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BRCA2 deficiency confers sensitivity to TNFα-mediated 
cytotoxicity 
 
Anne Margriet Heijink1*, Francien Talens1*, Lucas Jae2, Thijn R. Brummelkamp2, Marcel 
A.T.M. van Vugt1 
 
1
 Department of Medical Oncology, University Medical Center Groningen, University of Groningen, Hanzeplein 

1, 9723 GZ Groningen, the Netherlands. 
2
 Division of Biochemistry, the Netherlands Cancer Institute, 

Plesmanlaan 121, 1066 CX Amsterdam, the Netherlands 
 

BRCA2 maintains genome stability via homologous recombination DNA repair and 
replication fork stabilization. BRCA2 Loss is deleterious for survival of normal cells, but is 
paradoxically tolerated in cancer cells. A genome-wide loss-of-function genetic screen in 
near-haploid KBM-7 cells, revealed Tumor Necrosis Factor-alpha (TNFα) signaling as a 
determinant of cell survival upon BRCA2 inactivation. Specifically, inactivation of the TNF 
receptor (TNFR1) or its downstream effector SAM68 rescued the cell death induced by 
BRCA2 inactivation. BRCA2 inactivation induced TNFα production, and sensitivity to TNFα. 
Enhanced TNFα sensitivity was not restricted to BRCA2 inactivation, as inactivation of 
BRCA1 or FANCD2, or hydroxyurea treatment also sensitized cells to TNFα. Finally, 
enhanced TNFα sensitivity was associated with re-wired TNFR1/ NF-kB signaling in BRCA2-
depleted cells, as assessed by quantitative mass-spectrometry, and required ASK1 and JNK 
signaling. Combined, our data reveal a novel mechanism by which autocrine TNFα 
signaling, induced by loss of BRCA2, limits tumor cell viability. 

 
INTRODUCTION 

 

Cells are equipped with evolutionary conserved 

pathways to deal with DNA lesions1. These 

signaling pathways are collectively called the 

‘DNA damage Response’ (DDR), and constitute a 

complex signaling network, displaying multiple 

levels of cross-talk and feed-back control. Multiple 

parallel kinase-driven DDR signaling axes ensure 

rapid responses to DNA lesions, whereas a 

complementary transcriptional DDR axis warrants 

maintained signaling. Ultimately, activation of the 

DDR results in an arrest of ongoing proliferation, 

which provides time to repair DNA damage. In 

case of sustained or excessive levels of DNA 

damage, the DDR can instigate a permanent cell 

cycle exit (senescence) or initiate programmed 

cell death (apoptosis)2. 

DNA damage can arise from extracellular 

sources, including UV light exposure or anti-

cancer treatment, but also originates from 

intracellular sources, such as oxygen radicals 

from metabolism. An alternative source of DNA 

damage accumulation is defective DNA repair. 

Multiple syndromes are caused by germline 

mutations in DNA repair genes, which lead to 

accumulation of DNA damage, and ensuing 

adverse phenotypes such as accelerated ageing, 

neurodegeneration and predisposition to cancer3.  

For instance, homozygous hypomorphic 

mutations of the DNA repair genes BRCA1 and 

BRCA2 are associated with development of 

Fanconi’s anemia4,5, whereas heterozygous 

BRCA1 or BRCA2 mutations predispose affected 

individuals to early-onset breast and ovarian 

cancer6-8. 

Both BRCA1 and BRCA2 are key players in DNA 

damage repair through homologous 

recombination (HR)9. BRCA1 functions upstream 

in HR, where it controls the initiation of DNA-end 

resection at sites of DSBs, in conjunction with 

CtIP and the MRN complex1,2,9. Once BRCA1 has 

been recruited to sites of DNA breaks, it 

associates with PALB2, which ultimately recruits 
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BRCA2. BRCA2 controls the loading of the 

RAD51 recombinase onto resected DNA ends10. 

Inactivation of BRCA1, BRCA2, or other HR 

components, severely compromises homology-

driven repair of DSBs9,11,12. Since HR is vital to 

repair double-stranded breaks that spontaneously 

arise during DNA replication, functional HR is 

required to maintain genomic integrity10,13-15. 

Consequently, homozygous loss of Brca1 or 

Brca2 leads to accumulation of DNA breaks, and 

results in activation of p53, which promotes 

transcriptional cell cycle arrest and activation of 

apoptosis and senescence programs16-19. In line 

with these observations, BRCA1 or BRCA2 loss is 

not tolerated during human or mouse 

development and leads to embryonic lethality10,13-

15. Importantly, Brca1 or Brca2 is not only 

essential in the context of development; deletion 

of these genes also severely impacts proliferation 

in vitro, indicating that BRCA1 and BRCA2 are 

intrinsically essential to cellular viability13,15,16. 

In clear contrast, loss of BRCA1 or BRCA2 is 

apparently tolerated in breast and ovarian cancers 

affected by BRCA1 or BRCA2 mutations. It 

remains incompletely understood how these 

tumor cells remain viable, despite their continuous 

accumulation of DNA lesions20. The observation 

that BRCA1 or BRCA2 mutant cancers almost 

invariably have inactivated TP53, points at p53 

signaling forming a barrier to cellular proliferation 

in the absence of BRCA1 or BRCA2. Indeed, 

concomitant deletion of Tp53 in mice delays early 

embryonic lethality in Brca1-/- or Brca2-/- 

embryos21,22, and is required to promote tumor 

formation23. However, Tp53 inactivation only 

partially rescued embryonic lethality and cellular 

viability of Brca1 or Brca2 mutant cells, indicating 

that additional mechanisms are likely to play a 

role in the survival of these cells.  

Despite the extensive knowledge on DDR 

signaling and insight into DNA repair 

mechanisms, it currently remains incompletely 

clear how cells with DNA repair defects are 

eliminated, and conversely, how such cells can 

escape clearance. Several gene mutations have 

previously been described to rescue survival of 

BRCA1-deficient cells, but for BRCA2-deficient 

cancer cells this remains less clear 24-32. Here, we 

used a haploid genomic screen to identify gene 

mutations that modify cell viability in BRCA2-

inactivated cells. We find that loss of the TNFα 

receptor, or several of its downstream signaling 

components, rescued cytotoxicity induced by 

BRCA2 inactivation in KBM-7 cells. Inactivation of 

TNFα signaling rendered cells insensitive to 

autocrine pro-apoptotic signaling, instigated by 

BRCA2 loss. These effects were not restricted to 

BRCA2 inactivation, as inactivation of BRCA1 of 

FANCD2 also caused cellular sensitivity to TNFα. 

Combined, our results describe a novel 

mechanism, by which obstruction of autocrine 

TNFα signaling, induced by loss of the BRCA2 

tumor-suppressor gene, limits tumor cell growth. 

 

RESULTS 
 

A haploid genetic screen identifies TNF receptor 

signaling gene mutations to rescue cell death 

induced by BRCA2 depletion 
 

To identify gene mutations which rescue 

cytotoxicity induced by loss of BRCA2, 

monoclonal KBM-7 cell lines were engineered to 

express doxycycline-inducible BRCA2 shRNAs 

(Fig. 1A, Fig. S1A). To test whether doxycycline 

treatment resulted in functional inactivation of 

BRCA2, we tested two previously described 

functions of BRCA2; facilitating recruitment of 

RAD51 to sites of DNA breaks11, and protection of 

stalled replication forks40. After 48 hours of 

doxycycline treatment, IR-induced recruitment of 

RAD51 to foci was lost (Fig. 1B, Fig. S1B). 

Analogously, the ability to protect stalled 

replication forks, as assessed by DNA fiber 

analysis, was weakened significantly (Fig. 1C). 

Specifically, control cells maintained nascent DNA 

at replication forks upon hydroxyurea (HU)-

induced replication fork stalling. In contrast, 

BRCA2-depleted cells showed defective 
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   Figure 1. Genetic determinants of cellular survival in BRCA2-depleted KBM-7 cells. (A) KBM-7 

cells were stably transduced with indicated doxycyline-inducible shRNA vectors. Cells were treated 

with doxycycline for three or five days and lysates were immunoblotted for BRCA2 and Actin. (B) 

Quantification of the percentage of cells with ≥10 RAD51 foci after 5 Gy irradiation. KBM-7 cells 

harboring indicated shRNAs were treated with doxycycline for 96 hours prior to irradiation. 

