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SUMMARY 

 

The first step in DNA double-strand break repair by homologous recombination 

(HR) is the formation of long 3’ single-stranded DNA (ssDNA) overhangs by a 

process termed end resection. While much focus has been given to the decision 

to initiate resection, we know little of the mechanisms by which cells regulate the 

ongoing formation of ssDNA tails. Here we report that DNA helicase B (HELB) 

underpins a feedback inhibition mechanism that curtails resection. HELB is 

recruited to ssDNA by interacting with RPA, and employs its 5’-3’ ssDNA 

translocase activity to inhibit EXO1 and BLM-DNA2, the nucleases catalyzing 

resection. HELB acts independently of 53BP1 and is exported from the nucleus 

as cells progress through S phase, concomitant with the up-regulation of 

resection. Consistent with its role as a resection antagonist, loss of HELB results 

in PARP inhibitor resistance in BRCA1-deficient tumor cells. We conclude that 

mammalian DNA end resection triggers its own inhibition via the recruitment of 

HELB.  
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INTRODUCTION 

The maintenance of genomic integrity necessitates a profound integration of 

DNA repair with the cell division cycle (Chapman et al., 2012; Symington and 

Gautier, 2011). In particular, the fidelity of DNA double-strand break (DSB) 

repair by HR depends on the presence of a sister chromatid produced by DNA 

replication, as it provides an ideal template for the HR reaction (Jasin and 

Rothstein, 2013). HR is thus suppressed during G1 and is activated as cells 

enter S phase. Cells remain HR-competent until they enter mitosis, a period in 

which DSB repair is suppressed for the benefit of accurate chromosome 

segregation (Orthwein et al., 2014).  

 The regulation of HR by the cell cycle depends in large part on the 

regulation of DNA end resection, as it is the initiating step in HR (Ferretti et al., 

2013). At most ends, CtIP triggers resection in collaboration with the MRE11-

RAD50-NBS1 (MRN) complex (Ferretti et al., 2013; Sartori et al., 2007; Shibata 

et al., 2014). The resulting short stretches of resected DNA inhibit end protection 

by the Ku heterodimer and are substrates for the EXO1 and BLM-DNA2 

nucleases, which produce the long tracts of ssDNA necessary for homology 

search and duplex invasion (Gravel et al., 2008; Mimitou and Symington, 2008, 

2009; Nimonkar et al., 2011; Zhu et al., 2008). Cyclin dependent kinases 

(CDKs), which drive cell cycle progression, provide a “go” signal for resection 

through the activation of CtIP (Huertas and Jackson, 2009; Polato et al., 2014; 

Yun and Hiom, 2009), Dna2 (in yeast) (Chen et al., 2011), EXO1 (Tomimatsu et 

al., 2014) and the MRN complex component NBS1 (Falck et al., 2012; Ferretti et 

al., 2013).  

 CDKs must also provide a one-two punch in favour of end resection by 

simultaneously relieving the inhibitory mechanisms that actively suppress 

resection in G1. One mechanism antagonized by CDKs is the end protection 

pathway controlled by 53BP1 and its interacting proteins RIF1 and PTIP 

(Bothmer et al., 2010; Callen et al., 2013; Chapman et al., 2013; Di Virgilio et al., 

2013; Escribano-Diaz et al., 2013; Feng et al., 2013; Zimmermann et al., 2013). 

MAD2L2/REV7 is also a participant in this pathway, likely acting downstream of 

RIF1 (Boersma et al., 2015; Xu et al., 2015). In G1, 53BP1 accumulates on the 

chromatin that surrounds DSB sites, where it recruits RIF1 to block the 
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accumulation of BRCA1, a positive regulator of resection (Panier and Durocher, 

2013; Zimmermann and de Lange, 2013). As cells enter S phase, CDKs 

promote the interaction of CtIP with BRCA1, resulting in the inhibition of RIF1 

accumulation at DSB sites (Chapman et al., 2013; Escribano-Diaz et al., 2013).  

 Given the magnitude of the activation, it seems unlikely that the 

antagonism of RIF1-dependent end-protection by CDKs is the only inhibitory 

mechanism that must be relieved to trigger long-range end resection. One 

under-explored avenue that might be fertile ground for regulatory inputs is the 

process of resection itself. As first remarked by Symington and Gautier (2010), it 

is unknown whether there exist mechanisms that curtail end resection after it is 

launched, but we surmised that such processes would represent an effective 

way to modulate resection. We reasoned that a negative feedback pathway 

underpinned by RPA would be an especially attractive means to control the 

formation of ssDNA, since accumulation of RPA at resected DSB sites 

correlates with end resection (Figure 1A). Here we report that the ATP-

dependent motor HELB (also known as HDHB or DNA Helicase B) is recruited 

to resected DNA ends by RPA to inhibit EXO1- and BLM-DNA2-dependent end 

resection in human and mouse cells. This novel regulatory mechanism operates 

independently of 53BP1/RIF1 and is deeply influenced by the rise of CDK 

activity as cells approach S phase. Indeed, HELB is exported from the nucleus 

in a CDK2-dependent manner as cells approach and progress through S phase, 

causing a drop in the nuclear concentration of HELB that we propose stimulates 

long-range resection. In line with a role as a physiological inhibitor of resection, 

loss of HELB partially restores HR in BRCA1-deficient mammary tumor cells and 

is associated with resistance to poly(ADP) ribose polymerase (PARP) inhibition 

in cell and allograft models. Our results thus indicate that the process of end 

resection can regulate itself through a feedback inhibition mechanism mediated 

by HELB.  

 

RESULTS 

HELB is an RPA-interacting protein that limits resection in human cells 

In order to identify RPA-dependent resection inhibitors, we first sought to identify 

high-confidence RPA-interacting proteins and then mine them for negative 
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regulators of end resection. We carried out immunoprecipitations (IPs) of all 

three RPA subunits followed by high-sensitivity mass spectrometry (MS). Briefly, 

each RPA subunit was tagged with the Flag epitope and stable HEK293-derived 

cell lines were generated using the Flp-In/T-REx system as previously described 

(O'Donnell et al., 2010). Twelve IP-MS experiments were carried out (3 

biological replicates for each of the RPA subunits and control cell lines) using 

extracts of cells treated with neocarzinostatin (NCS), a radiomimetic drug. The 

proteins were identified by MASCOT and then subjected to SAINT analysis 

(Choi et al., 2011) to identify high-confidence interactors for each RPA subunit 

(Figure 1B). 26 proteins were found to interact with two or all three RPA 

subunits (File S1) and this list comprised many known RPA interactors such as 

DNA polymerase α (POLA1/2, PRIM1/2) (Dornreiter et al., 1992), the Werner 

syndrome helicase (WRN) (Brosh et al., 2000), the SMARCAL1 helicase 

(Bansbach et al., 2009; Ciccia et al., 2009; Yuan et al., 2009; Yusufzai et al., 

2009) and the UNG glycosylase (Nagelhus et al., 1997). We also identified 

novel potential RPA interactors such as ETAA1 and ZUFSP (Figure 1B).  

Next, siRNA pools targeting 20 out of the 26 high-confidence RPA 

interactors (Table S1) were screened in two orthogonal assays that are 

responsive to changes in end resection. First, we monitored the formation of 

pRPA2 S4/S8 foci following NCS treatment, using high-content microscopy 

(Figure S1A). RPA2 Ser4/Ser8 phosphorylation occurs when RPA is bound to 

ssDNA at DNA damage sites (Marechal and Zou, 2014). RPA phosphorylation 

was assessed in a U2OS cell line carrying the FUCCI cell cycle reporter 

(Sakaue-Sawano et al., 2008), which enabled us to restrict our analysis to S/G2-

phase cells. In a second assay, we assessed DSB repair by HR using the DR-

GFP reporter (Pierce et al., 1999). As controls, along with a non-targeting 

siRNA, we used siRNAs against CtIP and RIF1 whose knockdown cause lower 

and higher levels of resection, respectively. When the average of two biological 

replicates were plotted in a 2D scatter plot, three siRNA pools led to increases in 

both assays that were equal or superior to the depletion of RIF1 (Figure 1C, 

primary data is found in Table S1). Those three siRNA pools targeted 

BRIP1/FANCJ, the alternative RFC subunit CHTF18, and HELB.  

Since BRIP1 is known to promote HR (Litman et al., 2005), the 
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phenotype observed was likely due to a siRNA off-target effect and BRIP1 was 

not followed up further. Of the remaining two candidates, we focused on 

characterizing HELB because its function in genome maintenance is much less 

understood. As a third assay, we assessed whether HELB depletion affected 

DSB repair by single-strand annealing (SSA) using the SA-GFP reporter (Gunn 

and Stark, 2012; Stark et al., 2004). SSA occurs when DNA end resection 

reveals complimentary DNA sequences that are annealed and processed to 

generate interstitial deletions (Aparicio et al., 2014). As it is a RAD51-

independent process, conditions that increase SSA and gene conversion (as in 

the DR-GFP assay) are strongly indicative of increased resection (Stark et al., 

2004). We found that the siRNA pool and 2 out of 4 siRNAs targeting HELB 

efficiently depleted the protein resulting in increased SSA by two-fold or more 

(Figure 1D and S1B). We then generated a HELB expression vector that 

produces an mRNA resistant to siRNA #2 and confirmed that the increase in 

gene conversion imparted by HELB depletion could be rescued by 

reintroduction of HELB, discarding the possibility that the increase in HR is due 

to an off-target effect (Figure 1E). Together, these results strongly suggest that 

HELB depletion causes an increase in resection. To further confirm this 

possibility, we analyzed RPA2 S4/S8 phosphorylation by immunoblotting (Figure 

1F and S1D) and RPA focus formation in response to NCS treatment (Figure 

S1C). In both cases, HELB depletion resulted in phenotypes consistent with 

increased resection. 

 

RPA recruits HELB to DSB sites 

HELB, schematically depicted in Figure 2A, also attracted our attention because 

it is a helicase of the SF1b family, indicating that HELB translocates on ssDNA 

in the 5’-3’ direction in an ATP-dependent manner (Singleton et al., 2007; 

Taneja et al., 2002). HELB binds to RPA directly (Guler et al., 2012) but a clear 

biological function for HELB remains unknown, although it has been proposed to 

act in promoting DNA replication (Gerhardt et al., 2015; Taneja et al., 2002), the 

recovery from DNA replication stress (Guler et al., 2012) or as a pro-

recombination factor (Liu et al., 2015). HELB is a putative ATM/ATR target 

(Matsuoka et al., 2007) along with being a cyclin-dependent kinase (CDK) 
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substrate (Gu et al., 2004; Spencer et al., 2013). The mapping of HELB-

interacting proteins by mass spectrometry confirmed its interaction with RPA, 

RPA-interacting proteins and CDK complexes (Figure 1B). 

HELB accumulates on chromatin in response to various types of 

genotoxic stress (Guler et al., 2012). This observation, coupled with the finding 

that HELB interacts with RPA, suggests that HELB may localize to DSB sites by 

contacting the RPA-ssDNA filament. In support of this possibility, we observed 

that GFP-tagged HELB accumulates at laser microirradiation-induced DSBs in 

U2OS cells, with a staining pattern that is completely coincident with that of RPA 

and that is dependent on CtIP (Figures 2B-D and S2A). Endogenous HELB also 

accumulates at laser microirradiation sites in a portion of primary murine 

embryonic fibroblasts (MEFs) (Figures 2E and S2B). We tested whether the 

recruitment of HELB to DSB sites required its ATP-dependent motor activity 

using GFP-HELB harbouring the K481A or E591Q mutations that disrupt the 

Walker A or B motifs, respectively (Taneja et al., 2002), or its interaction with 

RPA using the 3xA (Glu499A, Asp506A, Asp510A) mutant (Guler et al., 2012). 

We found that HELB recruitment to DSB sites was dependent on its interaction 

with RPA but independent of its catalytic activity (Figures 2FG and S2C-F).  

 

HELB limits BLM-DNA2- and EXO1-dependent end resection 

To further analyze the role of HELB in end resection we derived primary and 

3T3-immortalized MEFs from mice carrying a homozygous Helb deletion (the 

exact allele is Helbtm1(KOMP)Vlcg, which is referred to hereafter as Helb-; Figure 

S3A). Helb-/- mice are born at a normal Mendelian ratio (Figure S3BC and Table 

S2) and are fertile and phenotypically normal under unchallenged conditions. 

