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Abstract

Synthetic lethality between poly(ADP-ribose) polymerase (PARP) inhibition and BRCA 
deficiency is exploited to treat breast and ovarian tumors. However, resistance to PARP inhibitors 

(PARPi) is common. To identify potential resistance mechanisms, we performed a genome-wide 

RNAi screen in BRCA2-deficient mouse embryonic stem cells and validation in KB2P1.21 mouse 

mammary tumor cells. We found that resistance to multiple PARPi emerged with reduced 

expression of TET2 (ten eleven translocation), which promotes DNA demethylation by oxidizing 

5-methylcytosine (5mC) to 5-hydroxymethycytosine (5hmC) and other products. TET2 

knockdown in BRCA2-deficient cells protected stalled replication forks (RFs) due to reduced 

5hmC amounts at sites of double-stranded breaks (DSBs). Increasing 5hmC abundance induced 
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the degradation of stalled RFs in KB2P1.21 and human cancer cells by recruiting the base excision 

repair-associated apurinic/apyrimidinic endonuclease APE1, independent of the BRCA2 status. 

TET2 loss did not affect the recruitment of the repair protein RAD51 to sites of DSBs or the 

abundance of proteins associated with RF integrity, or BRCA2 status. The loss of TET2, of its 

product 5hmc, and of APE1 recruitment to stalled RFs promoted resistance to the 

chemotherapeutic cisplatin. Our findings reveal a previously unknown role for the epigenetic mark 

5hmC in maintaining the integrity of stalled RFs and a potential resistance mechanism to PARPi 

and cisplatin.

INTRODUCTION

Breast cancer is the most common malignancy in women and one of the leading causes of 

death worldwide. Germline mutations in BRCA1 and BRCA2 genes accounts for 20–25% of 

all hereditary breast cancer cases (1). Functional loss of BRCA proteins leads to a defect in 

homologous recombination (HR)-dependent repair of DNA double strand breaks (DSBs). 

This renders BRCA-deficient cells sensitive to poly(ADP)-ribose (PARP) inhibitors (PARPi) 

(2–5). PARPi-induced synthetic lethality is being successfully used in the clinic for the 

targeted, non-invasive treatment of BRCA-deficient breast and ovarian tumors (6, 7). 

However, tumors frequently acquire resistance to PARPi. Secondary mutations in the 

BRCA1 or BRCA2 that restore their HR function cause resistance not only to PARPi but 

also to platinum compounds (8). Mutation in other genes have also been reported to restore 

BRCA1-mediated HR. Inactivation of 53BP1 promotes end resection of DSBs and restores 

HR in BRCA1-deficient cells (9, 10). Similarly, loss of the shieldin complex components 

REV7 (DNA polymerase zeta processivity subunit), C20ORF196 (an uncharacterized 

protein), and FAM35A (shieldin complex subunit 2) also promotes end resection, thus 

restoring HR and PARPi resistance (11, 12). PARPi resistance can occur due to increased 

expression of ATP-dependent drug efflux pump ABCB1 (13). Resistance to PARPi can also 

be caused by reduced expression of PARP proteins, because PARP inhibitors trap PARP-

DNA complexes and contribute to synthetic lethality (14). Loss of dynein light chain 1 

(DYNLL1) has also been shown to contribute to HR restoration based on its direct binding 

to meiotic recombination 11 (MRE11) and restricting end resection (15).

An HR-independent mechanism of PARPi resistance is the protection of stalled replication 

forks (RFs) in BRCA-deficient cells (16, 17). Loss of PTIP (PAX transactivation domain 

interacting protein) prevents MRE11 recruitment to stalled RFs and protects fork integrity in 

BRCA-deficient cells. Similarly, loss of CHD4 (chromodomain helicase DNA binding 

protein 4) in BRCA2-deficient cells also prevented MRE11 recruitment and protected stalled 

forks, which contributed to PARPi resistance (17, 18). Epigenetic modification of histones 

by EZH2 (enhancer of zeste homolog 2) can regulate the stability of replication forks and 

confer PARPi resistance in BRCA2 deficient cells. Loss of EZH2 reduces H3K27me3 

modification of histones, which prevents recruitment of crossover junction endonuclease 

MUS81 to RFs and suppresses fork degradation (19).

In this study, we investigated novel regulators of resistance to PARPi. We performed a 

genome-wide siRNA screen in PARP-sensitive mESCs expressing a hypomorphic allele of 
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BRCA2 to identify proteins whose loss conferred olaparib resistance. We found loss of 

TET2 (Ten Eleven Translocation 2) contributes to PARPi resistance. Tet2 a tumor suppressor 

that, notably, is frequently mutated in hematopoietic malignancies (20). TET family proteins 

are responsible for catalyzing the demethylation of 5mC by its sequential oxidation to 5hmC 

and then to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (21). Among these 

oxidation products of 5mC, 5hmC is the most stable form. 5hmC levels are 10 to 100-fold 

higher than 5fC and 5caC (21–23). Differential prevalence of these cytosine modifications is 

due to differential affinity of TET family members for these cytosines. TET1 and TET2 have 

greater affinity for 5mC and 5fC than for 5hmC and 5caC, whereas TET3 has affinity for 

5caC (24, 25). Because TET family members have the least affinity for 5hmC, its catalytic 

conversion to 5fC is low, making 5hmC the most stable cytosine modification. These 

cytosine intermediates are converted to apurinic/apyrimidinic (AP) or abasic sites by 

thymine DNA glycosylases (TDG) and repaired by the base excision repair (BER) pathway 

(26, 27). Given that TET proteins are involved in DNA demethylation, they regulate various 

cellular processes such as gene expression and cell differentiation (28). In response to DNA 

damage, checkpoint kinases Ataxia telangiectasia-mutated (ATM) and Ataxia telangiectasia- 

and Rad3-related (ATR) phosphorylate TET enzymes and stimulate 5hmC production (29, 

30). However, the precise role of 5hmC in DNA damage response (DDR) pathways is not 

currently well understood.

Our findings reveal that loss of TET2 protects stalled RFs in BRCA2-deficient cells. 

Unexpectedly, increasing 5hmC levels caused by TET2 overexpression reduced fork stability 

and contributed to genomic instability, even in the presence of functional BRCA2. 

Additionally, 5hmC, 5fC and 5caC at stalled forks contributed to fork degradation by 

apurinic/apyrimidinic endonuclease 1 (APE1), a BER-associated enzyme that initiates the 

repair of abasic sites.

RESULTS

Loss of TET2 results in olaparib resistance in BRCA2-deficient cells

To identify genes that contribute to PARPi resistance in BRCA2-deficient cells, we 

performed a genome-wide siRNA screen targeting 17,575 genes in mouse embryonic stem 

cells (mESCs) expressing the R2336H BRCA2 variant (PL2F7-

Brca2ko/ko;BRCA2(R2336H)] (fig. S1, A and B). We have previously reported that the 

BRCA2R2336H supports mESC viability, but the cells are defective in homologous 

recombination and are hypersensitive to olaparib (31), confirmed here (fig. S1C). We 

identified Tet2 as the top gene with the highest mean Z score of 4.52 (data file S1). The 

TCGA database revealed that survival was lower in breast cancer patients whose tumors had 

low TET2 expression than that in patients whose tumors had high TET2 expression (fig. 

S1D).

We validated the effect of TET2 knockdown on olaparib resistance by stably knocking down 

TET2 in PL2F7-Brca2ko/ko;BRCA2(R2336H) mESCs (Fig. 1A, and fig. S1, E and F). 

