorporated into 

nascent DNA as the cells replicate, and are subsequently detected by immunofluorescence when the 

DNA is spread on a slide. Accordingly, the dynamics of replication can be measured by quantifying the 

length of the DNA that contains analog labels under different conditions. Here, we measured the lengths 

of the labeled DNA when the cells were exposed to hydroxyurea (HU), which depletes the nucleotide 

pool by inhibiting the protein ribonucleotide reductase, an enzyme that is critical for the proper synthesis 

of DNA nucleotides. Importantly, the replication stress is induced by low dose HU (0.5 mM) without fully 

depleting nucleotide pools (Koc et al., 2004), and compared to treatment with other genotoxic 

chemotherapies (such as DNA crosslinkers) produces higher quality DNA fibers. Thus, we exposed 

BRCA proficient and deficient cancer cells to HU and analog at the same time in order to compare the 

immediate response to replication stress with and without the BRCA genes. As shown in Figure 1A, 

the parental PEO1 cancer cell line has a truncated BRCA2 protein and is hypersensitive to cisplatin, 

whereas the BRCA2 proficient PEO1 reversion cell line, C4-2, is resistant to cisplatin (Sakai et al., 

2009). The cell lines were incubated with 5-Iodo-2′-deoxyuridine (IdU) for 30 minutes as a control to 

label regions of active replication, followed by 5-chloro-2′-deoxyuridine (CldU) for 2h in the presence of 

HU to monitor the immediate response of DNA replication to genotoxic stress. We observed longer 

CldU tracks in the BRCA2-deficient PEO1 cells compared to the BRCA2-proficient C4-2 cells, indicating 

replication in PEO1 cells had failed to fully slow during HU (Figure 1B), and suggests that BRCA2 is 

required to effectively restrain replication during stress. Indeed, further suggesting that replication 

restraint is a function of the BRCA proteins, we observed that a BRCA2 deficient Chinese hamster cell 

line (VC-8) (Schlacher et al., 2011), and two BRCA1 deficient breast cancer lines (HCC1937 and MDA-

MB-436) showed that DNA replication was arrested more effectively during stress when cells were 

complemented with the respective wild type BRCA genes (Figure S1.1A-C). Similarly, as an additional 

control, we also depleted BRCA2 in BRCA2-proficient C4-2 cells, and again found that forks were not 

fully arrested after HU (Figure S1.1D-F). In addition, we also confirmed these results with an 

experiment that measures total analog fluorescence in the nucleus, rather than on individual DNA 

fibers, and therefore functions as a readout of global cellular replication. Indeed, in BRCA2 deficient 

cells, we observed an increase in EdU positive cells during replication stress compared to BRCA2 

proficient cells, further supporting that BRCA2 is required to restrain replication during stress (Figure 
1C, S1C). Lastly, we treated cells with cisplatin instead of HU, and again found that BRCA2-deficient 
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PEO1 cells had longer replication tracts compared to BRCA2 proficient C4-2 (Figure S1.1G), indicating 

that restraint defects are not restricted to stress induced by HU. 

 

Given that failure to restrain replication is associated with genome wide ssDNA gaps (Hashimoto et al., 

2010; Henry-Mowatt et al., 2003; Kolinjivadi et al., 2017; Zellweger et al., 2015), we hypothesized that 

failure to fully restrain replication in response to stress in BRCA deficient cells would result in poorly 

replicated regions that contain ssDNA. To test this hypothesis, we performed the DNA fiber assay 

followed by incubation with S1 nuclease. S1 cuts at ssDNA regions and secondary DNA structures as 

an indicator of poor-quality DNA (Quinet et al., 2017). Indeed, labelled nascent DNA tracks were S1 

sensitive in BRCA2-deficient PEO1 cells, but not in the BRCA2-proficient C4-2 cells (Figure 1B). These 

S1 sensitive nascent DNA regions were also degraded after continued exposure to replication stress 

indicating that nascent DNA in regions behind the fork (>10kb) are degraded under continued stress. 

(Figure 1B and E). In addition, to directly confirm that these S1 sensitive regions in the PEO1 cells 

contained ssDNA, we employed a non-denaturing DNA fiber assay that detects ssDNA in regions of 

active DNA replication. Indeed, this assay confirmed that ssDNA (detected as CldU signal) was present 

adjacent to newly replicating EdU positive regions in the BRCA2 deficient PEO1 cells, but not in the 

BRCA2 proficient C4-2 cells (Figure 1D). Similarly, BRCA1 deficient cancer cells also displayed DNA 

replication tracks that were sensitive to S1 nuclease after treatment with HU (Figure S1.1H). Thus, 

BRCA deficient cancer cells fail to fully restrain replication in the presence of stress, creating ssDNA 

regions (Figure 1E) that are degraded after additional exposure to stress.  

 

We further hypothesized that ssDNA gaps confer chemosensitivity in BRCA cancer, and that 

mechanisms of chemoresistance would lead to gap suppression (GS). Indeed, we found that gaps were 

suppressed when chemoresistance was achieved by depletion of the chromatin remodeling enzyme 

CHD4 in BRCA2 deficient PEO1 cells (Figure 2A) (Guillemette et al., 2015). Specifically, when CHD4 

was depleted, we observed significantly suppressed S1 nuclease sensitivity compared to the control, 

and nascent DNA tracks were not degraded after continued exposure to HU (Figure 2B).  In agreement, 

ssDNA (measured as CldU signal) adjacent to regions of active replication were significantly reduced 

when CHD4 was depleted (Figure 2D). We also observed these DNA fiber phenotypes with a second 

shRNA reagent to CHD4 (Figure S2A,B, see Figure 3E). However, when CHD4 was depleted, 

replication restraint in response to stress was not re-established. Instead, replication tracks were 

significantly longer in CHD4-depleted PEO1 cells, compared to PEO1 control or C4-2 cells (Figure 2B). 

Moreover, in agreement with increased replication track length, analysis of global cellular replication by 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 25, 2019. ; https://doi.org/10.1101/781955doi: bioRxiv preprint 

https://doi.org/10.1101/781955


 

 

EdU incorporation demonstrated that CHD4 depleted PEO1 cells also had a greater number of EdU 

positive cells after HU treatment as compared to control PEO1 or C4-2 cells. As an additional control, 

EdU positive cells were similar in unchallenged controls, suggesting the replication differences occur 

in response to stress (Figure 2C, S2A-E). Thus, gaps and chemosensitivity were suppressed by CHD4 

depletion, but fork restraint was not restored, indicating replication was further mis-regulated (Figure 
2E). Critically, in C4-2 cells the BRCA2 reversion mutation (Sakai et al., 2009) also suppresses ssDNA 

gaps (Figure 1B, 2B), suggesting that chemoresistance is achieved by either gap filling or restored 

fork slowing.  

 

Our data indicate that suppression of ssDNA replication gaps in BRCA deficient cancer could confer 

chemoresistance. To address this possibility, we sought to identify additional genes similar to CHD4 

that confer chemoresistance by GS. Thus, we performed quantitative mass spectrometry proteomics 

comparing the CHD4-interactome between BRCA2 deficient vs proficient cells after cisplatin treatment 

(Figure 3A). In BRCA2 deficient PEO1 cells, CHD4 interacted with several proteins known, when lost, 

to confer chemoresistance without restoring HR, including PARP1, EZH2, and FEN1 (Figure 3B) 

(Guillemette et al., 2015; Meghani et al., 2018; Rondinelli et al., 2017). We also identified the CHD4-

interacting protein ZFHX3 (Chudnovsky et al., 2014), whose depletion we found enhanced cisplatin 

resistance in PEO1 cells (Figure 3C). Moreover, in BRCA2 deficient ovarian cancers, low mRNA levels 

of ZFHX3 predicted poor tumor-free survival (Figure 3D) as previously found for CHD4, EZH2, and 

FEN1 (Guillemette et al., 2015; Meghani et al., 2018; Rondinelli et al., 2017).  Strikingly, we observed 

that depletion of ZFHX3 or FEN1, or EZH2 inhibition, increased replication in the presence of HU 

(Figure 3E), as found for CHD4 depletion. Moreover, in the S1 nuclease assay, inhibition of EZH2 or 

depletion of ZFHX3 or FEN1 also protected regions of nascent DNA from S1 nuclease degradation in 

BRCA2 deficient cells, similar to the depletion of CHD4 (Figure 3E, Figure S2A,F). Together, these 

findings suggest that loss of CHD4, EZH2, FEN1, and ZFHX3 suppresses ssDNA gaps to confer 

chemoresistance.  

Next, we tested if ssDNA gaps could predict chemosensitivity and resistance in BRCA patient tumor 

samples. We utilized a triple-negative breast cancer patient-derived xenograft (PDX), PNX0204, from 

a patient that harbored a hemizygous germline BRCA1 mutation (1105insTC); the wild type BRCA1 

allele was lost in the tumor, following a Loss of Heterozygosity model. PNX0204 tumors were originally 

sensitive to cisplatin treatment. After several rounds of cisplatin treatment and serial passage in mice, 

resistant tumors developed. Isogenic sensitive and resistant tumors were then tested for S1 sensitivity, 

with PEO1 (Figure 3F) and MDA-MB-436 (Figure S2G) xenografts serving as controls. As predicted, 
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we found that the DNA fibers of cisplatin-sensitive PDX cells were degraded by S1 nuclease, but the 

fibers of cisplatin-resistant isogenic PDX cells were not, indicating ssDNA gaps had been suppressed 

in resistant patient samples (Figure 3F).  Notably, resistant PDX suppressed gaps either by gap filling 

(Figure 3F), or by restored fork slowing (Figure S2H), indicating that loss of ssDNA gaps had occurred 

in BRCA patient tumors de novo and accurately predicted acquired cisplatin resistance (Figure 3F and 
S2H).  
 