Immunoblotting of MEFs from a Helb+/- x Helb+/- cross confirmed that the 

knockout allele leads to a complete loss of the murine HELB protein (Figure 3A). 

 Analysis of SSA in wild type, Helb-/-, and HELB-complemented Helb-/- 

MEFs, using the traffic light reporter (TLR) system (Kuhar et al., 2014) indicated 

that HELB is also an SSA antagonist in mouse cells, consistent with a role as an 

inhibitor of DNA end resection (Figure 3B and Figure S3D). However, we failed 

to observe an increase in RPA phosphorylation following NCS treatment in Helb-

/- MEFs, despite being detectably increased in 53bp1-/- cells (Figure S3E). Since 
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this result was at odds with our SSA data and our results in human cells with 

siRNA-mediated depletion, we monitored the formation of ssDNA by quantitating 

5-bromo-2’-deoxyuridine (BrdU) levels under native conditions (Figure 3C) to 

have a more definitive view of resection in HELB-deficient animals. Using this 

more direct readout of ssDNA formation, we detected a robust increase in 

resection after NCS treatment in Helb-/- cells that was similar to the level 

observed in 53bp1-/- cells (Figure 3DE). This increase was not caused by a 

greater BrdU incorporation in the knockout MEFs (Figure 3D), nor was it due to 

a greater induction of DNA damage, as assessed by the neutral comet assay 

(Figure S3F) and γ-H2AX levels, or due to altered cell cycle phase distribution 

(Figure S3G). Critically, the increase in ssDNA observed in Helb-/- cells was 

entirely dependent on CtIP, indicating that the ssDNA signal detected was due 

to end resection (Figure 3F).  

 Next, we reintroduced untagged mouse HELB in Helb-/- MEFs using 

retroviral transduction. The wild type protein is able to restore end resection to 

the levels seen in Helb+/+ cells, confirming that loss of HELB increases resection 

(Figure 3G). We also transduced viruses expressing the following proteins: the 

catalytically inactive HELB K462A and E571Q mutants (equivalent to human 

K481A and E591Q, respectively), the RPA binding-defective 3xA mutant and a 

mutant based on the structure of RecD2 (Saikrishnan et al., 2009) that impairs 

ssDNA binding and helicase activities (N768A/N809A or 2NA; Figures S3HI). 

Each mutant was expressed (Figure S3J) and when assessed for ssDNA 

formation, we observed that HELB requires RPA- and ssDNA-binding as well as 

its catalytic activity to suppress end resection (Figures 3G and S3K).  

 Long-range resection is catalyzed by two redundant nucleases: EXO1 

and BLM-DNA2 (Gravel et al., 2008; Nimonkar et al., 2011). We therefore tested 

whether the increased resection observed in Helb-/- MEFs was due to the action 

either of these nucleases. We depleted EXO1 and BLM in Helb-/- cells alone or 

in combination (Figure S3L) and measured resection using the native BrdU 

assay. We found that depletion of EXO1 and BLM partially decreased resection 

in Helb-/- cells but the combined depletion of EXO1 and BLM completely 

suppressed resection in Helb-/- cells (Figure 3H). These results suggest that 

HELB antagonizes, directly or indirectly, the activity of EXO1 and BLM-DNA2 
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during resection.  

 

HELB inhibits end resection in vitro 

The above data suggest that HELB may be able to suppress resection 

irrespective of the nature of the nuclease. Helicases can act as molecular 

“cowcatchers” that displace DNA-bound proteins using their ATP-dependent 

motor activity. The prototypical cowcatcher helicase is Dda from T4 

bacteriophage, which like HELB, is a member of the SF1b family (Byrd and 

Raney, 2004). HELB displays cowcatcher activity, as detected by its ability to 

displace streptavidin from a 3’-biotinylated ssDNA oligonucleotide (Figure S4A). 

This result suggested that HELB might antagonize resection enzymes by 

translocating on ssDNA in the 5’-3’ direction. To test this possibility directly, we 

assessed whether HELB could limit DNA end resection of a radiolabeled 2.7 kb 

substrate, in vitro. We observed that HELB limits resection by the MRN-EXO1-

BLM and MRN-DNA2-BLM machineries in a manner that required the inclusion 

of RPA in the reaction (Figures 4AB and S4B-E). HELB-dependent inhibition of 

resection was greatest when the enzymes used were EXO1 in combination with 

MRN and BLM, perhaps because this complex had the highest nuclease activity 

under the conditions used in this assay (Figure 4AB). We assessed the ability of 

HELB to limit resection under conditions in which the MRN, DNA2-BLM and 

EXO1 nucleases were added together and found that HELB could suppress 

resection under those conditions in an RPA-dependent manner and in a manner 

that depended on its ability to bind ssDNA, hydrolyze ATP and bind to RPA, the 

activities needed to inhibit resection in vivo (Figures 4CD and S2C). HELB was 

unable to inhibit the flap endonuclease activity of DNA2, suggesting that it 

inhibits the BLM-DNA2 machine specifically (Figure S4F). Interestingly, end 

resection was never completely inhibited by HELB. This may either suggest that 

HELB modulates the efficiency of resection or it may simply reflect the 

requirement for RPA binding prior to the action of HELB on partially resected 

DNA.  

 

HELB does not regulate DSB repair pathway choice 

The inhibition of end resection by 53BP1, RIF1 and Ku is linked to their ability to 
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promote NHEJ (Aparicio et al., 2014; Chapman et al., 2012). We therefore 

assessed whether loss of HELB similarly impacts NHEJ. First, we tested 

whether Helb-deficient B cells undergo class switch recombination (CSR), the 

process by which the constant region of the immunoglobulin  (Ig) gene is 

rearranged to switch antibody isotype (Boboila et al., 2012). Splenic B cells were 

isolated from isogenic wild type, Helb-/- and 53bp1-/- mice, stimulated with 

interleukin-4 (IL-4) and lipopolysaccharides (LPS), and the IgM to IgG switching 

was determined by flow cytometry. We found that contrary to the case of cells 

isolated from 53bp1 knockout animals, which are severely impaired in CSR 

(Manis et al., 2004; Ward et al., 2004), loss of HELB did not result in a 

statistically significant change in CSR (Figure 5A), suggesting that HELB may 

not influence the choice between NHEJ and HR. In support of this possibility, 

HELB-deficient MEFs can form normal levels of IR-induced RIF1 foci (Figures 

5B and S4G). To probe this possibility further, we assessed NHEJ by a newly 

developed assay based on the recircularization of linear substrates (Waters et 

al., 2014). Helb-/- cells were as competent as their parental counterparts in this 

assay whereas Lig4-/- cells showed a markedly reduced efficiency (Figure 5C). 

We conclude from this data that HELB does not promote NHEJ. 

 

HELB mediates the cell cycle regulation of end resection 

The subcellular localization of HELB is controlled by the cell cycle (Gu et al., 

2004; Spencer et al., 2013). In early G1 cells, HELB is predominantly nuclear 

and as cells approach the G1/S transition, HELB is phosphorylated at its C-

terminus by CDK2, which results in its nuclear export, leaving only a fraction of 

HELB in the nucleus as S phase progresses (Guler et al., 2012). We observed 

this phenomenon by immunofluorescence of endogenous HELB in MEFs, where 

HELB loses its nuclear enrichment in cells that are undergoing DNA replication 

(Figure 6A and S5A). The cell cycle-dependent subcellular shuttling of HELB 

was puzzling at first since DNA end resection is restricted to the S/G2 phase of 

the cell cycle, i.e. at a time when HELB becomes cytoplasmic. We therefore 

tested whether forcing HELB in the nucleus could restore normal resection 

levels in Helb-/- cells. We found that introduction of mutations that disrupt the 

HELB nuclear export signal (NES) (V1029A, F1033A, M1036A, L1038A or 
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NESm) resulted in a partial nuclear enrichment in S phase cells (Figure 6B and 

S5B) that can potently suppress DNA end resection (Figure 6C) despite the 

NESm mutant being expressed at lower levels than the wild type protein (Figure 

S3J). Together, these results suggest that HELB acts in the nucleus to limit end 

resection.  

 The above results suggest that the nuclear export of HELB might be 

critical for the up-regulation of DNA end resection seen in S phase cells. If this 

model is correct, expression of the HELB-NESm protein should curtail the 

normal upregulation of resection upon S phase entry. Since the dynamic range 

of the native BrdU resection assay in wild type cells is small (Figure 3D), we 

assessed whether expression of HELB-NESm in 53bp1-/- cells suppressed its 

associated hyper-resection phenotype. Indeed, the HELB-NESm protein, but not 

its catalytically inactive K462A mutant, potently blocks the formation of ssDNA in 

53bp1-/- cells following NCS treatment (Figure 6D). Overexpression of the wild 

type protein could also dominantly suppress end resection in S/G2 cells (Figure 

6D), suggesting that resection is very sensitive to HELB dosage. These results 

also suggested that HELB and 53BP1 act in distinct pathways to curtail 

resection. To test this possibility directly, we generated Helb-/- 53bp1-/- MEFs 

and assessed end-resection following NCS treatment by the native BrdU assay. 

We observed that the combined loss of HELB and 53BP1 results in an additive 

increase in DNA end resection (Figures 6E and S5CD). Together, these results 

indicate that HELB acts independently of 53BP1 to suppress resection and 

suggest that the reduction in the nuclear abundance of HELB prior to S phase 

entry is critical for the activation of end resection during this stage of the cell 

cycle.  

 

Loss of HELB results in PARPi resistance in BRCA1-deficient cells 

Loss of 53BP1 rescues the lethality of BRCA1 deficiency and leads to PARP 

inhibitor (PARPi) resistance in cell and animal models, through the restoration of 

end resection and HR in those cells (Bouwman et al., 2010; Bunting et al., 2010; 

Cao et al., 2009; Jaspers et al., 2013). In a screen to identify other factors that 

promote PARPi sensitivity in BRCA1-deficient cells, the Amsterdam-based 

group independently identified murine HELB as being important to mediate the 
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cytotoxic effects of PARP inhibition in BRCA1-deficient mammary tumors. 

Indeed, in confirmation studies, HELB depletion by two short hairpin (sh) RNAs 

in two independent Brca1-/- p53-/- mouse mammary tumor cell lines (G3 and 

B11) (Jaspers et al., 2013) resulted in resistance to the PARP inhibitors olaparib 

and AZD2461 at two different concentrations (Figure S6A-C). Since hairpin #2 

targeted the 3’ UTR of murine Helb, we re-introduced HELB (as a fusion protein 

with GFP) in Brca1-/- p53-/- cells depleted of the endogenous HELB protein 

(Figure 7A). Some Brca1-/- p53-/- cell lines were rather depleted of 53BP1 or 

MAD2L2/REV7 for reasons that will be discussed below. When the subset of 

cell lines expressing shHelb were subjected to clonogenic survival assays with 

olaparib and AZD2461, we observed that the reintroduction of wild type HELB 

nearly completely restored the sensitivity of Brca1-/- p53-/- cells to PARP 

inhibition (Figure 7BC). The ability of HELB to re-sensitize cells to PARPi was 

dependent on its catalytic, DNA- and RPA-binding activities (Figure 7BC). 

Furthermore, expression of the NESm mutant hyper-sensitized cells to PARPi 

(Figure 7BC). The ability of HELB to sensitize BRCA1-deficient cells to PARPi 

closely mirrors its ability to suppress resection (compare Figures 7C and 3G). 

Indeed, treatment of both Brca1-/- p53-/- shHelb cell lines with two different ATM 

inhibitors, KU55933 and KU60019, reversed the resistance of these cells to 

PARPi (Figure S6D), reflecting the reduction in end-resection observed in Helb-/- 

MEFs treated with KU55933 (Figure S6E). Furthermore, ectopic expression of 

HELB in Brca1-/- p53-/- cells rendered resistant to PARPi treatment through 

depletion of MAD2L2/REV7 or 53BP1, restored PARPi sensitivity (Figure 7D 

and S6F). Collectively, our results strongly suggest that the regulation of 

resection by HELB modulates the cellular sensitivity of BRCA1-deficient cells to 

PARP inhibitors. 