PL2F7-Brca2cko/ko mESCs with one floxed wildtype allele (cko) and one knockout allele 

(ko) of Brca2 were used as olaparib-resistant control cell line, whereas PL2F7-

Brca2ko/ko;BRCA2(R2336H)-shControl cells expressing hypomorphic mutant of BRCA2 
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were used as olaparib-sensitive control cell line. Because of functional similarity between 

TET family members, we further validated the effect of stable knockdown of TET2 and 

TET3 on olaparib resistance using two shRNAs for each in the BRCA2- and TP53-deficient 

mouse mammary tumor cell line KB2P1.21 (32). As a BRCA2-proficient isogenic control, 

we used a derivative line, KB2P1.21R2, which was reconstituted with human BRCA2. We 

found that either TET2 or TET3 loss significantly increased the survival of KB2P1.21 cells 

after olaparib treatment (Fig. 1, B and C; and fig. S1, G and H). Loss of TET2 or TET3 

conferred resistance to other PARP inhibitors as well, namely veliparib and talazoparib (Fig. 

1C and fig. S1, I and J), and also to cisplatin (Fig. 1, C and D). The role of TET1 was not 

examined, because its expression was not detected in KB2P1.21 cells by RT-PCR (fig. S1K).

To examine the effect of Tet2 knockdown on olaparib resistance in vivo, we injected mouse 

mammary tumor cell lines KB2P1.21-shControl and KB2P1.21-shTET2 cells into 6- to 8-

week-old male athymic nude mice. One week after implantation, mice were treated with 

olaparib (60mg/kg) or the vehicle control, DMSO. Olaparib-treated KB2P1.21-shControl 

tumors regressed significantly compared to those treated with DMSO; in contrast, there was 

no statistically significant difference in the growth of KB2P1.21-shTET2 tumors treated 

with olaparib or DMSO (Fig. 1E), which supported our in vitro findings. Notably, the 

KB2P1.21-shTET2 tumors grew faster than KB2P1.21-shControl tumors, although they did 

not exhibit any significant difference in proliferation in vitro (fig. S1L).

Loss of TET2 restores fork protection but not RAD51 recruitment in BRCA2 deficient cells

Increased expression of p-glycoprotein drug transporters is frequently associated with 

PARPi resistance in human tumors. This enhances drug efflux and renders cells resistant to 

chemotherapy (13). We examined the effect of TET loss on the expression of Abcb1α and 

Abcb1β that encode drug transporter subunits that are frequently upregulated (13). 

Quantitative RT-PCR did not reveal any significant difference in their expression in 

KB2P1.21 cells with TET2/TET3 knockdown. (fig. S2A). Furthermore, because TET loss 

also conferred resistance to cisplatin, which is not substrate of the drug transporter ABCB1 

(33), this chemoresistance mechanism was ruled out. PARPi resistance can also be acquired 

due to partial or complete restoration of BRCA2 function. Therefore, we examined the 

recruitment of RAD51 to the sites of double-strand breaks (DSBs) to ascertain the effect of 

TET loss on homologous recombination. Whereas BRCA2-proficient KB2P1.21R2 cells 

formed distinct RAD51 foci in response to 10Gy γ-irradiation, no foci were observed in 

KB2P1.21-shControl or KB2P1.21-shTET2 cells (fig. S2, B and C). Because RF stability in 

BRCA-deficient cells confers chemoresistance, we examined the effect of TET2 loss on the 

integrity of stalled RFs using the DNA fiber assay (34). This assay involves labeling 

replication forks sequentially with CldU (red) and then with IdU (green) for 15 to 30 min 

each, followed by application of hydroxyurea (HU) to stall RFs. The RF is considered to be 

stable if the ratio of green:red tracks is close to 1 and the fork is degraded if the ratio is 

significantly reduced. While BRCA2 proficient KB2P1.21R2 cells exhibited stable RFs, 

BRCA2-deficient KB2P1.21-shControl cells exhibited degradation of RFs upon replicative 

stress (Fig. 1, F and G). Notably, we observed a significant increase in RF protection in 

KB2P1.21-shTET2 and KB2P1.21-shTET3 cells compared to KB2P1.21-shControl cells 

(Fig. 1, F and G; fig. S2D). These findings suggested that TET loss contributes to the 
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stability of stalled RF in BRCA2-deficient cells and contribute to PARPi resistance. Notably, 

we also observed a significant increase in the stability of stalled forks in BRCA1-deficient 

human MDA-MB-436 breast cancer cells in response to TET2 knockdown (fig. S2, E and 

F).

We have previously reported that protection of stalled RFs can contribute to the viability of 

Brca2ko/ko mESC (16, 17, 35). Therefore, we tested whether TET loss can also rescue the 

lethality of Brca2ko/ko mESC. We used PL2F7 cells carrying one null allele (ko) and one 

floxed allele (cko) of Brca2 and stably knocked down Tet2 or Tet1 using each of two 

shRNAs. We genotyped viable clones obtained after CRE expression and identified multiple 

Brca2ko/ko clones with Tet2 and Tet1 knockdown but none from PL2F7-shControl cells (fig. 

S3, A, B, E, and F).

We then examined the effect of Tet1 and Tet2 loss on RF integrity in the rescued PL2F7-

shTET2-Brca2ko/ko mESC clones. Expression of a truncated BRCA2 (Y3308X) allele in 

mESCs resulted in RF degradation in response to HU-induced replicative stress. Two 

independent rescued Brca2ko/ko ESC clones generated in PL2F7-shTET2 (fig. S3, C and D) 

and PL2F7-shTET1 (fig. S3G) cells exhibited a significant protection of stalled forks. As 

observed in KB2P1.21-shTET2 cells, HR was not restored in PL2F7-shTET2-Brca2ko/ko 

cells based on the failure to recruit RAD51 after IR (fig. S3, H and I).

Global increase in 5hmC levels causes degradation of stalled replication forks

CpG islands in the mammalian genome can undergo TET-mediated demethylation and affect 

gene expression (28). Published RNA-seq data from mESC lacking TET1 and TET2 did not 

reveal any significant change in the expression of genes known to protect stalled forks in 

BRCA2-deficient cells (36). We confirmed the expression of some of these proteins by 

Western blotting and found no change in the expression of PARP1, MRE11, PTIP, CHD4 

and RAD51 (fig. S4A), suggesting that TET loss-mediated RF protection may not be due to 

altered expression of these proteins.

Given the role of TET proteins in catalyzing the oxidation of 5mC to 5hmC, which is one of 

the stable intermediates of 5mC modification, we explored the possibility that change in 

5hmC levels on the DNA may have a direct impact on the RF stability. We examined the 

effect of enhancing 5hmC levels in KB2P1.21R2 (BRCA2-proficient) and KB2P1.21 

(BRCA2-deficient) cells by treating them with vitamin C (L-ascorbic acid, or LAA). 

Vitamin C is a known cofactor of TET proteins and has been shown to increase global 5hmC 

levels in a TET-dependent manner (37). Mass spectrometric analysis revealed increase in 

global 5hmC levels upon LAA treatment (Fig. 2A). Notably, KB2P1.21 cells had higher 

5hmC levels than KB2P1.21R2 after all drug treatments. We also observed a marked 

increase in 5hmC levels in response to HU treatment in KB2P1.21 cells alone (Fig. 2A); 

however, when HU treatment was preceded by LAA, both cells showed significant increase 

in 5hmC levels (Fig. 2A). There was no significant change in global 5mC levels observed 

under these conditions (fig. S4B). This increase in 5hmC in cells lacking functional BRCA2 

is consistent with the reports showing an increase in global 5hmC in response to DNA 

damage (29, 30). Similar increase in global 5hmC and no change in 5mC levels in response 

to HU alone and in combination with LAA was observed upon transient knockdown of 
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BRCA2 in human osteosarcoma U2OS cells (Fig. 2B and fig. S4, C and D). We do not 

precisely understand why 5hmC levels are high in BRCA2-deficient cells; however, we have 

observed an increase in Tet2 mRNA levels in BRCA2-deficient KB2P1.21 cells compared to 

BRCA2-proficient KB2P1.21R2 cells (fig. S4E). Similarly, we observed an increase in 

TET2 mRNA in response to BRCA2 knockdown in U2OS cells (fig. S4F). Because some of 

the 5hmC is converted into abasic sites by the base excision repair (BER) pathway, we 

examined whether there is an increase in abasic sites in response to LAA treatment in 

BRCA2 deficient cells KB2P1.21 cells. We quantitated global abasic sites by using an 

aldehyde reactive probe-based colorimetric assay and observed increase in abasic sites in the 

genomic DNA in response to LAA and HU in these cells (fig. S4G).