These findings present the idea that ssDNA gaps underlie BRCAness and chemosensitivity, and that 

loss of FP or HR do not. If so, when gaps are present, it should be possible to uncouple FP and HR 

from therapy response. To test this prediction, we first restored FP by inhibition of MRE11 or depletion 

of SMARCAL1 in BRCA2-deficient PEO1 cells (Kolinjivadi et al., 2017; Schlacher et al., 2011; 

Taglialatela et al., 2017). Nevertheless, even though FP was restored, cisplatin resistance was not 

conferred and, as predicted by our model, ssDNA gaps remained as demonstrated by the S1 nuclease 

degradation (Figure 4A,B and S3A-E). Moreover, neither SMARCAL1 nor MRE11 was predictive of 

BRCA2 cancer patient response based on mRNA levels in the TCGA database (Figure 4C) suggesting 

that gaps, but not FP, determine therapy response. Consistent with this point, cisplatin resistance as 

well as GS is re-established in BRCA2-mutant V-C8 cells upon complementation with either wild-type 

or the FP-defective C-terminal BRCA2 S3291A mutant (Figure S3F,G) (Schlacher et al., 2011). In 

addition to uncoupling FP from therapy response, these findings indicate that fork degradation occurs 

independent of replication gaps.  
 

We also considered the possibility that our ssDNA gap model could explain a discrepancy in the 

literature in which cells from a patient with Fanconi Anemia (FA) were sensitive to cisplatin and other 

genotoxic agents as expected, but were surprisingly found to be proficient in HR (Wang et al., 2015). 

Indeed, we found wide-spread ssDNA gap induction in the S1 assay in these FA patient cells; 

specifically, we observed S1 sensitivity in the FA patient fibroblasts that maintain a RAD51 mutant 

(T131P) allele as compared to isogenic RAD51 wild type fibroblasts (CRISPR corrected after isolation 

from the patient) (Figure S4A and 4E). However, because the FA cells are also deficient in FP, the 

sensitivity of the FA cells to cisplatin could be explained by either the induction of ssDNA gaps or loss 

of FP; indeed, wide-spread DSBs due to FP defects could in principle overwhelm HR. Thus, we restored 

FP in FA cells by depletion of the RAD51 negative regulator, RADX as previously reported (Bhat et al., 

2018). However, despite restored FP and proficient HR, we nevertheless still observed cisplatin 
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sensitivity and ssDNA gaps as before (Figure 4D,E; S4B), indicating that HR and FP cannot confer 

therapy resistance when gaps remain.  

 

Discussion: 
Our ssDNA model of chemoresponse has several implications. Namely, that replication gaps underlie 

the mechanism of action of chemotherapies, and it is the failure to suppress gaps, and not defects in 

HR or FP, that underlies the sensitivity of BRCA deficient cancer to therapy. In support of this concept, 

when gaps persist, we demonstrate that HR and/or FP proficient cells are nevertheless sensitive to 

cisplatin. Moreover, when gaps are suppressed by loss of CHD4, FEN1, or EZH2, HR deficient BRCA2 

mutant cells are resistant to cisplatin (Guillemette et al., 2015; Meghani et al., 2018; Rondinelli et al., 

2017), suggesting chemoresponse is independent of HR. Although gaps are a common indicator of 

replication stress and result from loss of the BRCA-RAD51 pathway, they have been overlooked as the 

determinant of toxicity in favor of defects in HR and FP (Hashimoto et al., 2010; Henry-Mowatt et al., 

2003; Kolinjivadi et al., 2017; Sugimura et al., 2008; Wang et al., 2015; Xu et al., 2018; Zellweger et 

al., 2015).  However, it is unclear how HR and FP participate in therapy response given that drugs used 

to treat BRCA deficient tumors do not initially cause DNA breaks or stall forks (Huang et al., 2013;Maya-

Mendoza et al., 2018; Mutreja et al., 2018). In contrast, replication gaps arising due to loss of the BRCA-

RAD51 pathway provides a logical explanation for the initiating lesion that is exacerbated by 

chemotherapies that further dysregulate replication.  

 

In summary, this study indicates that cancer cells with deficiency in the BRCA pathway will be effectively 

treated by therapies that exacerbate replication gaps.  Moreover, preventing gap suppression pathways  

will improve the effectiveness of chemotherapy as well potentially re-sensitize chemoresistant disease 

to therapy.  Our findings also highlight that gaps could be biomarkers of BRCAness, and gap induction 

could be fundamental to the mechanism of action of chemotherapies that dysregulate replication. 
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FIGURE LEGENDS: 
Figure 1: BRCA2 deficient cancer cells fail to restrain replication in the presence of stress, 
generating regions of ssDNA gaps that are destroyed after continued exposure. A) Left, Western 

blot detects truncated BRCA2 protein in BRCA2 deficient PEO1 cells, and detects full-length BRCA2 

protein in BRCA2 proficient C4-2 cells that are derived from PEO1 cells. Right, cell survival assay 

confirms PEO1 cells are hypersensitive to cisplatin compared to C4-2 cells. B) Schematic and 

quantification of CldU track length shows (white panel) that PEO1 cells fail to arrest replication in the 

presence of stress. These regions are degraded by S1 nuclease (light grey panel), and are also 

destroyed after continued exposure to replication stress (dark grey panel). Each dot represents one 

fiber. Experiments were performed in biological triplicate with at least 100 fibers per replicate. Statistical 

analysis according to two-tailed Mann-Whitney test; *** p< 0.001. Mean and 95% confidence intervals 

are shown. C) Schematic, representative images and quantification of nuclear imaging identifies a 

greater percentage of EdU positive cells in PEO1 as compared to C4-2. p< 0.05 (*) as determined by 

t-test of biological triplicate experiments. D) Nondenaturing fiber assay identifies exposed ssDNA in 

newly replicating regions after stress in PEO1, but not C4-2 cells. Regions of active replication were 

detected with EdU-ClickIT (green signal). p< 0.01 (***) as determined by t-test of biological triplicate 

experiments. E) Model of fiber assay interpretation.   

 
Figure 2: CHD4 depletion suppresses ssDNA gaps but does not restore fork restraint. A) Left, 

Western blot confirms CHD4 is depleted by shRNA compared to non-silencing control (NSC) in BRCA2 

deficient PEO1. Right, cell survival assay confirms PEO1 with depleted CHD4 are resistant to cisplatin 

compared to PEO1 NSC. B) Schematic and quantification of CldU track length shows (white panel) 

that PEO1 with depleted CHD4 increase replication in the presence of stress (white panel). These 
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regions are protected from S1 nuclease (light grey panel), and are also protected after continued 

exposure to replication stress (dark grey panel). Each dot represents one fiber. Experiments were 

performed in biological triplicate with at least 100 fibers per replicate. Statistical analysis according to 

two-tailed Mann-Whitney test; *** p< 0.001. Mean and 95% confidence intervals are shown. C) 
Schematic, representative images and quantification of nuclear imaging identifies a greater percentage 

of EdU positive cells in CHD4 depleted PEO1 as compared to NSC.  p< 0.01 (**) as determined by t-

test of biological triplicate experiments. D) Nondenaturing fiber assay identifies that ssDNA in newly 

replicating regions after stress is reduced when CHD4 is depleted in PEO1 cells. Regions of active 

replication were detected with EdU-ClickIT (green signal). p< 0.05 (*) as determined by t-test of 

biological duplicate experiments. E) Model of fiber assay interpretation.   

Figure 3: Suppression of ssDNA gaps accurately predicts poor therapy response in both cell 
culture and patient xenografts. A) Overview of the SILAC CHD4 immunoprecipitation experiment. B) 
SILAC immunoprecipitation reveals that CHD4 interacts with ZFHX3, FEN1, and EZH2 after cisplatin 

treatment. Red and blue circles are proteins significantly enriched in the CHD4 network of either PEO1 

or C4-2 cells. Yellow circles are known CHD4 interacting partners (O'Shaughnessy and Hendrich, 

2013). Black plus signs represent proteins not significantly enriched in the CHD4 network of either 

PEO1 or C4-2. Three biological replicates were performed; see methods section for statistical analysis. 

C) Western blot confirms ZFHX3 is depleted by shRNA in PEO1 as compared to NSC. Cell survival 

assay confirms PEO1 with depleted ZFHX3 are resistant to cisplatin compared to PEO1 NSC. D) 
Reduced ZFHX3 mRNA levels predict poor patient response to therapy (progression free survival) for 

BRCA2 deficient ovarian cancers from the TCGA database.  E) Schematic and quantification of CldU 

track length shows that depletion of CHD4 (shRNA#61), ZFHX3 or FEN1, or inhibition of EZH2, 

increase replication in the presence of stress (white panel) and protect nascent DNA from S1 nuclease 

(gray panel). F) Schematic and quantification of CldU track length shows S1 fiber sensitivity is 

suppressed in BRCA1 deficient patient derived xenografts that have acquired chemoresistance. Each 

dot represents one fiber. Experiments were performed in biological triplicate with at least 100 fibers per 

replicate; the xenograft fiber assay was performed in duplicate. Statistical analysis according to two-

tailed Mann-Whitney test; *** p< 0.001. Mean and 95% confidence intervals are shown. 