In parallel to these studies, the Brca1-/- p53-/- tumor cell lines that either 

carried the control shRNA vector or a vector expressing an shRNA against 

HELB (shHelb-2) were injected into the fat pads of female mice. When tumors 

reached a volume of 200 mm3, mice were either left untreated or were treated 

with olaparib for 28 d, after which the mice were followed until the tumor 

relapsed to a volume of about 1500mm3. Tumor growth and survival were 

monitored. In the absence of olaparib treatment, tumor growth (Figure 7E, left 
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panel) and median time of survival was similar for control and HELB-depleted 

cells (7.5 d vs 11.5 d, respectively; Figure 7E, right panel). However, in mice 

grafted with HELB-depleted Brca1-null tumor cells, olaparib treatment only 

resulted in a minor reduction in tumor growth (Figure 7E, left panel) causing a 

striking reduction in the median survival time (28 d vs 49 d for control, p=0.0001; 

Figure 7E, right panel).  

The above results suggest that mechanistically, the increased resection 

caused by HELB depletion might restore HR in Brca1-null cells. Consistent with 

this possibility, loss of HELB restored RAD51 focus formation in Brca1-/- p53-/- 

cells (Figures 7F and S7A) to a magnitude that was similar to MAD2L2 depletion 

(Xu et al., 2015) (experiments done in identical conditions). This phenotype was 

recapitulated in human cells using siRNA depletion of BRCA1 and HELB (Figure 

S7BC). Together, these data strongly indicate that the ability of HELB to block 

end resection modifies the response of Brca1-deficient cells to PARP inhibition 

in vitro and in vivo. However, introduction of the Helb-/- mutation in the 

Brca1Δexon11/Δexon11 mouse background did not rescue the embryonic lethality of 

BRCA1 deficiency (Table S3), indicating that the reactivation of HR in BRCA1-

deficient cells is not as complete as what is observed following 53BP1 deletion.  

 

DISCUSSION 

Our results suggest that HELB mediates a negative feedback loop initiated by 

RPA-coated ssDNA that antagonizes the activity of the EXO1 and BLM-DNA2 

nucleases. Interestingly, this feedback mechanism is itself finely tuned by CDK 

activity through the modulation of HELB concentration within the nucleus, such 

that resection is suppressed in G1 and activated as cells enter S phase. As this 

pathway operates independently of the known end-protection systems that 

target the initiation of resection, mammalian cells may have evolved at least two 

distinct regulatory systems that limit ssDNA overhang formation: the first system 

is embodied by the Ku heterodimer and the 53BP1 pathway, which are critical 

for DSB repair pathway choice, and the second, reported here and mediated by 

HELB, which limits DNA end resection in an RPA-dependent manner. 

 Maintenance of HELB in the nucleus during S phase, either by impairing 

its nuclear export or through overexpression, results in a potent inhibitor of 
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resection that is even able to overcome the hyper-resection phenotype of 53bp1-

/- cells. As cells enter S phase, the decrease in nuclear HELB may be an 

important feature in the upregulation of end resection. While nuclear export is 

clearly an important mechanism of regulation, we noted that even in the NESm 

mutant, there was still some cell cycle regulation of HELB. This might be due to 

the modulation of nuclear import or might be an entirely different mode of 

regulation. For example, the interaction of HELB with the F-box protein SKP2, 

which forms along with SKP1, CUL1 and RBX1 an important cell cycle-regulated 

E3 ubiquitin ligase, hints that HELB nuclear levels might additionally be 

modulated through ubiquitin-mediated proteolytic degradation.  

Our genetic and biochemical dissection of HELB suggests that HELB is 

an ATP-driven motor that translocates on ssDNA in the 5’-3’ direction to inhibit 

the action of the BLM-DNA2 and EXO1 nucleases. The exact mechanism by 

which HELB acts remains to be determined and will likely require single-

molecule studies that track resection enzymes as well as HELB. Elegant single-

molecule studies with fission yeast Pfh1, another SF1b family helicase, have 

indicated that Pfh1 is anchored at 3’-tailed ssDNA-dsDNA junctions and 

employs the energy of ATP to periodically “reel” in the DNA tail (Zhou et al., 

2014). An analogous patrolling activity could endow HELB with the ability to 

remove proteins selectively at the site of resection and therefore represents an 

attractive model for HELB action. However, we note that we have so far failed to 

gain support for this model by monitoring the accumulation of EXO1 or BLM to 

laser microirradiation sites (not shown) and therefore this model should be 

considered entirely speculative and certainly does not exclude other models. For 

example, HELB could directly modulate the RPA-ssDNA complex in a manner 

that inhibits resection and that confounded our attempts to monitor end 

resection through monitoring RPA phosphorylation in MEFs.   

In addition to its role in resection, HELB will likely play a role in other 

processes by virtue of its strong interactions with RPA. In particular, HELB has 

been previously proposed to participate in various aspects of DNA replication 

(Gerhardt et al., 2015; Guler et al., 2012; Taneja et al., 2002). Unchallenged 

DNA replication in Helb-/- cells is normal, as measured by molecular combing of 

nascent DNA molecules (Figure S7DE). However we do detect a mild slowdown 
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of DNA replication fork rate during recovery from hydroxyurea treatment (Figure 

S7D). The nature of this slowdown is intriguing since fork asymmetry, an 

indicator of fork stalling, is not affected in Helb-/- cells (Figure S7E); and since 

HELB is not detected at distressed replication forks using iPOND (Dungrawala 

et al., 2015). This may suggest that the proposed function for HELB in the 

recovery from DNA replication stress is indirect. 

 Finally, our observations that HELB depletion can cause PARPi 

resistance in BRCA1-deficient cells has a number of implications for our 

understanding of HR and the development of PARP inhibitors. First, as 53BP1 

promotes both NHEJ and end protection, it had been difficult to untangle which 

activity of 53BP1 is required to promote PARPi sensitivity in BRCA1-deficient 

cells. On the one hand, inhibition of ATM in 53bp1-/- Brca1Δ11/Δ11 blocks end 

resection and restores PARPi resistance (Bunting et al., 2010), pointing to 

limited resection as a key factor in modulating the response of BRCA1-deficient 

cells to PARPi. In contrast, recent work on PTIP, another 53BP1-interacting 

protein, suggested that increased resection alone could not account for 

restoration of HR in cells with mutated BRCA1 (Callen et al., 2013). Since HELB 

is not involved in DSB repair pathway choice and appears dedicated to limiting 

ATM-dependent end resection, our finding that HELB depletion promotes 

resistance of Brca1-/- p53-/- cells to PARP inhibition suggests that increasing the 

extent of resection alone, without impacting NHEJ, is sufficient to activate 

BRCA1-independent HR.  

 

EXPERIMENTAL PROCEDURES 

 

Cell culture and treatments 

HEK293 and HeLa cells were grown in DMEM medium supplemented with 10% 

fetal bovine serum (FBS) and 2 mM L-alanyl-L-glutamine. U2OS cells were 

grown in McCoy’s medium supplemented with 10% FBS. The inducible HELB 

expression cell lines HEK293 Flag-HELB (used for immunoprecipitation-mass 

spectrometry) and U2OS GFP-HELB (used for laser microirradiation) were 

generated using the Flp-In TREx system (Invitrogen). Mouse embryonic 

fibroblasts (MEFs) were derived from embryos at 13.5 days post-coitum. MEFs 
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were grown in DMEM medium supplemented with 10% FBS, 2 mM L-alanyl-L-

glutamine, 1% MEM non-essential amino acids, 1mM sodium pyruvate, 100 

U/ml penicillin, and 100 μg/ml streptomycin. For expression of pMX-HELB-IRES-

GFP constructs and shRNA knockdown experiments, MEFs were first 

immortalized using the 3T3 protocol. Murine primary B cells were grown in RPMI 

medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml 

streptomycin. The G3 (KB1P_G3) and B11 (KB1P_B11) cell lines used in 

Figures 6 and S6 were derived from a Brca1-/- p53-/- mouse mammary tumor, as 

described (Jaspers et al., 2013). These cell lines were cultured in DMEM/F-12 

medium supplemented with 10% FCS, 50 units/mL penicillin, 50 ng/ml 

streptomycin, 5µg/mL insulin (Sigma), 5ng/mL epidermal growth factor and 5 

ng/mL cholera toxin (Gentaur) under low oxygen conditions (3% O2, 5% CO2, 

37°C). 293T cells were cultured in DMEM supplemented with 10% FCS, 50 

units/mL penicillin, 50 ng/ml streptomycin under normal oxygen conditions (21% 

O2, 5% CO2, 37°C). The PARP inhibitors olaparib and AZD2461 were 

synthesized by Syncom (Groningen, The Netherlands).  

 

Plasmids 

Human HELB cDNA was tagged at the N-terminus with Flag or GFP and cloned 

into the pcDNA5/FRT/TO vector (Invitrogen) for the generation of inducible 

HELB expression cell lines. Mouse Helb cDNA was cloned into the pMX-IRES-

GFP retroviral vector (gift from A. Nussenzweig, National Institutes of Health) for 

expression in MEFs (Figures 3 and S3) and into the pMSCV-GFP retroviral 

vector (gift from J. Jacobs, Netherlands Cancer Institute) for expression in 

Brca1-/- p53-/- mouse mammary-tumor derived cell lines (Figures 6 and S6). 

 

RNA interference 

For all siRNA-mediated knockdowns in human cells described in Figures 1, S1, 

2, S2, and S7, siGENOME SMARTpools and deconvolved siRNA duplexes 

were obtained from Dharmacon. In all samples, 10 nM siRNA was transfected 

using Lipofectamine RNAiMAX (Invitrogen). For shRNA-mediated knockdown of 

CtIP described in Figure 3, pFLRu-based shCtIP lentiviral construct (gift from A. 

Nussenzweig, National Institutes of Health) was packaged in 293T cells and 
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MEFs were infected using polybrene (8 µg/ml). For shRNA-mediated 

knockdown of EXO1 and BLM described in Figures 3 and S3, pSUPERIOR-

based retroviral constructs (gifts from T. de Lange, Rockefeller University) were 

packaged in Phoenix-Eco cells and MEFs were infected 4 times during a 48 h 

period using polybrene (4 µg/ml). 

For the knockdown experiments performed in Amsterdam and described 

in Figures 7, S6 and S7, shRNA hairpins were obtained from the Sigma Mission 

library (TRC Mm 1.0). 293T cells were transfected by the calcium phosphate 

method using 8µg of plasmid DNA of interest, 3µg of VSVg envelope vector 

(pMD.G), 3µg of RSV-Rev, and 3µg of packaging vector pCMVDR8.2 per 10 cm 

dish. The medium was refreshed 6 and 24 h after transfection, and the 

lentivirus-containing supernatant was collected after a further 24 h. Brca1-/- p53-/- 

cells were infected using polybrene (6 µg/ml). The medium was refreshed after 

12 h and transduced cells were selected using puromycin. The following 

individual shRNA vectors used were collected from the TRC library: shHelb-1: 

TRCN0000182657_GCCCAGTATTGAACCTGGTAA and shHelb-2: 

TRCN0000176637_CCTGATCCTAAACATAACTTT. 

 

Antibodies 

Polyclonal antibodies directed against human HELB (designated 159B and 

160A) were generated by immunizing rabbits with a peptide containing amino 

acids 1-199 of the human HELB protein.  Polyclonal antibodies directed against 

mouse HELB (designated 181A) were generated by immunizing rabbits with a 

peptide containing amino acids 848-1074 of the mouse HELB protein. The rabbit 

anti-cyclin A antibody was a gift from M. Pagano (New York University). The 

following antibodies were obtained from commercial sources: mouse anti-BrdU 

(RPN202, GE Healthcare), rabbit anti-53BP1 (A300-273A, Bethyl), mouse anti-

γ-H2AX (clone JBW301, Millipore), rabbit anti-γ-H2AX (#2577, Cell Signaling 

Technologies), rabbit anti-RIF1 (A300-569A, Bethyl), goat anti-RIF1 (N-20, sc-

55979, Santa Cruz Biotechnology), rabbit anti-pRPA2 (S4/S8) (A300-245A, 

Bethyl), rabbit anti-RAD51 serum (70-001, lot 1, BioAcademia), rabbit anti-CtIP 

(ab70163, Abcam), mouse anti-BRIP1/FANCJ (MAB6496, R&D Systems), rabbit 

anti-CTF18 (A301-883A, Bethyl), biotin-conjugated rat anti-mouse IgG1 
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(#553441, BD Biosciences), APC-conjugated mouse anti-biotin (#130-090-856, 

Miltenyi Biotech), mouse anti-tubulin (clone DM1A, Calbiochem).  

