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C A N C E R

Synthetic lethal combination targeting BET uncovered 
intrinsic susceptibility of TNBC to ferroptosis
Nandini Verma1*, Yaron Vinik1*, Ashish Saroha1, Nishanth Ulhas Nair2, Eytan Ruppin2, 
Gordon Mills3, Thomas Karn4, Vinay Dubey1, Lohit Khera1, Harsha Raj1, Flavio Maina5, Sima Lev1†

Identification of targeted therapies for TNBC is an urgent medical need. Using a drug combination screen reliant 
on synthetic lethal interactions, we identified clinically relevant combination therapies for different TNBC sub-
types. Two drug combinations targeting the BET family were further explored. The first, targeting BET and 
CXCR2, is specific for mesenchymal TNBC and induces apoptosis, whereas the second, targeting BET and the 
proteasome, is effective for major TNBC subtypes and triggers ferroptosis. Ferroptosis was induced at low drug 
doses and was associated with increased cellular iron and decreased glutathione levels, concomitant with re-
duced levels of GPX4 and key glutathione biosynthesis genes. Further functional studies, analysis of clinical 
datasets and breast cancer specimens revealed a unique vulnerability of TNBC to ferroptosis inducers, enrich-
ment of ferroptosis gene signature, and differential expression of key proteins that increase labile iron and de-
crease glutathione levels. This study identified potent combination therapies for TNBC and unveiled ferroptosis 
as a promising therapeutic strategy.

INTRODUCTION
Targeted therapy represents a powerful strategy to treat hormone 
receptors (estrogen and progesterone) or human epidermal growth 
factor receptor 2 (HER2)–positive breast cancers. However, for 
triple-negative breast cancer (TNBC), a particularly aggressive and 
heterogeneous disease, there are no effective targeted therapies and 
no precision therapeutic options (1, 2). Numerous studies suggest 
that targeting of specific signaling pathway or epigenetic mechanisms 
using monotherapeutic agents is not effective, whereas combina-
tion therapies of two or more molecular targets substantially im-
prove clinical outcome. Although potent combination therapies for 
TNBC have been identified in many preclinical settings, limited 
efficacy in patients has been associated with drug toxicity, drug 
resistance, and intra- and intertumoral heterogeneity (3). Recent 
studies suggest that cancer therapies exploiting the concept of 
synthetic lethality (SL) can overcome these constraints by selectively 
targeting vulnerable cancer cells, thereby reducing drug toxicity 
and side effects (4).

Possibly the best example of cancer therapy exploiting SL inter-
action is related to poly(adenosine diphosphate–ribose) polymerase 
(PARP)–Breast Cancer 1/2 (BRCA1/2) interaction. Patients harbor-
ing BRCA1/2 mutations are deficient in homologous recombination 
and lack high-fidelity repair mechanisms for DNA double-strand 
breaks (5). Therefore, they are highly susceptible to DNA damage 
induced by PARP inhibitors. PARP inhibitors have been approved 
as a monotherapy for patients with BRCA-mutated ovarian and breast 
cancer, including TNBC (6). However, only 10 to 15% of patients 
with TNBC harbor BRCA1/2 mutations, while the others have dif-

ferent mutations or copy number alternations in different oncogenes 
or tumor suppressor genes (7, 8) and thus need alternative thera-
peutic options.

Expression profiling analysis of large cohorts of patients with 
TNBC identified different molecular subtypes with distinct patho-
physiological features and responses to treatments, including basal-
like (BL), immune-inflamed, mesenchymal, mesenchymal stem–like 
(MSL), and luminal androgen receptor positive (9, 10). A recent 
clinical trial showed that TNBC patients with Programmed death 
ligand 1 (PD-L1)–positive tumors could benefit from combination 
of immunotherapy targeting PD-L1 with atezolizumab together with 
paclitaxel chemotherapy (11). PD-L1 blockade in ovarian tumors 
was recently found to induce lipid reactive oxygen species (ROS) in 
cancer cells and facilitate ferroptosis cell death (12).