After assessing global 5hmC increase on chromatin, we performed DNA fiber assays in 

KB2P1.21R2 and KB2P1.21 cells treated with LAA. RFs remained relatively protected in 

KB2P1.21R2 cells after HU treatment as well as after combined treatment with HU and 

LAA (Fig. 2C); whereas, as expected, the fork was degraded in KB2P1.21 cells upon HU 

treatment (Fig. 2D). However, unexpectedly, the extent of degradation in KB2P1.21 cells 

was significantly enhanced when HU treatment was combined with LAA (Fig. 2D). A 

similar effect on stalled RF degradation was observed in BRCA2-knockdown U2OS cells 

treated with HU or LAA (fig. S4, H and I). To rule out TET-independent effects of vitamin C 

on RF stability, we assessed the effect of combined treatment with HU and LAA in 

KB2P1.21-shTET2 and KB2P1.21-shTET3 cells. We found that the enhanced degradation 

seen in KB2P1.21-shControl cells was abrogated in KB2P1.21-shTET2 and KB2P1.21-

shTET3 cells (fig. S4J). This suggested that the enhanced RF degradation in response to 

LAA treatment was TET-dependent.

In contrast to KB2P1.21 cells (Fig. 2D), combined treatment of HU and LAA did not affect 

the stability of RF in BRCA2 proficient KB2P1.21R2 cells (Fig. 2C) as well as U2OS cells 

(fig. S5A). We hypothesized that the levels of 5hmC may not be high enough to cause fork 

degradation. We therefore enhanced 5hmC levels by TET2 overexpression. We transfected 

U2OS cells with WT TET2 or a catalytically deficient mutant of TET2 

(TET2H1304Y/D1306A) and quantitated global levels of 5mC and 5hmC (Fig. 2E and fig. S5, 

B and C). Overexpression WT TET2 resulted in a marked increase in 5hmC levels that was 

1.5- to 3-fold higher than that seen in LAA-treated U2OS cells (Fig. 2E). In contrast, U2OS 

cells expressing either vector (Fig. 2E) or TET2H1304Y/D1306A revealed no change in 5hmC 

levels (Fig. 2E). Unexpectedly, we found that WT TET2 overexpression significantly 

reduced stalled RF integrity even in the presence of functional BRCA2 (Fig. 2F and Fig. 

S5D). fExpression of vector and the catalytically deficient TET2 mutant had no effect on 

fork stability, consistent with lack of a significant change in 5hmC levels (Fig. 2, E and F; 

fig. S5, B and C).

Level of 5hmC increases at stalled replication forks

Our findings suggest that an increase in global 5hmC impacts stability of stalled forks. Next, 

we investigated whether fork instability correlated with 5hmC levels at the fork. To quantify 

5hmC levels on active replication forks, we performed a proximity ligation assay (PLA) 

(38). PLA is a technique used to detect the presence of two targets that are in close 
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proximity (<40nm) using primary antibodies specific to each target. Secondary antibodies 

conjugated with short DNA oligonucleotides probes are used to generate long DNA products 

by rolling circle amplification that can be visualized using fluorescent probes under a 

microscope. We labeled the RF in KB2P1.21R2 and KB2P1.21 cells with a short pulse of 

EdU and treated the cells with LAA and/or HU. Biotin was conjugated to EdU and 

antibodies against biotin and 5hmC were used to quantify 5hmC at the fork. Biotin/biotin 

PLA using two biotin antibodies was used as a control to assess EdU incorporation under 

different conditions. As expected, the number of biotin/biotin PLA foci remained constant 

even after LAA, HU or both treatments (Fig. 2G and fig. S5E). However, the increase in the 

number of 5hmC/biotin PLA foci both after HU treatment and HU in combination with 

LAA indicates the presence of 5hmC at stalled replication forks. It is evident that KB2P1.21 

cells have significantly higher 5hmC/biotin foci than KB2P1.21R2 cells (Fig. 2, G and H). 

These results clearly indicate that along with the global 5hmC increase, there is a significant 

increase in 5hmC at RF, which can cause degradation of stalled RF. Similar increase in 

5hmC at RF after HU and LAA treatment was also observed in U2OS cells with transient 

BRCA2 knockdown (fig. S5, F and H). Notably, global increase in 5hmC levels did not 

correlate with an increase in 5hmC levels at the fork after LAA or HU treatments in 

KB2P1.21R2, KB2P1.21 and U2OS cells. Global increase in 5hmC in response to LAA 

treatment was higher than that in response to HU (Fig. 2, A and B), whereas 5hmC increase 

at RF after HU treatment is higher than LAA treatment (Fig. 2H and fig. S5G). This 

suggests that TET2 might get recruited to RFs in response to HU treatment.

APE1 endonuclease causes 5hmC-mediated degradation of stalled replication forks

Our results demonstrate that increased levels of 5hmC causes degradation of stalled 

replication forks and it is independent of the BRCA2 status. MRE11 endonuclease is 

responsible for fork degradation in BRCA2-deficient cells. However, MRE11 knockdown 

did not rescue fork degradation caused by TET2 overexpression (Fig. 3, A and B), 

suggesting that some other endonuclease is responsible for the 5hmC-mediated fork 

degradation. To identify the nuclease responsible for 5hmC-mediated RF degradation, we 

knocked down the nucleases APE1 (apurinic/apyrimidinic endonuclease), APE2, CTIP, 

DNA2, EXO1, FAN1, MRE11 and MUS81 in U2OS cells. Only APE1 knockdown rescued 

TET2 overexpression-mediated RF degradation (Fig. 3A and fig. S6A). This result 

corroborated well with previous findings that APE1, which plays a key role in the BER 

pathway, is responsible for removal of 5hmC and conversion back to cytosine. We knocked 

down APE1 protein abundance using siRNA or inhibited its activity by using a competitive 

active site inhibitor (APE1 Inhibitor III, Millipore) in TET2-overexpressing U2OS cells and 

observed that each resulted in a significant protection of stalled RF (Fig. 3B and fig. S6B). 

Because APE1 is an essential component of the BER pathway, we tested whether the RF 

instability in cells overexpressing TET2 can be rescued by blocking the abasic sites. It has 

been reported that the chemical drug methoxyamine binds to abasic sites and masks it from 

processing by APE1 (39, 40). Indeed, methoxyamine treatment abrogated TET2 

overexpression-mediated fork degradation, similar to the protection observed after APE1 

inhibition/knockdown (Fig. 3B and fig. S6B). The protein HMCES (5-

hydroxymethylcytosine binding, ES cell-specific) has been implicated in the protection of 

abasic sites on single-stranded DNA (41). Notably, HMCES knockdown in U2OS cells also 
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degraded stalled forks, which was also rescued by APE1 knockdown or inhibition (Fig. 3C 

and fig. S6C).

Abasic sites are generated by DNA glycosylases by targeting primarily modified cytosine 

residues such as 5fC and 4caC (42). Notably, thymine DNA glycosylase (TDG) knockdown 

was reported previously to contribute to PARPi resistance in mESCs (43). Therefore, to 

understand the role of glycosylases in RF stability, we knocked down TDG in mESCs 

expressing the hypomorphic mutant of BRCA2 (BRCA2R2336H), cellsthat were used in our 

siRNA screen. We observed partial rescue of RF stability in HU-treated, TDG-knockdown 

cells compared to the treated control-transfected cells (Fig. 3D and fig. S6D). However, 

TDG knockdown completely rescued stalled RF degradation in cells treated with HU 

preceded by LAA treatment (Fig. 3D). Unexpectedly, TDG knockdown resulted in marginal 

RF protection in KB2P1.21 cells treated with HU subsequent to LAA (Fig. 3E and fig. S6E). 