 

Laser microirradiation 

Cells were sensitized to UV radiation by incubation with Hoechst 33342 for 30 

min at 37 °C. The samples were irradiated using a 355 nm (UVA) laser source 

(Coherent) with 8 mW laser power, then incubated for 4 h at 37 °C before 

fixation with 2 % paraformaldehyde (for human cells) or 95% ethanol / 5% acetic 

acid (for MEFs). Quantitative analysis of the fluorescence intensities was 

performed with the ImageJ software. To control for the intercellular variability of 

GFP-HELB expression in U2OS cells, the mean laser microirradiation stripe 

intensity was normalized to the mean nuclear background intensity in each cell. 

 

Quantitative DNA end resection assay 

ssDNA accumulation due to DNA end resection was analyzed as previously 

described (Nishi et al., 2014) with some modifications. Briefly, MEFs were 

incubated with 30 µM BrdU for 24 h, followed by treatment with 200 ng/mL NCS 

for 3 h. For experiments examining the ATM-dependence of end resection, the 

ATM inhibitor KU55933 (Selleck Chemicals #S1092) was added to the growth 

medium 1 h prior to the addition of NCS and kept in the medium during the NCS 

incubation. Cells were collected by trypsinization, washed with PBS, and fixed 

with 75% ethanol in PBS for 16 h at -20 °C. Cells were washed with 0.1% 

Tween 20 in PBS following fixation and each subsequent incubation. One half of 

each sample of cells was acid-denatured using 2 N HCl for 30 min at room 

temperature, in order to test the levels of total BrdU incorporation. Blocking was 

performed in 5% FBS in PBS for 30 min at room temperature. BrdU in resected 

ssDNA was detected under native conditions by incubation with mouse anti-

BrdU antibody in 5% FBS in PBS for 2 h at room temperature. The cells were 

then incubated with fluorophore-conjugated anti-mouse IgG antibody in 5% FBS 

in PBS for 1 h at room temperature. Subsequently, BrdU fluorescence intensity 

was analyzed using the BD FACSCalibur flow cytometer and FlowJo software. 

The amount of resected ssDNA was quantified by normalizing the mean BrdU 

fluorescence intensity following NCS treatment to that of the untreated control 
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cells for each sample.  

 

In vitro DNA end resection assays 

Assays were performed with pUC18 DNA linearized with KpnI and then 3’ 

labeled with [α-32P] ATP and terminal deoxytransferase (NEB). Reactions were 

conducted using 50nM of substrate in standard buffer (20 mM Na-HEPES pH 

7.5, 2mM ATP, 2mM MgCl2, 0.1mM DTT, 0.05% Triton X-100, 300 µg/ml BSA). 

ATP and MgCl2 were added just before the reconstitution of the MRN-RPA-

BLM-DNA2 and MRN-RPA-BLM-EXOI resection machineries. The reactions 

were initiated on ice by adding MRN complex (10 nM) to all reaction tubes and 

transferred immediately to 37 °C water bath. After 10 minute, the order of 

addition and incubation for the respective protein components were: RPA 

(200nM, 5 minutes), HELB WT/mutants (20 nM, 5 minutes), BLM-DNA2 or BLM-

EXOI (15 nM each of BLM and DNA2 or 15 nM BLM and 6 nM EXOI). After 

complete reconstitution, the reactions were incubated for 1 hour followed by 

proteinase K treatment for 30 minutes. Products were analyzed on 1% native 

agarose gel. Electrophoresis was performed using TBE (40mM Tris-Borate pH 

8.0, 1mM EDTA) and run at 90V for 90 minutes. Gels were dried on DE81 paper 

(Whatman) and signals were detected by autoradiography. 
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Figures and legends 

Figure 1 

 

 

Figure 1. HELB restricts end resection in human cells 

(A) Model of a putative negative feedback mechanism that restrains resection. 
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(B) Visualization of the interactions with each of the RPA subunits and HELB. 

The combined interaction list for each of the baits were filtered by SAINT and 

displayed as a 2D dot plot summarizing the data. The relative abundance is 

determined by the size of the circle, the spectral counts by the shade of grey 

within the circle, and the outer line represents the false discovery rate (black 

FDR ≤ 1%; dark grey FDR ≤ 5%; light grey FDR > 5%). 

(C) 20 of the 26 high-confidence RPA interactors found by IP-MS (Table S1) 

were screened in assays that monitored pRPA2 S4/S8 foci by high-content 

microscopy (y-axis) and HR via the DR-GFP assay (x-axis). The results of each 

assay were normalized to the non-targeting siRNA control (siCTRL). The 

controls were siRNAs against RIF1 and CtIP. The shaded area highlights three 

siRNAs that scored positive for both assays. Each assay was performed in two 

biological replicates. Each point represents the mean of the two experiments.  

(D) SSA frequency (top), as determined by the SA-GFP assay, in U2OS SA-

GFP cells that were transfected with a non-targeting control siRNA (CTRL) or 

siRNAs targeting the indicated proteins. The data is presented as the mean +/- 

SEM, n=3. Immunoblots of a representative experiment are shown below the 

graph. (p) represents the pooled HELB siRNAs; the individual HELB siRNAs are 

denoted by a number.  

(E) HR frequency (top), as determined by the DR-GFP assay, in HeLa DR-GFP 

cells that were transfected with non-targeting (siCTRL) or HELB (siHELB) 

siRNAs in combination with empty (EV), or siRNA-resistant HELB wild type (WT) 

vectors. The data is presented as the mean +/- SEM, n=3. Immunoblots of a 

representative experiment are shown below the graph.  

(F) U2OS cells were transfected with the indicated siRNAs and treated with 

NCS (100 ng/ml). At the indicated time points, cells were harvested and the 

whole cell extracts were analyzed by immunoblotting with antibodies against 

pRPA2 S4/S8 antibody and tubulin. Control blots monitoring protein depletion 

can be found in Figure S1D. 
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Figure 2 

 

Figure 2. RPA recruits HELB to sites of DNA damage  

(A) HELB domain organization with the functionally important residues indicated 

for the human protein. The corresponding residues in the mouse HELB protein 

are shown in brackets. Single-headed arrows indicate known phosphorylation 

sites. Double-headed arrows show the sites of direct molecular interactions. 

(B) U2OS cells stably expressing GFP-HELB were incubated with Hoechst 

33342, then microirradiated with an 8 mW UVA laser. 4 h post-irradiation, cells 

were fixed and processed for RPA2 immunofluorescence. The dotted line 

represents the outline of the nucleus. Scale bar = 10 μm. 
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(C) U2OS cells stably expressing GFP-HELB were transfected with control or 

CtIP-targeting siRNA (siCTRL or siCtIP, respectively). 72 h after transfection, 

the cells were laser-microirradiated as in (B) and then processed for RPA2 and 

γ-H2AX immunofluorescence. Scale bar = 10 μm. Control blots showing the 

CtIP knockdown can be found in Figure S2A. 

(D) Quantitation of the fluorescence intensities of RPA2 (left panel) and GFP-

HELB (right panel) stripes in U2OS cells transfected with control or CtIP-

targeting siRNA (siCTRL or siCtIP, respectively). Each dot represents a nucleus 

analyzed. To control for the intercellular variability of GFP-HELB expression, the 

stripe intensity was normalized to the mean nuclear background intensity in 

each cell. Significance was determined by the Mann Whitney U test. The dotted 

grey line represents the background nuclear fluorescence. 

(E) MEFs were laser-microirradiated as in (B). 4 h post-irradiation, cells were 

fixed and processed for endogenous HELB and γ-H2AX immunofluorescence. 

Scale bar = 10 μm. 

(F) U2OS cells stably expressing wild type GFP-HELB (WT), the Walker A motif 

mutant (HELB-K481A), Walker B motif mutant (HELB-E591Q), or RPA-

interaction mutant (HELB-3xA) were laser microirradiated as in (B) and then 

processed for RPA2 and γ-H2AX immunofluorescence. Scale bar = 10 μm. 

Control blots monitoring the induced protein expression can be found in Figure 

S2F. 

(G) The fluorescence intensities of GFP-HELB stripes in U2OS cells expressing 

wild-type (WT) or RPA-interaction mutant (3xA) versions of HELB were 

quantitated as in (D). Significance was determined by the Mann Whitney U test. 

The dotted grey line represents the background nuclear fluorescence. 
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Figure 3 

 

Figure 3. HELB limits resection by inhibiting EXO1 and BLM-DNA2 

(A) Whole cell extracts from Helb+/+, Helb+/-, and Helb-/- MEFs derived from 

embryos 13.5 days post-coitum (dpc) were immunoblotted with antibodies 

against HELB and tubulin. 

(B) The frequency of DSB repair by single-strand annealing in Helb+/+, Helb-/-, 
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and GFP-HELB-complemented Helb-/- MEFs was quantitated using the traffic 

light reporter (left panel). Data is presented as the mean +/- SEM, n=3. A control 

immunoblot monitoring HELB protein levels is shown in the right panel. Refer to 

Figure S3D for a schematic of the SSA-TLR system, as well as the control cell 

cycle profiles. 

(C) A simplified schematic depicting the antibody directed against BrdU, which 

can only detect the incorporated BrdU epitope when it is exposed in the context 

of ssDNA. 

(D) MEFs of the indicated genotypes were grown in the presence of 30 μM BrdU 

for 24 h prior to the addition 200 ng/mL NCS for 3 h (+NCS) or were left 

untreated (-NCS). Cells were then fixed and processed for detection of BrdU 

without denaturation by flow cytometry. A sample was also processed with 

denaturation to control for total BrdU incorporation. Shown are representative 

histogram plots of 10000 cells analyzed for each condition.  

(E) Quantitation of the flow cytometry data shown in (D), presented as the mean 

BrdU fluorescence intensity following NCS treatment, normalized to the 

untreated control cells for each sample (+/- SEM, n=5). Wild type MEFs 

corresponding to each mutant were derived from their respective littermates. 

(F) Quantitation of resection by native BrdU flow cytometry of Helb+/+ and Helb-/- 

MEFs transduced with lentiviruses expressing control (CTRL) or CtIP-targeting 

shRNAs and treated with NCS. Data was normalized as in (E) and is presented 

as the mean +/- SEM, n=3. 

(G) Quantitation of resection by native BrdU flow cytometry of either wild type 

(Helb+/+) or Helb-/- MEFs infected with either a control retrovirus (EV) or viruses 

expressing the indicated HELB proteins and treated with NCS. Data was 

normalized as in (E) and is presented as the mean +/- SEM, n≥4. A control 

immunoblot is shown in Figure S3K and the control cell cycle profiles for all 

samples are shown in Figure S3L.  

(H) Wild type or Helb-/- MEFs infected with retroviruses expressing either a non-

targeting shRNA (shCTRL) or shRNAs against Exo1 (shExo1) or Blm (shBlm) 

were grown and processed for detection of BrdU as described in (C). Shown are 

representative histogram plots of 10000 cells analyzed for each condition. 

Shown inside each plot is the value of the mean fold increase in BrdU 
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fluorescence intensity following treatment with NCS (+/- SEM, n=4).  

 

Figure 4 

 

Figure 4. HELB inhibits DNA end resection in vitro 

(A) The indicated combinations of purified recombinant human proteins were 

incubated with a [32P]-labeled linear 2.7 kb dsDNA fragment. The resection 

products were detected by autoradiography following agarose gel 

electrophoresis. Control gels showing the purity of the recombinant proteins can 

be found in Figure S4B-E. 

(B) Quantitation of the autoradiography signals shown in (A). The bars indicate 

the mean +/- SD, n=3. (C) Wild type (WT) or the indicated mutant versions of 

HELB were incubated with the entire human resection machinery, consisting of 

purified recombinant MRN-BLM-DNA2-EXO, and with a [32P]-labeled linear 2.7 

kb dsDNA fragment. The resection products were detected by autoradiography 
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following agarose gel electrophoresis. Control gels showing the purity of the 

recombinant proteins can be found in Figures S2C and S4B-E. 

(D) Quantitation of the autoradiography signals shown in (C). The bars indicate 

the mean +/- SD, n=3. 

 

Figure 5 

 

 

Figure 5. HELB is not involved in DSB repair pathway choice 

(A) Mature B lymphocytes were isolated from spleens of adult wild type (WT), 

Helb-/-, and 53bp1-/- mice by depletion of CD43+ cells. Purified B cells were 

resuspended in the presence of 50 ng/mL IL-4 and 25 μg/mL LPS to induce 

class switching from IgM to IgG1. Cells were analyzed 4 d later by flow 

cytometry with anti-mouse IgG1 antibodies in conjunction with propidium iodide 

staining. The data is presented as the mean +/- SEM, n=3. Significance was 

determined by ANOVA. (B) Quantitation of RIF1 IR-induced focus formation in 

wild type (WT), Helb-/-, and 53bp1-/- MEFs fixed 1 h after irradiation with 3 Gy IR. 