Ferroptosis is a unique cell death pathway driven by iron-dependent 
lipid peroxidation. The pathway can be triggered by multiple mecha-
nisms that modulate intracellular glutathione (GSH) pool, labile 
iron levels, polyunsaturated fatty acids (PUFAs), and the activity of 
GSH peroxidase 4 (GPX4), a selenoprotein that reduces phospho-
lipid hydroperoxides using GSH and prevents ferroptotic cell death 
(13–15). Many cancer cells use different mechanisms to tolerate 
iron, certain amino acids, and/or lipid metabolism and, consequently, 
to prevent ferroptosis. The intrinsic capacity of cancer cells to es-
cape ferroptosis varies between cancer types and confers distinct 
susceptibility to ferroptosis inducers. Generally, cancers of nonepi-
thelial origin are more sensitive to ferroptosis compared to epithelial 
carcinomas including breast cancer (16).

In this study, we report that, among the different breast cancer 
subtypes, TNBC is particularly susceptible to ferroptosis. We show 
that TNBCs are enriched in ferroptosis gene signature, and we iden-
tified a synthetic lethal drug combination that induces ferroptosis 
in TNBC of both BL and mesenchymal subtypes. The potency of 
this combination, targeting the bromodomain and extraterminal 
(BET) proteins and the proteasome, was demonstrated in vitro and 
in animal models, and its clinical relevance was confirmed by com-
putation analysis. Collectively, our findings demonstrate the power 
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of SL screens to identify effective combination therapies, offer new 
therapeutic options for patients with TNBC, and highlight ferropto-
sis as a promising avenue for TNBC therapy.

RESULTS
A drug combination screen identified potent combination 
therapies for TNBC subtypes
To identify potent drug combinations for different molecular sub-
types of TNBC (9, 10), we designed a unique high-throughput screen 
(HTS) reliant on the concept of SL. The HTS was carried out using 
12 different human TNBC cell lines of different molecular subtypes, 
including BL (BL1 and BL2) and mesenchymal, mesenchymal stem–like 
(M/MSL), a human normal-like mammary cell line (MCF10A), and 
17 selected pharmacological inhibitors (fig. S1A). The 17 inhibitors tar-
get predominant cancer-related pathways, DNA damage checkpoints, 
proteasome, or heat shock proteins (fig. S1A) and were proposed 
to inhibit TNBC growth in different preclinical settings (1, 17).

In brief, pairwise drug combinations were applied at very low 
doses to identify highly potent synergistic combinations with minimal 
toxicity. The half maximal inhibitory concentration (IC50) values of 
each individual drug in the 13 human cell lines were calculated 
from cell viability curves using serial dilutions and cell viability 
assay (CellTiter-Glo viability assay) (table S1). We then applied low 
doses (~5- to 10-fold lower concentration than the apparent IC50 
values) of each drug and confirmed minimal (≤25%) effects on cell 
viability (fig. S1, B and C, and table S2). Subsequently, 106 drug 
pairs were applied at the examined low doses (table S2), and their 
effects on cell viability were assessed (CellTiter-Glo). Drug combi-
nations were tested in triplicates, and potent combinations were 
defined as those inducing at least 75% death in TNBC lines, with 
minimal (≤20%) or no effect on MCF10A cell viability. Out of the 
106 different combination pairs that were tested, 27 preferentially 
affected TNBC (Fig. 1A). Among them, 13 were effective in all the 
TNBC cell lines, whereas 9 were preferentially potent for the 
mesenchymal/mesenchymal stem-like (M/MSL) subtype and 5 were 
potent for BL TNBC cell lines (Fig. 1B). Potent combinations were 
further tested by different cell viability assays (fig. S1D).

To prioritize clinically promising synergistic combinations, we 
applied an unbiased computational analysis to identify clinically 
relevant synthetic lethal pairs  as previously described (18). In brief, we 
mined genomic and transcriptomic data from 330 basal breast can-
cer patient tumors from the METABRIC dataset (19) and large-scale 
perturbation studies [short hairpin RNA (shRNA)/CRISPR] in cell 
lines to predict clinically relevant SL interactions between all possible 
target gene pairs of drugs used in our screen (see Materials and Methods 
and fig. S1A). We then estimated the strength of each SL interaction 
by computing their individual ISLE (Identification of clinically rele-
vant Synthetic Lethality) significance score (fig. S1E) (see Materials and 
Methods), where high scores represent stronger SL interaction (18). 
We hypothesize that effective or synergistic drug combinations ex-
hibit higher strength of SL interactions. The ISLE significance scores 
method highly scored our experimental potent combinations (Fig. 1C 
and fig. S1E) and revealed a significant correlation between the 
ISLE significance scores and the results of our drug combination 
screen (Spearman’s correlation = 0.43, P = 0.0144; see Materials and 
Methods and Fig. 1C). We could predict highly effective combina-
tions using ISLE significance scores with an accuracy [area under 
the receiver operating characteristic curve (ROC-AUC)] of 87.76%.