Approximately 100 cells were scored per condition per replicate. Error bars indicate standard 

deviations of two independent experiments. (C) KBM-7 cells expressing shBRCA2 #2 were processed 

for DNA fiber analysis after treatment with doxycycline for 96 hours. Cells were then incubated with 

CldU (25 μM) for 40 minutes to label replication tracks and subsequently treated with HU (2 mM) for 

four hours. CldU track lengths are plotted for ±500 fibers per condition. Median values are indicated 

and error bars represent standard deviations. P values were calculated using two-tailed Student’s t-

test. (D) Indicated KBM-7 cells were plated in the presence or absence of doxycycline. At indicated 

time points, cell numbers were assessed. Error bars indicate standard deviations of three independent 

experiments. (E) Work flow of genetic screen in near-haploid KBM-7 cells. (F) Gene mutations 

identified in KBM-7 cells which survived doxycycline-induced BRCA2 inactivation. Throughout the 

figure, * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001 and **** indicates P<0.0001. 
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protection of stalled forks, as indicated by 

decreased CldU fiber length after HU treatment 

(Fig. 1C). Finally, analysis of cell numbers 

showedthat proliferation ceased from 4 days after 

doxycycline treatment onwards in shBRCA2 cells, 

and a near-complete loss of cell viability was seen 

in less than 2 weeks of BRCA2 depletion (Fig. 

1D). Importantly, these effects were observed with 

two independent BRCA2 shRNAs. Notably, KBM-

7 cells harbor a loss-of-function TP53 mutation, 

and our results therefore show that p53 

inactivation per se does not preclude the cytotoxic 

effects of BRCA2 loss10,21. 

The virtually complete cell death after BRCA2 

depletion in the near-haploid KBM-7 cells allowed 

us to use insertional mutagenesis to screen for 

gene mutations that confer a survival advantage 

upon BRCA2 depletion (Fig. 1E). To this end, we 

mutagenized KBM-7-shBRCA2 #2 cells using a 

retroviral ‘gene-trap’ vector to obtain a collection 

of ∼100 × 106 mutants36,41. Massive parallel 

sequencing was performed on genomic DNA 

isolated from cells that were allowed to grow for 

19 days in the presence of doxycycline (Table 

S1). To filter out mutations in genes required for 

doxycycline-mediated expression of shRNAs, we 

performed a cross-comparison with results from a 

similar screen for gene mutations that reversed 

cell death induced by shRNA-mediated loss of the 

essential mitotic spindle component Eg5 (Table 

S1)42. As expected, multiple dominant integration 

hotspots identified in the shBRCA2-screen, 

marked doxycycline-related genes which will 

nullify the BRCA2 depletion, including SUPT3H, 

POU2F1, and NONO. Among the top shBRCA2-

specific hits, we identified multiple components of 

the TNFα receptor complex, including TNFRSF1A 

(encoding TNFR1), KHDRBS1 (encoding SAM68) 

and TNFRSF1B (encoding TNFR2)(Fig. 1F). 

 
TNFα signaling determines cellular viability in 

BRCA2-depleted cancer cells 
 

To assess whether BRCA2 mutations in cancers 

are associated with decreased expression of 

identified genes, we analyzed the serous ovarian 

cancer (SOC) TCGA dataset43. We specifically 

analyzed SOC, since BRCA2 germline mutations 

are most frequently found within this dataset. 

Interestingly, of the TNFα pathway components, 

KHDRBS1 showed the largest difference in 

median mRNA expression level between BRCA2 

wildtype (wt) and BRCA2 mutated tumors (Fig. 

2A). In addition, of all SOC-tumors that are 

classified by the TCGA as having down-regulated 

KHDRBS1 mRNA (n=8), 37.5% has a mutation in 

BRCA2. According to literature, the KHDRBS1 

gene product SAM68 is recruited to TNFR1 upon 

activation with TNFα, where it functions as a 

scaffold for NF-kB activation (Fig. 2B, ‘complex 

1’)44. In a delayed response upon TNFα 

administration, TNFR1 is internalized and SAM68 

and RIPK1 disassociate from the TNFα receptor. 

Together with FADD and caspase-8 (Fig. 2B, 

‘complex 2’), SAM68 and RIPK1 initiate activation 

of intrinsic caspases and thereby promote cell 

death44. 

To validate whether TNFR1 or SAM68 

inactivation confers a survival advantage upon 

BRCA2 depletion, KBM-7-shBRCA2 cells were 

infected with plasmids harboring shRNAs 

targeting TNFR1 or SAM68 while also encoding 

an IRES-driven mCherry cassette (Fig. S2A). In 

line with our screening data, BRCA2-depleted 

KBM-7 cells that were also depleted for TNFR1 or 

SAM68 showed a survival advantage over cells 

only depleted of BRCA2, as judged from the 

gradual increase in mCherry-positive cells (Fig. 

2C,D). Notably, TNFR1- or SAM68-depleted 

KBM-7 cells did not confer a survival advantage 

through compromising the shRNA-induced 

knockdown of BRCA2 (Fig. S2B). In contrast, 

BRCA2 depletion was nullified by siRNA-mediated 

knockdown of SUPTH3, in line with expectations 

(Fig. S2C). 

Depletion of TNFR1 or SAM68 did not reduce the 

total level of DNA damage induced by BRCA2 
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Figure 2. Loss of TNFR1 and SAM68 rescues cellular viability in BRCA2-depleted cancer cells. 

(A) mRNA expression levels of indicated genes were assessed in BRCA2 wt and germline BRCA2 

mutant ovarian cancers from the TCGA dataset. (B) Schematic overview of TNFR1 complex formation 

upon TNFα binding, leading to cell survival (complex I) or delayed caspase activation and cell death 

(complex II). (C) Flow cytometry analysis of KBM-7-pLKO.tet.shBRCA2 cells, additionally carrying 

indicated shRNA vectors with IRES-driven mCherry cassettes. Cells were treated with doxycycline for 

14 days and percentages of mCherry-positive cells were measured. (D) KBM-7-pLKO.tet.shBRCA2 

cells carrying mCherry shRNA cassettes for TNFR1, SAM68 or SCR were treated with or without 

doxycycline to induce BRCA2 shRNA expression. Percentages of mCherry-positive cells were 

measured every three or four days for three weeks after start of doxycycline treatment. Ratios of   

          (Legend continued on next page) 
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loss, as γH2AX levels were similar (Fig. S2D). 

Moreover, loss of TNFR1 or SAM68 did not confer 

a generic survival advantage, as TNFR1 or 

SAM68 depletion did not rescue cytotoxicity 

induced by Eg5 depletion (Fig. S2E).  

It should be noted that not in all tested cells 

line models, TNFα receptor signaling controlled 

cell death upon BRCA2 loss. When Brca2F/-

:Tp53F/F MEFs were infected with Cre-

recombinase to induce loss of BRCA2 and p53, 

this resulted in efficient gene inactivation and 

interfered with cellular viability (Fig. S3A). Of note 

shRNA-mediated inactivation of TNFR1 or SAM68 

did not significantly rescue cellular survival (Fig. 

S3B,C). In line with these cells not being 

responsive to TNFα receptor signaling, 

inactivation of Brca2 did not confer sensitivity to 

recombinant TNFα (Fig. S3D).  

Next, two triple negative breast cancer (TNBC) 

cell lines, BT-549 and MDA-MB-231, were 

depleted for BRCA2 (Fig. S4A). In line with results 

in KBM-7 cells, BRCA2 depletion interfered with 

long-term survival (Fig. S4B). Assessing the 

effects of TNFR1 inactivation on survival of 

BRCA2-depleted MDA-MB-231 was not feasible, 

because TNFR1 appeared essential for viability in 

this cell line, regardless of BRCA2 status (Fig. 

S4C-E). Although acute depletion of TNFR1 also 

affected viability in the majority of BT-549 cells, a 

stably depleted population of TNFR1-depleted 

cells was established (Fig. S4F,G), and showed 

that TNFR1 inactivation results in a survival 

benefit in BRCA2-depleted context (Fig. 2E,F). 

SAM68 depletion interfered with survival of BT-

549 cells independent of BRCA2 status, as hardly 

any cells survived constitutive SAM68 depletion 

(Fig. S4G,H). Combined, our data show that loss 

of TNFR1 or SAM68 confers a survival advantage 

in BRCA2-depleted cells, in situations where 

TNFR1 or SAM68 are not essential for viability, 

suggesting a mechanistic link between TNFα  

signaling and BRCA2 function. 