The data is presented as the mean +/- SEM, n=3. Representative micrographs 

are found in Figure S4G. (C) Determination of extrachromosomal NHEJ in Helb-

/- (blue), Lig4 -/- (red) MEFs and their wild type (+/+) counterparts. The data is 

presented as the mean +/- SEM, n=3.   
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Figure 6 

 

 

Figure 6. The nuclear export of HELB promotes end resection  

(A) Wild type MEFs were pulsed with BrdU for 3 h prior to fixation, denaturation 

and processing for BrdU and HELB immunofluorescence. DNA was 

counterstained with DAPI to delineate the outline of the nucleus. Cells with 

positive nuclear staining for BrdU were considered to be in S or G2 phases. 
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Scale bar = 10 μm. 

(B) Wild type (WT) or Helb-/- MEFs transduced with the indicated retrovirus were 

pulse-labeled with BrdU for 3 h prior to fixation, denaturation and processing for 

BrdU and HELB immunofluorescence. The nuclear intensity of the HELB signal 

in S/G2 (BrdU+) and G1 (BrdU-) cells was determined and plotted. Each point 

represents a nucleus analyzed. The red bar represents the mean intensity 

value. Representative micrographs are shown in Figure S5B.  

(C) Helb-/- MEFs transduced with either a control retrovirus (EV) or a retrovirus 

expressing the indicated proteins were grown in the presence of BrdU 24 h prior 

to the addition of 200 ng/mL of NCS for 3 h or left untreated. Cells were then 

fixed and processed for detection of native BrdU by flow cytometry. Shown are 

representative histogram plots of 10000 cells analyzed for each condition. The 

quantitation of the fold increase in BrdU signal after NCS treatment is shown 

inside each plot as the mean +/- SEM, n=3.  

(D) 53bp1-/- MEFs transduced with either a control retrovirus (EV) or a retrovirus 

expressing the indicated proteins were treated as in (C) and the native BrdU 

signal was determined by flow cytometry. Shown are representative histogram 

plots of 10000 cells analyzed for each condition. The quantitation of the fold 

increase in BrdU signal after NCS treatment is shown inside each plot as the 

mean +/- SEM, n=3. 

(E) Wild type (WT), Helb-/-, 53bp1-/- and double-knockout 53bp1-/- Helb-/- MEFs 

were treated as in (C) and the native BrdU signal was analyzed by flow 

cytometry. Shown are representative histogram plots of 10000 cells analyzed for 

each condition. The quantitation of the fold increase in BrdU signal after NCS 

treatment is shown inside each plot as the mean +/- SEM, n=3. A control 

immunoblot using extracts from the MEFs used here can be found in Figure 

S5C. Control cell cycle profiles can be found in Figure S5D. 
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 Figure 7 

 

 

Figure 7. Loss of HELB leads to PARPi resistance in BRCA1-deficient 

cells.  

(A) Whole cell extracts from Brca1-/- p53-/- mouse mammary tumor cells (G3 cell 

line) expressing a non-targeting shRNA (CTRL) or shRNAs against 53bp1, 

Mad2l2/Rev7, or Helb, and stably transduced with a control lentivirus (EV) or a 

virus expressing the indicated GFP-HELB protein were analyzed by 

immunoblotting with HELB and tubulin (loading control) antibodies. 

(B) Long-term clonogenic assay using the G3 cell line transduced with the 
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indicated shRNA and GFP-HELB expression constructs and treated with the 

indicated concentration of olaparib, AZD2461, or left untreated. Shown here are 

representative images of the culture dishes following staining of the cells with 

crystal violet. 

(C) Quantitation of the clonogenic assay shown in (B) by determining the 

absorbance of extracted crystal violet. The data were normalized to the 

absorbance of the shHelb + empty vector (EV) control for each treatment. Data 

is presented as the mean +/- SD, n=3. 

(D) Quantitation of clonogenic assays of G3 cells rendered resistant to PARPi 

treatment by transduction of shRNAs targeting Mad2l2 or 53bp1. Subsequently, 

these cells were transduced with a retroviral GFP-HELB expression construct or 

empty control vector and treated with olaparib, AZD2461, or left untreated. Data 

is presented as the mean +/- SD, n=3. A representative image of the dishes in 

this clonogenic experiment can be found in Figure S6F. 

(E) Relative tumor volume (left panel) and survival (right panel) in allografted 

mice injected with Brca1-/- p53-/- (G3) cells expressing either a control shRNA 

(shCTRL) or an shRNA targeting Helb (shHelb) and treated with one regimen of 

50 mg olaparib per kg daily for 28 days or treated with vehicle. Tumor volume 

data is expressed as a percentage relative to day 0. The indicated p value for 

the mouse survival time was calculated using a log-rank test.  

(F) Quantitation of RAD51 focus formation in Brca1-/- p53-/- cells expressing a 

non-targeting shRNA (CTRL) or one of two different shRNAs targeting Helb. The 

cells were fixed 5 h following a 10 Gy dose of IR. Data is presented as the mean 

+/- SD, n=3. 
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SUPPLEMENTAL INFORMATION 

 

SUPPLEMENTAL DATA 

Table S1. Quantitation of the RPA interactor siRNA screen; related to Figure 1.  

Table S2. Observed and expected Mendelian ratios calculated from 

heterozygous matings. 

Table S3. The Helb-/- mutation does not rescue the embryonic lethality of 

Brca1Δ11/Δ11 mice. 

Figure S1. Experimental schematic and various controls related to Figure 1. 

Figure S2. Validation of the HELB mutations and various controls related to 

Figure 2. 

Figure S3. Analysis of end resection in mouse cells; related to Figure 3. 

Figure S4. Characterization of HELB as a resection inhibitor; Related to Figures 

4 and 5. 

Figure S5. HELB nuclear localization is regulated by the cell cycle; related to 

Figure 6. 

Figure S6. Hyper-resection and PARP inhibitor resistance in HELB-deficient 

cells is ATM-dependent.  

Figure S7. HELB depletion results in BRCA1-independent HR; related to Figure 

7. 
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Table S1. Quantitation of the RPA interactor siRNA screen; related to Figure 1. 

Controls are shaded in blue. 

 

 DR-GFP (% GFP-positive cells) RPA2 pS4/S8 foci 

siRNA Rep 1 Rep 2 Average Rep 1 Rep 2 Average 

CTRL 2.19 1.53 1.86 17.48 26.98 22.23 

CTIP 0.37 0.25 0.31 1.49 2.99 2.24 

RIF1 5.7 3.01 4.36 42.08 51.69 46.89 

BLM 5.53 2.85 4.19 15.16 22.37 18.76 

BRIP1 5.75 2.56 4.16 74.93 96.75 85.84 

CCDC111 3.49 2 2.75 25.98 26.98 26.48 

CHTF18 5.78 3.43 4.61 55.83 69.74 62.79 

ETAA1 7.61 4.45 6.03 25.27 22.15 23.71 

HELB 8.01 5.49 6.75 51.81 73.48 62.64 

HERC2 4.91 3.08 4.00 18.55 20.37 19.46 

MSH3 4.42 2.05 3.24 28.15 22.63 25.39 

PARP1 4.9 3.57 4.24 17.43 30.38 23.90 

POLA1 2.86 2.08 2.47 20.09 31.37 25.73 

PRIM1 3.68 2.43 3.06 22.16 25.18 23.67 

RAD52 3.17 1.74 2.46 28.29 39.79 34.04 

RFWD3 2.88 1.92 2.40 42.84 58.86 50.85 

RMI1 4.22 2.33 3.28 9.69 8.17 8.93 

RPAIN 1.46 0.36 0.91 62.94 70.15 66.54 

SMARCAL1 3.31 1.32 2.32 37.19 42.60 39.90 

TOP3A 3.78 2.63 3.21 20.36 20.65 20.51 

UNG 1.39 0.82 1.11 24.02 19.68 21.85 

WRN 3.78 2.71 3.25 9.58 5.98 7.78 

ZUFSP 4.77 3.2 3.99 18.91 25.69 22.30 
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Table S2. Observed and expected Mendelian ratios calculated from 

heterozygous matings.  

 

Cross Helb+/- x Helb+/- 

Total offspring 66 

Offspring genotypes Helb+/+ Helb+/- Helb-/- 

Expected (Mendelian) 16.5 33 16.5 

Observed 17 33 16 

 

 

Table S3. The Helb-/- mutation does not rescue the embryonic lethality of 

Brca1Δ11/Δ11 mice. 

	

Cross Helb
+/-

Brca1
+/Δ11

 x Helb
+/-

Brca1
+/Δ11

 

Total offspring 103 

Offspring genotypes 
Helb

+/+ 

Brca1
+/+

 
Helb

+/+ 

Brca1
+/Δ11

 
Helb

+/+   

Brca1
Δ11/Δ11

 
Helb

+/-   

Brca1
+/+

 
Helb

+/-   
 

Brca1
+/Δ11

 
Helb

+/-   
 

Brca1
Δ11/Δ11

 
Helb

-/-

Brca1
+/+

 
Helb

-/-
 

Brca1
+/Δ11

 
Helb

-/-   
 

Brca1
Δ11/Δ11

 

Expected (Mendelian) 6.44 12.88 6.44 12.88 25.75 12.88 6.44 12.88 6.44 

Expected (Brca1
Δ11/Δ11

 lethal) 8.58 17.17 0 17.17 34.33 0 8.58 17.17 0 

Observed 11 22 0 21 30 0 7 12 0 
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Figure S1 

 

 

Figure S1. Experimental schematic and various controls related to Figure 

1. 
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(A) Representative micrographs of the high content microscopy screen. 

Geminin-mAG immunofluorescence intensity was used to segment nuclei of 

cells in S/G2 phase. The mean number of pRPA2 (S4/S8) foci per nucleus was 

determined using a spot segmentation algorithm. 

(B) Control immunoblots showing the efficacy of CtIP and RIF1 depletion. 

Tubulin was used as a loading control. Related to Figure 1D. 

(C) HELB restricts RPA2 focus formation. U2OS-FUCCI cells were transfected 

with the indicated siRNAs. 48 h post-transfection, cells were treated with NCS 

(100 ng/ml) for the indicated time and then fixed and processed for RPA2 

immunofluorescence. Cells were imaged on an InCell600 and foci were 

quantitated in S/G2 cells using a Matlab routine generated in our laboratory. 

Data is presented as the mean +/- SEM, n=3. Significance was determined 

using one-way ANOVA with Bonferroni correction.  

(E) Control immunoblots showing the efficacy and specificity of CtIP, RIF1 and 

HELB depletion. GAPDH was used as a loading control. Related to Figure 1F. 
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Figure S2 

 

 

 

Figure S2. Validation of the HELB mutations and various controls related 

to Figure 2. 

(A) U2OS Flp-In/T-REx cells with stably integrated GFP-HELB were treated with 

control (siCTRL) or CtIP-targeting (siCtIP) siRNA for 72 h. Whole cell extracts 

were immunoblotted with an antibody directed against CtIP to confirm efficient 
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depletion of the protein. Tubulin was used as a loading control. Related to 

Figure 2CD.   

(B) Validation of the anti-mouse HELB polyclonal antibody (181A) by 

immunofluorescence analysis of wild type and Helb-/- MEFs. Related to Figure 

2E. 

(C) The purified variants of recombinant HELB were analyzed by SDS-PAGE 

and visualized by silver staining. 

(D) DNA helicase assays using a [32P]-end labeled splayed arm substrate using 

6 ng of the indicated versions of the HELB protein. FANCM was used as a 

positive control (+). 

(E) HELB binds RPA-bound ssDNA beads. Streptavidin beads loaded with 100 

ng of ssDNA were incubated with RPA (20 nM) or with buffer prior to incubation 

with the indicated HELB proteins (20 nM). The beads were then washed and the 

bound proteins eluted and separated by SDS-PAGE followed by immunoblotting 

to detect HELB and RPA. 20 ng of HELB was added in the input lane. 

(F) U2OS Flp-In/T-REx cells with stably integrated GFP-HELB (wild type or the 

indicated mutant versions) were harvested 24 h following doxycycline induction. 