 
Figure 4: ssDNA replication gaps, and not FP or HR, determine patient response to 
chemotherapy and define BRCAness. A) Schematic and quantification of CldU track length in PEO1 

cells shows that depleted SMARCAL1 or inhibited MRE11 does not increase replication in the presence 

of stress, and B) does not protect from S1 nuclease as found for CHD4 depletion. C) Neither 
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SMARCAL1 nor MRE11 mRNA levels predict response of BRCA2 deficient ovarian cancer patients in 

TCGA dataset. In contrast, CHD4 mRNA levels do predict response in these patients. D) Top, Western 

blot confirms RADX is depleted by two shRNA reagents in T131P cells compared to non-silencing-

control (NSC). Bottom, cell survival assay confirms RAD51 T131P cells remain hypersensitive to 

cisplatin even when RADX is depleted. E) Schematic and quantification of CldU track length shows 

(white panel) that fibroblasts from a Fanconi Anemia-like patient with a mutant allele of RAD51 (T131P; 

HR proficient cells, cisplatin sensitive) fail to arrest replication in the presence of stress even when 

RADX is depleted, and these regions are degraded by S1 nuclease (light grey panel). WT FA cells are 

corrected by CRISPR to delete the dominant-negative T131P RAD51 allele. Each dot represents one 

fiber. Experiments were performed in biological triplicate with at least 100 fibers per replicate; the 

xenograft fiber assay was performed in duplicate. Statistical analysis according to two-tailed Mann-

Whitney test; *** p< 0.001. Mean and 95% confidence intervals are shown.  
 
Figure 5: Model of BRCAness and chemosensitivity. During stress, BRCA-deficient cells fail to 

effectively restrain replication, leading to ssDNA gaps that determine chemosensitivity: BRCAness. 

These cells acquire chemoresistance by eliminating the ssDNA gaps, either by gap filling, or by 

restoring fork slowing.  
 
SUPPLEMENTAL FIGURE LEGENDS:  

Figure S1: BRCA deficient cancer cells fail to restrain replication in the presence of stress and 
ssDNA gaps develop. A) Schematic, representative images, and quantification of CldU track length 

shows that PEO1 and C4-2 have similar track lengths in untreated conditions. B) Same as A, but with 

a 2h pulse. C) Schematic, representative images and quantification of nuclear imaging identifies a 

similar percentage of EdU positive cells in PEO1 as compared to C4-2 in unchallenged conditions. 
S1.1A) Western blot confirms BRCA deficiency and complementation in BRCA2 deficient VC-8 hamster 

cells and BRCA1 deficient breast cancer cells S1.1B) (HCC1937) and S1.1C) (MDA-MB-436). 

Schematic (above) and quantification of CldU track length shows BRCA complementation restores fork 

restraint. S1.1D) Western blot confirms BRCA2 is depleted in C4-2 by three distinct shRNA reagents. 

S1.1E) Cell survival assay confirms C4-2 cells with BRCA2 depleted are hypersensitive to cisplatin 

compared to C4-2-shNSC cells (with PEO1-shNSC as a hypersensitivity control). S1.1F) Schematic 

(above) and quantification of CldU track length shows BRCA2 depletion in BRCA2-proficient C4-2 

creates a defect in slowing replication in response to HU as observed for BRCA2-deficient PEO1 cells. 

S1.1G) Schematic and quantification of CldU track length shows BRCA2 deficient PEO1 cells fail to 
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effectively arrest replication in response to 1000nM CDDP compared to BRCA2 proficient C4-2 cells.  

S1.1H) Schematic and quantification of CldU track length shows BRCA1 deficient HCC1937 (top) and 

MDA-MB-436 (bottom) are sensitive to S1 nuclease. Each dot represents one fiber. Experiments were 

performed in biological duplicate with at least 100 fibers per replicate. Statistical analysis according to 

two-tailed Mann-Whitney test; *** p< 0.001. Mean and 95% confidence intervals are shown. 
 
Figure S2: Replication restraint controls and depletion analysis. A) Western blot confirms CHD4 

is depleted by shRNA (#61 and #62) compared to non-silencing control (NSC) in BRCA2 deficient 

PEO1. B) Schematic and representative images of CIdU track length shows that CHD4 depletion 

increases replication in the presence of stress. See Figure 2B and 4E for track lengths quantification 

for #62 and #61, respectively. C) Schematic and representative images of nuclear imaging show that 

CHD4 shRNA and NSC have similar numbers of EdU positive cells in unchallenged conditions. D) 
Schematic and representative images show that CHD4 shRNA and NSC have similar track lengths in 

unchallenged conditions with 2h labeling or E) 30 minute labeling. F) Western blot of shRNA confirms 

FEN1 is depleted by shRNA (#31 and #32) compared to non-silencing control (NSC) in BRCA2 deficient 

PEO1. G) Schematic and quantification of CIdU track length in MDA-MB-436 xenografts shows that 

complementation with BRCA1 protects from S1 nuclease. H) Schematic and quantification of DNA track 

length shows replication is efficiently arrested in BRCA1 deficient patient derived xenografts that have 

acquired chemoresistance. Each dot represents one fiber. Experiments were performed in biological 

duplicate with at least 100 fibers per replicate. Statistical analysis according to two-tailed Mann-Whitney 

test; *** p< 0.001. Mean and 95% confidence intervals are shown. 

 

Figure S3: Depletion of SMARCAL1 or inhibition of MRE11 protects replication forks, but does 
not suppress ssDNA gaps or predict poor patient response. A) Western blot confirms SMARCAL1 

is depleted in BRCA2-deficient PEO1 by shRNA as compared to NSC. B, C) Schematic and 

quantification of CldU track length shows that PEO1 with depleted SMARCAL1 or inhibited MRE11 

protects replication forks after exposure to stress. D) cell survival assay confirms that SMARCAL1 

depletion or E) MRE11i in PEO1 cells does not confer cisplatin resistance. F) Schematic and 

quantification of CldU track length shows that VC-8 complimented with BRCA2 S3291A are deficient 

for replication fork protection. G) Schematic and quantification of CldU track length shows that VC-8 

complimented with BRCA2 S3291A are proficient for replication fork slowing. Each dot represents one 

fiber. Experiments were performed in biological duplicate with at least 100 fibers per replicate. Statistical 
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analysis according to two-tailed Mann-Whitney test; *** p< 0.001. Mean and 95% confidence intervals 

are shown. 

 
Figure S4: Fanconi Anemia Patient Fibroblasts with a RAD51 T131P Mutant Allele (HR Proficient) 
Generate ssDNA Gaps even when Fork Protection is Restored. A) Schematic and quantification of 

CldU track length shows (white panel) that RAD51 T131P cells fail to arrest replication in the presence 

of stress compared to the CRISPR corrected control that deletes the dominant T131P allele. These 

regions are degraded by S1 nuclease (light grey panel). B) Schematic and quantification of CldU track 

length shows that RAD51 T131P cells are FP deficient, and depletion of RADX confers FP. Each dot 

represents one fiber. Experiments were performed in biological triplicate with at least 100 fibers per 

replicate. Statistical analysis according to two-tailed Mann-Whitney test; *** p< 0.001. Mean and 95% 

confidence intervals are shown. 

 

MATERIALS AND METHODS 
 

Cell Culture 

PEO1, C4-2, VC-8, and MDA-MB-436 cell lines were cultured in DMEM + 10% FBS + 1% P/S. 

HCC1937 Deficient and HCC1937 + WT BRCA1 were cultured in RPMI1640 + L-Glutamine + 10% FBS 

+ 1% P/S.  

 

Drugs 

Cisplatin was prepared as a 1mM solution in saline per the manufacturer’s instructions (Sigma). HU 

was prepared fresh in complete media prior to experiments per the manufacturer’s instructions. The 

MRE11 inhibitor mirin (Sigma) was prepared as a 50mM solution in DMSO and used at 50uM for DNA 

fiber analysis and was added during the indicated step per the figure diagrams (Schlacher et al., 2011). 

EZH2 was inhibited with 5uM GSK126 (Selleck) and was added during the CldU + HU step in S1 and 

slowing experiments (Rondinelli et al., 2017).  5-chloro-2′-deoxyuridine (CldU) and 5-Iodo-2′-

deoxyuridine (IdU) were obtained from Sigma. 

 

shRNA 

HEK293T cells were used to package lentiviral particles with the pLKO.1 shRNA system as previously 

described(Guillemette et al., 2015). Briefly, HEK293 cells were transfected with 1:1:2 μg of packaging 

plasmids versus shRNA hairpins on the pLKO.1 vector using Effectene transfection reagent (Qiagen) 
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48 h prior to harvesting supernatants. Supernatants were filtered and added to recipient cell lines with 

1 μg/mL polybrene. Cells infected with shRNA vectors were selected with puromycin. For shRNA-

mediated silencing, the following hairpins from The RNAi Consortium were obtained from GE 

Dharmacon:  

CHD4-61, TRCN0000021361: 5'-GCTGACACAGTTATTATCTAT-3' 

CHD4-62, TRCN0000021362: 5’-GCTGACACAGTTATTATCTAT-3’ 

ZFHX3-58, TRCN0000013558: 5′-GCCAGGAAGAATTATGAGAAT-3′ 

FEN1-32, TRCN0000049732: 5’-GATGCCTCTATGAGCATTTAT-3’ 

SMARCAL1-69, TRCN0000083569: 5’-GCGGAACTCATTGCAGTGTTT-3’ 

 

CellTiter-Glo 2.0 Toxicity Assays 

Cells were plated at 500 cells per well in the center wells of a 96 well plate in 200ul volume and allowed 

to adhere for 36h. Subsequently, drugs were added in a 100ul volume and the cells were incubated for 

10 days. CellTiter-Glo 2.0 (Promega) was used to quantify cell number by ATP. To prevent evaporation, 

all blank wells in the 96 well plate were filled with media, and each plate was placed in a humid chamber 

with PBS. 