In light of the ISLE scoring (fig. S1E), the relative toxicity of the 
different combinations (Fig. 1A and fig. S1D), and the high sensitivity 
of TNBC to BET inhibitor (20), we selected two potent drug combi-
nations targeting the epigenetic readers of the BET family. The first 
combination was generic for all the tested TNBC subtypes (BL1/2 
and M/MSL), using the BET inhibitor JQ1 and the proteasome 
inhibitor bortezomib (BTZ), while the second was an M/MSL-specific 
combination of JQ1 and the CXCR2 receptor antagonist SB225022 (21).

JQ1 is a thienodiazepine-based small-molecule inhibitor, which 
competitively inhibits the binding of bromodomains to acetylated 
histones and thus the activity of BRD4 (22). BRD4 transcripts are 
significantly enriched in patients with BL breast cancer (Fig. 1D) as 
well as in TNBC cell lines relative to other breast cancer lines (fig. 
S2A), as indicated by dataset analysis of The Cancer Genome Atlas 
(TCGA) breast cancer tumors [RNA sequencing (RNA-seq) and 
PAM50] and of the Cancer Cell Line Encyclopedia (CCLE). Fur-
thermore, immunohistochemical (IHC) analysis of 67 breast cancer 
sections showed that the BRD4 protein is significantly enriched in 
TNBC compared to non-TNBC tumors (Fig. 1E), thus highlighting 
BRD4 as a promising therapeutic target for TNBC.

Synthetic lethal combinations targeting BET in  
TNBC subtypes
Among the generic potent combinations identified in our screen, 
dual inhibition of BET and the proteasome appeared to be a prom-
ising choice. A previous small interfering RNA screen suggested 
that proteasomal targeting could be beneficial for patients with BL 
TNBC (23), and our ISLE scoring (fig. S1E) predicted high clinical 
relevance of BET and proteasome cotargeting. Likewise, the chemo-
kines interleukin-8 (IL8), IL6, and CXCL1, which bind the CXCR1/2 
receptors and are implicated in TNBC growth and metastasis 
(24, 25), are enriched in TNBC compared to other breast cancer 
subtypes (fig. S2B), implying that inhibition of CXCR2 could be 
beneficial for patients of the M/MSL subtype.

The SL of BET and CXCR2 inhibition (JQ1 + CXCR2in/SB225022) 
in M/MSL TNBC and of BET and the proteasome (JQ1 + BTZ) in 
all TNBC subtypes (Fig. 1A) led us to further assess their potency, 
specificity, and toxicity. Cell viability assays across multiple breast 
cancer cell lines using increasing drug doses showed a dose-dependent 
high susceptibility of human M/MSL to BET and CXCR2 inhibition 
(Fig. 2A), consistent with our screen results. BL TNBC, the non
tumorigenic MCF10A, and the luminal MCF7 breast cancer cell 
lines were not affected by this drug combination at the applied 
doses, demonstrating its low toxicity and high selectivity to M/MSL 
TNBC. Furthermore, knockdown of BRD4 expression by shRNA 
sensitized M/MSL TNBC cell lines to CXCR2 inhibition (fig. S2C). 
The JQ1 + SB225022 combination markedly reduced the IC50 values 
of individual drugs in M/MSL cell lines (fig. S3, D and E), and 
dose-response curves for JQ1 and/or SB225022 revealed high po-
tency of the drug combination (Fig. 2B and fig. S3) with strong 
synergy, as determined by calculating the combination index (CI) 
using the Chou-Talalay method (26) (CI < 0.5) (Fig. 2C).

In contrast to BET and CXCR2 targeting, the BET and protea-
some (JQ1 + BTZ) combination was effective across TNBC cell lines 
(Fig. 2D). The potency and synergy of the JQ1 + BTZ combination 
is reflected by the remarkable reduced IC50 values for each individ-
ual drug in the presence of the second (Fig. 2, E and F, and fig. S4, A 
to F) and by the calculated CI values shown for representative cell 
lines (Fig. 2G). Collectively, these results show high potency and 
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strong synergy of BET and CXCR2 inhibition in M/MSL TNBC and 
of BET and the proteasome in all TNBC cell lines irrespective of 
their molecular subtype. The murine breast cancer cell line 4T1, 
which is considered as a TNBC line (27), was sensitive to the two 
BET combinations (JQ1  +  BTZ and JQ1 + SB225022) in both 
two-dimensional (2D) (Fig. 2C and figs. S3, C and F, and S4, C and 
F) and 3D spheroid cultures (Fig. 2H).