Whole cell extracts were immunoblotted using antibodies against GFP and 

HELB to confirm equivalent levels of protein expression. Tubulin was used as a 

loading control. Related to Figure 2FG. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

137 

Figure S3 

 

 

 

Figure S3. Analysis of end resection in mouse cells; related to Figure 3. 

(A) Schematic of the Helbtm1(KOMP)Vlcg allele. 
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(B) The Helb-/- mice are viable and phenotypically normal under unchallenged 

conditions.  

(C) Confirmation of the genotypes by allele-specific PCR. 

(D) A simplified schematic of the single-strand annealing traffic light reporter 

(SSA-TLR) system (top panel). To control for variation in cell cycle distribution, 

Helb+/+, Helb-/-, or GFP-HELB-complemented Helb-/- MEFs (all with an integrated 

SSA-TLR cassette) were processed for propidium iodide (PI) staining and 

analyzed by flow cytometry (bottom panel). At least 10000 cells were analyzed 

for each sample. Related to Figure 3B. 

(E) 53bp1-/- cells show hyperphosphorylation of RPA2 on S4/S8 following NCS 

treatment. MEFs derived from 53bp1+/+ and 53bp1-/- littermates or Helb+/+ and 

Helb-/- littermates were treated with the indicated doses of NCS for 3 h. Whole 

cell extracts were prepared and analyzed by immunoblotting with antibodies to 

pRPA2 S4/S8 and tubulin. 

(F) Wild type or Helb-/- MEFs were treated with the indicated concentrations of 

NCS for 3 h and then processed for analysis by the neutral comet assay. The 

tail moment was quantified using the OpenComet plugin in ImageJ software. 

The tail moment value consists of the product of tail length (measured in pixels) 

and the percentage of total DNA in the tail. Related to Figure 3DE. 

(G) Wild type (WT) and Helb-/- MEFs were pulse-labeled with BrdU for 2 h prior 

to harvest and fixation. The samples were processed for PI staining coupled 

with BrdU staining under denatured conditions and analyzed by flow cytometry. 

Cells in S phase are gated and expressed as a percentage of all cells inside 

each PI vs BrdU plot. At least 10000 cells were analyzed for each sample. 

Related to Figure 3DE. 

(H) HELB-2NA does not bind DNA. Gel shift assay where equimolar amounts of 

DNA substrates (dsDNA, DS; ssDNA, SS; splayed arm, SA) were incubated with 

wild type HELB (WT) or the 2NA mutant at the indicated concentrations. HELB 

binds to splayed arm and ssDNA substrates but the 2NA mutant is devoid of 

DNA binding activity. 

(I) HELB-2NA is catalytically inactive. DNA helicase assays using a [32P]-end 

labeled splayed arms substrate and 6 ng of the indicated version of HELB 

protein. 
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(J) Control immunoblot of HELB expression in wild type (Helb+/+) or Helb-/- MEFs 

transduced with either an empty virus control (EV) or a retrovirus that expresses 

the indicated HELB protein. Note that the variation in expression does not 

explain the results shown in Figure 3G. 

(K) Wild type (Helb+/+), Helb-/-, and Helb-/- MEFs transduced with the indicated 

version of murine HELB were pulse-labeled with BrdU for 2 h prior to harvest 

and fixation. The samples were processed for PI staining coupled with BrdU 

staining under denatured conditions and analyzed by flow cytometry. Cells in S 

phase are gated and expressed as a percentage of all cells inside each plot. At 

least 10000 cells were analyzed for each sample. Note that the variation in cell 

cycle distribution does not explain the results shown in Figure 3G. 

(L) RT-qPCR quantitation of the Exo1 and Blm mRNA levels in the indicated 

conditions. Expression was normalized to that of Gapdh expression. Related to 

Figure 3H. 
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Figure S4 

 

 

 

Figure S4. Characterization of HELB as a resection inhibitor. Related to 

Figures 4 and 5. 

(A) HELB displays cowcatcher activity. 5’-[32P]-labeled, 3’-biotinylated ssDNA 

were incubated with streptavidin or left untreated. The substrates were then 
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incubated with purified recombinant HELB at increasing concentrations and the 

reaction products were separated by agarose gel electrophoresis and visualized 

by autoradiography. 

(B) Control gel of purified recombinant human EXO1. The indicated amounts of 

EXO1 were separated by SDS-PAGE and the proteins were visualized by silver 

staining. 

(C) Control gel of purified recombinant human MRN complex, separated by 

SDS-PAGE and visualized using coomassie blue staining. 

(D) Control gel of purified recombinant human DNA2 protein, separated by SDS-

PAGE and visualized using coomassie blue staining. 

(E) Control gel of purified recombinant human BLM protein, separated by SDS-

PAGE and visualized using coomassie blue staining. 

(F) A 5’ flap DNA substrate was incubated in the absence of any proteins, in the 

presence of DNA2, or in the presence of DNA2 and HELB. The reaction 

products were separated by agarose gel electrophoresis and visualized using 

ethidium bromide staining.  

(G) Representative micrographs of the data shown in Figure 5B. MEFs of the 

indicated genotypes were irradiated with a 10 Gy dose of IR. 1 h post-irradiation, 

cells were processed for RIF1 and γ-H2AX immunofluorescence. DNA was 

counterstained with DAPI and used to trace the outline of the nuclei. Scale bar = 

5 μm.  

 

Figure S5. HELB nuclear localization is regulated by the cell cycle; related 

to Figure 6. 

(A) Wild type MEFs were processed for cyclin A (labeling S/G2 cells) and HELB 

immunofluorescence. DNA was counterstained with DAPI and used to trace the 

outline of the nuclei. Scale bar = 10 μm. 

(B) Representative micrographs of the data shown in Figure 6B. Wild type (WT) 

or Helb-/- MEFs transduced with the indicated retrovirus were pulse-labeled with 

BrdU for 3 h prior to fixation, denaturation and immunofluorescence for the 

identification of S/G2 phase cells (BrdU+) and HELB. DNA was counterstained 

with DAPI and used to trace the outline of the nuclei. Scale bar = 10μm. 
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(C) Whole cell extracts from MEFs of the indicated genotype were analyzed by 

immunoblotting with antibodies against 53BP1, HELB and tubulin (used as a 

loading control). Related to Figure 6E. 

(D) MEFs of the indicated genotype were stained with propidium iodide (PI) and 

analyzed by flow cytometry to determine cell cycle distribution. Related to Figure 

6E. 

 

Figure S5 
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Figure S6 

 

 

 

Figure S6. Hyper-resection and PARP inhibitor resistance in HELB-

deficient cells is ATM-dependent. 
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(A) Control immunoblot of whole cell extracts derived from Brca1-/- p53-/- murine 

breast tumor cells (G3 cell line) transduced with a virus expressing either a non-

targeting control shRNA (CTRL) or two independent shRNAs targeting Helb. 

(B-C) HELB depletion in BRCA1-deficient cells results in resistance to PARP 

inhibitors. (B) Representative plates from a clonogenic experiment are shown. 

At day 0, 10000 G3 cells expressing the indicated shRNAs were seeded and left 

untreated or treated with the PARP inhibitors olaparib or AZD2461 at the 

indicated concentrations. Medium was refreshed with olaparib or AZD2461 

every 4 days. On day 5, the untreated control group was stopped and the other 

groups were stopped together after another 2-3 weeks and stained with crystal 

violet. (C) Quantitation of the clonogenic assays. Data is presented as the mean 

+/- SD, n=3. 

(D) The PARP inhibitor resistance of HELB-depleted Brca1-/- p53-/- cells is 

dependent on ATM. Clonogenic experiments were performed as in (B), but in 

addition to treatment with PARP inhibitors, some samples were also treated with 

the ATM inhibitors KU55933 or KU60019. 

(E) The hyper-resection phenotype of Helb-/- MEFs is dependent on ATM. Native 

BrdU quantitation by flow cytometry was used to determine the levels of DNA 

end resection following NCS-induced double-strand breaks, as in Figure 3CD. 

The indicated concentration of the ATM inhibitor KU55933 was added to the 

growth medium 1 h prior to the addition of NCS and kept in the medium during 

the NCS incubation. The mean fold increase in BrdU fluorescence intensity 

following treatment with NCS was calculated for each sample. Data was 

normalized to the untreated Helb-/- sample and is presented as the mean +/- 

SEM, n=3. 

(F) Representative plates from a clonogenic experiment used to generate the 

data shown in Figure 7D. Brca1-/- p53-/- cells were rendered resistant to PARP 

inhibitor treatment by transduction of shRNAs targeting Mad2l2 or 53bp1. 

Subsequently, these cells were transduced with a retroviral GFP-HELB 

expression construct or empty control vector (EV) and treated with olaparib, 

AZD2461, or left untreated. The clonogenic experiment was performed as in (B).  
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Figure S7 

 

Figure S7. HELB depletion results in BRCA1-independent HR; related to 

Figure 7. 

(A) HELB depletion restores RAD51 focus formation in BRCA1-deficient cells. 

Representative micrographs of the data shown in Figure 7F. Brca1-/- p53-/- cells 

(B11 cell line) depleted of HELB using two independent shRNAs or transduced 

with a non-targeting shRNA (shCTRL) were irradiated with a 10 Gy dose of IR 

and then processed for RAD51 immunofluorescence. DNA was counterstained 

with DAPI. Scale bar = 10 μm. The white box indicates the magnified area in 

each field of view. 
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(B) Quantitation of RAD51 foci in U2OS cells transfected with the indicated 

combination of siRNAs. 3 h post-irradiation with a 10 Gy dose of IR, the cells 

were processed for RAD51 immunofluorescence. Data is presented as the 

mean +/- SEM, n=3.  

(C) To validate the knockdowns of the experiment shown in (B), whole cell 

extracts from U2OS cells transfected with the indicated combination of siRNAs 

were analyzed by immunoblotting using antibodies against BRCA1, 53BP1, 

HELB, RAD51 and actin (loading control). 

(D) DNA replication dynamics were analyzed by molecular combing of nascent 

DNA fibers, as previously described {Yang:2012kr}. To monitor unchallenged 

replication fork progression, Helb+/+ and Helb-/- were incubated with CldU for 30 

min, then incubated with IdU for another 30 min, then fixed and processed for 

DNA combing, followed by CldU and IdU immunofluorescence. To analyze 

replication fork dynamics after recovery from polymerase stalling, an additional 

incubation with 2 mM hydroxyurea for 30 min (between the CldU and IdU 

treatments) was carried out. After microscopic imaging of the combed DNA 

fibers, the length of the IdU tracks was measured in pixels and converted into 

kb/min by comparison to control DNA fibers of known lengths. Over 200 

replication forks were analyzed per sample. 

(E) Fork asymmetry was determined for bidirectional replication forks (a CldU 

track flanked by IdU tracks on both sides) using the following equation: 

Asymmetry % = ((Long IdU / Short IdU) – 1) * 100. Over 90 bidirectional 

replication forks were analyzed per sample. 

 

EXPANDED EXPERIMENTAL PROCEDURES 

 

Phospho-RPA2 (S4/S8) focus formation assay using high-content 

microscopy 

SMARTpool siRNAs (Dharmacon) for 20 RPA interacting proteins were reverse 

transfected into U2OS FUCCI (Sakaue-Sawano et al., 2008) cells in a clear-

bottom 96-well plate (Corning Life Sciences; No. 3603) using Lipofectamine 

RNAiMAX (Invitrogen). 48 h-post transfection, cells were incubated in 50 ng/mL 

of neocarzinostatin (NCS) for 2 h. Following NCS treatment, cells were fixed 
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with 4% PFA for 10 min followed by two washes with PBS. Cells were 

permeabilized in 0.3% Triton X-100 for 30 min and then blocked in in 1X PBS 

buffer buffer containing 10% goat serum, 0.5% NP-40 and 0.5% saponin for 30 

min. Next, an antibody against pRPA2 S4/S8 (Bethyl) diluted in blocking buffer 

at 1:1,000 was added to the cells for 1 h at room temperature. After three 

washes in 1X PBS, cells were incubated in secondary antibody conjugated to 

Alexa Fluor 647 (at 1:1,000 in blocking buffer containing 0.5 µg/mL of DAPI) for 

1 h at room temperature. Lastly, cells were washed three times in 1X PBS and 

imaged at 60X magnification on the InCell Analyzer 6000 (GE Healthcare). 

Images were imported to the image analysis software package Columbus 

(PerkinElmer). The average number of pRPA2 S4/S8 foci per nucleus of cells in 

S/G2 (Geminin-mAG+) was determined by spot segmentation and intensity 

thresholds.  