 

DNA Fiber Assays 

DNA fiber assays were performed as previously described. Briefly, cells were plated at 10^6 cells per 

10cm dish and allowed to adhere for 36h. Subsequently, DNA was labeled for 30 minutes with 50uM 

IdU and washed with PBS, and treated with 50uM CldU and replication stress depending on the assay. 

For fork restraint assays, cells were exposed to 50uM CldU with 0.5mM HU for 2h. For fork restraint 

with continued stress, cells were exposed to 50uM CldU with 0.5mM HU for 2h, followed by 4mM HU 

for 2-3h. For fork degradation assays, cells were labeled with 50uM CldU alone, followed by 4mM HU 

for 3-5h. After labeling, cells were collected with trypsin, washed with PBS, and resuspended in PBS 

at 250,000 cells/ml. 2ul of cell solution was placed on a positively charged slide, followed by lysis for 8 

minutes with 12.5ul of spreading buffer (0.5% SDS, 200mM Tris-HCl, pH 7.4, 50mM EDTA). Slides 

were tilted to a 45 degree angle to allow fibers to spread, allowed to dry for 20 minutes, fixed in 3:1 

Methanol:Acetic Acid for 3 minutes, rehydrated in PBS for 5 minutes, denatured with 2.5mM HCl for 30 

minutes, blocked with PBS + 0.1% TritonX-100 + 3% BSA for 1h, and treated with primary (2.5h, 1:100) 

and secondary antibodies (1h, 1:200) in PBS + 0.1% TritonX-100 + 3% BSA. Track lengths were 

measured in Fiji (Schindelin et al., 2012). The antibody used to detect IdU was anti-BrdU (Becton 

Dickinson 347580, detects both BrdU and IdU); the antibody used to detect CldU was anti-BrdU (Abcam 
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ab6326, detects both BrdU and CldU). For the nondenaturing fiber assay to detect ssDNA, all steps 

are the same, except acid steps were removed (both acetic acid from the fixation step, and the HCl 

denaturing step). In addition, IdU was replaced with EdU and detected by ClickIT EdU Alexa 488 

Imaging Kit (Thermo Scientific) to label analog in non-denatured DNA per the manufacturer’s 

instructions. For total nuclear imaging, cells 100,000 cells were plated onto poly-l-lysine coated 

coverslips and allowed to adhere. Cells were subsequently treated with EdU as indicated, fixed and 

processed for Click-IT EdU detection according to the manufacturer’s instructions (Thermo Scientific). 

Coverslips were mounted in Vectashield with DAPI, and ten fields were imaged at 20x in the center of 

the coverslip. EdU intensity per cell was quantified with Cell Profiler from the Broad Institute(Carpenter 

et al., 2006). 

 

S1 Nuclease Fiber Assay 

As described previously, cells were exposed to 50uM IdU to label replication forks, followed by 50uM 

CldU with 0.5mM HU for 2h. Subsequently, cells were permeabilized with CSK buffer (100 mM NaCl, 

10 mM MOPS, 3 mM MgCl2 pH 7.2, 300 mM sucrose, 0.5% Triton X-100) at room temperature for 8 

minutes, followed by S1 nuclease (20U/ml) in S1 buffer (30 mM Sodium Acetate pH 4.6, 10 mM Zinc 

Acetate, 5% Glycerol, 50 mM NaCl) for 30 minutes at 37C. Finally, cells were collected by scraping, 

pelleted, resuspended in 100-500ul PBS; 2ul of cell suspension was spotted on a positively charged 

slide and lysed and processed as described in the DNA fiber assay section above. 

 

Cell Fractionation 

To isolate cytoplasmic, nuclear, and chromatin fractions for western blot or mass spectrometry, cells 

were lysed with the NE-PER kit according to the manufacturer’s instructions (Thermo Scientific). To 

isolate chromatin fractions, the insoluble pellet that remains from NE-PER lysis was resuspended in 

60ul of 2x loading buffer with DTT, heated at 70C for 10 minutes, and sonicated in a BioRuptor 

(Diagenode) for 20 minutes on high, with a cycle of 30 seconds on and 30 seconds off. 

 

Western Blot 

All steps were performed according to the manufacturer’s instructions (Thermo Scientific). The protein 

concentration of different cellular fractions was determined by BCA Assay. Samples were reduced with 

DTT in LDS loading buffer, and heated at 70C for 10 minutes. 40ug total protein was fully resolved on 

either a Tris-Acetate gel (for large proteins) or a Bis-Tris gel (for small proteins), and transferred to a 

nitrocellulose membrane. The nitrocellulose membrane was processed for near-infrared quantitative 
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westerns according to the manufacturer’s protocol (LiCor). The membrane was allowed to dry for 20 

minutes, total protein was stained with the REVERT stain as a total protein loading control, followed by 

blocking with Odyssey blocking buffer, treated with primary antibody overnight, followed by near-

infrared secondary antibody (800CW) at 1:5000 for 1h. The membrane was allowed to dry prior to 

imaging on the LiCor Odyssey Imager. Primary antibodies used include anti-BRCA2 (Abcam ab123491, 

1:1000); anti-CHD4 (Abcam ab54603 1:1000); anti-CHD4 (Abcam ab70469, for immunoprecipitation); 

anti-SMARCAL1 (Abam ab37003, 1:1000); anti-ZFHX3 (Lifespan Biosciences LS-C179898-100); anti-

PCNA (Abcam ab29); anti-B-actin (Sigma A5441, 1:15,000). 

 

Proteomics 

For SILAC, PEO1 were dual labeled in SILAC media with dialyzed FBS (Thermo Scientific) with heavy 

lysine (K+8) and heavy arginine (R+10) from Cambridge Isotope Labs. PEO1 and C4-2 (unlabeled 

SILAC media) were treated with cisplatin, collected with trypsin, counted, mixed at a 1:1 ratio, and 

fractionated together in the same Eppendorf tube with the NE-PER kit as described. Cellular fractions 

were fully resolved on SDS-PAGE gels, fixed with Imperial Protein Coomassie Stain (Thermo 

Scientific), washed in water overnight, and cut into 13 molecular weight regions corresponding to the 

protein marker standard. Each region was reduced with DTT, alkylated with iodoacetamide, and 

digested with Trypsin Gold for Mass Spectrometry with ProteaseMAX according to the manufacturer’s 

instructions (Promega). Peptides were dried in a speedvac, resuspended in 6 ul buffer A (0.1% formic 

acid), and 2 ul tryptic digests were analyzed on the Thermo Q-Exactive mass spectrometer coupled to 

an EASY-nLC Ultra system (Thermo Fisher). Peptides were separated on reversed phase columns (12 

cm x 100 μm I.D), packed with Halo C18 (2.7 um particle size, 90 nm pore size, Michrom Bioresources) 

at a flow rate of 300 nl/min with a gradient of 0 to 40% acetonitrile (0.1% FA) over 55 min. Peptides 

were injected into the mass spectrometer via a nanospray ionization source at a spray voltage of 2.2 

kV. The mass spectrometer was operated in a data-dependent fashion using a top-10 mode(Peng et 

al., 2018). 

 

Processing of Proteomics Data  

Raw proteomics data were analyzed with MaxQuant software (Cox and Mann, 2008). We required a 

false discovery rate (FDR) of 0.01 for proteins and peptides and a minimum peptide length of 7 amino 

acids. MS/MS spectra were searched against the human proteome from UniProt. For the Andromeda 

search, we selected trypsin allowing for cleavage N-terminal to proline as the enzyme specificity. We 

selected cysteine carbamidomethylation as a fixed modification, and protein N-terminal acetylation and 
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methionine oxidation were selected as variable modifications. Two missed tryptic cleavages were 

allowed. Initial mass deviation of precursor ion was up to 7 ppm, mass deviation for fragment ions was 

0.5 Dalton. Protein identification required one unique peptide to the protein group. Known contaminants 

were removed from the analysis. To identify statistical significance, isotopic ratios of identified proteins 

from three biological replicates were analyzed using the limma statistical package (Ritchie et al., 2015). 

The isotopic ratio obtained from MaxQuant was subsequently converted to log2 scale and plotted 

against the -log10(p-value) for each gene in GraphPad Prism. 

 

TCGA Database Analysis 

The TCGA database was used to identify ovarian cancer patients with germline mutations in BRCA2, 

and subsequently tested for correlation between patient progression free survival and the mRNA 

expression of genes of interest. To obtain patient germline sequencing data, we applied for access to 

protected TCGA patient data through NIH. The germline BAM sequencing data for each patient at the 

BRCA2 locus was downloaded. The BAM Slicing tool option and the GDC API were used to automate 

the process. Sliced BAM files were sorted and indexed using SAMTOOLS (Li et al., 2009), and 

mutations were identified using the Genome Analysis Tool Kit (GATK), Broad Institute (McKenna et al., 

2010). We followed the GATK best practices for germline mutation calling until the last step of the 

protocol, where we used hard filtering instead of variant quality score recalibration (VQSR) because 

sliced BAM files at a single locus are not compatible with VQSR. Briefly, we called germline variants 

using the HaplotypeCaller tool in GVCF mode, consolidated the GVCF files using the 

GenomicsDBImport Tool, and called mutations using the GenotypeGVCFs tool. The data were hard 

filtered to isolate BRCA2 germline mutations, and we classified mutations using the Variant Effect 

Predictor (VEP) from Ensembl (McLaren et al., 2016). Finally, mutations were selected that are 

predicted to disable BRCA2, including premature stop codons, frameshift mutations, and deletions. A 

case list of patient barcodes was compiled harboring at least one of these BRCA2 disabling mutations, 

and cBioPortal (Cerami et al., 2012; Gao et al., 2013) was used to obtain the progression free survival 

data and mRNA expression data for our genes of interest. Patients with mRNA expression of the target 

gene over the median were classified as high expression; patients below were classified as low 

expression. The survival curve of the low and high expression groups was plotted in GraphPad Prism, 

and significance was determined using the Log-rank test.  