 
BRCA2 loss results in TNFα production and 

increased TNFα signaling 
 

To further investigate the relation between BRCA2 

inactivation and TNFα signaling, we first tested 

whether limiting the available TNFα pool would 

alter the reduced cellular viability induced by 

BRCA2-depletion. Indeed, upon addition of the 

TNFα-neutralizing antibody infliximab to culture 

media, cellular viability of BRCA2-depleted KBM-7 

cells increased from ~20% to ~35% (Fig. 3A). 

Importantly, and in line with these findings, 

BRCA2 depletion in KBM-7 cells resulted in 

increased levels of TNFα secretion, as measured 

using ELISA (Fig. 3B).  

Although the levels of TNFα reproducibly 

increased upon BRCA2 loss, the overall level of 

TNFα was limited, and we wondered whether this 

increase accounted for activation of the TNFα 

signaling cascade. To test this, we measured the 

levels of JNK phosphorylation (pJNK) and PARP 

cleavage (cPARP) by flow cytometry. BRCA2 

depletion for 4 or 7 days resulted in increased 

levels of pJNK, which was not observed in control-

depleted cells (Fig. 3C). In accordance with these 

mCherry-positive cells in doxycycline treated cultures versus untreated cultures are indicated. Per 

condition, at least 30,000 events were measured. (E) BT-549 cells, stably transduced with 

pLKO.tet.shBRCA2 #2 were infected with IRES mCherry shRNA vectors as for panel (D). Cells were 

treated with or without doxycycline, and percentages of mCherry-positive cells were measured. Ratios 

of mCherry-positive cells at indicated time points versus mCherry-positive percentages at day 0 are 

indicated. Error bars indicate standard deviations of three independent experiments. P values were 

calculated using two-tailed Student’s t-test. * indicates P<0.05, ** indicates P<0.01, *** indicates 

P<0.001. (F) Representative flow cytometry plots of BT-549-shBRCA2 #2 cells from panel (E) are 

shown, carrying mCherry shRNA cassette for TNFR1 #2. Cells were treated for 15 days with or without 

doxycycline and gated based on mCherry positivity. Numbers indicate the percentages of mCherry-

positive cells.  
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Figure 3. BRCA2 depletion results in increased TNFα signaling. (A) KBM-7 cells harboring 

indicated shRNAs were treated with doxycycline for 48 hours and subsequently plated and treated 

with indicated concentrations of infliximab for five days. Error bars indicate standard deviations of two 

independent experiments. (B) KBM-7 cells harboring indicated shRNAs were treated with doxycycline 

for the indicated time periods. Medium was harvested and TNFα concentrations were measured using 

ELISA. Error bars indicate standard deviations of two independent experiments. (C) BT-549 cells 

harboring indicated shRNAs were treated with doxycycline for the indicated time periods. Cells were 

analyzed by flow cytometry for pJNK expression. Gating was performed as shown in the left panel. 

Numbers indicate the percentages of living cells stained positive for pJNK. Error bars indicate 

standard deviations of two independent experiments. (D) BT-549 cells were treated as described in 

(C). Cells were analyzed by flow cytometry for cleaved PARP. Gating was performed as shown in the 

left panel. Numbers indicate the percentages of living cells stained positive for cleaved PARP. Error 

bars indicate standard deviations of two independent experiments. Throughout the figure, P values 

were calculated using two-tailed Student’s t-test. * P<0.05, ** P<0.01, *** P<0.001. 
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observations, the levels of PARP cleavage were 

also elevated over time upon BRCA2 loss (Fig. 

3D). Thus, BRCA2 loss instigates a TNFα 

signaling cascade, leading to cell death in KBM-7 

cells, which can be circumvented by sequestering 

the levels of circulating TNFα. 

 

Increased TNFα sensitivity in BRCA2-depleted 

cancer cells 
 

Since the overall levels of TNFα after BRCA2 

depletion were limited, we wondered whether 

increased cellular sensitivity to TNFα could also 

play a role. To test whether BRCA2 inactivation 

increases sensitivity to TNFα, BRCA2-depleted 

Figure 4. BRCA2 inactivation causes sensitivity to TNFα in cancer cells. (A) KBM-7 harboring 

hairpins against BRCA2 were treated with doxycycline for 48 hours and subsequently plated and 

treated with indicated TNFα concentrations for five days. Cell viability was assessed by MTT 

conversion. (B) KBM-7-shBRCA2 #1 cells with hairpins against SAM68, TNFR1 or SCR were treated 

with or without doxycycline and treated with indicated TNFα concentrations for five days. Cell viability 

was assessed by MTT conversion. (C) Breast cancer cell lines MDA-MB-231, HCC38 and BT-549 

harboring shLUC or shBRCA2 #2 were pre-treated for 48 hours with doxycycline and subsequently 

plated and treated with indicated TNFα concentrations for five days. Cell viability was assessed by 

MTT conversion. (D) DLD-1 WT or BRCA2
-/-

 cells were plated and treated for five days with indicated 

TNFα concentrations. Cell viability was assessed by MTT conversion. (E) BT-549 cells harboring 

hairpins against BRCA2, BRCA1 and FANCD2 were treated with doxycycline for 48 hours and 

subsequently plated and treated with indicated TNFα concentrations for five days. Cell viability was 

assessed by MTT conversion. (F) MDA-MB-231, HCC38 or BT-549 cells were plated and treated with 

100 μM HU and indicated TNFα concentrations for five days. Cell viability was assessed by MTT 

conversion. Measurements were normalized to cells without TNFα treatment. Throughout the figure, 

error bars indicate standard error of the mean of at least three independent experiments with three 

technical replicates each. Measurements were normalized to untreated cells.  
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KBM-7 cells were treated with recombinant TNFα 

Indeed, BRCA2-depleted, but not control-depleted 

KBM-7 cells, showed significantly increased 

sensitivity to recombinant TNFα Fig. 4A. Notably, 

the observed sensitivity to TNFα was rescued by 

co-depletion of SAM68 or TNFR1 (Fig. 4B). These 

responses were not specific to KBM-7 cells, as 

increased TNFα sensitivity was also observed in a 

dose-dependent manner upon BRCA2 depletion 

in a panel of TNBC cell lines (BT-549, MDA-MB-

231 and HCC38) (Fig. 4C, S5A). These findings 

were further confirmed in the colorectal cancer 

cell line DLD-1, in which the BRCA2 gene was 

inactivated using CRISPR/Cas9 (Fig. 4D, S5B). 

Importantly, the increased sensitivity to TNFα in 

BRCA2-depleted cells could not be attributed to 

changes in TNFR1 expression levels upon 

BRCA2 inactivation (Fig. S5G,H). 

To check whether increased TNFα sensitivity 

was selectively induced by BRCA2 inactivation, 

BT-549 cells were depleted for the DNA repair 

proteins BRCA1 or FANCD2 (Fig. S5B). Depletion 

of BRCA1 or FANCD2 decreased long-term 

survival, comparable to BRCA2 depletion (Fig. 

S5C). Importantly, depletion of BRCA1 or 

FANCD2 again resulted in sensitivity to 

recombinant TNFα, although to a lesser extend 

when compared to BRCA2 inactivation (Fig. 4E). 

Of note, induction of replication stress with a non-

toxic dose of hydroxyurea (HU) (Fig. S5D,E) also 

sensitized TNBC cell lines to recombinant TNFα 

(Fig. 4F, S5F). Taken together, these results show 

that BRCA2 inactivation not only induces TNFα 

signaling, but results in increased TNFα 

sensitivity. Importantly, TNFα sensitivity is not 

specific to BRCA2 inactivation, and is also 

induced by inactivation of BRCA2, BRCA1 or 

FANCD2, or chemical induction of replication 

stress. 

 
BRCA2 loss leads to rewiring of TNFα signaling 
 

To investigate how BRCA2 inactivation may 

underlie differential activation of the TNFα 

pathway, we assessed global changes in protein 

abundance using SILAC- mass spectrometry (Fig. 

5A). Labeled (‘heavy’) or unlabeled (‘light’) protein 

extracts from BRCA2-depleted or control-depleted 

BT-549 cells were mixed and analyzed by mass 

spectrometry (MS). To control for potential effects 

of metabolic labeling, label-swap controls were 

included (Fig. 5A). Common differentially 

expressed proteins measured in at least three out 

of four independent MS runs were plotted (Fig. 