 

HR and SSA DNA repair assays 

The direct repeat (DR)-GFP assay to measure the frequency of HR and the 

strand annealing (SA)-GFP assay to measure the frequency of SSA were 

performed as previously described (Gunn and Stark, 2012). Briefly, HeLa DR-

GFP cells (gift from R. Greenberg, University of Pennsylvania) or U2OS SA-

GFP cells (gift from J. Stark, Beckman Research Institute of City of Hope) were 

transfected with 10 nM siRNA (Dharmacon) using Lipofectamine RNAiMAX 

(Invitrogen). 24 hours later, the cells were transfected with the I-SceI expression 

plasmid pCBASceI (Addgene #26477) using polyethylenimine. 48 hours later, 

the cells were collected by trypsinization and the percentage of GFP-expressing 

cells was immediately analyzed by flow cytometry using the FACSCalibur 

platform (BD Biosciences). 

 

Single-strand annealing traffic light reporter (SSA-TLR) 

MEFs were transduced with the reporter plasmid pCVL.SSA TLR (Addgene 

#45576) (Kuhar et al., 2014) using lentiviral infection with the VSV-G viral 

envelope and the psPAX2 viral packaging vector. Transductants were selected 

using puromycin (2 ng/mL) for three days. Subsequently, 2.0 x 106 MEF cells 

carrying the SSA-TLR reporter cassette were electroporated with 5 μg of an 
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expression plasmid carrying BFP-tagged I-SceI nuclease 

(pCVL.SFFV.d14GFP.EF1a.HA.NLS.Sce(opt).T2A.TagBFP; Addgene # 32627), 

using the Amaxa Nucleofector and the MEF1 Nucleofector Kit (Lonza #1004). 

The cells were harvested 48 h after electroporation and analyzed using the BD 

LSRFortessa flow cytometer and FlowJo software. At least 1.0 x 105 cells were 

analyzed for each biological replicate. BFP+ cells were gated in order to focus 

the analysis only on I-SceI-expressing cells (405 nm laser for excitation, 450/50 

filter for detection). To determine the frequency of SSA-mediated repair of the I-

SceI-induced DNA double-strand breaks, the gated BFP+ cell population was 

analyzed for iRFP fluorescence (640 nm laser for excitation, 710/50 filter for 

detection). 

 

Colony formation assay 

The colony formation assay was performed as described previously (Xu et al. 

2015). Briefly, for PARPi single treatment studies,: long-term clonogenic assays 

with PARPi were carried out as follows: on day 0, 1.5x104 (B11) or 1x104 (G3) 

cells were seeded per well with PARPi (or untreated control) into 6-well plates. 

The medium of the PARPi treatment groups was refreshed with PARPi every 4 

days. On day 5, the untreated control groups were stopped and stained with 

crystal violet (0.1%), whereas the PARPi treatment groups were stopped after 

another 2~3 weeks and stained with crystal violet. Quantification of the 

clonogenic assay was done by determining the absorbance of crystal violet at 

590nm. For ATMi (KU55933 or KU60019) and PARPi combination studies, on 

d0, 1.5 x104 (B11) cells were seeded per well into 6-well plates and then ATMi 

or PARPi or their combination was added. The medium was refreshed every 3 

days with the indicated treatments. For the combination therapy groups, ATMi 

was applied for 6 days. On d6, the ATMi alone and untreated control groups 

were stopped and the other treatment groups were stopped on d12 and stained 

with 0.1% crystal violet.  

 

Mice, tumor transplantation and olaparib treatment 

Research in Toronto involving animals was performed in accordance with 

protocols approved by the animal facility at the Toronto Centre for 
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Phenogenomics. Helbtm1(KOMP)Vlcg heterozygous mouse embryonic stem (ES) 

cells (strain C57BL/6N) were obtained from the Knockout Mouse Project 

Repository (University of California, Davis). In these ES cells, the entire coding 

sequence of one of the Helb alleles is replaced with a DNA cassette containing 

the LacZ gene and the neomycin resistance marker (Figure S3A). Chimeric 

animals were generated by aggregation of Helbtm1(KOMP)Vlcg ES cells with albino 

morula-stage embryos (strain CD-1), 2.5 days post-coitum (dpc). The chimeras 

were tested for germline transmission of the Helb deletion allele. The germline-

transmitting chimeras were then backcrossed to wild-type C57BL/6N animals to 

produce heterozygous Helb+/- mice, which were further crossed to produce 

Helb+/+ and Helb-/- mice in an isogenic background. 

All mouse experiments in Amsterdam were approved by the Animal 

Experiments Review Board of the Netherlands Cancer Institute (Amsterdam), 

complying with Dutch legislation. To generate mouse mammary tumors from cell 

lines, shHelb-transduced or empty vector-transduced G3 cells (2x106) were 

orthotopically transplanted into female wide-type FVB/N_Ola129 mice as 

reported previously (Jaspers et al., 2013). The outgrowth tumors were treated 

with one regimen of 50 mg olaparib per kg daily for 28 days or left untreated. 

The P value was calculated using the log-rank test.  

 

Immunofluorescence (for Figures 7 and S7) 

The Immunofluorescence assay was performed as previously described (Xu et 

al. 2015). Briefly, cells were irradiated with IR (10 Gy) and evaluated for RAD51 

foci formation 5h post IR. Cells were pre-extracted using the CSK buffer (10 mM 

Hepes KOH pH 7.9, 100 mM NaCl, 300 mM Sucrose, 3 mM MgCl2, 1 mM EGTA 

and 0.5% v/v Triton X100) on ice for 5 min followed by the CSS buffer (10 mM 

Tris pH 7.4, 10 mM NaCl, 3 mM MgCl2, 1% v/v Tween and 0,5% w/v Sodium 

Deoxycholate) on ice for 5 min. Cells were fixed using 2% PFA/PBS++ (PBS 

with 1mM CaCl2 and 0.5 mM MgCl2) for 20 min at room temperature and then 

cells were permeabilized in 0.2% Triton X-100/PBS++ . To detect RAD51 cells 

were incubated with the rabbit anti-RAD51 (70-001, BioAcademia) primary 

antibody and subsequently anti-rabbit (A21069, Invitrogen) secondary antibody. 
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Last, the cells were mounted and counter-stained in mounting medium (H1500, 

Vector Laboratories).  

 

Affinity purification and mass spectrometry 

For each FLAG-tagged bait and FLAG control, cell pellets from two 150-mm 

plates were lysed in 50 mM HEPES-KOH (pH 8.0), 100 mM KCl, 2 mM EDTA, 

0.1%NP-40, 10% glycerol and affinity-purified with M2-FLAG magnetic beads 

(Sigma), followed by on-bead trypsin digest as described (Kean et al., 2012). A 

spray tip was formed on fused silica capillary column (0.75 μm ID, 350 μm OD) 

using a laser puller (program = 4; heat = 280, FIL = 0, VEL = 18, DEL = 200). 10 

cm (+/- 1 cm) of C18 reversed-phase material (Reprosil-Pur 120 C18-AQ, 3 μm) 

was packed in the column by pressure bomb (in MeOH). The column was then 

pre-equilibrated in buffer A (see below) (6 μl) before being connected in-line to a 

NanoLC-Ultra 2D plus HPLC system (Eksigent) coupled to a LTQ-Orbitrap Velos 

(Thermo Electron) equipped with a nanoelectrospray ion source (Proxeon 

Biosystems). The LTQ-Orbitrap Velos instrument under Xcalibur 2.0 was 

operated in the data dependent mode to automatically switch between MS and 

up to 10 subsequent MS/MS acquisitions. The HPLC gradient program delivered 

an acetonitrile gradient over 125 minutes. Buffer A was 99.9% H2O, 0.1% formic 

acid; buffer B was 99.9% ACN, 0.1% formic acid. For the first twenty minutes, 

the flow rate was 400μL/min at 2% B. The flow rate was then reduced to 200 

μL/min and the fraction of solvent B increased in a linear fashion to 35% until 

95.5 minutes. Solvent B was then increased to 80% over 5 minutes and 

maintained at that level until 107 minutes. The mobile phase was then reduced 

to 2% B until the end of the run (125min). The parameters for data dependent 

acquisition on the mass spectrometer were: 1 centroid MS (mass range 400-

2000) followed by MS/MS on the 10 most abundant ions. General parameters 

were: activation type = CID, isolation width = 1 m/z, normalized collision energy 

= 35, activation Q = 0.25, activation time = 10 msec. For data dependent 

acquisition, the minimum threshold was 500, repeat count = 1, repeat duration = 

30 sec, exclusion size list = 500, exclusion duration = 30 sec, exclusion mass 

width (by mass) = low 0.03, high 0.03.  
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Mass spectrometry data extraction 

RAW mass spectrometry files were converted to mzXML using ProteoWizard 

(3.0.4468) (Kessner et al., 2008) and analyzed using the iProphet pipeline 

(Shteynberg et al., 2011) implemented within ProHits (Liu et al., 2010)as follows.  

The database consisted of the human and adenovirus complements of the 

RefSeq protein database (version 57) supplemented with “common 

contaminants” from the Max Planck Institute 

(http://maxquant.org/downloads.htm) and the Global Proteome Machine (GPM; 

http://www.thegpm.org/crap/index.html).  The search database consisted of 

forward and reversed sequences (labeled “DECOY”); in total, 72226 entries 

were searched. The search engines used were Mascot (2.3.02; Matrix Science) 

and Comet (2012.01 rev.3, with trypsin specificity (2 missed cleavages were 

allowed) and deamidation (NQ) and oxidation (M) as variable modifications (Eng 

et al., 2013).  Charges +2, +3 and +4 were allowed, and the parent mass 

tolerance was set at 12 ppm while the fragment bin tolerance was set at 0.6 

amu.  The resulting Comet and Mascot search results were individually 

processed by PeptideProphet (Keller et al., 2002), and peptides were 

assembled into proteins using parsimony rules first described in ProteinProphet 

(Nesvizhskii et al., 2003) into a final iProphet protein output using the Trans-

Proteomic Pipeline (TPP; Linux version, v0.0 Development trunk rev 0, Build 

201303061711).  TPP options were as follows: general options are -p0.05 -x20 -

PPM -d"DECOY", iProphet options are –ipPRIME and PeptideProphet options 

are –OpdP.  All proteins with a minimal iProphet protein probability of 0.05 were 

parsed to the relational module of ProHits.  Note that for analysis with SAINT 

(see below), only proteins with iProphet protein probability ≥ 0.95 are 

considered.  This corresponds to an estimated protein-level false-discovery rate 

(FDR) of ~0.5%.  

 

Interaction scoring for FLAG AP-MS 

For each FLAG-tagged bait, biological triplicates were grown and harvested at 

different times to maximize the variability and increase the robustness in the 

detection of true interactors.  Negative control purifications (consisting of cells 

expressing the unfused FLAG tag) were processed in parallel. The interactions 

http://maxquant.org/downloads.htm
http://www.thegpm.org/crap/index.html
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were analyzed with SAINTexpress, a computationally efficient reimplementation 

of the Significance Analysis of INTeractome method described previously (Choi 

et al., 2011; Teo et al., 2014). SAINT probabilities are computed independently 

for each bait replicate and the average probability (AvgP) of the best two out of 

three biological replicates is reported as the final SAINT score. Preys with AvgP 

≥0.9 were considered “true” interactors (estimated FDR of 1%). Downloadable 

files and all raw mass spectrometry files are deposited in the MassIVE 

repository housed at the Center for Computational Mass Spectrometry at UCSD 

(http://proteomics.ucsd.edu/ProteoSAFe/datasets.jsp).  The dataset has been 

assigned the MassIVE ID (ID to be confirmed) and is available for FTP 

download at: (site to be confirmed).  Visualization of the results was performed 

using a custom-built script in R (Knight, J.D.R., Liu, G., Zhang, J.P., Pasculescu, 

A., Choi, H. and Gingras, A.-C. A web-tool for visualizing quantitative protein-

protein interaction data (submitted)) where the color intensity of the circles maps 

to the averaged spectral counts detected for each prey in a given purification 

(capped to a maximum of 50); the color coding on the edge maps to the FDR for 

each individual bait-prey interaction (black is ≤1% FDR; grey is ≤ 5% FDR; white 

is > 5% FDR).  The size of the circles is proportional to the maximal intensity of 

each given prey across all bait purifications; the smaller circles are sized down 

linearly in relation to the maximal intensity.   