 

PDX Methods 
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PNX0204 was derived at Fox Chase Cancer Center under IRB and IACUC approved protocols. PDX 

tumors were grown in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. Cisplatin resistant PDX tumors 

were obtained from mice after tumors progressed on serial treatments of 6 mg/kg cisplatin. The tumors 

were harvested at approximately 500 mm3 and dissociated in 0.2% collagenase, 0.33 mg/ml dispase 

solution for 3h at 37°C. The dissociated cells were maintained at 37°C in RPMI1640 + 10% FBS and 

used for DNA fiber assays within 24h of tumor extrackion. DNA fiber and S1 nuclease fiber assays 

were performed as described above. 

 

 
 
REFERENCES: 
 
Bhat, K.P., Krishnamoorthy, A., Dungrawala, H., Garcin, E.B., Modesti, M., and Cortez, D. (2018). 
RADX Modulates RAD51 Activity to Control Replication Fork Protection. Cell Rep 24, 538-545. 
 
Bruno, P.M., Liu, Y., Park, G.Y., Murai, J., Koch, C.E., Eisen, T.J., Pritchard, J.R., Pommier, Y., Lippard, 
S.J., and Hemann, M.T. (2017). A subset of platinum-containing chemotherapeutic agents kills cells by 
inducing ribosome biogenesis stress. Nat Med 23, 461-471. 
 
Cantor, S.B., and Calvo, J.A. (2018). Fork Protection and Therapy Resistance in Hereditary Breast  
Cancer. Cold Spring Harb Symp Quant Biol. 
 
Carpenter, A.E., Jones, T.R., Lamprecht, M.R., Clarke, C., Kang, I.H., Friman, O., Guertin, D.A., Chang, 
J.H., Lindquist, R.A., Moffat, J., et al. (2006). CellProfiler: image analysis software for identifying and 
quantifying cell phenotypes. Genome Biol 7, R100. 
 
Cerami, E., Gao, J., Dogrusoz, U., Gross, B.E., Sumer, S.O., Aksoy, B.A., Jacobsen, A., Byrne, C.J., 
Heuer, M.L., Larsson, E., et al. (2012). The cBio cancer genomics portal: an open platform for exploring 
multidimensional cancer genomics data. Cancer Discov 2, 401-404. 
 
Chudnovsky, Y., Kim, D., Zheng, S., Whyte, W.A., Bansal, M., Bray, M.A., Gopal, S., Theisen, M.A., 
Bilodeau, S., Thiru, P., et al. (2014). ZFHX4 interacts with the NuRD core member CHD4 and regulates 
the glioblastoma tumor-initiating cell state. Cell Rep 6, 313-324. 
 
Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates, individualized p.p.b.-
range mass accuracies and proteome-wide protein quantification. Nat Biotechnol 26, 1367-1372. 
 
Feng, W., and Jasin, M. (2017). Homologous Recombination and Replication Fork Protection: BRCA2 
and More! Cold Spring Harb Symp Quant Biol 82, 329-338. 
 
Gao, J., Aksoy, B.A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S.O., Sun, Y., Jacobsen, A., Sinha, 
R., Larsson, E., et al. (2013). Integrative analysis of complex cancer genomics and clinical profiles 
using the cBioPortal. Sci Signal 6, pl1. 
 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 25, 2019. ; https://doi.org/10.1101/781955doi: bioRxiv preprint 

https://doi.org/10.1101/781955


 

 

Guillemette, S., Serra, R.W., Peng, M., Hayes, J.A., Konstantinopoulos, P.A., Green, M.R., and Cantor, 
S.B. (2015). Resistance to therapy in BRCA2 mutant cells due to loss of the nucleosome remodeling 
factor CHD4. Genes Dev 29, 489-494. 
Hashimoto, Y., Ray Chaudhuri, A., Lopes, M., and Costanzo, V. (2010). Rad51 protects nascent DNA 
from Mre11-dependent degradation and promotes continuous DNA synthesis. Nat Struct Mol Biol 17, 
1305-1311. 
 
Heijink, A.M., Everts, M., Honeywell, M.E., Richards, R., Kok, Y.P., de Vries, E.G.E., Lee, M.J., and 
van Vugt, M. (2019). Modeling of Cisplatin-Induced Signaling Dynamics in Triple-Negative Breast 
Cancer Cells Reveals Mediators of Sensitivity. Cell Rep 28, 2345-2357 e2345. 
 
Henry-Mowatt, J., Jackson, D., Masson, J.Y., Johnson, P.A., Clements, P.M., Benson, F.E., Thompson, 
L.H., Takeda, S., West, S.C., and Caldecott, K.W. (2003). XRCC3 and Rad51 modulate replication fork 
progression on damaged vertebrate chromosomes. Mol Cell 11, 1109-1117. 
 
Huang, J., Liu, S., Bellani, M.A., Thazhathveetil, A.K., Ling, C., de Winter, J.P., Wang, Y., Wang, W., 
and Seidman, M.M. (2013). The DNA translocase FANCM/MHF promotes replication traverse of DNA 
interstrand crosslinks. Molecular cell 52, 434-446. 
 
King, M.C., Cannon, L.A., Bailey-Wilson, J.E., Cleton, F.J., DeJong-Bakker, N., Gardner, E.J., 
Jacobsen, O., King, M.C., Lynch, H.T., and Skolnick, M.H. (1986). Genetic analysis of human breast 
cancer: literature review and description of family data in workshop. Genet Epidemiol Suppl 1, 3-13. 
 
Koc, A., Wheeler, L.J., Mathews, C.K., and Merrill, G.F. (2004). Hydroxyurea arrests DNA replication 
by a mechanism that preserves basal dNTP pools. J Biol Chem 279, 223-230. 
 
Kolinjivadi, A.M., Sannino, V., De Antoni, A., Zadorozhny, K., Kilkenny, M., Techer, H., Baldi, G., Shen, 
R., Ciccia, A., Pellegrini, L., et al. (2017). Smarcal1-Mediated Fork Reversal Triggers Mre11-Dependent 
Degradation of Nascent DNA in the Absence of Brca2 and Stable Rad51 Nucleofilaments. Mol Cell 67, 
867-881 e867. 
 
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G., Durbin, 
R., and Genome Project Data Processing, S. (2009). The Sequence Alignment/Map format and 
SAMtools. Bioinformatics 25, 2078-2079. 
 
Li, X., and Heyer, W.D. (2008). Homologous recombination in DNA repair and DNA damage tolerance. 
Cell Res 18, 99-113. 
 
Maya-Mendoza, A., Moudry, P., Merchut-Maya, J.M., Lee, M., Strauss, R., and Bartek, J. (2018). High 
speed of fork progression induces DNA replication stress and genomic instability. Nature 559, 279-284. 
 
McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., Garimella, K., 
Altshuler, D., Gabriel, S., Daly, M., et al. (2010). The Genome Analysis Toolkit: a MapReduce 
framework for analyzing next-generation DNA sequencing data. Genome Res 20, 1297-1303. 
 
McLaren, W., Gil, L., Hunt, S.E., Riat, H.S., Ritchie, G.R., Thormann, A., Flicek, P., and Cunningham, 
F. (2016). The Ensembl Variant Effect Predictor. Genome Biol 17, 122. 
 
Meghani, K., Fuchs, W., Detappe, A., Drane, P., Gogola, E., Rottenberg, S., Jonkers, J., Matulonis, U.,  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 25, 2019. ; https://doi.org/10.1101/781955doi: bioRxiv preprint 

https://doi.org/10.1101/781955


 

 

Swisher, E.M., Konstantinopoulos, P.A., et al. (2018). Multifaceted Impact of MicroRNA 493-5p on 
Genome-Stabilizing Pathways Induces Platinum and PARP Inhibitor Resistance in BRCA2-Mutated 
Carcinomas. Cell Rep 23, 100-111. 
 
Munnell, E.W. (1968). The changing prognosis and treatment in cancer of the ovary. A report of 235 
patients with primary ovarian carcinoma 1952-1961. Am J Obstet Gynecol 100, 790-805. 
 
Mutreja, K., Krietsch, J., Hess, J., Ursich, S., Berti, M., Roessler, F.K., Zellweger, R., Patra, M., Gasser, 
G., and Lopes, M. (2018). ATR-Mediated Global Fork Slowing and Reversal Assist Fork Traverse and 
Prevent Chromosomal Breakage at DNA Interstrand Cross-Links. Cell Rep 24, 2629-2642 e2625. 
 
O'Shaughnessy, A., and Hendrich, B. (2013). CHD4 in the DNA-damage response and cell cycle 
progression: not so NuRDy now. Biochemical Society transactions 41, 777-782. 
 
Peng, M., Cong, K., Panzarino, N.J., Nayak, S., Calvo, J., Deng, B., Zhu, L.J., Morocz, M., Hegedus, 
L., Haracska, L., et al. (2018). Opposing Roles of FANCJ and HLTF Protect Forks and Restrain 
Replication during Stress. Cell Rep 24, 3251-3261. 
 
Quinet, A., Carvajal-Maldonado, D., Lemacon, D., and Vindigni, A. (2017). DNA Fiber Analysis: Mind 
the Gap! Methods Enzymol 591, 55-82. 
 
Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma powers 
differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res 43, 
e47. 
 