We attributed this to functional redundancy of glycosylases. We examined the effect of 

single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1) glycosylase, 

which is also responsible for conversion of 5fC and 5caC to abasic sites (42). SMUG1 

knockdown resulted in significant protection of RF degradation after HU treatment (Fig. 

3E). Fork protection by combined knockdown of TDG and SMUG1 was not better than 

SMUG1 knockdown alone in the absence of LAA treatment (Fig. 3E). Notably, in response 

to LAA treatment, combined knockdown of the two glycosylases completely rescued RF 

degradation (Fig. 3E). We conclude from these findings that the presence of abasic sites can 

contribute to fork instability.

Our observation that TET-loss protects the forks raises the question of whether APE1 plays a 

physiological role in fork instability in BRCA2-deficent cells. To address this, we 

chemically inhibited APE1 in U2OS cells with transient knockdown of BRCA2 (Fig. 3F and 

fig. S6F). As expected, Mirin, which inhibits the exonuclease activity of MRE11, rescued 

RF degradation in BRCA2-knockdown cells after HU treatment (Fig 3F). We observed 

partial rescue of RF degradation when compared to untreated control with BRCA2 

knockdown (Fig. 3F). APE1 inhibition was able to rescue RF degradation completely in HU 

treated cells preceded by LAA. However, under similar conditions, MRE11 inhibition did 

not protect the forks suggesting that APE1 is solely responsible for RF degradation when 

5hmC levels are high at the forks (Fig. 3F). A similar level of RF stability was observed in 

KB2P1.21 (BRCA2-deficient) cells after inhibition of APE1 and MRE11 after treatment 

with HU and LAA (fig. S6G).

It was unclear whether the 5hmC on the parental strand or the nascent strand is responsible 

for fork degradation by APE1. Therefore, we tested the impact of blocking methylation of 

the nascent strand by transiently inhibiting DNMT1 with 2’ deoxy-5’azacytidine (DAC) 

only during the DNA fiber analysis(44) (Fig. 4A). This was based on our observation that 

DNMT1 knockdown mediated reduction in DNA methylation protects stalled RFs in TET2-

overexpressing U2OS cells (Fig. 4B). Unexpectedly, DAC-mediated inhibition of DNMT 

prevented the degradation of stalled RFs in TET2-overexpressing cells (Fig. 4B and fig. 

S7A), suggesting that nascent strand methylation contributes to fork degradation. To 

demonstrate that 5hmC, 5fC or 5caC on the nascent strand can degrade stalled forks, we 

treated BRCA2-proficient U2OS and KB2P1.21R2 cells with 2-deoxy-cytidine (cytidine), 2-
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deoxy-5-methyl-cytidine (5mC), 2-deoxy-5-hydroxymethyl-cytidine (5hmC), 2-deoxy-5-

formyl-cytidine (5fC) or 2-deoxy-5-carboxy-cytidine (5caC) along with CldU and IdU (each 

for 30 mins) during fiber assays. Incorporation of cytidine did not affect RF stability, but 

incorporation of modified cytidine residues resulted in RF degradation after HU treatment 

(Fig. 4C and fig. S7B). Furthermore, APE1 inhibition prevented RF degradation due to 

incorporation of these modified cytidine residues (Fig. 4C and fig. S7B). Together, these 

results clearly demonstrate that an increase in 5hmC, 5fC or 5caC in the nascent DNA strand 

can contribute to the degradation of stalled forks by APE1.

Finally, we examined whether an increase in 5hmC can contribute to genomic instability. We 

overexpressed TET2 in U2OS cells and examined the effect of inducing replicative stress. 

We observed a two-fold increase in chromosomal aberrations and radial structures as well as 

broken radials in HU-treated, TET2-overexpressing cells compared to HU-treated control 

cells (Fig. 5, A and B). Our findings demonstrate that an increase in TET2 levels results in 

genomic instability, suggesting that a reduction in TET2 levels or activity can contribute to 

the genomic integrity of cells under conditions of replicative stress.

DISCUSSION

DNA methylation is a well-known epigenetic mechanism of regulation of gene expression. 

Consequently, precise control of DNA methylation patterns is essential for normal growth 

and development. Whereas DNA methyltransferases (DNMTs) are essential for DNA 

methylation, the TET family of methylcytosine dioxygenases are considered to play a vital 

role in maintaining the fidelity of DNA methylation patterns by catalyzing DNA 

demethylation. TET proteins are known to play an important role in normal hematopoiesis 

and immune regulation (45, 46). Mutations in TET genes are frequently associated with 

hematopoietic malignancies (47). In this study, starting with a genome-wide siRNA-based 

screen, we identified that loss of TET proteins results in resistance to multiple PARP 

inhibitors as well as cisplatin in BRCA2-deficient cells. We uncovered their role in the 

stability of stalled replication forks by affecting the levels of 5hmC at the fork. Although 

fork degradation in BRCA2-deficient cells is primarily mediated by MRE11, APE1 may 

also have a physiological role in RF stability. This is supported by our observation that 

APE1 knockdown/inhibition contributes to the partial fork protection in BRCA2-deficient 

cells. Given the impact of TET proteins on the global gene expression, we cannot rule out 

the indirect effects of their loss on replication fork protection. However, based on our studies 

and published reports, we did not observe any significant change in the expression of any of 

the known key regulators of RF integrity (36). In contrast, we uncovered a direct correlation 

between 5hmC levels and fork stability. We have shown that increase in 5hmC/5fC/5caC 

renders stalled replication forks vulnerable to degradation by base excision repair associated 

APE1 endonuclease.

We propose that the nascent strands are methylated after replication by DNMTs. This is 

followed by sequential conversion of 5mC to 5hmC/5fC/5caC by TET proteins at stalled 

forks. These modified cytosine intermediates (5fC and 5caC) are processed by glycosylases 

resulting in generation of abasic sites (Fig. 5C). These abasic sites are excised by APE1 

endonuclease. It is known that in addition to its endonuclease activity, APE1 also possess 3’ 
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to 5’ exonuclease activity (48). Although the exonuclease activity has been reported to 

cleave a few bases in vitro after excising the abasic sites, it is possible that in vivo, APE1 

may have higher processivity at stalled forks (48, 49). We cannot rule out the possibility of 

an APE1-dependent recruitment of other exonucleases to the stalled RF that may also 

contribute to fork degradation. However, none of the other nucleases we tested had any 

effect on TET2-mediated instability of stalled forks. Excessive 5hmC-mediated fork 

degradation due to replicative stress induces genomic instability. We observed an increase in 

radial and radial break structures in metaphase spreads of TET2 overexpressing cells in 

response to HU treatment.

Because BER-mediated repair of 5hmC to cytosine does not require BRCA2, RAD51 or 

MRE11, an increase in 5hmC at stalled RF can cause fork instability even in BRCA2-

proficient cells. This also suggests that RF degradation by APE1 is independent of the 

classical model of fork protection, wherein stalled forks undergo a process called fork 

reversal and the recessed arms of reversed forks are loaded with RAD51, thereby conferring 

protection from nucleases, such as MRE11 (36). Our findings suggest that the 5hmC-

mediated degradation is an additional source of RF instability, which may not be significant 

under normal physiological conditions. However, when there is an increase in 5hmC at 

stalled forks (such as in response to DNA damage), APE1 has a substantial impact on fork 

integrity. This is supported by our observation that TET loss provides fork protection in 

BRCA2-deficient cells and causes PARPi and cisplatin resistance (diagrammed in Fig. 5D).