5B). Interestingly, depletion of BRCA2 resulted in 

differential expression of previously described 

regulators of NF-kB signaling and apoptosis (Fig. 

5C). Among others, BRCA2-depletion resulted in 

upregulation of ITGA6 (integrin α6β1), ANXA4, 

ANPEP (CD13), CD9, and FAM129A (Niban), 

previously shown to stimulate TNFα/NF-kB 

signaling45-47, or inhibit apoptosis48. Conversely, 

decreased abundance upon BRCA2 depletion 

was observed for TAGLN (SM22α) and HSPB1 

(HSP27), described to inhibit NF-kB signaling 

(Fig. 5C, Table S2)49,50.  

These data suggested that BRCA2 depletion 

leads to re-wiring of NF-kB signaling, possibly as 

a mechanism to counter pro-apoptotic TNFα 

signaling. In physiological conditions, TNFα-

induced NF-kB pro-survival signaling is dominant 

over apoptosis signaling51. However, sustained 

activity of JNK (MAPK8), which together with the 

ASK1 kinase (MAP3K5) acts downstream of the 

TNF receptor, can ‘overrule’  NF-kB pro-survival 

signaling and drive apoptosis51-54. Interestingly, 

among the most differentially expressed proteins, 

several direct or indirect regulators of JNK, ASK1, 

caspases and other members of TNFα signaling 

were identified (Fig. S6A). Our observation that 

BRCA2 depletion leads to increased JNK activity 

(Fig. 3C) would be in line with such a mechanism. 

To test if sustained activity of ASK or JNK kinases 

is required to mediate TNFα-induced cell death in 

BRCA2-depleted cells, we chemically inhibited 

ASK1 (Fig. 5D) or JNK (Fig. 5E), in combination 

with TNFα treatment. Control-depleted BT-549 

cells were not sensitive to TNFα, and their viability 
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Figure 5. BRCA2 depletion leads to re-wiring of NFκB signaling and apoptosis. (A) Workflow of 

SILAC-MS analysis of BT-549 cell lines with indicated hairpins. (B) Log2 ratios (heavy vs light) of 

proteins that were measured in at least three out of four independent MS analyses. Black dots 

represent the mean of log2 ratios from three or four experiments. Proteins of interest among the top 

5% up- and downregulated hits in BRCA2-deficient cells are indicated. (C) Schematic overview of up- 

and down-regulated proteins in BRCA2-deficient cells that influence NF-kB signaling and apoptosis. 

(D, E) BT-549 shLUC (left panels) or shBRCA2 #2 cells (right panels) were treated with doxycycline 

for 48 hours and subsequently treated with indicated concentrations of TNFα and ASK1 inhibitor (D) or  

           (Legend continued on next page) 
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was not affected by ASK1 or JNK inhibition (Fig. 

5D,E). In contrast, BRCA2-depleted cells again 

showed decreased viability upon TNFα 

administration. Notably, these effects were dose-

dependently reversed by ASK1 or JNK inhibition 

(Fig. 5D,E). Importantly, very similar effects were 

observed in BRCA2-depleted MDA-MB-231 cells 

(Fig. S6C,D).  

ASK1/JNK signaling was previously described 

to predominantly involve mitochondria-mediated 

‘intrinsic’ apoptosis52,55. In line with this notion, 

TNFα-induced cell death in BRCA2-depleted cells 

was significantly rescued by a broad-spectrum 

caspase inhibitor zVAD-FMK, but not the 

caspase-8-specific inhibitor zIETD-FMK (Fig. 5F). 

Combined, these data show that BRCA2 depletion 

leads to rewired TNFα/NF-kB signaling, and that 

activity of JNK and ASK1 is required for TNFα-

induced cell death in BRCA2-depleted cells. 

 
DISCUSSION 
 

DNA repair defects facilitate genome instability 

and the ensuing accumulation of cancer-

promoting mutations56. Indeed, inherited or 

somatic mutations in DNA repair genes are 

frequently observed in cancer1. Yet, defective 

DNA repair compromises cellular viability, and it 

remains incompletely clear how (tumor) cells deal 

with loss of DNA repair pathways. Here, we used 

an unbiased screen to identify genetic factors that 

influence cellular survival of near-haploid KBM-7 

cells upon BRCA2 inactivation. We identified and 

validated mutations in TNFRSF1A (encoding 

TNFR1) and KHDRBS1 (encoding SAM68) to 

rescue cell death in BRCA2-depleted KBM-7 cells. 

Further, we found that HR-deficiency instigates 

autocrine TNFα signaling, and that HR-deficient 

cancer cells are increasingly sensitive for TNFα, 

mediated through ASK1/JNK signaling. 

TNFα signaling has previously been described 

to context-dependently promote cellular survival 

or promote apoptosis51. We find that TNFα 

signaling in the context of accumulated DNA 

damage exerts pro-apoptotic effects, either 

through defective DNA repair or through HU-

induced replication stress. These effects are, at 

least in part, regulated by ASK1 and JNK kinases. 

The observation that the broad-spectrum caspase 

inhibitor zVAD, but not a caspase-8 inhibitor, 

could reverse TNFα sensitivity, points at an 

involvement of caspase 3 and 955. These findings 

are in good agreement with earlier reports, which 

described increased transcription of TNFα upon 

irradiation57, enhanced sensitivity of FANC-C 

mutant cells to TNFα58, and irradiation-induced re-

wiring of TNFα signaling which limits cellular 

survival59. Furthermore, treatment with 

recombinant TNFα was shown to sensitize cancer 

cells for genotoxic agents60.  

Multiple other mutations have previously been 

described to rescue cell death upon loss of 

homologous recombination genes. Most of these 

mutations (including TP53BP1, MAD2L2, HELB 

and RIF1) could rescue cell death and PARP1 

inhibitor sensitivity induced by inactivation of 

BRCA1 but not BRCA2, which is likely due to 

BRCA2 functioning downstream of DNA-end 

resection24-30,32,61,62. Recently, inactivation of 

PAXIP1 (encoding PTIP), was shown to rescue 

cell death induced by BRCA2 mutation31. PAXIP1 

was identified in our screen, but was less 

significant than TNFR1 and SAM68, and was for 

that reason not included for follow-up analysis.  

Constitutive NF-kB activation is described to 

often occur in different types of cancers, and is 

associated with aggressive tumor growth and 

therapy resistance63. Such NF-kB activity might be 

accompanied with autocrine TNFα secretion, as 

has been demonstrated for head-and-neck 

cancers64. NF-kB activation was previously 

described in response to DSB formation, where it 

JNK inhibitor (E) for five days. For P values, see Table S3.  (F) BT-549 shLUC or shBRCA2 #2 cells 

were treated with doxycycline for 48 hours and subsequently treated with zVAD (25μM), caspase 8 

inhibitor (25nM) and/or TNFα (12.5 ng/mL) for five days. For panels D-F, cell viability was assessed by 

MTT conversion. Error bars indicate standard error of the mean of at least three independent 

experiments, with four technical replicates each. Measurements were normalized to untreated cells. P 

values were calculated using Student’s t-test. If significant, * indicates P<0.05. 
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provides an initial cellular stress response to DNA 

damage65,66. Paradoxically, sustained levels of 

DNA damage (in our models caused by BRCA2-

deficiency) lead to prolonged JNK activation, 

which is normally suppressed by NF-kB53,54. 

Consequently, sustained JNK signaling can 

promote pro-apoptotic signaling upon TNFα–

induced TNFR1 activation67,68. 

TNFα, in analogy to NF-kB signaling, has also 

been described to play a role in cancer. 

Recombinant TNFα was shown to induce cancer 

cell senescence when combined with IFN-γ 

treatment, and was demonstrated to induce tumor 

cell death in metastatic melanoma via isolated 

limb perfusion69,70. Our observations of TNFα 

sensitivity of BRCA2-defective cancer cells, 

suggest that BRCA2-mutant tumors may be 

selectively sensitive to TNFα. Unfortunately, 

development of TNFα-based treatment modalities 

was not successful due to toxicity71. Conversely, 

our data suggest that inactivation of TNFα 

signaling may allow survival of BRCA-deficient 

tumor cells, and warrants care in using TNFα 

antagonists in BRCA mutation carriers72. 

 
MATERIALS AND METHODS 
 

Cell culture 

Human near-haploid KBM-7 cells were cultured in 

Iscove's Modified Dulbecco's Medium (IMDM). 