Rondinelli, B., Gogola, E., Yucel, H., Duarte, A.A., van de Ven, M., van der Sluijs, R., 
Konstantinopoulos, P.A., Jonkers, J., Ceccaldi, R., Rottenberg, S., et al. (2017). EZH2 promotes 
degradation of stalled replication forks by recruiting MUS81 through histone H3 trimethylation. Nat Cell 
Biol 19, 1371-1378. 
 
Sakai, W., Swisher, E.M., Jacquemont, C., Chandramohan, K.V., Couch, F.J., Langdon, S.P., Wurz, 
K., Higgins, J., Villegas, E., and Taniguchi, T. (2009). Functional restoration of BRCA2 protein by 
secondary BRCA2 mutations in BRCA2-mutated ovarian carcinoma. Cancer Res 69, 6381-6386. 
 
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., 
Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source platform for biological-image 
analysis. Nat Methods 9, 676-682. 
 
Schlacher, K., Christ, N., Siaud, N., Egashira, A., Wu, H., and Jasin, M. (2011). Double-strand break 
repair-independent role for BRCA2 in blocking stalled replication fork degradation by MRE11. Cell 145, 
529-542. 
 
Schlacher, K., Wu, H., and Jasin, M. (2012). A distinct replication fork protection pathway connects 
Fanconi anemia tumor suppressors to RAD51-BRCA1/2. Cancer cell 22, 106-116. 
 
Sugimura, K., Takebayashi, S., Taguchi, H., Takeda, S., and Okumura, K. (2008). PARP-1 ensures 
regulation of replication fork progression by homologous recombination on damaged DNA. J Cell Biol 
183, 1203-1212. 
 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 25, 2019. ; https://doi.org/10.1101/781955doi: bioRxiv preprint 

https://doi.org/10.1101/781955


 

 

Taglialatela, A., Alvarez, S., Leuzzi, G., Sannino, V., Ranjha, L., Huang, J.W., Madubata, C., Anand, 
R., Levy, B., Rabadan, R., et al. (2017). Restoration of Replication Fork Stability in BRCA1- and 
BRCA2-Deficient Cells by Inactivation of SNF2-Family Fork Remodelers. Mol Cell 68, 414-430 e418. 
Wang, A.T., Kim, T., Wagner, J.E., Conti, B.A., Lach, F.P., Huang, A.L., Molina, H., Sanborn, E.M., 
Zierhut, H., Cornes, B.K., et al. (2015). A Dominant Mutation in Human RAD51 Reveals Its Function in 
DNA Interstrand Crosslink Repair Independent of Homologous Recombination. Mol Cell 59, 478-490. 
 
Xu, X., Chen, E., Mo, L., Zhang, L., Shao, F., Miao, K., Liu, J., Su, S.M., Valecha, M., In Chan, U., et 
al. (2018). BRCA1 represses DNA replication initiation through antagonizing estrogen signaling and 
maintains genome stability in parallel with WEE1-MCM2 signaling during pregnancy. Hum Mol Genet. 
 
Zellweger, R., Dalcher, D., Mutreja, K., Berti, M., Schmid, J.A., Herrador, R., Vindigni, A., and Lopes, 
M. (2015). Rad51-mediated replication fork reversal is a global response to genotoxic treatments in 
human cells. J Cell Biol 208, 563-579. 
 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 25, 2019. ; https://doi.org/10.1101/781955doi: bioRxiv preprint 

https://doi.org/10.1101/781955


Truncated

Reverted

BRCA2

PCNA

PEO1  C4-2

PEO1 (BRCA2 Deficient)

0 500 1000
0

50

100

nM CDDP
Pe

rc
en

t S
ur

viv
al

PEO1 vs C4-2 Cisplatin Toxicity

PEO1
C4-2

0         250       500      750     1000

100

50

0

C4-2 (BRCA2 Proficient)

0 500 1000
0

50

100

nM CDDP

Pe
rc

en
t S

ur
viv

al
PEO1 vs C4-2 Cisplatin Toxicity

PEO1
C4-2

C4-2    PEO1
0

10

20

30

40

ss
D

N
A 

at
 R

ep
lic

at
io

n 
Fo

rk
s 

(%
)

50

C4-2

PEO1

CldU EdU HU

18h       20’   2h

A

C

IdU HU+CldU S1

30’       2h       30’

IdU HU+CldU

30’       2h      

IdU HU+CldU HU

30’       2h       3h

30

20

10

0

C4-2    PEO1
0

10

20

30

%
 E

dU
+ 

C
el

ls
 in

 0
.5

m
M

 H
U

C4-2

PEO1

0.5mM HU+EdU

2h      

C4-2
PEO1

0

10

20

30

pos reps
*

D

Pe
rc

en
t S

ur
vi

va
l

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)

nM cisplatin

***

C4-2
PEO1

0

10

20

30

40

50

techtrip t test

B

Figure 1

C42
 HU LA Fork 

Slowing in
 PEO1 t

es
tin

g sh
CHD4

PEO1 H
U LA Fork 

Slowing in
 PEO1 v

s C
42

C4-2
 + 

S1 N
ucle

as
e S

1 S
lowing Ass

ay
 PEO1 v

s C
4-2

 M
ich

ell
e M

ihir

PE01
 + 

S1 N
ucle

as
e S

1 S
lowing Ass

ay
 PEO1 v

s C
4-2

 M
ich

ell
e M

ihir

C4-2
 + 

4m
M HU LA Deg

rad
e P

EO1 C
42

PEO1 +
 4m

M HU LA Deg
rad

e P
EO1 C

42
0

10

20

30

Cl
dU

 T
ra

ck
 L

en
gt

h 
(u

m
)

Main Figure 1

E

***

***

***

Normal Fork

Unrestrained Fork

S1 Nuclease 
sensitive

Cell Line:        C4-2       PEO1        C4-2        PEO1        C4-2         PEO1



0 500 1000
0

50

100

nM CDDP
%

Su
rv

iva
l

SILAC PEO1-shNSC vs CHD4-2 

PEO1-shNSC SILAC
PEO1-shCHD4-2 SILAC

0 500 1000
0

50

100

nM CDDP

%
Su

rv
iva

l

SILAC PEO1-shNSC vs CHD4-2 

PEO1-shNSC SILAC
PEO1-shCHD4-2 SILAC

NSC

CHD4

0        250      500      750     1000

100

50

0

PEO1 (BRCA2 Deficient)
shRNA:

PEO1

CHD4

b-Actin

shRNA:   NSC   CHD4

Pe
rc

en
t S

ur
vi

va
l

A B

Normal Fork

Unrestrained Fork

CHD4

NSC

CHD4

0.5mM HU+EdU

2h      

PEO1
NSC    CHD4

60

40

20

0

**

shRNA:

shRNA:

C E

Figure 2

Hyper-unrestrained Fork
with gap suppression 

nM cisplatin

NSC   CHD4
0

20

40

60

ss
D

N
A 

at
 R

ep
lic

at
io

n 
Fo

rk
s 

(%
)

CHD4

NSC

CldU EdU HU

18h       20’   2h

*

NSC CHD4 
0

20

40

60

%
 s

sD
NA

 in
 re

pl
ic

at
io

n 
fo

rk
s

shRNA:

shRNA:

PEO1

D

%
 E

dU
+ 

C
el

ls
 in

 0
.5

m
M

 H
U

IdU HU+CldU S1

30’       2h       30’

IdU HU+CldU

30’       2h      

IdU HU+CldU HU

30’       2h       3h

C42
 NSC

PEO1-s
hN

SC

PEO1-s
hC

HD4-2

C4-2
 NSC S1

NSC S1

CHD4 S
1

NSC Deg
rad

e

CHD4 D
eg

rad
e

0

10

20

30

40

Data 1

30

20

10

0

40

shRNA:            NSC       NSC    CHD4      NSC       NSC     CHD4      NSC     CHD4
Cell Line:         C4-2             PEO1            C4-2             PEO1                    PEO1

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
) *** *** ***

****



shRNA:            NSC     NSC   CHD4  ZFHX3   FEN1  EZH2i    NSC NSC   CHD4  ZFHX3  FEN1   EZH2i
Cell Line:         C4-2                             PEO1                             C4-2                             PEO1

-5 0 5
0

1

2

3

4

5

log2(Heavy/Light)
-lo

g1
0(

p-
va

lu
e)

SILAC PEO1 (Heavy) vs C4-2 (Light)
+500nM CDDP 18h, CHD4 IP

Grey
Blue
Red
z3
z4NuRD
Legend
Screen

ZFHX3

EZH2
FEN1

ZFHX4

PARP

HDAC1
HDAC2MTA1
MTA2

0 500 1000 1500
0

50

100

nM CDDP

Pe
rc

en
t S

ur
viv

al

PEO1-shNSC vs PEO1-shZFHX3-58
Cell Titer Glo Cisplatin Toxicity 96 Well Assay

PEO1-shNSC
PEO1-shZFHX3-58
PEO1-shCHD4

0 500 1000 1500
0

50

100

nM CDDP

Pe
rc

en
t S

ur
viv

al

PEO1-shNSC vs PEO1-shZFHX3-58
Cell Titer Glo Cisplatin Toxicity 96 Well Assay

PEO1-shNSC
PEO1-shZFHX3-58
PEO1-shCHD4

Fork
Stable

Fork 
Unstable

mix cells 1:1 ratio

Light Heavy

Fractionate 

Immunoprecipitate CHD4

+/-CPPD

Identify and quantify by MS

BRCA2 
Deficient

BRCA2 
Proficient

Fork 
Stable

Fork 
Unstable

Heavy LightHeavy Light

C4-2 PEO1

-505
0

1

2

3

4

5

log2(Heavy/Light)

-lo
g1
0(
p-
va
lu
e)