Given the overall low levels of 5hmC in the genome, it is remarkable that it has a significant 

effect on the fork integrity. To reconcile these observations, we postulate that along with a 

global increase in 5hmC in response to DNA damage or increase in TET activity, there must 

be a targeted increase at the fork as well. This is supported by our PLA-based experiments, 

which revealed a significant increase in 5hmC localized at RFs after HU treatment. How 

TET2 is recruited to the stalled forks is unknown. In spite of a clear increase in 5hmC at the 

fork, we were not successful in detecting TET2 at stalled RFs by PLA. Mass-spectrometric 

analysis of proteins at stalled forks have also not detected TET proteins at the fork (35). It is 

possible that this is due to the transient nature of its recruitment to the fork.

The effect of 5hmC on fork instability is dependent on the generation of abasic sites, the 

target of APE1 endonuclease. 5hmC is not the only source of generation of abasic sites. In 

fact, up to 10,000 abasic sites are generated in mammalian cells per day, making them the 

most common DNA lesions (50). Some of the most common sources of abasic site are 

spontaneous hydrolysis of the N-glycoside bond and DNA glycosylase-mediated removal of 

DNA bases damaged due to oxidative stress or exposure to X-ray and UV irradiation. 

HMCES (also known as SRAP1) has been reported to bind to abasic sites and suppress 

genomic instability in cells (41). We have demonstrated here that if spontaneously generated 

abasic sites are left unprotected by HMCES knockdown, stalled forks are targeted for 

degradation by APE1. Although HMCES was reported to protect the abasic sites on ssDNA, 

because it interacts with PCNA and is localized to the replication forks it may protect abasic 

sites also at the fork (41). In the absence of HMCES, we predict that the abasic sites are 

targeted by APE1 and contribute to fork degradation just like they do when 5hmC, 5fC or 

5caC levels are increased at the fork. Instability of stalled forks in HMCES-deficient cells 
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can be suppressed by APE1 knockdown, demonstrating a broader physiological role of BER 

in fork stability. Interestingly, a previous study reported TDG loss to contribute to resistance 

to olaparib resistance (43). Because PARP1 associates with abasic sites, it is possible that 

PARP1 trapping may be affected and that may contribute to PARPi resistance (51). The 

study ruled out that TDG loss affected PARP1 trapping in response to PARPi treatment, but 

the precise mechanism remained unknown (43). We believe that TDG loss may suppress 

formation of abasic sites, which may contribute to fork protection and olaparib resistance.

Our findings on the impact of TET proteins on PARPi resistance may have broader clinical 

implications. It was recently reported that hypoxia reduces TET activity and 5hmC levels in 

tumor microenvironment (52). Tumor-associated hypoxia contributes to resistance to both 

chemo- and radiation-therapy because of its effect on a number of biological processes (53, 

54). Future studies will focus on exploring the possibility of enhancing TET activity or 

5hmC levels as a means to restore tumor sensitivity to chemotherapy.

MATERIALS AND METHODS

Plasmids, Antibodies and Reagents.

pCDNA3-Flag-mTET2 plasmid expressing wildtype mouse TET2 was purchased from 

Addgene (#89735). pCDNA3-Flag-mTET2 catalytic domain-catalytic dead mutant 

expressing TET2 with H1304Y-D1306A mutations was purchased from Addgene (#72220). 

The full-length TET2 catalytic-dead mutant construct was generated by cloning missing N-

terminal region from wildtype plasmid (#89735) into (#72220) plasmid using Fse1 and NotI 
restriction sites. The pCDNA3.1+ (Invitrogen) vector was used as vector control. 

Immunofluorescence (IF), Western blotting (WB), DNA fiber assays, and proximity ligation 

assays (PLA) used the following antibodies: BRCA2 (A303–434A; Bethyl Laboratories, 

1:2000 dilution for WB), TET1 (09–872; EMD-Millipore, 1:1000 dilution for WB), TET2 

(45010S; Cell Signaling Technology, 1:1000 dilution for WB), actin (I-19: sc-1616; Santa 

Cruz Biotechnology, 1:10000 dilution for WB), MRE11 (a kind gift from Andre 

Nussenzweig, NCI-Bethesda, NIH; 1:20000 dilution for WB), HMCES (PA5–60876; 

Invitrogen, 1:5000 dilution for WB), APE1 (ab92744;Abcam, 1:5000 dilution for WB), 

PARP1 (9542S; Cell Signaling Technology, 1:2000 dilution for WB), CHD4 (ab74603; 

Abcam, 1:1000 dilution for WB), PTIP (a kind gift from Andre Nussenzweig, NCI-

Bethesda, NIH; 1:2500 dilution for WB), GAPDH (sc-32233, Santa Cruz Biotechnology, 

1:2000 dilution for WB), FLAG (F3165; Sigma, 1:5000 dilution for WB), RAD51 (PC130; 

Calbiochem, 1:2000 dilution for WB; 1:500 dilution for IF), γH2AX (07–164; Upstate, 

1:500 dilution for IF), 5hmC (39769; Active Motif, 1:500 dilution for PLA), biotin 

(200-;002-211, mouse; BD Biosciences, 1:500 dilution for PLA; A150–109A, rabbit, 1:500 

dilution for PLA), CldU (ab6326; Abcam, 1:500 dilution for DNA fiber assays), IdU 

(347580; BD Biosciences, 1:500 dilution for DNA fiber assays). The following chemicals 

were purchased: Olaparib (AZD2281, S1060; Selleckchem), hydroxyurea (HU; H8627; 

Sigma), L-ascorbate (LAA, A7631; Sigma), APE1 Inhibitor (APE1 Inhibitor III, 262017; 

Calbiochem), methoxyamine (MX, 226904; Sigma), Mirin (M9948; Sigma), 2-deoxy-5-aza-

cytidine (A3656; Sigma), 5-(hydroxymethyl)-2’-deoxycytidine (H946630; Toronto Research 

Chemicals), 5-methyl-2’-deoxy cytidine (M295900; Toronto Research Chemicals), 2’-
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deoxycytidine-5-carboxylic acid, sodium salt (PY7593; Berry and Associates), 5-formyl-2’-

deoxycytidine (PY7589; Berry and Associates), 2′-deoxycytidine (D3897; Sigma). veliparib 

(S1004; Selleck Chemicals LLC), talazoparib (S7048; Selleck Chemicals LLC).

Genome-wide siRNA library screening.

Transfections were performed in 384 well plates (Corning 3707). Plates were coated with 

0.1% gelatin in H2O overnight at ambient temperature. Gelatin solution was aspirated 

(BioTek EL406) and siRNAs were printed using a Bravo VPrep liquid handler integrated 

within a BioCel automation platform (Agilent). Cell viability was measured using CellTiter 

Glo (Promega). For transfections, 20 μL of serum free media containing Lipofectamine 

RNAiMax (0.1 μL) was added to wells containing siRNA (0.8pmol). Lipid and siRNA were 

allowed to complex for 45 min at ambient temperature before addition of 1000 cells in 

DMEM, 30% FBS to yield final transfection mixtures containing 20 nM siRNA in DMEM, 

15% FBS. The screen was conducted using an Ambion (Thermo) Silencer Mouse Genome 

siRNA collection. The library targets 17,575 mouse genes with 3 siRNAs per gene. Olaparib 

was added 48 h post-transfection (500 nM) and viability (CellTiter Glo, Promega) was 

assayed 72 h later on a PerkinElmer Envision 2104 Multilabel plate reader. Ambion Silencer 

Select Negative Control #2 was incorporated on all screening plates (16 wells) and the 

median negative control value on each plate was used for normalization. An siRNA targeting 

Trp53 was used as a positive control (Ambion, catalog# 69843, target sequence 

AAGGAAAUUUGUAUCCCGAGU). This control yielded a median protective effect of 

~1.9 fold versus negative control throughout the screen. The median absolute deviation 

(MAD) based z-score was calculated for each siRNA (55). Genes were then ranked by 

taking the median value for all siRNAs tested against a given gene. Scores were also 

adjusted for seed-based off-target effects to help deprioritize likely false positives (56).