MDA-MB-231 breast cancer cells, 293T human 

embryonic kidney cells, DLD-1 cells and mouse 

embryonic fibroblasts (MEFs) were cultured in 

Dulbecco's Modified Eagle's Medium (DMEM). 

BT-549, HCC38 were cultured in Roswell Park 

Memorial Institute (RPMI) medium. Growth media 

for each line were supplemented with 10% fetal 

calf serum (FCS) and penicillin/streptomycin (100 

units/mL). Mouse embryonic fibroblasts harboring 

the Brca2sko allele were a kind gift of Jos Jonkers 

and Peter Bouwman (Netherlands Cancer 

Institute, Amsterdam, the Netherlands) and were 

described previously33. All human cell lines were 

cultured at 37°C in a humidified incubator 

supplied with 5% CO2. MEFs were cultured in a 

low-oxygen (1% O2) incubator. For stable isotope 

labeling, BT-549 cells harboring shLUC and 

shBRCA2 #2 were cultured for at least four cell 

passages (~14 days) in RPMI medium with 

unmodified arginine (Arg) and Lysine (Lys) (Light, 

‘L’) or with stable isotope-labeled Arg10 and Lys6 

(Heavy, ‘H’)(Silantes). 

 

Viral transduction 

To generate KBM-7 and breast cancer cell lines 

with doxycycline-inducible shRNAs, cells were 

infected with Tet-pLKO-puro, harboring short RNA 

hairpins (shRNAs) directed against luciferase (5’-

AAGAGCTGTTTCTGAGGAGCC-3’), KIF11 (5’- 

CACGTACCCTTCATCAAATTT-3’), BRCA2 (#1 

5’-GAAGAATGCAGGTTTAATA-3’ and #2 5’-

AACAACAATTACGAACCAAACTT-3’), BRCA1 

(#1 5’-CCCACCTAATTGTACTGAATT-3’ and #2 

5’- CCCTAAGTTTACTTCTCTAAA-3’), FANCD2 

(#1 5’- AAGGGAGAAGTCATCGAAGTA-3’). Tet-

pLKO-puro was a gift from Dmitri Wiederschain 

(Addgene plasmid # 21915)34. 

To validate hits from the genetic screens, KBM-7, 

MEFs and breast cancer cells were transduced 

with pLKO.1 vectors, which in addition to the 

shRNA cassette either carried an IRES mCherry 

cassette (pLKO.1-mCherry, a kind gift from Jan 

Jacob Schuringa (UMCG, The Netherlands)), or a 

puromycin resistance cassette (pLKO.1-puro, a 

gift from David Root, Addgene plasmid # 

10878)35. Both pLKO.1 plasmids were used as 

described previously36. shRNAs against 

TNFRSF1A and KHDRBS1 were cloned into 

pLKO.1 vectors using the Age1 and EcoR1 

restriction sites. The hairpin targeting sequences 

that were used are: TNFRSF1A (#1, 5’-

GGAGCTGTTGGTGGGAATATA-3’ and #2, 5’- 

TCCTGTAGTAACTGTAAGAAA-3’), KHDRBS1 

(#1, 5’-GTTCCCAAGTTAGTCAAGTAT-3’ and #2, 

5’- GATGAGGAGAATTACTTGGAT-3’) and SCR 

(5’-CAACAAGATGAAGAGCACCAA-3’). For MEF 

cells, shRNA sequences used for TNFRSF1A 

were (5’-GGCTCTGCTGATGGGGATACA-3’), 
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KHDRBS1 (5’-GACGAGGAGAATTATTTGGAT-

3’) and SCR (5’-CAACAAGATGAAGAGCACCAA-

3’). Lentiviral particles were produced as 

described previously36. In brief, HEK293T 

packaging cells were transfected with 4 μg 

pLKO.1 DNA in combination with the packaging 

plasmids lenti-VSV-G and lenti-ΔYPR using a 

standard calcium phosphate protocol. Virus-

containing supernatant was harvested at 48 and 

72 hours after transfection and filtered through a 

0.45 μM syringe filter with the addition of 4 μg/mL 

polybrene. Supernatants were used to infect 

target cells in three consecutive 12 hour periods. 

MEFs were transduced with pRetroSuper 

retrovirus as described previously24. Briefly, 

HEK293T cells were grown to 70% confluency 

and transfected with 10 μg retroviral vector 

encoding ‘Hit-and-run’ Cre recombinase together 

with Gag-Pol packaging and VSV-G37. 

Supernatants were harvested at 48 and 72 hours 

after transfection and filtered through a 0.45 μM 

syringe filter. MEFs were plated and infected for 

24 hours with retroviral supernatant with an 

additional second and third round of infection after 

24 and 32 hours. 24 hours after the last infection, 

cells were washed and cultured in fresh medium 

with 2 μg/mL puromycin for 48 hours. Switching of 

the conditional sko allele upon Cre retrovirus, 

resulting in a 110 basepair fragment, was shown 

by PCR amplification of genomic DNA with the 

following primers: 5′-GTG GGC TTG TAC TCG 

GTC AT-3′ (forward) and 5′-GTA ACC TCT GCC 

GTT CAG GA-3′ (reverse). 

 

Gene-trap mutagenesis and mapping of insertion 

sites 

KBM-7 cells were infected with pLKO.1-tet-puro-

BRCA2 #2 and puromycin-resistant clones were 

sorted into monoclonal cell lines. The resulting 

monoclonal KBM-7-shBRCA2 #2 cell line was 

mutagenized using retroviral infection as 

described previously38. In short, approximately 

64*10E6 KBM-7 cells were retrovirally infected 

with the gene-trap vector pGT, containing a strong 

splice acceptor. After three consecutive rounds of 

infection a ~75% infection rate was achieved 

based on GFP positivity. All mutagenized cells 

were pooled and 20*10E6 cells were treated with 

1 μg/mL doxycycline. 5 days after doxycycline 

addition, cells were plated at 20,000 cells per well 

in 40 96-wells plates to allow competitive selection 

for 14 days. Subsequently, cell pellets were frozen 

and DNA was isolated. Viral insertions were 

amplified using LAN PCR, identified by massive 

parallel sequencing and mapped to the human  

genome as described previously39. 

 

Western blotting 

Knockdown efficiencies and biochemical 

responses were analyzed by Western blotting. 

Cells were lysed in Mammalian Protein Extraction 

Reagent (MPER, Thermo Scientific), 

supplemented with protease inhibitor and 

phosphatase inhibitor cocktail (Thermo Scientific). 

40 µg of protein extract was used for separation 

by SDS-PAGE. Separated proteins were 

transferred to Polyvinylidene fluoride (PVDF) 

membranes and blocked in 5% milk in Tris-

buffered saline (TBS), with 0.05% Tween20. 

Immunodetection was done with antibodies 

directed against BRCA2 (Calbiochem, #OP95), 

TNFR1 (Cell Signaling, #3736; Santa Cruz, # 

sc8436), SAM68 (Santa Cruz, #sc333), BRCA1 

(Cell Signaling, #9010), FANCD2 (Santa Cruz, 

#sc20022), Eg5 (Cell Signaling, #7625) and beta-

Actin (MP Biochemicals, #69100). Appropriate 

horseradish peroxidase (HRP)-conjugated 

secondary antibodies (DAKO) were used and 

signals were visualized with enhanced 

chemiluminescence (Lumilight, Roche 

diagnostics) on a Biorad Bioluminescence device, 

equipped with Quantity One/Chemidoc XRS 

software (Biorad). 

 

Quantitative RT-qPCR 

Cell pellets from KBM-7-shBRCA2 #1, KBM-7-

shBRCA2 #2 or KBM-7-shLUC treated with 

doxycycline (1 μg/mL) for 0 or 4 days were 
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harvested. Total RNA was isolated using the 

RNeasy Mini Kit (Qiagen) and cDNA was 

synthesized using SuperScript III (Invitrogen) 

according to manufactures instructions. 

Quantitative RT-PCR for BRCA2 mRNA 

expression levels was performed in triplicate using 

the following oligo’s: 5’-

TTGTTTCTCCGGCTGCAC-3’ (forward) and 5’-

CGTATTTGGTGCCACAACTC-3’ (reverse). 