Next, we assessed the effects of BET + CXCR2 and BET + prote-
asome inhibition in vivo using orthotopic tumor models. Because 
of the short half-life of JQ1 in vivo (28), we used the bromodomain 
inhibitor OTX015 (MK-8628). OTX015 was previously used in pre-
clinical and clinical trials (29) and behaved similarly to JQ1 in vitro, 
either as a single agent or in combination with SB225022 or BTZ 

(fig. S5, A and B). Preliminary pilot experiments using syngeneic 
orthotopic 4T1 tumor models (fig. S5, C to F) and MDA-MB-231 
xenografts in nude mice (fig. S5G) were used to calibrate dose 
responses. Accordingly, OTX015 was orally administered once a 
day at 25 mg/kg, whereas SB225022 was intraperitoneally (IP) 
administered at 5 mg/kg (for both, ~2-fold lower concentrations 
than previously used) (21, 30). The drug administration scheme is 
described in fig. S5H. As shown, OTX015 or SB225022 applied as a 
single agent had modest effects on tumor growth with only ~15% 
tumor growth inhibition (TGI) (Fig. 3, A to C). In contrast, the 
OTX015 + SB225022 combination was very effective, drastically reducing 
tumor size (Fig. 3, A to C), with a TGI close to 100%. This drug com-
bination had minimal toxicity at the applied doses, as indicated by body 

Fig. 1. Synthetic lethal combination therapies for TNBC subtypes. (A) Heatmap representation of drug screen results. Inhibitors of the indicated target pairs (fig. S1A) 
were applied at very low doses (~2 to 20% of IC50 as a single agent, for most cases), and viability of the indicated cell lines (12 TNBC + MCF10A) was measured 72 hours 
later. Effects on cell viability were calculated as percentage of control untreated cells and marked by color codes; blue, no/low cell death; yellow, high cell death. Drug 
pairs that reduced cell viability (≥75%) across several cell lines were clustered together according to cell line subtypes. We defined pairs that were potent for mesenchy-
mal cell lines (M/MSL, green), basal-like (BL1/2, blue), and those that were potent in all subtypes but had low effect on MCF10A (≤20%) viability. Toxic combinations affect 
all cell lines (bottom). Results are mean values of three experiments. Actual screen data are included in table S3. (B) Venn diagram of hits obtained in the screen; mesen-
chymal (M/MSL)–specific, BL-specific (BL), and generic, which were effective in all subtypes. (C) Scatterplot between ISLE significance scores and drug combination effec-
tiveness. Spearman correlation and P value are shown. Basal breast cancer data (330 patients; METABRIC) were used in the ISLE pipeline. (D) Box plots of BRD4 expression 
in patients with breast cancer grouped by PAM50. The difference between the basal patients and any other PAM50 group is significant (t test, P value of <0.0001). (E) IHC 
analysis of BRD4 expression in TNBC and non-TNBC tumors. Staining intensity of BRD4 was scored as described in Materials and Methods. Representative images of BRD4 
staining in TNBC (n = 40) and non-TNBC (n = 27) tissues along with a column scatterplot of the H-score distribution among the specimens are shown. The difference be-
tween the groups is significant (t test).
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weight (Fig. 3D). Collectively, these data show the high efficacy of 
BET and CXCR2 co-inhibition compared to single-agent treatments.

For the generic combination of OTX015 + BTZ, we established 
orthotopic syngeneic mice models using the 4T1 cells. We applied 
low doses of both drugs (OTX015: 25 mg/kg per day, orally; BTZ: 
0.25 mg/kg, IP; fig. S5I) and examined the effects of single and 
combined treatments on tumor growth over time. Results clearly 

showed the profound and significant effects of the combination on 
TGI compared with monotherapy (Fig. 3, E to G and I). The drug 
combination had no significant toxicity at the applied doses, as 
indicated by body weight (Fig. 3H) and by the levels of serological 
markers for organ damage (table S5). The strong inhibitory effects 
of the OTX015 + BTZ combination were sustained for at least 55 days 
and persisted for at least 21 days after cessation of therapy (Fig. 3J). 