SILAC PEO1 (Heavy) vs C4-2 (Light)
+500nM CDDP 18h, CHD4 IP

Grey
Blue
Red
z3
z4NuRD
Legend
Screen

ZFHX3

EZH2
FEN1

ZFHX4

PARP

HDAC1
HDAC2 MTA1
MTA2

050010001500
0

50

100

nM CDDP

Pe
rc
en
t S
ur
viv
al

PEO1-shNSC vs PEO1-shZFHX3-58
Cell Titer Glo Cisplatin Toxicity 96 Well Assay

PEO1-shNSC
PEO1-shZFHX3-58
PEO1-shCHD4

050010001500
0

50

100

nM CDDP

Pe
rc
en
t S
ur
viv
al

PEO1-shNSC vs PEO1-shZFHX3-58
Cell Titer Glo Cisplatin Toxicity 96 Well Assay

PEO1-shNSC
PEO1-shZFHX3-58
PEO1-shCHD4

Fork
Stable

Fork 
Unstable

mix cells 1:1 ratio

LightHeavy

Fractionate 

ImmunoprecipitateCHD4

+/-CPPD

Identify and quantify by MS

BRCA2 
Deficient

BRCA2 
Proficient

Fork 
Stable

Fork 
Unstable

HeavyLight HeavyLightLight Heavy

BA

-5 0 5
0

1

2

3

4

5

log2(Heavy/Light)

-lo
g1

0(
p-

va
lu

e)

SILAC PEO1 (Heavy) vs C4-2 (Light)
+500nM CDDP 18h, CHD4 IP

Grey
Blue
Red
z3
z4NuRD
Legend
Screen

-5                                   0                                   5

5

4

3

1

2

0

-lo
g1

0(
p-

va
lu

e)

ZFHX3

EZH2
FEN1
PARP1

0 500 1000
0

50

100

nM CDDP

Pe
rc

en
t S

ur
viv

al

PEO1-shNSC vs PEO1-shZFHX3-58
Cell Titer Glo Cisplatin Toxicity 96 Well Assay

PEO1-shNSC
PEO1-shZFHX3-58

0        250      500     750     1000

100

50

0

Pe
rc

en
t S

ur
vi

va
l

0 500 1000
0

50

100

nM CDDP

%
Su

rv
iva

l

SILAC PEO1-shNSC vs CHD4-2 

PEO1-shNSC SILAC
PEO1-shCHD4-2 SILAC

NSC

ZFHX3

PEO1
shRNA:

C

+/- CDDP

Figure 3

log2(Heavy/Light) nM cisplatin

ZFHX3

shRNA: NSC   ZFHX3

b-Actin

0 50 100 150 200
0

50

100

Time

Pe
rc

en
t s

ur
viv

al

ZFHX3

ZFHX3 High
ZFHX3 Low

100

50

0
0        50      100      150     2000 50 100 150 200

0

50

100

Time

Pe
rce

nt 
su

rvi
va

l

Data 6

ZFHX3 High
ZFHX3 Low

ZFHX3 High

ZFHX3 Low

Pe
rc

en
t t

um
or

-fr
ee

 S
ur

vi
va

l

Months

p = 0.07

D

E

IdU HU+CldU

30’       2h      

30

20

10

0

40

C
ld

U
Tr

ac
k 

Le
ng

th
 (u

m
)

IdU HU+CldU S1

30’       2h       30’

*** ***

IdU HU+CldU S1

30’       2h       30’

15

10

5

0

20

S1:        - +           - +           - +   
PEO1

Control 
Xenograft

Cisplatin 
Sensitive

PDX

Cisplatin
Resistant

PDX

C
ld

U
Tr

ac
k 

Le
ng

th
 (u

m
)

PEO1 PEO1 +S1 017 017 +S1 017CR 017CR +S1
0

5

10

15

20

 

Cl
dU

 T
ra

ck
 L

en
gt

h 
(µ

m
)

 

*** ***

F

***
*

NS

C42
 NSC Slow

PEO1-s
hN

SC Slow

PEO1 C
HD4 6

1 S
low

PEO1 Z
FHX3 S

low

PEO1 F
EN1 S

low

PEO1 E
ZH2i 

Slow

C4-2
 + 

S1 N
uc

lea
se

PEO1 N
SC S1

PEO1 C
HD4 6

1 S
1

PEO1 Z
FHX3 S

1

PEO1 F
EN1 S

1

PEO1 E
ZH2i 

S1
0

10

20

30

40

Data 1



C4-2       NSC   SMARCAL1 MRE11i

C42
 Slow

ing
 DMSO Feb

14

PEO1 S
low

ing
 Feb

14

PEO1 M
irin

 Feb
14

PEO1-s
hS

MARCAL1
 R1

0

5

10

15

20

25
C

ld
U

 T
ra

ck
 L

en
gt

h 
(u

m
)

10

5

0

15

20

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)

25

IdU HU+CldU

30’       2h      B

C4-2        NSC      CHD4  SMARCAL1 MRE11i

IdU HU+CldU S1

30’       2h       30’

S1 C
4-2

S1 N
SC

S1 C
HD4

S1 S
MARCAL1 6

9
Mirin

0

10

20

30

Data 1

Cl
dU

 T
ra

ck
 L

en
gt

h 
(u

m
) 30

20

10

0

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)

PEO1

shRNA

******

PEO1

shRNA

CA

0 50 100 150 200
0

50

100

Time

Pe
rc

en
t s

ur
viv

al

MRE11

MRE11 High
MRE11 Low

100

50

0
0         50      100     150      2000 50 100 150 200

0

50

100

Time

Pe
rce

nt 
su

rvi
va

l

Data 6

ZFHX3 High
ZFHX3 Low

MRE11 High

MRE11 Low

P
er

ce
nt

 tu
m

or
-fr

ee
 S

ur
vi

va
l

Months

0 50 100 150 200
0

50

100

Time

Pe
rc

en
t s

ur
viv

al

SMARCAL1

SMARCAL1 High
SMARCAL1 Low

100

50

0
0        50      100     150      2000 50 100 150 200

0

50

100

Time

Pe
rce

nt 
su

rvi
va

l

Data 6

ZFHX3 High
ZFHX3 Low

SMARCAL1 High

SMARCAL1 Low

P
er

ce
nt

 tu
m

or
-fr

ee
 S

ur
vi

va
l

Months

0 50 100 150 200
0

50

100

Time

Pe
rc

en
t s

ur
viv

al

CHD4

CHD4 High
CHD4 Low

100

50

0
0         50      100     150      2000 50 100 150 200

0

50

100

Time

Pe
rce

nt 
su

rvi
va

l

Data 6

ZFHX3 High
ZFHX3 Low

CHD4 High

CHD4 Low

P
er

ce
nt

 tu
m

or
-fr

ee
 S

ur
vi

va
l

Months

p < 0.03

shRNA:      NSC    RADX(A) RADX(B)

RADX

b-actin

D

P
er

ce
nt

 S
ur

vi
va

l

25

0

50

75

100

0 500 1000
0

50

100

nM CDDP

Pe
rc

en
t S

ur
vi

va
l

Data 1

T131P NSC
T131P RADX 85
T131P RADX 208

shNSC

shRADX(A)

shRADX(B)

T131P Cells

0 500 1000
0

50

100

nM CDDP

Pe
rc

en
t S

ur
vi

va
l

Data 1

T131P NSC
T131P RADX 85
T131P RADX 208

E

shRNA:       NSC      NSC   RADX(A) RADX(B)  NSC NSC    RADX(A) RADX(B)
RADX:         WT                    T131P                     CC                     T131P

Fanconi Anemia Phenotype Patient Fibroblasts

IdU HU+CldU

30’       2h      

15

10

5

0

20

C
ld

U
Tr

ac
k 

Le
ng

th
 (u

m
)

IdU HU+CldU S1

30’       2h       30’

***

***

25

CC NSC Slowing

T13
1P

 NSC Slowing

T13
1P

 RADX 85
 Slowing

T13
1P

 RADX20
8 S

lowing

CC NSC S1

T13
1P

 NSC S1

T13
1P

 RADX85
 S1

T13
1P

 RADX20
8 S

1
0

5

10

15

20

25

C
ld

U
 T

ra
ck

 L
en

gt
h 

(u
m

)
RADX Slowing S1

Figure 4



Slowing Defect (BRCAness)

BRCA2 BRCA1
RAD51 Slowing

Restored SlowingGap Filling

Chemoresistance
via Gap Suppression

Chemoresistance

Figure 5



A B 

IdU CldU

30’      2h      

IdU CldU

30’  30’      

PEO1 C4-2

PEO1 U
ntre

ate
d

C4-2
 U

ntre
ate

d
0

5

10

15

20

PEO1 vs C4-2 Untreated
30 Minute Pulse

C
ld

U
 T

ra
ck

 L
en

gt
h 

(u
m

)

10

5

0

15

20

C
ld

U
T

ra
ct

 L
en

gt
h 

(u
m

)

PEO1 U
ntre

ate
d

C4-2
 Untre

ate
d

0

20

40

60

80

PEO1 vs C4-2 Slowing Assay Controls

Tr
ac

k 
Le

ng
th

 (u
m

)

PEO1 C4-2

40

20

0

60

80

C
ld

U
T

ra
ct

 L
en

gt
h 

(u
m

)

C4-2

PEO1

C4-2

PEO1

C

C4-2

PEO1

EdU

30’      

C4-2
PEO1

0

20

40

60

80

untreated positives

C4-2    PEO1
0

40

60

80

20

%
 E

dU
P

os
iti

ve
 C

el
ls

Figure S1



A B 

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)

BRCA1:          - +              

20

10

0

30

- +
0

10

20

30

MDA-MB-436

C
ld

U
 T

ra
ck

 L
en

g
th

 (
µ
m

)