GAPDH was used as a reference and 

experiments were performed on an Applied 

Biosystems Fast 7500 machine. Alternatively, 

KBM-7-shBRCA2 #2 cells were pre-treated with 

doxycycline for 24 hours prior to transfection with 

40 nM SUPTH3 siRNA (Thermo Scientific; ON-

TARGETplus SMART pool; Cat. No: L-019548-

00) or “medium GC duplex” control siRNA (Life 

Technologies; Cat. No: 12935-300). At 72 hours 

after siRNA transfection, cell pellets were 

harvested and BRCA2 mRNA levels were 

determined as above.  

 

Immunofluorescence microscopy 

KBM-7 cells were left untreated or were irradiated 

using a Cesium137 source (CIS international/IBL 

637 irradiator, dose rate: 0.01083 Gy/s). Three 

hours later, cells were washed in PBS and then 

fixed in 2% paraformaldehyde with 0.1% Triton X-

100 in PBS for 30 minutes at room temperature. 

Cells were permeabilized in 0.5% Triton X-100 in 

PBS for 10 minutes. Subsequently cells were 

extensively washed and incubated with PBS 

containing 0.05% Tween-20 and 4% BSA 

(Fraction V) (PBS-Tween-BSA) for 1 hour to block 

nonspecific binding. Cells were then incubated 

overnight at 4°C with mouse anti-Rad51 

(GeneTex, GTX70230, 1:400) and rabbit anti-

γH2AX (Cell Signaling, #9718, 1:100) in PBS-

Tween-BSA. Cells were extensively washed and 

incubated for 1 hour with Alexa488 and Alexa647-

conjugated secondary antibodies. Images were 

acquired on a Leica DM-6000RXA fluorescence 

microscope, equipped with Leica Application Suite 

software.  

DNA Fiber assay 

To assess replication fork protection during 

replication stress, KBM-7-shBRCA2 #2 cells were 

pre-treated with doxycycline (1 μg/mL) for 96 

hours, and then pulse-labeled with chloro-

deoxyuridine (CIdU, 50 µM) for 40 minutes. 

Subsequently, cells were washed with medium 

and incubated with hydroxyurea (HU, 2 mM) for 

four hours. Cells were lysed on microscopy slides 

in lysis buffer (0.5% sodium dodecyl sulfate 

(SDS), 200 mM Tris [pH 7.4], 50 mM EDTA). DNA 

fibers were spread by tilting the slide and were 

subsequently air-dried and fixed in 

methanol/acetic acid (3:1) for 10 minutes. Fixed 

DNA spreads were stored for 24 hours at 4°C and 

prior to immuno-labeling, spreads were treated 

with 2.5M HCl for 1.5 hours. CIdU was stained 

with rat anti-BrdU (1:750, AbD Serotec) for 2 

hours and slides were further incubated with 

AlexaFluor 488-conjugated anti-rat IgG (1:500) for 

1.5 hours. Images were acquired on a Leica DM-

6000RXA fluorescence microscope, equipped 

with Leica Application Suite software. The lengths 

of CIdU and IdU tracks were measured using 

ImageJ software. 

 

Flow cytometry 

To measure changes in the fraction of shRNA-

containing mCherry-positive cells, cells were re-

plated every 3 or 4 days. At those time-points, 

approximately 25% of the culture was used to 

measure the percentage of mCherry-positive cells 

by flow cytometry, whereas the remaining cells 

were re-plated for further time points. If indicated, 

cells were treated with doxycycline (1 μg/mL) or 

50% ETOH as a control. At least 10,000 (BT-549) 

or 30,000 (KBM-7) events were analyzed per 

sample on a LSR-II (Becton Dickinson). 

Cells, pre-treated with doxycycline (1 μg/mL) or 

HU, were harvested at different time points, 

washed and fixed in ice-cold 70% ethanol. Cells 

were permeabilized and blocked with PBS-

1%BSA-0.05%Tween20 or with PBS-2%BSA-

0.1%Triton for 1 hour and stained with rabbit anti-
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cleaved-PARP (Cell Signaling, #5625), rabbit anti-

phospho-SAPK/JNK (Thr183/Tyr185) (Cell 

Signaling, #9251), rabbit anti-TNFR1 (Abcam, 

#19140) or rabbit anti-γH2AX (Cell Signaling, 

#9718) overnight at 4°C. Samples were 

subsequently stained with AlexaFluor 488-

conjugated goat anti-rabbit secondary antibody for 

1 hour and analyzed on a FACS Calibur (Becton 

Dickinson). Data was analyzed with FlowJo 

software.  

  

Clonogenic survival assays 

BT-549 cells or MEFs were plated in 6-wells 

plates (1,000 cells per well) and treated with 

doxycycline (1 μg/mL) or recombinant TNFα as 

indicated. MEFs were pre-infected with retroviral 

‘Hit-and-run’ Cre recombinase and selected with 

puromycin (2 μg/mL). After 14 days, cells were 

fixed in 4% formaldehyde-PBS and stained with 

0.1% crystal violet in H2O.  

 

MTT assays 

KBM-7, MDA-MB-231, BT-549, HCC38 and MEF 

cells were plated in 96-wells plates (600-800 cells 

per well), and pre-treated with or without 

doxycycline (1 μg/mL) for 2 days. MEFs were pre-

infected with retroviral ‘Hit-and-run’ Cre 

recombinase and selected with puromycin (2 

μg/mL). Cells were treated with indicated 

concentrations of the following agents: Infliximab 

(Merck, Sharp and Dome), HU (Sigma), ASK1 

inhibitor NQDI-1 (Axon Medchem, #2179), JNK 

inhibitor SP600125 (Selleck Chemicals, #S1460), 

Pan caspase inhibitor (Z-VAD-FMK, Promega), 

Caspase-8 Inhibitor (Z-IETD-FMK, R&D systems) 

and/or recombinant TNFα (Thermofisher). After 5 

days of treatment, methyl thiazol tetrazolium 

(MTT) was added to a final concentration of 0.5 

mg/mL for 4 hours. Medium was removed and 

formazan crystals were dissolved in DMSO. The 

absorbance was measured at 520 nm with a Bio-

Rad iMark spectrometer. Cell viability was 

calculated as the relative value in signal 

compared to DMSO- or untreated cells. Unless 

mentioned otherwise, statistical significance was 

tested using two-sided Student’s t-tests. 

 

TNFα ELISA 

KBM-7-shBRCA2 or KBM-7-shLUC cells were 

treated with doxycycline (1 μg/mL) for 48 hours. 

Proteins in supernatant culture media were 

concentrated using Microcon-30kDa centrifugal 

filter units with Ultracel-30 membrane (Millipore). 

Subsequently, TNFα concentrations were 

determined using a human TNFα ELISA kit 

(KHC3011, Life Technologies). 

In-gel digestion and LC-MS/MS 

BT-549 cells were cultured in light (‘L’) or heavy 

(‘H’) SILAC media and were treated with 

doxycycline for 48 hours. Cells were harvested 

and lysed in NP-40 buffer (20mM Tris pH 7.4, 

150mM NaCl, 0.2% v/v Igepal, 10% glycerol) 

supplemented with a protease/phosphate inhibitor 

cocktail (Thermofisher). Protein concentrations 

were determined using Bradford assay and 50 μg 

of proteins from shLUC-‘L’ cells was mixed with 

shBRCA2 #2-‘H’ cells and vice versa. Proteins 

were separated by SDS-PAGE. Gel lanes were 

cut into 10-12 slices for in-gel digestion. Slices 

were cut into 1 mm pieces and destained with 100 

mM ammonium bicarbonate (ABC) in 50-70% 

acetonitrile (ACN). Reduction (10 mM DTT in 100 

mM ABC) and alkylation (55 mM iodoacetamide in 

100 mM ABC) steps were performed to block 

cysteines. Gel pieces were dehydrated and 

incubated overnight with 10 ng/μL trypsin 

(Promega), diluted in 100 mM ABC at 37°C. 

Peptides were subsequently extracted with 5% 

formic acid for 20 minutes.  

Online chromatography of the extracted tryptic 

peptides was performed using an Ultimate 3000 

HPLC system (Thermofisher Scientific), coupled 

to a Q-Exactive-Plus mass spectrometer with a 

NanoFlex source (Thermofisher Scientific), 

equipped with a stainless-steel emitter. Tryptic 

digests were loaded onto a 5 mm × 300 μm 

internal diameter (i.d.) trapping micro column 

packed with PepMAP100, 5 μm particles (Dionex) 
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in 0.1% formic acid at the flow rate of 20 μl/min. 