 

Biochemical analysis of HELB 

Oligonucleotides used  
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Name Sequence Use Length 

JYM925 

GGGTGAACCTGCAGGTGGGC

AAAGATGTCCTAGCAATGTAA

TCGTCAAGCTTTATGCCGT 

Single-strand DNA 

(radiolabeled) 
60 nt 

JYM926 

ACGCTGCCGAATTCTACCAG

TGCCAGCGACGGACATCTTT

GCCCACCTGCAGGTTCACCC 

Annealed to JYM 925 

to form splayed-arms 
60 nt 

JYM945 

ACGGCATAAAGCTTGACGATT

ACATTGCTAGGACATCTTTGC

CCACCTGCAGGTTCACCC 

Annealed to JYM 925 

to form double-stranded 

DNA 

60 nt 

 

DNA helicase assays  

DNA unwinding reactions were carried out in a 10 μl reaction volume containing 

25mM MOPS pH 7.0, 60mM KCl, 1% Tween 20, 2mM DTT, 5mM MnCl2, 2mM 

ATP, 100 nM of splayed arm DNA (JYM925 annealed with JYM926, followed by 

gel purification), and 6 nM of HELB helicase. Reactions were incubated at 37 °C 

for 60 minutes. The reaction mixtures were deproteinized with Proteinase K for 1 

h at 37oC and then separated on a 8% polyacrylamide gel in 1 X TBE buffer. 

Migration of DNA was detected by autoradiography. 

 

DNA binding assays  

DNA substrates were made by the annealing of 32P-labeled primer JYM925 with 

JYM945 for dsDNA or with JYM926 for splayed arms, followed by gel 

purification. Reactions (10 µl) contained 100 nM of 32P-labelled DNA 

oligonucleotides and HELB proteins, at the indicated concentration, in binding 

buffer (25mM MOPS pH 7.0, 60mM KCl, 1% Tween 20, 2mM DTT, 5mM MgCl2, 

2mM ATP). Reactions were incubated at 37°C for 10 minutes, followed by 15 

minutes of fixation with 0.1% glutaraldehyde. Reactions were separated on and 

8% acrylamide gel in 1 X TBE buffer. Gels were then dried onto DE81 filter 

paper, visualized by autoradiography and quantification was performed using a 
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FUJI phosphorimager and MultiGauge software. At least 3 independent 

experiments were analyzed. 

 

Purification of MRN, BLM, DNA2, RPA, HELB and EXO1  

The human MRN complex was purified according to (Yu et al., 2012), BLM and 

DNA2 were tagged at the N-terminus with GST and at the C-terminus with His10 

and purified as described for PALB2 (Buisson et al., 2010). RPA was purified as 

(Henricksen et al., 1994).  

For recombinant HELB protein purification, SF9 insect cells (1 L at 106 cells/ml) 

were infected with GST-HELB-His10 or the mutants GST-HELB(2NA)-His, GST-

HELB(3xA)-His10, GST-HELB(K418A)-His10 baculoviruses at a 1:100 ratio.  A 60 

h post-infection, cells were harvested by centrifugation and the pellet was frozen 

on dry ice. Cells were lysed in Buffer 1 (1X PBS containing 150 mM KCl, 1% 

Triton X-100, 0.5 mM DTT and protease inhibitors) and homogenized by 20 

passes through a Dounce homogenizer (pestle A). The cell lysate was 

incubated with 1 mM MgCl2 and 2.5 U/ml benzonase nuclease at 4C for 1 h 

followed by centrifugation at 35000 rpm for 30 min. The soluble cell lysate was 

incubated with 400μl of GST-Sepharose beads in 10 ml of buffer 1 (PBS 

containing 150 mM NaCl, 1% Triton X-100, 0.5 mM DTT) and incubated for 1h 

at 4C with gentle rotation. The beads were washed twice with buffer 1 

containing 250 mM NaCl followed by incubation with buffer 2 (Buffer 1 with 5 

mM ATP, 15 mM MgCl2) for 1 hr. Sepharose GST beads were washed twice 

with buffer 1 containing 350 mM NaCl and once with P5 buffer (50 mM NaHPO4 

pH 7.0, 500 mM NaCl, 10% glycerol, 0.05% Triton-X-100, 5 mM imidazole) 

followed by cleavage with PreScission protease (60 U/ml, GE Healthcare Life 

Sciences), overnight at 4C in P5 buffer. The cleaved, His-tagged protein was 

subjected to Talon affinity column purification and eluted with 500 mM 

imidazole. The purified protein was dialysed in storage buffer (20mM Tris-HCl 

pH 7.5, 200 mM NaCl, 10% glycerol, 1mM DTT) and stored in small aliquots at -

80C.  

For recombinant EXO1 protein purification, SF9 insect cells (1L at 106 cells /ml) 

were infected with FLAG-EXO1-His10 (Flag tag at the C terminal of the protein) 

baculovirus at a 1:100 ratio, harvested 48 h post-infection and processed for 
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Flag immunoaffinity purification. Cells were lysed in Buffer 3 (50 mM Tris-HCl 

pH7.5, 150 mM NaCl, 10% glycerol, 0.025% Triton X-100, 2 mM EDTA, 1 mM 

DTT and protease inhibitors) and homogenized by 20 passes through a Dounce 

homogenizer (pestle A) followed by sonication (three times each for 30 seconds 

at 30-40% intensity). The dounce homogenized cell lysate was incubated with 1 

mM MgCl2 and 2.5U/ml benzonase nuclease at 4C for 1 h followed by 

centrifugation at 35000 rpm for 30 minutes. The soluble cell lysate was 

incubated with 300 μl of prewashed Flag-affinity beads (Sigma) in buffer 3 for 2 

h at 4C. The beads were pelleted by centrifugation at 600 rpm for 2 min, the 

supernatant was removed and the beads were washed twice with buffer 3 

containing 250 mM NaCl followed by incubation with buffer 2 for 1 h at 4oC. After 

another three washes with buffer 3, the protein was eluted in buffer 3 without 

EDTA but containing 500 µg/ml FLAG peptide. The eluted protein was diluted 5-

fold with P5 buffer and processed for Talon purification as described (Maity et 

al., 2013). The purified protein was dialysed in storage buffer (20 mM Tris-

Acetate pH 8.0, 200 mM KAc, 10% glycerol, 1 mM EDTA, 0.5 mM DTT) and 

stored in small aliquots at -80C.  

 

RPA-bound ssDNA pull-down 

Streptavidin magnetic beads containing 100 ng of biotinylated single-strand 

DNA was blocked in reaction buffer (25 mM MOPS pH 7, 60 mM KCl, 1% 

Tween 20, 2 mM DTT, 5 mM MgCl2, 2 mM ATP) containing BSA (0.75 μg/ul). 20 

nM RPA was first incubated with the ssDNA beads in a volume of 20 μl for 10 

minutes at 37°C followed by washing three times with reaction buffer. Pre-

bound, saturated RPA-ssDNA beads were incubated with 20 nM HELB proteins 

for 15 minutes at 37°C followed by three washes with reaction buffer. Proteins 

were eluted in SDS-loading buffer an analyzed by immunoblotting.  

 

DNA combing analysis 

To analyze replication fork progression, exponentially growing MEFs were first 

incubated with 25 µM CldU for 30 min, rinsed with PBS, 125 µM IdU for 30 min, 

rinsed with PBS, then trypsinized immediately. An additional incubation with 2 

mM hydroxyurea for 30 min (between the CldU and IdU) was included in the 
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experiments to analyze fork dynamics after recovery from replication fork 

stalling. The trypsinized cells were resuspended in 0.5% low melting point 

agarose (BioShop #AGA101) at a density of 5.0 x 106 cells/ml and 100 µl gel 

plugs were cast. DNA extraction, immunofluorescence, image acquisition and 

data analysis were carried out as previously described (Yang et al., 2012) with 

the following modifications. Following Proteinase K digestion, plugs were 

washed 5 x 10 min in 10 ml TE50 buffer (10 mM Tris-HCl pH 7.0, 50 mM EDTA). 

One plug was transferred to a round bottom polycarbonate tube with 100 µl of 

6.7 µM YOYO-1 (Invitrogen, Y3601) in TE50 for 30 min at room temperature in 

the dark to stain genomic DNA. Plugs were washed 3 x 5 min in 10 ml TE and 

incubated for 5 min in 5 ml of 50 mM MES buffer at pH 5.7. The MES buffer was 

replaced with a fresh 2 ml and heated to 72 ˚C for 15-20 min to melt the agarose 

plugs. Following staining and coverslip mounting, images were taken of over 

200 replication forks and 90 bidirectional replication forks at 63X magnification 

using an AxioImager ZI epifluorescence microscope and AxioVision software 

(Zeiss). Replication fork velocities and bidirectional asymmetries from two 

independent experiments were pooled for the final distributions. The formula 

used to calculate bidirectional fork asymmetry was: Asymmetry % = ((Long IdU / 

Short IdU) – 1) * 100. 

 

Class switch recombination 

Immunoglobulin class switching to IgG1 was assayed in murine primary B cells, 

as previously described (Escribano-Diaz et al., 2013). Mature B lymphocytes 

were isolated from the spleens of adult wild-type, 53bp1-/-, and Helb-/- mice by 

depletion of CD43+ cells, using CD43 microbeads (Miltenyi Biotech) according to 

the manufacturer's instructions. Purified B cells were resuspended at a 

concentration of 1 x 106 cells/mL in the presence of 50 ng/mL IL-4 (Preprotech) 

and 25 μg/mL lipopolysaccharides (Sigma-Aldrich) to induce class switching to 

IgG1. The cells were analyzed after 4 days by flow cytometry using a biotin-

conjugated rat anti-mouse IgG1 antibody (#553441, BD Biosciences), followed 

by an APC-conjugated anti-biotin antibody (#130-090-856, Miltenyi Biotech) in 

conjunction with propidium iodide staining to exclude dead cells. 
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Extrachromosomal NHEJ assay 

NHEJ efficiency was determined using a linear extrachromosomal NHEJ 

substrate as previously described (Waters et al., 2014) with some modifications. 

The extrachromosomal NHEJ substrate was generated by ligating short linkers 

to the head and tail of a 545 bp linear double-stranded DNA fragment generated 

by PCR (5’-GCTATGAATTCCCTCGTGACCACCCTGACC-3’ and 5’-

GCTATGAATTCCCTTGTACAGCTCGTCCATGC-3’). The linkers used have 6 

nt 3´single-stranded overhangs and were made by annealing 5’-

CTCACACCCATCTCA-3’ to 5’-AATTTGAGATGGGTGTGAGATCTGC-3’ 

(“head” linker) and 5’-AATTTATACAGCTAAGCGATGATGCAG-3’ to 5’-

CATCGCTTAGCTGTATA-3’ (“tail” linker). Excess linker was removed by 

QiaQuick purification and substrate purity validated by polyacrylamide gel 

electrophoresis. The substrate was mixed at a 1:11 ratio with a plasmid carrier 

and used to transfect the indicated MEFs cell lines with Lipofectamine 3000 

(Invitrogen), following the manufacturer’s instructions. Cells were harvested after 

4 h incubation at 37oC, washed and resuspended in Hank’s buffered saline 

solution supplemented with 5 mM MgCl2. Extracellular DNA was digested by 

incubation with 6.25 U Benzonase for 15 min at 37oC. Cells were pelleted and 

DNA purified with the Qiamp kit (Qiagen). Joining efficiency was determined by 

quantification of head-to-tail junctions by qPCR using primers that anneal within 

double-stranded flanks (5’-GAGCTGTACAAGGgaattTATACAG-3’ and 5’-

GTGGTCACGAGGGaattTGAGATG- 3’). To correct for differences in 

transfection efficiency we performed qPCR specific for the double-stranded DNA 

used to ligate the linkers (5’- CGACCACATGAAGCAGCACG-3’ and 5’-

CGTCCTTGAAGAAGATGGTGC- 3’). 

 

Neutral comet assay 

MEFs were treated with the indicated concentrations of NCS for 3 h and 

processed according to the manufacturer’s recommendations (Trevigen). The 

neutral comet assay was carried out as described previously (Orthwein et al., 

2014). Images were captured using a Zeiss LSM 780 laser-scanning confocal 

microscope and the tail moment was quantified using the OpenComet plugin in 

ImageJ. The tail moment value consists of the product of tail length (measured 
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in pixels) and the percentage of total DNA in the tail. 
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