 

BRCA1

IdU HU+CldU

30’       2h      

VC
-8 

+ H
U

VC
-8 

+ W
T B

RC2 +
 H

U
0

5

10

15

20

Slowing Assay VC8 vs VC8 + WT BRCA2

C
ld

U
 T

ra
ck

 L
en

g
th

 (
u

m
)

BRCA2:       - +              

10

5

0

15

20

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)

C

B1 M
ut

an
t H

U

B1 W
T H

U
0

5

10

15

HCC1937 BRCA1 Mutant vs WT 

C
ld

U
 T

ra
ck

 L
en

g
th

 (
u

m
)

BRCA1:        - +              

10

5

0

15

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)*** *** ***

BRCA2

b-Actin

BRCA2      - +

VC-8

BRCA1

b-Actin

BRCA1      - +

HCC1937

BRCA1

b-Actin

BRCA1    - +         

MDA-MB-436

Full-length 

b-actin

Truncated

BRCA2
NSC (A)    (B)   (C)   NSC

C4-2              PEO1

shRNA: 

BRCA2

0 500 1000
0

50

100

150

nM CDDP

Pe
rc

en
t S

ur
viv

al

C4-2 BRCA2 Knockdown

PEO1 shNSC pGIPZ
C4-2 shNSC pGIPZ
C4-2 shBRCA2 140 
pGIPZ
C4-2 shBRCA2 141 
pGIPZ
C4-2 shBRCA2 144 
pGIPZ

0        250      500      750    1000
0

50

100

150

Pe
rc

en
t S

ur
vi

va
l

0

20

40

80

PEO1 N
SC 0.

5m
M HU

C4-2
 NSC 0.

5m
M HU

C4-2
 sh

BRCA2 1
40

C4-2
 sh

BRCA2 1
41

C4-2
 sh

BRCA2 1
44

0

20

40

60

80

Cl
dU

 T
ra

ck
 L

en
gt

h 
(u

m
)

shBRCA2 in C4-2 by DMC
0.5mM HU 2h Slowing

60

shRNA:  NSC        NSC    BRCA2(A) BRCA2(B) BRCA2(C)
Cells:     PEO1                                C4-2 

C
ld

U
Tr

ac
k 

Le
ng

th
 (u

m
)

IdU HU+CldU

30’       2h      

D E F 

0 500 1000
0

50

100

150

nM CDDP

Pe
rc

en
t S

ur
viv

al

C4-2 BRCA2 Knockdown

PEO1 shNSC
C4-2 shNSC
C4-2 shBRCA2140
C4-2 shBRCA2141
C4-2 shBRCA2144

shNSC shNSC

shBRCA2 A

shBRCA2 B

shBRCA2 C

0 500 1000
0

50

100

150

nM CDDP

Pe
rc

en
t S

ur
viv

al

C4-2 BRCA2 Knockdown

PEO1 shNSC
C4-2 shNSC
C4-2 shBRCA2140
C4-2 shBRCA2141
C4-2 shBRCA2144

PEO1 C4-2

IdU HU+CldU

30’       2h      

IdU HU+CldU

30’       2h      

50

25

0

75

100

C4-2            PEO1

C4-2 1uM CDDP 2h

PEO1 1uM CDDP 2h
0

25

50

75

100

Cl
dU

 Tr
ac

k L
en

gth
 (u

m)

PEO1 vs C4-2
Untreated 2h vs 1uM CDDP 2h
Dynamic Molecular Combing

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
) ***

IdU CDDP+CldU

30’       2h      
G

IdU HU+CldU S1

30’       2h       30’

b1
m
ut

 b
uf

fe
r

b1
m
ut

s1
0

5

10

15

20

Data 1

C
ld

U
 T

ra
ck

 L
en

g
th

 (
u

m
)

S1         - + 

10

5

0

15

20

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
) HCC1937

10

5

0

15

20

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)

0

5

10

15

20

25

 

C
ld

U
 T

ra
ck

 L
en

g
th

 (
µ
m

)

 

BRCA1 Mutant   BRCA1 Mutant
         +S1

25 MDA-MB-436

S1          - + 

***

***

H

***

***

Figure S1.1



EdU

30’      C

shNSC

shCHD4

CHD4

NSC  58    59   60     61    62     

PEO1

b-Actin

CHD4

shRNA:

A 

Figure S2

E F

IdU CldU

30’  30’      

shNSC shCHD4         shCHD4
(61)               (62)

PEO1 N
SC Untre

ate
d 30

 m
in

PEO1 C
HD4 6

1 U
ntre

ate
d 30

 m
in

PEO1 C
HD4 6

2 U
ntre

ate
d 30

 m
in

0

5

10

15

20

30 min Untreated with CHD4

Cl
dU

 T
ra

ct
 L

en
gt

h 
(u

m
)20

15

10

5

0

C
ld

U
T

ra
ct

 L
e

n
g

th
 (

u
m

)

B 

IdU HU+CldU

30’       2h      

shNSC

shCHD4
(61)

shCHD4 
(62)

IdU CldU

30’      2h      

shNSC

shCHD4(62)

D

IdU HU+CldU S1

30’       2h       30’

43
6+

mChe
rry

43
6+

BRCA1
0

10

20

30

Data 1

***

20

10

0

30

BRCA1:         - +

C
ld

U
T

ra
ck

 L
e

n
g

th
 (

u
m

)

MDA-MB-436 Xenografts

G

PEO1
shRNA: NSC     28       31       32

FEN1

PEO1

FEN1

b-actin

H

IdU HU+CldU

30’       2h      

Cisplatin resistant BRCA1 PDX

15
07

CR G
re
en

15
07

CR R
ed

0

5

10

15

20

Data 1

T
ra

ck
 L

e
n
g
th15

10

5

0

20

C
ld

U
T

ra
ck

 L
e

n
g

th
 (

u
m

)

HU:      - +
IdU CldU

***



A

sh
NSC

sh
SMARCAL1

0

5

10

15

20

25

C
ld

U
 T

ra
ck

 L
en

g
th

 (
u

m
)

Data 1

10

5

0

15

20

25

PEO1

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
) ***

IdU CldU HU

30’  30’    3h     

shRNA: NSC      SMARCAL1

SMARCAL1

PEO1

b-Actin

shRNA:  NSC   SMARCAL1

C4-2 DMSO PEO1 DMSO PEO1 Mirin
0

10

20

30

40

Data 1

C4-2 DMSO

20

10

0

30

40

C4-2        PEO1  PEO1+MRE11i

C
ld

U
Tr

ac
t L

en
gt

h 
(u

m
)

IdU CldU HU

30’  30’    2h     

***

B C

Figure S3

D

0 250 500 750 1000
0

50

100

nM CDDP

Pe
rc

en
t S

ur
viv

al

PEO1 DMSO
PEO1 10uM Mirin

0        250      500      750     1000

100

50

0
0 500 1000

0

50

100

nM CDDP

%
Su

rv
iva

l

SILAC PEO1-shNSC vs CHD4-2 

PEO1-shNSC SILAC
PEO1-shCHD4-2 SILAC

DMSO

10uM Mirin
Pe

rc
en

t S
ur

vi
va

l

PEO1

nM cisplatin

E

0 250 500 750 1000
0

50

100

nM CDDP

Pe
rc

en
t S

ur
viv

al

PEO1-shNSC
PEO1-shSMARCAL1 69

0 500 1000
0

50

100

nM CDDP

%
Su

rv
iva

l

SILAC PEO1-shNSC vs CHD4-2 

PEO1-shNSC SILAC
PEO1-shCHD4-2 SILAC

NSC

shSMARCAL1

PEO1
shRNA:

Pe
rc

en
t S

ur
vi

va
l

nM cisplatin

100

50

0

G

WT      Mutant   S3291A

20

10

0

30

40
IdU HU+CldU

30’       2h      

WT BRCA2

VC8 D
efi

cie
nt 

BRCA2

VC8 +
 BRCA2 S

32
91

A
0

10

20

30

40

BRCA2 Status

C
ld

U
 T

ra
ck

 L
en

gt
h 

(u
m

)

Slowing Assay VC8 for BRCA2 S3291A 
0.5mM HU + CldU 2h

F

WT      Mutant   S3291A

10

5

0

15

20

25
IdU CldU HU

30’ 30’     3h     

WT
Mut

S32
91

A
0

5

10

15

20

25

VC8 Cells

C
ld

U
 T

ra
ck

 L
en

gt
h 

(u
m

)

VC8 Degradation Assay 4mM HU 3h
WT, Deficient, S3291A

***

***



IdU HU+CldU S1

30’       2h       30’

IdU HU+CldU

30’       2h      

25

20

10

0

15

5C
ld

U
T

ra
c
t 
L

e
n

g
th

 (
u

m
)

***

RAD51 Allele:    WT         T131P        WT         T131P

Fanconi Anemia Phenotype Patient FibroblastsCC Slow

RAD51
 Slow

CC S1

RAD51
 S1

0

5

10

15

20

25

RAD51 Fibroblasts Slowing and S1

Sample

Cl
dU

 T
ra

ck
 L

en
gt

h 
(u

m
)

T13
1P

 N
SC

T13
1P

 R
ADX 85

T13
1P

 R
ADX 20

8
0.0

0.5

1.0

1.5

Ra
tio

 Id
U/

Cl
dU

Data 1

shRNA:     NSC   RADX(A) RADX(B)

RAD51 T131P

Fanconi Anemia Phenotype Patient Fibroblasts

1.0

0

0.5

1.5

R
a

ti
o

 C
ld

U
/I

d
U

Figure S4

IdU CldU HU

30’ 30’     3h     
A B 

***