After loading and washing for 3 min, trapped 

peptides were back-flush eluted onto a 50 cm × 

75 μm i.d. nanocolumn, packed with Acclaim C18 

PepMAP RSLC, 2 μm particles (Dionex). Column 

temperature was maintained at 40°C. Eluents 

used were 100:0 H2O/acetonitrile (volume/volume 

(V/V)) with 0.1% formic acid (Eluent A) and 0:100 

H2O/acetonitrile (v/v) with 0.1% formic acid 

(Eluent B). The following mobile phase gradient 

was delivered at the flow rate of 300 nl/min: 3–

50% of solvent B in 90 min; 50–80% B in 1 min; 

80% B during 9 min, and back to 1 % B in 1 min 

and held at 1% A for 19 min which results in a 

total run time of 120 min. MS data were acquired 

using a data-dependent acquisition (DDA) top-12 

method dynamically choosing the most abundant 

not-yet-sequenced precursor ions from the survey 

scans (300–1650 Th) with a dynamic exclusion of 

20 sec. Survey scans were acquired at a 

resolution of 70,000 at mass-to-charge (m/z) 200 

with a maximum inject time of 50 ms or AGC 3E6. 

DDA was performed via higher energy collisional 

dissociation fragmentation with a target value of 

5x10E4 ions determined with predictive automatic 

gain control in centroid mode. Isolation of 

precursors was performed with a window of 1.6 

m/z. Resolution for HCD spectra was set to 

17,500 at m/z 200 with a maximum ion injection 

time of 50 ms. Normalized collision energy was 

set at 28. The S-lens RF level was set at 60 and 

the capillary temperature was set at 250°C. 

Precursor ions with single, unassigned, or six and 

higher charge states were excluded from 

fragmentation selection. 

MS data analysis 

Mass spectrometry raw files were processed in 

MaxQuant (version 1.5.2.8) containing the 

integrated Andromeda search engine and 

searched against the human proteome 

downloaded from the UniProt database (20197 

entries), using a false discovery rate of 0.01 at the 

protein and peptide level. Multiplicity was set to 1 

with Lys6 and Arg10 selected as labels. 

Carbamidomethyl was set as a fixed modification 

and oxidation of methionine as a variable 

modification. Default parameters were used for all 

other settings. Proteins were excluded based on 

the criteria ‘marked potential contaminant or 

reverse protein by MaxQuant’ and ‘only identified 

by either light or heavy labelled peptide’. For 

further analysis, log2 of protein ratio’s 

(heavy/light) was calculated. Proteins present in at 

least 3 out of 4 independent analyses were further 

analyzed. The mass spectrometry proteomics 

data have been deposited to the 

ProteomeXchange Consortium via the PRIDE 

partner repository with the dataset identifier 

PXD007253. 
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Figure S1. BRCA2 deficiency of KBM-7-shBRCA2 cell lines. (A) KBM-7 cells harboring indicated
hairpins were treated with doxycycline for indicated time periods. BRCA2 mRNA expression was
measured using RT-qPCR. Measurements were normalized to expression levels at day 0. Error bars
represent standard deviations of three independent measurements. P values were calculated using
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mCherry cassettes. Cells were treated with doxycycline (1μg/mL) for four days prior to cell lysis, and 
immunoblotted for TNFR1, SAM68 or Actin. (B) KBM-7 cells transduced with indicated hairpins were 
treated with or without doxycycline for four days. BRCA2 mRNA expression was measured using RT-
qPCR. Measurements were normalized to expression levels without doxycycline treatment. Error bars 
represent standard deviations of three independent measurements. P values were calculated using 
two-tailed Student’s t-test. *** indicates P<0.001. (C) KBM-7-shBRCA2 #2 cells were transfected with 
indicated siRNAs and simultaneously treated with doxycycline for three days. BRCA2 mRNA 
expression was measured and quantified as for panel (B). (D) γH2AX levels were measured by flow 
cytometry. Indicated KBM-7 cell lines were treated with doxycycline for indicated time periods prior to 
fixation. Gating was performed as shown in the right panels. Error bars indicate standard deviations of 
two independent experiments. (E) KBM-7-pLKO.tet.shBRCA2 #2 or KBM-7-pLKO.tet.shEg5 cells 
carrying mCherry shRNA cassettes for TNFR1, SAM68 or SCR were treated with or without 
doxycycline. Percentages of mCherry-positive cells were measured every two or three days after start 
of doxycycline treatment. Ratios of mCherry-positive cells in doxycycline treated cultures versus 
untreated cultures are indicated. Per condition, at least 30,000 events were measured. 

Figure S3. TNFα signaling does not interfere with viability of Brca2-depleted MEFs. (A) Brca2sko/- 

MEFs were infected with Cre retrovirus and subsequently selected with puromycin for two days (2 
μg/mL). Genomic DNA was isolated and Cre targeting of the Brca2sko allele was detected by genomic 
PCR (product: 110 base pairs). (B) Brca2sko/- MEFs were infected with mCherry-expressing hairpins 
against TNFR1, SAM68 or scrambled sequence (SCR). Cells were treated with Cre recombinase and 
percentages of mCherry-positive cells were measured using flow cytometry. The ratios of mCherry-
positive cells at day x compared to percentages of mCherry-positive at day 0 cells were calculated. 
Error bars represent standard deviations of three independent experiments. (C) Immunoblotting of 
Brca2sko/- MEFs infected with mCherry-expressing hairpins against SAM68 or TNFR1. (D) Indicated 
MEF lines were plated and treated with TNFα for five days. Cell viability was assessed by MTT 
conversion. Error bars represent standard deviations of three technical replicates. 
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Figure S4. Loss of TNFR1 and SAM68 in BT-549 and MDA-MB-231 affects cell viability. (A) MDA-
MB-231 and BT-549 cells harboring shLUC or shBRCA2 were treated with doxycycline for four days 
and immunoblotted for BRCA2 and Actin. (B) BT-549 cells harboring indicated hairpins were plated in 
6-well plates and treated with or without doxycycline. Cells were fixed after 14 days and stained with 
crystal violet. (C) Immunoblotting of MDA-MB-231-shBRCA2 #2 cells infected with shTNFR1 #2, 
shSAM68 #2 or shSCR. (D) Quantification of mCherry-positive MDA-MB-231-shBRCA2 #2 cells, after 
transduction with mCherry-expressing shTNFR1 #2, shSAM68 #2 or shSCR after 22 days.  
           (Legend continued on next page)
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(E) Representative flow cytometry plots of MDA-MB-231-shBRCA2 #2 with mCherry-expressing 
shTNFR1 #2 or shSCR, treated for 22 days without doxycycline. Cells were gated on mCherry 
positivity. (F) Immunoblotting of BT-549-shBRCA2 #2 cells infected with shTNFR1 #2, shSAM68 #2 or 
shSCR. (G) Quantification of mCherry-positive BT-549-shBRCA2 #2 cells, after transduction with 
mCherry-expressing shTNFR1 #2, shSAM68 #2 or shSCR after 25 days. (H) BT-549-shBRCA2 #2 
cells harboring mCherry-expressing shSAM68 #2 were treated with or without doxycycline for 
indicated time periods. mCherry positivity was measured by flow cytometry. Percentages were 
normalized to mCherry percentages at day 0.  
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Figure S5. Sensitivity to TNFα is not restricted to BRCA2 inactivation, and is not due to 
changes of TNFR1 expression levels. (A) Immunoblotting of HCC38 cells harboring shLUC or 
shBRCA2 #2 treated with doxycycline for four days (B) Immunoblotting of DLD-1 wt and BRCA2-/- cells  
          (Legend continued on next page) 
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for BRCA2 and Actin. (C) Representative flow cytometry histogram of BT-549-shLUC cells stained 
with anti-TNFR1. (D) BT-549-shLUC and -shBRCA2 #2 cells were treated with doxycycline for the 
indicated time periods. Expression of TNFR1 was measured using flow cytometry as for panel (G). 
Mean MFI of three independent experiments is indicated. P values were calculated using Student’s t-
test. * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001. (E) Immunoblotting of BT-549 cells 
carrying indicated hairpins against BRCA1 and FANCD2. Cells were treated with or without 
doxycycline for four days. (F) BT-549 cells harboring indicated hairpins were plated in 6-well plates 
and treated with or without doxycycline. Cells were fixed after 14 days and stained with crystal violet. 
(G) Representative flow cytometry histograms of BT-549-shLUC and MDA-MB-231-shLUC cells 
treated with or without hydroxyurea (100 μM) for 24 hours and stained with anti-γH2AX. (H) 
Quantification of mean fluorescence intensity (MFI) of γH2AX staining in BT-549-shLUC and MDA-MB-
231-shLUC cells as shown in panel G. γH2AX MFI of cells treated with hydroxyurea was normalized to 
untreated cells. Error bars show standard deviations of three independent experiments. P values were 
calculated using Student’s t-test. * indicates P<0.05, ** indicates P<0.01, *** indicates P<0.001. (I) BT-
549-shLUC cells were plated and treated with or without indicated concentrations of hydroxyurea and 
TNFα for five days. Cell viability was assessed by MTT conversion. Error bars represent standard 
deviations of two independent experiments. P values were calculated using Student’s t-test. * indicates 
P<0.05, ** indicates P<0.01, *** indicates P<0.001.   
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Figure S6. BRCA2 depletion 
leads to up and down regulation 
of genes interacting with NFκB 
signaling and apoptosis. (A) 
Protein network from top hits in 
BRCA2-depleted BT-549 cells as 
shown together with apoptotic 
regulators, NFκB, and TNFR1 
signaling components generated 
by STRING v.10.5. (B, C) MDA-
MB-231-shLUC (left panels) or 
shBRCA2 #2 cells (right panels) 
were treated with doxycycline for 
48 hours and subsequently treated 
with indicated concentrations of 
TNFα and ASK1 inhibitor (B) or 
TNFα and JNK inhibitor for five 
days (C). Cell viability was 
assessed by MTT conversion. 
Error bars indicate standard error 
of the mean of at least three 
independent experiments, with four 
technical replicates each. 
Measurements were normalized to 
untreated cells.  
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Table S1. TOP50 genes identified in the haploid genetic screens 