Fig. 2. In vitro validation of drug combinations targeting BET. (A) Effects of BET and CXCR2 antagonists on cell viability. The indicated BL1/2 (blue) and M/MSL (green) 
TNBC cell lines and MCF7 (luminal) and MCF10A (normal-like) lines were treated with the indicated doses of the drugs for 72 hours and stained with crystal violet. Repre-
sentative pictures of reproducible effects from two to three independent experiments are shown. (B, E, and F) Dose-response curves of single agents and drug combina-
tions in the indicated cell lines treated with varying concentrations of JQ1 and SB225022 (B) or JQ1 and BTZ (E and F) for 72 hours. Dose-response curves are presented 
as means of four (B) or three (E and F) repeats. (C and G) CI was calculated by the CompuSyn software with the Chou-Talalay equation using multiple doses and response 
points. CI values for three different indicated FA are shown. (D) Effects of BET and proteasome inhibitors on cell viability were assessed by crystal violet staining 
as described in (A). (H) Effects of drug combinations on spheroid growth. Representative images and viability assay (CellTiter-Blue, bar graph) of day 15 4T1 spheroids 
(n = 6 spheroids). Control untreated and treated spheroids with single agents at the indicated doses and with the drug combinations are shown. Scale bar, 100 m.
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Kaplan-Meier survival curves indicate that the OTX015 + BTZ 
combination significantly prolonged mice survival for approximately 
80 days (fig. S5J). Survival was prolonged even after therapy was 
discontinued on day 31. Together, these results suggest that cotar-
geting of BET and the proteasome applied at low doses could be a 
promising therapeutic approach for TNBC.

BET and proteasome cotargeting robustly triggers 
ferroptotic cell death
We next examined possible mechanisms underlying the potency of 
the two drug combinations. We found that co-inhibition of BET 
and CXCR2 induced apoptotic cell death, as demonstrated by 
annexin V staining (fig. S6A) and by PARP and caspase 3 cleavage 

Fig. 3. In vivo validation of drug combinations targeting BET. (A to D) Effects of BET and CXCR2 inhibition on tumor growth. Representative bioluminescence imaging 
of xenograft tumors at day 41 after bilateral implantation of MDA-MB-231 into the mammary fat pad of nude mice is shown in (A). Mice were randomized into four groups 
(n = 9 per group) at day 23 and then treated with either vehicle, OTX015 (25 mg/kg, oral), SB225022 (5 mg/kg, IP, 5 days/week), or drug combination. The effects of drugs 
on tumor size at day 41 are shown by the excised tumors (B; scale bar, 1 cm), and the effects on tumor weight are shown in (C). ***P < 0.001 and *P < 0.05 (t test). The 
different drug treatments had no significant effects on body weight (D). Mean values ± SD of mice body weight at the indicated time points are shown. (E to G) Effects of 
BET and proteasome inhibition on tumor growth. Representative bioluminescence imaging of 4T1 allograft mice (E) at day 31 after implantation of 4T1 cells into the 
mammary fat pad of BALB/c mice is shown. Mice were randomized into four groups (n = 10 to 12 per group) at day 13 and then treated with either vehicle, OTX015 
(25 mg/kg, oral), BTZ (0.25 mg/kg, IP, every fourth day), or drug combination. The effects of drugs on tumor size at day 31 are shown by the excised tumors (F; scale bar, 
1 cm), and the effects on tumor weight are shown in (G), ***P < 0.001 (t test). (H) The different drugs had no significant effects on body weight. Means ± SD from (n = 10 to 
12 per group) mice are shown. (I) Tumor volume curves of 4T1 allograft mice treated with vehicle (control), single drugs, or drug combination, ***P < 0.001 (Wilcoxon test). 
(J) Effects of drug withdrawal at day 31 on tumor growth were measured for 55 days. Data shown are the means ± SD from five to six tumors at each time point, **P < 0.01; 
*P < 0.05 (Wilcoxon test).
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(Fig. 4A). In contrast, co-inhibition of BET and the proteasome, 
applying low drug doses, induced neither PARP cleavage nor annexin 
V staining (Fig. 4B and fig. S6B), implying that a non-apoptotic 
pathway is involved. We therefore systematically examined the in-
volvement of four major cell death pathways—apoptosis, necrosis, 
autophagy, and ferroptosis—using specific inhibitors and charac-
teristic assays. As seen in Fig. 4C, the pan-caspase inhibitor zVAD-
FMK, as well as Necrostatin-1 and 3-methyladenine (3MA), which 
inhibit apoptosis, necrosis, and autophagic cell death (14), respec-