Stable and transient knockdown of proteins.

Lentiviral shRNA vector against mouse TET1 (shRNA1-TRCN0000341847, shRNA2-

TRCN0000341848), mouse TET2 (for mouse mammary tumor cells knockdown; shRNA1-

TRCN0000250896, shRNA2-TRCN0000250894; for mESC knockdown; shRNA1-

TRCN0000250892, shRNA2-TRCN0000250895), mouse TET3 (shRNA1-

TRCN0000376843, shRNA2-TRCN0000375394), mouse BRCA2 (shRNA1-

TRCN0000071009, shRNA2-TRCN0000071010, shRNA3-TRCN0000071011), human 

TET2 (shRNA1-TRCN0000144344, shRNA2-TRCN0000418976) and control shRNA 

(SHC202) were purchased from Sigma (MISSION shRNA). HEK293T cells were used for 

viral packaging. HEK293T cells were co-transfected with shRNA vector, pRSV-Rev, 

pMDLg-pRRE, and pHCMVG using FuGENE transfection reagent (E2311) from Promega. 

Packaging vectors were kind gifts from Dr. Steven Hou (NCI-Frederick, NIH). After 72 h 

transfection, the supernatant was collected and filtered 0.45 μm filter before being used for 

infecting either mESCs or BRCA2 deficient mouse mammary tumor cells KB2P1.21. After 

48 h infection, cells were subjected to 3 μg/ml puromycin selection for 5 days and 

puromycin-resistant cells were pooled and used further. Transient knockdown of mentioned 

proteins was carried out by siRNA transfection using Lipofectamine RNAiMAX transfection 

reagent (Life Technologies). All siRNA was purchased as SMARTpool siGENOME 

category from Dharmacon. Mouse TET1 (L-062861-01-0005), Mouse TET2 
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(L-058965-00-0005), mouse TET3 (L-054156-01-0005), Mouse TDG (M-040666-01-0005), 

Mouse SMUG1 (M-041546-01-0005), Human HMCES1 (L-020333-02-0005), Human 

APE1 (L-010237-00-0005), Human MRE11 (L-009271-00-0005), Human DNMT1 

(M-004605-01-0005), Human APE2 (M-013730-00-0005), Human CTIP 

(M-011376-00-0005), Human DNA2 (M-026431-01-0005), Human EXO1 

(M-013120-00-0005), Human FAN1 (M-020327-01-0005), Human MUS81 

(M-016143-01-0005). siRNA transfections were performed using Lipofectamine 

RNAiMAX (Life Technologies) according to manufacturer’s protocol.

Cell culture, transfection and drug treatments.

All mESCs were cultured on top of mitotically inactive SNL feeder cells in M15 media 

(knockout DMEM media (Life Technologies) supplemented with 15% fetal bovine serum 

(FBS; Life Technologies), 0.00072% beta-mercaptoethanol, 100 U/ml penicillin, 100 μg/ml 

streptomycin, and 0.292 mg ml-1 L-glutamine) at 37 °C, 5% CO2. PL2F7 cells are 

derivatives from AB2.2 mouse embryonic stem cell line (57). PL2F7 cells expressing 

BRCA2 R2336H and Y3308X variants were generated by electroporating respective BACs 

in PL2F7 cells(31, 57). PL2F7-Brca2cko/ko;BRCA2(R2336H) cells express a conditional 

allele (cko) of Brca2 along with BRCA2(R2336H) hypomorphic allele but PL2F7-

Brca2ko/ko;BRCA2(R2336H) cells express only the hypomorphic allele. Mouse mammary 

tumor cell lines (KB2P1.21R2 and KB2P1.21) were cultured at 37 °C, 5% CO2, 3% O2 in 

DMEM/F-12 (Life Technologies) supplemented with 10% FBS, antibiotics. The human 

osteosarcoma cell line U2OS (obtained from American Type Culture Collection (ATCC), 

Rockville, MD) was cultured at 37 °C, 5% CO2 in DMEM/F-12 (Life Technologies) 

supplemented with 10% FBS, antibiotics. U2OS cells were transfected with indicated 

plasmids using Lipofectamine 2000 (Life Technologies) according to manufacturer’s 

protocol. MDA-MB-436 and MDA-MB-436-BRCA1ko cells were kind gift from Neil 

Johnson. These cells were cultured in RPMI1640 media (Life Technologies) supplemented 

with 10% FBS, antibiotics. Combined treatments for LAA and HU treatments were given 

sequentially. Cells were treated with 250 μM of LAA for 72 hrs. followed by 4mM HU 

treatment for 3 hrs. APE1 Inhibitor (600 nM) and MX (50 μM) treatments were given in 

combination with HU. EdU labelling for proximity ligation assay was performed at 125 μM 

for 8 mins. 2-deoxy-5-aza-cytidine (DAC) treatment (1μM) was given along with CldU-IdU-

HU during fiber assay. 5-Hydroxymethyl-2’-deoxycytidine (5hmC), 5-Methyl-2’-deoxy 

Cytidine (5mC), 2’-Deoxycytidine-5-carboxylic acid, sodium salt (5aC), 5-Formyl-2’-

deoxycytidine, 2′-Deoxycytidine (Cytidine) treatments were given in combination with 

CldU and IdU treatments for 30 mins during DNA fiber assay.

XTT-based cell survival.

Sensitivity of mESC to olaparib was performed by plating 10,000 ES cells per well in 

gelatinized 96-well plates in three replicas. The next day, cells were treated with M15 

medium containing different concentrations of olaparib . After 48 hours, cell viability was 

measure by XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-

tetrazolium hydroxide) assay as described previously (58).
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Clonogenic survival assay.

Cells were seeded at 5,000 per well into 6-well plates and continuously treated with the 

PARP inhibitor at mentioned concentrations. Colony forming units were stained 14 days 

after treatment using 0.5% (w/v) crystal violet in methanol. Cell count was performed for 

0.1 μM concentration of olaparib, where cells were at 10000 per well in 12 well plate in 

triplicate. After 14 days on olaparib treatment, cells were trypsinized, harvested, and counted 

using Beckman coulter counter. Cell survival was estimated by normalizing all values to 

values from respective DMSO treated wells. Each well was counted thrice, and the average 

was taken. For each time point, an average of three independent wells was plotted.

DNA fiber assay.

Cells were sequentially treated with 8 μg/ml CldU for 30 min followed by 90 μg/ml IdU for 

30 min followed by 4 mM HU for 3 hr. Post drug treatments cells were trypsinized and 

resuspended at approximate concentration of 3 × 105 cells in PBS. 5 μl of cells were mixed 

with 15 μl lysis buffer (200 mM Tris-HCl (pH 7.4), 50 mM EDTA, 0.5% SDS) on glass 

slides and incubated at room temperature for 8 min before DNA fiber was spread. Fibers 

were then fixed in methanol and acetic acid (3:1) at 4 °C overnight, rehydrated by PBS 

followed by denaturation in 2.5 M HCl for 1 h. After rinsing away HCl by PBS, slides were 

then blocked in PBS with 5% bovine serum albumin (BSA) for 40 min and incubated with 

anti-BrdU antibody (mouse, #347580, Becton Dickinson, 1:250 dilution) and anti-BrdU 

antibody (rat, ab6326, Abcam, 1:500 dilution) for 2 hr at room temperature. Slides were 

rinsed with PBS with 0.1% Tween-20 (PBST) and incubated with AlexaFluor488-

conjugated anti-mouse IgG secondary antibody and AlexaFluor594-conjugated anti-rat IgG 

secondary antibody for 1 h at room temperature. After rinsing with PBST, the slides were 

mounted by mounting media (Prolong Gold, Invitrogen). the images were captured in Zeiss 

Axio Imager Z1 microscope and the fiber length was measured by ImageJ software (NIH). 