shBRCA2 #2 shEg5 #1 shBRCA2 #2 - shEg5 #1 
Gene FDR-pvalue Gene FDR-pvalue Gene FDR-pvalue 
SUPT3H 3,40E-97 TAF6L 3,27E-255 TNFRSF1A 5,99E-47 
POU2F1 4,31E-69 TAF5L 2,81E-162 USP15 3,99E-26 

TNFRSF1A 5,99E-47 TADA1 3,08E-147 SMARCD2 2,03E-18 
USP15 3,99E-26 SUPT3H 3,52E-122 TIAL1 3,12E-15 
KDM3B 7,30E-19 SUPT7L 1,29E-73 ARID1A 3,52E-15 

SMARCD2 2,03E-18 POU2F1 4,16E-49 GRM8 9,87E-14 
TIAL1 3,12E-15 KDM3B 8,63E-21 XPOT 6,15E-11 

ARID1A 3,52E-15 ZNF143 9,78E-13 RUNX1 1,57E-10 
GRM8 9,87E-14 RBM19 1,75E-03 GPATCH8 2,23E-09 
XPOT 6,15E-11 TRIM28 1,75E-03 SMARCC1 4,99E-09 

TAF6L 1,32E-10 GJA1 6,76E-03 RANBP1 1,50E-08 
RUNX1 1,57E-10 LOC126536 6,76E-03 KHDRBS1 2,56E-08 

GPATCH8 2,23E-09 NRXN3 3,08E-02 NONO 3,23E-08 
SMARCC1 4,99E-09 CLVS1 3,33E-02 CBFA2T3 3,41E-08 

RANBP1 1,50E-08 PLXNA4 3,44E-02 EYS 7,75E-06 
KHDRBS1 2,56E-08 MAGI2 4,48E-02 DDI2 1,11E-05 

NONO 3,23E-08 C10orf68 4,55E-02 RBM6 1,77E-05 
CBFA2T3 3,41E-08   SLC18A1 5,28E-05 

SUPT7L 1,21E-06   PDE4D 5,28E-05 
EYS 7,75E-06   PHIP 6,64E-05 

DDI2 1,11E-05   THRA 1,29E-04 
RBM6 1,77E-05   CTNNA2 3,29E-04 

SLC18A1 5,28E-05   ANGPT1 3,29E-04 
PDE4D 5,28E-05   POLR3GL 4,85E-04 
TADA1 6,64E-05   SKAP2 5,16E-04 

PHIP 6,64E-05   BRF2 5,25E-04 
THRA 1,29E-04   NGLY1 7,37E-04 

CTNNA2 3,29E-04   SMARCA4 8,70E-04 
ANGPT1 3,29E-04   RQCD1 8,73E-04 

POLR3GL 4,85E-04   ANP32A 1,36E-03 
SKAP2 5,16E-04   PNPLA7 1,77E-03 

BRF2 5,25E-04   SCHIP1 2,28E-03 
NGLY1 7,37E-04   GNAQ 2,73E-03 

SMARCA4 8,70E-04   PRKCD 4,65E-03 
RQCD1 8,73E-04   SAFB 5,37E-03 
TAF5L 1,29E-03   TNFRSF1B 5,54E-03 

ANP32A 1,36E-03   YLPM1 5,54E-03 
PNPLA7 1,77E-03   CDK6 8,11E-03 
SCHIP1 2,28E-03   CNOT4 8,72E-03 

GNAQ 2,73E-03   PHF6 8,72E-03 
PRKCD 4,65E-03   GOLGA3 8,88E-03 

SAFB 5,37E-03   PAXIP1 1,03E-02 
TNFRSF1B 5,54E-03   PPM1F 1,11E-02 

YLPM1 5,54E-03   DNMT3L 1,17E-02 
CDK6 8,11E-03   RPRD2 1,27E-02 

CNOT4 8,72E-03   RFX1 1,32E-02 
PHF6 8,72E-03   RABGAP1L 1,32E-02 

GOLGA3 8,88E-03   CACNA1A 1,40E-02 
PAXIP1 1,03E-02   GPC5 1,40E-02 
PPM1F 1,11E-02     MAPK10 1,59E-02 
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Table S2. TOP50 genes identified in the SILAC MS analysis 

Protein code Gene Average ratio LOG2 
P23229 ITGA6 44.744 21.617 
P02461 COL3A1 41.550 20.548 
Q8IVF2 AHNAK2 39.517 19.825 
Q07157 TJP1 37.041 18.891 
O95302 FKBP9 35.381 18.230 
Q15274 QPRT 34.649 17.928 
P61225 RAP2B 34.388 17.819 
Q9BZQ8 FAM129A 33.187 17.306 
P21926 CD9 32.523 17.015 
O00425 IGF2BP3 31.160 16.397 
P11717 IGF2R 29.338 15.528 
P11233 RALA 28.932 15.327 
Q8IV08 PLD3 27.816 14.759 
Q8IVL5 P3H2 27.127 14.397 
P15144 ANPEP 26.982 14.320 
P17858 PFKL 26.712 14.175 
Q6PIU2 NCEH1 26.484 14.051 
Q9UPN3 MACF1 26.062 13.820 
Q14108 SCARB2 25.593 13.557 
P46821 MAP1B 25.459 13.482 
P05362 ICAM1 25.351 13.421 
O00764 PDXK 24.992 13.215 
Q01650 SLC7A5 24.812 13.110 
P05067 APP 24.697 13.044 
P49746 THBS3 24.694 13.041 
Q9UFN0 NIPSNAP3A 24.657 13.020 
P26006 ITGA3 24.558 12.962 
P04080 CSTB 24.356 12.843 
P21589 NT5E 24.321 12.822 
Q09666 AHNAK 24.316 12.819 
P02794 FTH1 24.145 12.717 
Q71U36 TUBA1A 24.078 12.677 
P20908 COL5A1 23.867 12.550 
P35237 SERPINB6 23.624 12.403 
P07339 CTSD 23.349 12.234 
P51114 FXR1 23.304 12.206 
Q93034 CUL5 23.118 12.090 
P13987 CD59 23.017 12.027 
P36871 PGM1 22.882 11.942 
P48735 IDH2 22.556 11.735 
P09525 ANXA4 22.369 11.615 
Q9H1H9 KIF13A 22.114 11.450 
P08195 SLC3A2 21.848 11.275 
P09104 ENO2 21.391 10.970 
Q99536 VAT1 21.360 10.949 
O75955 FLOT1 21.288 10.900 
P04083 ANXA1 21.285 10.898 

Q9UHD8 SEPT9 21.170 10.820 
O60879 DIAPH2 21.138 10.799 
P15311 EZR 21.059 10.745 
P27105 STOM 21.022 10.719 
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