tively, only marginally rescued cell death in response to the JQ1 + BTZ 
treatment but effectively rescued cell death in response to their cog-
nate pathway-specific inducers (fig. S6C). In contrast, GSH, the 
iron chelator 2,2-bipyridyl (2,2-BP), and the antioxidant ferrostatin-1, 
which are known to inhibit ferroptosis (31), could effectively rescue 
cell death induced by JQ1 + BTZ, as assessed by different cell viability 
assays in multiple TNBC cell lines (Fig. 4, C and D, and fig. S6, D 
and E). Ferroptosis was obtained at a specific range of low doses of 
JQ1 + BTZ based on liproxstatin-1 rescue experiment (fig. S6F), 

Fig. 4. Inhibition of BET and the proteasome triggers ferroptosis cell death. (A and B) Effects of BET and CXCR2 inhibition (A) or BET and proteasome inhibition (B) on 
PARP (A and B) and caspase-3 cleavage (A) in the indicated cell lines (blue, BL1; black, M/MSL). Staurosporine (150 nM, 16 hours) was used as a positive control. The cells 
were treated with low doses of JQ1 and either SB225022 (A) or BTZ (B) for 24 hours as described in Materials and Methods, lysed, and assessed by Western blot (WB) for 
the indicated proteins. (C) Ferroptosis inhibitors rescue cell death induced by JQ1 and BTZ combination. The indicated cell lines were pretreated with the indicated cell 
death inhibitors for 1 hour and then for an additional 72 hours in the absence or presence of JQ1 and BTZ (see Materials and Methods). Cell viability (CellTiter-Blue) is 
presented as percentage of untreated cells. The effects of the inhibitors on their cognate death pathways are shown in fig. S6C. Mean values of three experiments are 
shown (means ± SD; table S6). (D) Iron chelators rescued cell death induced by JQ1 and BTZ treatment. The indicated TNBC cell lines were treated with JQ1 and BTZ (see 
Materials and Methods) for 72 hours in the absence or presence of deferoxamine (DFO) (100 M) or 2,2′-dipyridyl (10 M), and cell viability was assessed by crystal violet 
staining. (E) Representative confocal images of the indicated TNBC cell lines and T47D cells stained with C11-BODIPY (10 M) as described in Materials and Methods. The 
cells were treated with cumene hydroperoxide (CH) (100 M, 3 hours) as a positive control, and either with JQ1 + SB225022 or with JQ1 and BTZ (see Materials and Meth-
ods) for 16 hours. Scale bar, 10 m. (F) Assessment of lipid peroxidation in breast cancer cells in response to BET and proteasome inhibition. TNBC (gray) and non-TNBC 
(green) cell lines were incubated with JQ1 and BTZ (see Materials and Methods) for 16 hours or with CH (100 M, 3 hours). Where indicated, glutathione (1 mM; see Mate-
rials and Methods) was applied. Lipid peroxidation is shown as the ratio between fluorescence emission at 510 nm (green) and 590 nm (red) (see Materials and Methods). 
Mean values of three experiments are shown (mean values ± SD; table S7).
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consistent with their SL interactions. These results strongly sug-
gest that the JQ1 + BTZ combination applied at low doses induces 
ferroptosis cell death.

To further corroborate these results, we examined the effects of 
the JQ1 + BTZ combination on necrotic and ferroptotic specific 
markers. Necrosis was induced by a combination of tumor necrosis 
factor–, Smac mimetic, and zVAD-FMK and monitored by MLKL 
(mixed lineage kinase domain-like protein) phosphorylation at Ser358 
as previously described (32). As shown in fig. S6G, the JQ1 + BTZ 
combination had a slight or no effect on MLKL phosphorylation, 
suggesting that necrosis is not the death-induced pathway. Ferroptosis, 
the iron-dependent program cell death driven by lipid peroxidation, 
was monitored by cellular lipid peroxidation levels applying the 
BODIPY 581/591 C11 dye. The emission of the BODIPY dye shifts 
from 590 nm (red) to 510 nm (green) upon oxidation (33). As shown 
in Fig. 4E, in contrast to JQ1 + SB225022, the JQ1 + BTZ combina-
tion markedly increased C11-BODIPY oxidation in TNBC cell 
lines, as demonstrated by the representative fluorescent images and 
by the quantitative analysis of the 510/590-nm (green/red) fluo-
rescence ratio (Fig. 4F). Induction of lipid peroxidation by the 
JQ1 + BTZ combination was observed only in TNBC and not in the 