All DNA fiber analysis were performed blindly. All siRNA mediated knockdown of proteins 

associated with DNA fiber assay were carried out for 48 hrs followed by drug treatments, 

except LAA treatment. LAA treatment (250 μM, 72 hrs) were initiated 24 hrs after siRNA 

transfection. APE1 Inhibitor (600 nM), mirin (100 μM), methoxyamine (50 μM) treatments 

were given along with HU treatment (4mM, 3 hrs). 2-deoxy-5-aza-cytidine (DAC) 5-

(hydroxymethyl)-2’-deoxycytidine (5hmC), 5-methyl-2’-deoxy cytidine (5mC), 2’-

deoxycytidine-5-carboxylic acid (5caC), 5-formyl-2’-deoxycytidine (5fC), 2′-deoxycytidine 

(Cytidine) treatment was given at 1μM concentrations along with CldU (30 mins) and IdU 

(30 mins) treatments. All experiments were performed at least twice and in several cases 3 

times to verify the results.

Immunofluorescence and Proximity Ligation Assay (PLA).

For immunofluorescence, cells were fixed with 4% paraformaldehyde for 10 mins, 

permeabilized by 0.25% Triton X-100 for 10 mins and blocked with 3% BSA for 1 hr. Cells 

were incubated with the indicated primary antibodies at 4 °C overnight. After washing four 

times with PBST, cells were incubated with AlexaFluo488-conjugated anti-rabbit IgG 

antibody and AlexaFluo568-conjugated anti-mouse IgG antibody (Life Technologies) at 
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room temperature for 2 h. Nucleus was counterstained by 4,6-diamidino-2-phenylindole. 

Images were taken on Zeiss LSM 510 confocal microscope.

Proximity Ligation Assay.

Cells were treated with EdU for 20 min at 125 μM, followed by either 4 mM HU treatment 

for 4 hrs. or were left untreated. Then cells were fixed with 4% paraformaldehyde for 10 

mins, followed by DNA denaturation with 2mM HCl for 10 mins, then K2BrO7 treatment at 

0.1 mM for 10 mins. Cells were washed with PBS and then permeabilized with 0.25% 

Triton X-100 for 20 mins. Replication fork in cells labelled with EdU were tagged with 

Biotin using Click reaction buffer prepared in 1X PBS (10mM sodium-L-ascorbate, 20 mM 

biotin azide (Life Technologies) and 2mM CuSO4) at room temperature for 30 mins. Then 

cells were washed with PBS and blocked with Duolink blocking buffer at room temperature 

for 1 hr. Cells were then stained with either 5hmC (rabbit)-biotin (mouse) or biotin (mouse)-

biotin (rabbit) antibody pair at 4°C overnight. Afterwards, in situ proximity ligation assay 

was performed using the Duolink Detection Kit (Sigma Aldrich Duolink). Briefly, anti-

Mouse PLUS and anti-Rabbit MINUS oligonucleotide labelled secondary antibodies (PLA 

probes) were bound to primary antibodies during a 60 min reaction at 37 °C; then PLA 

probe-coupled oligonucleotides were ligated during a 30 min reaction performed at 37 °C. 

An amplification reaction was performed for 140 min at 37 °C to allow generation of a 

fluorescent signal (PLA signal) at sites where two oligonucleotide probes were ligated. 

Nuclear PLA foci was imaged by using a Zeiss LSM 510 confocal microscope.

Southern blot.

Electrophoresis was performed on EcoRV-digested DNA on 1% agarose gel in 1X TBE 

(0.1M Tris, 0.1M boric acid and 2mM EDTA, pH 8.0) and transferred to nylon membrane. 

[α−32P]-dCTP labelled radioactive DNA probe that distinguishes conditional Brca2 allele 

(cko-Brca2, 4.8 kb) and Brca2 knockout allele (ko-Brca2, 2.2 kb)20 was hybridized with 

Hybond-N+ nylon membrane (GE Healthcare) at 65 °C overnight. Membrane was washed 

twice with saline sodium citrate phosphate (SSCP) buffer containing 0.1% SDS and exposed 

in phosphor image screen overnight and subsequently developed in Typhoon image scanner.

Growth analysis of TET2 knockdown cells.

A total of 10,000 cells were seeded in triplicate for each cell line in a 12 well plate. At 

indicated time points, cells were trypsinized, harvested, and counted using Beckman coulter 

counter. Fold growth was estimated by dividing the cell number at a particular time point by 

the cell number at the time of seeding (Day 0). Each well was counted thrice, and the 

average was taken. For each time point, an average of three independent wells was plotted.

Karyotyping of U2OS cells.

U2OS cells post transient expression of TET2 and hydroxyurea treatment were arrested by 

incubation with Colcemid (10 mg/ml) (KaryoMax Colcemid Solution, Invitrogen, Carlsbad, 

Calif., USA) 3 hr before harvest to prepare metaphase spread. Cells were collected and 

treated with hypotonic solution (KCl 0.075 M) for 15 min at 37 °C and fixed with 
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methanol:acetic acid 3:1. Slides were prepared, and chromosomal aberrations were 

analyzed.

Quantitative PCR.

qPCR to determine TET2, TET3, ABCB1α, ABCB1β, DNMT1 and BRCA2 mRNA levels 

in mentioned cell line was performed by using iTaq Universal SYBR Green Supermix (Bio-

Rad). qPCR reaction was run on Mx3000P qPCR system (Agilent Technologies).

TET2 mRNA expression levels in human breast cancer data sets.

Kaplan-Meier graph was plotted using breast cancer data set from The Cancer Genome 

Atlas. Prognosis levels of breast cancer patients was classified on basis of high or low 

expression of TET2 mRNA.

Mass spectrometry-based quantitation of cytosine, 5mC and 5hmC.

Genomic DNA was isolated by Phenol:chloroform method. 5 μg of genomic DNA was 

digested to nucleoside level by using Nucleoside digestion mix (M0649S; NEB). Mass 

spectrometry-based quantitation of cytosine, 5mC and 5hmC was performed as described 

(59, 60). Briefly, Cytosine, 5mC, 5hmC were quantitated using a Thermo Vanquish UHPLC 

coupled to a Thermo TSQ-Altis tandem mass spectrometer through an electrospray ion 

source operating in positive ion mode at 3.5kV. Stock standard solutions were prepared in 

deionized water at a concentration of 1 mmol/L each. Calibration standard mixtures were 

prepared at concentrations between 1.0–250umol/L for dC, 0.04–10 umol/L for mdC, and 

0.002–0.5 umol/L for hmdC. Linear calibration plots were prepared using concentration 

versus peak area integration (zero intercept) with a R2 greater than 0.999. By comparing the 

internal standard normalized peak areas in the digest sample to the corresponding retention 

times from the calibration standards, the micromolar concentrations of the nucleosides were 

determined against the standard curve. The molar ratio as a percent was then calculated as 

follows:

Mol% hmdC = hmdC / dC + mdC + hmdC × 100

Growth analysis of TET2-knockdown cells.

A total of 10,000 cells were seeded in triplicate for each cell line in a 12-well plate. At 

indicated time points, cells were trypsinized, harvested, and counted using Beckman coulter 

counter. Fold growth was estimated by dividing the cell number at a particular time point by 

the cell number at the time of seeding (day 0). Each well was counted thrice, and the average 

was taken. For each time point, an average of three independent wells was plotted.

Allograft assay for olaparib resistance.

BRCA2-deficient mouse mammary tumor cell lines (KB2P1.21)-transfected with a TET2-

targeted shRNA or control shRNA were injected into 6- to 8-week-old male athymic nude 

mice at a concentration of 2×106 cells /200μl L15 media (KB2P1.21-shControl DMSO n=7 

mice; KB2P1.21 shControl olaparib, n=8; KB2P1.21 shTET2 DMSO, n=10; KB2P1.21 

shTET2 olaparib, n=10). No selection criteria were used for selecting the mice for each 
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group. One week after implantation, mice were intraperitoneally injected either with 

olaparib (60mg/kg) in 20μl of DMSO or equal volume of DMSO alone as vehicle control, 

daily for 4 weeks. Tumor growth (volume, mm3) was measured once every week for the 

subsequent 6 weeks, calculated as a product of (length × width2)/2. Mice were maintained 

according to the procedures outlined in the Guide for the Care and Use of Laboratory 

Animals, under an approved Animal Care and Use Committee (ACUC) protocol.

Abasic site quantitation.

Genomic DNA was purified by phenol:chloroform extraction method and resuspended in 

H2O. Abasic site quantitation was carried using DNA Damage Quantification Kit-AP Site 

Counting Kit (DK02–12, Dojindo Molecular Technologies, Inc.). Abasic site quantitation 

was carried as per manufacturer’s protocol.

Statistics.

Statistics was performed by two-tailed t-test, Mann-Whitney test. All error bars represent 

standard deviation. P<0.05 was considered statistically significant: ns P≥0.05, * P ≤0.05, ** 

P ≤ 0.01, *** P≤0.001, and **** P≤0.0001. No statistical methods or criteria were used to 

estimate sample size or to include or exclude samples. The investigators were not blinded to 

the group allocation during the experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of TET confers drug resistance to PARPi and cisplatin and restores RF stability in 
BRCA2-deficient cells.
(A) Viability of the indicated control or TET2-knockdown PL2F7-

Brca2ko/ko;BRCA2(R2336H) and PL2F7-Brca2cko/ko;BRCA2(R2336H) mES cells to 

increasing concentrations of olaparib (DMSO, 0.01, 0.1, 1, 10μM), as measured by the XTT 

assay for 96 hours. Values were normalized to a respective DMSO-treated control. Data are 

mean ± SD of technical triplicates from 2 independent experiments. (B) Clonogenic survival 

assay was performed for 14 days in KB2P1.21-shControl, KB2P1.21-shTET2 and 

KB2P1.21-shTET3 cells (both with each of two shRNAs) treated with increasing 

concentrations of olaparib (DMSO, 0.01, 0.5, 0.1, 0.5, or 1 μM). Images are representative 

of 3 independent experiments. (C) Quantification of viability was assessed by 
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hemocytometer in KB2P1.21-shTET2 and KB2P1.21-shTET3 cells treated with olaparib 

(0.1 μM), cisplatin (0.1 μM), veliparib (0.1 μM) and talazoparib (1 nM) for 14 days. Values 

are normalized to a respective DMSO-treated control, and calculated relative to 

KB2P1.21R2 cells treated with the respective drug. Below, table lists P-value thresholds for 

the indicated comparisons, by paired t-test: * P ≤0.05, ** P ≤ 0.01, *** P≤0.001, and **** 

P≤0.0001. Graph data are mean ± SD of technical triplicate from 2 independent 

experiments. (D) As described in (B), in cells treated with increasing concentrations of 

cisplatin. (E) Growth of allografted KB2P1.21-shControl (top; n = 7 and 8 mice) and 

KB2P1.21-shTET2 (bottom; n = 10 mice) cells in athymic nude mice treated with DMSO 

control or olaparib. (F and G) Scatter plot of the ratio of IdU:CldU DNA fibers [green:red in 

representative images, (G)] upon HU treatment (4 mM for 3 hours) in the indicated cell 

lines. N = 4 experiments, ~150 DNA fibers. Data in (E and F) are mean ± SD; ns P≥0.05, ** 

P ≤ 0.01, *** P≤0.001, and **** P≤0.0001, by ANOVA (E) or Mann-Whitney test (F).
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Figure 2. Increase in 5hmC at RFs is correlated with fork degradation.
(A and B) Mass spectrometry-based quantitation of 5hmC levels, as a ratio to that of 

cytosine, in (A) mouse mammary tumor cells KB2P1.21R2 (BRCA2-proficient) and 

KB2P1.21 (BRCA2-deficient) and (B) U2OS cells after transient knockdown of BRCA2, 

each upon treatment with L-ascorbic acid (LAA; 250 μM, 72 hours), HU (4mM, 3 hours), or 

both. (C and D) Scatter plot showing ratio of IdU:CldU DNA fibers in KB2P1.21R2 (C) and 

KB2P1.21 (D) cells upon treatment with HU, LAA or both. (E) Mass spectrometry-based 

quantitation of 5hmC levels, as a ratio to that of cytosine, in U2OS cells treated with DMSO 

or LAA, each with or without HU, and in U2OS cells after transient overexpression of wild-

type (WT) or catalytically deficient (CD) TET2 (or empty vector), either untreated or treated 

with HU. (F) Scatter plot showing ratio of IdU:CldU DNA fibers in U2OS cells after 

transient expression of vector or wild-type (WT) or catalytically deficient (CD) TET2 

followed by treatment with HU. (G and H) Representative images (G) and quantiation (H) 

of proximity ligation assays in EdU-biotin-labeled KB2P1.21R2 and KB2P1.21 cells using 

5hmC and biotin antibodies in DMSO-treated cells or those treated with HU, LAA, or both. 

Scale bar, 5 μm. Biotin/biotin PLA using two distinct biotin antibodies served as an internal 

control for EdU incorporation. Data are mean ± SD from n = 2 (C, D, and H) or 3 (F) 

experiments, or from 2 experiments each in triplicate (A, B, and E); in each, N = ~150 DNA 

fibers. ns P ≥ 0.05, * P ≤ 0.05, ** P ≤ 0.01, and **** P ≤ 0.0001 by Mann-Whitney test.
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Figure 3. The endonuclease APE1 promotes 5hmC mediated degradation of stalled RFs.
(A to F) Scatter plots showing ratio of IdU:CldU DNA fibers in U2OS cells (A to C, and F), 

PL2F7-Brca2ko/ko;BRCA2(R2336H) cells (D), and KB2P1.21 cells (E) after the indicated 

treatment with drugs and/or inhibitor (Inh), after transfection with the indicated expression 

vector and/or siRNA (si-). MX, methoxyamine (50 μM). Data are mean ± SD from n = 2 (A, 

D to F) or 3 (B and C) experiments, each N = ~150 DNA fibers. ns P≥0.05, * P ≤0.05, ** P ≤ 

0.01, ***P≤0.001, and **** P≤0.0001 by Mann-Whitney test.
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Figure 4. 5hmC modification of nascent strand causes degradation of stalled replication forks.
(A) Schematic of the hypothesis that inhibiting DNMT1-mediated methylation of DNA in 

replication forks with 2-deoxy-5-aza-cytidine (DAC) during DNA fiber analysis will inhibit 

methylation of nascent DNA strand. (B) Scatter plot of the ratio of IdU:CldU (green:red) in 

DNA fibers of U2OS cells after TET2 overexpression and DNMT1 knockdown or its 

inhibition by DAC and in response to either DMSO or HU. (C) Scatter plots showing ratio 

of IdU:CldU DNA fibers in U2OS cells after treatment with cytidine or modified cytidine 

residues (1 μM), in the presence of either DMSO, HU, or HU and APE1 inhibitor (600 nM). 

Data are mean ±SD from n = 2, N = ~150 DNA fibers. ns P≥0.05, and **** P≤0.0001 by 

Mann-Whitney test.
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Figure 5. Mechanism of 5hmC-mediated RF degradation.
(A and B) Quantification of chromosomal aberrations (A), such as radial structures (B), in 

30 randomly selected U2OS cells with and without TET2 overexpression and either 

untreated (UT) or treated with HU. Data are from a representative of 2 independent 

experiments. (C and D) Schematic representation of the proposed mechanism of 5hmC-

mediated, APE1-dependent degradation of stalled RFs (C) and the effects thereon of the 

presence or absence of BRCA2, the levels of TET2 expression or activity, and the level of 

5hmC (D).
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