luminal breast cancer cell lines, was rescued by GSH pretreatment in 
most of the examined TNBC lines (Fig. 4F), and was further validated 
by the TBARS (thiobarbituric acid reactive substances) assay (fig. S6H). 
These results strongly indicate that TNBC cells are selectively more 
susceptible to ferroptosis induced by the JQ1 + BTZ combination.

As iron is required for lipid peroxide accumulation and ferroptosis 
execution (13), we examined the effect of JQ1 + BTZ cotreatment 
on total cellular iron levels using a colorimetric assay (QuantiChrom 
Iron Assay Kit, BioAssay Systems). As shown, the JQ1 + BTZ com-
bination increased the levels of cellular iron selectively in TNBC cell 
lines and not in the examined luminal cell lines (Fig. 5A). Con-
comitantly, we observed a significant decrease in cellular reduced 
GSH levels (Fig. 5B) and an increase in reactive oxidative species 
(ROS) as demonstrated by CM-H2DCFDA fluorescent images 
(fig. S6I) and quantified by fluorescence measurements (488 nm) 
(Fig. 5C). Pretreatment with GSH reduced the effect of JQ1 + BTZ 
on both H2DCFDA fluorescence (Fig. 5C and fig. S6I) and cell 
death (Fig. 4C and fig. S6E). Collectively, these results indicate 
that the JQ1  +  BTZ combination has significant effects on key 
ferroptosis regulators in TNBC, including cellular iron and anti-
oxidant GSH levels.

Fig. 5. Effects of BET and proteasome co-inhibition on cellular iron, GSH, and ROS levels. (A and B) Inhibition of BET and the proteasome increased iron levels (A) and 
decreased GSH levels (B) in TNBC cell lines. TNBC and non-TNBC (MCF7, SKBR3, T47D, and BT474) cells were incubated with JQ1 and BTZ (see Materials and Methods) for 
16 hours, and total iron (A) and reduced GSH (B) levels were measured as described in Materials and Methods. Mean values of three experiments are shown (mean values ± 
SD; table S8). (C) Inhibition of BET and the proteasome increased ROS in TNBC cells. The indicated breast cancer cells were treated with JQ1 and BTZ (see Materials and 
Methods) for 12 hours or with tert-butyl hydrogen peroxide (TBHP; 100 M) for 2 hours. Where indicated, GSH (1 mM) was applied 1 hour before drug treatment. Cells were 
then incubated with CM-H2DCFDA to measure ROS as described in Materials and Methods. Results are expressed as folds of control in at least three experiments (mean 
values ± SD; table S9).
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BET and proteasome cotargeting modulates GPX4 
and ferroptosis-associated genes in TNBC
Previous studies suggested that GSH levels are reduced in TNBC 
(34). As GSH is a necessary cofactor of GPX4, a major regulator of 
ferroptosis (33, 35), we examined its mRNA expression levels across 
956 breast cancer and normal-like samples from TCGA dataset. As 
shown, the GPX4 level was significantly lower in basal breast cancer 
compared to normal or other breast cancer subtypes (Fig. 6A).

We then examined the influence of the JQ1 + BTZ combination 
on the protein and mRNA levels of GPX4  in multiple TNBC cell 
lines using Western blotting (WB) (Fig. 6B) and quantitative poly-
merase chain reaction (qPCR) analysis (Fig. 6C). As shown, JQ1, 
applied at a low concentration, increased GPX4 protein (up to 
~4.5-fold; Fig. 6B and fig. S7A) and transcript (Fig. 6C and fig. 
S7B) levels in all the examined TNBC cell lines as well as OTX015 
in 4T1 tumors (Fig. 6D), whereas the JQ1 + BTZ combination 
markedly reduced GPX4 protein levels (Fig. 6B). The JQ1 + BTZ 

combination also suppressed the transcription of GPX4 in multiple 
TNBC cell lines in vitro (Fig. 6C), while the OTX015 + BTZ com-
bination reduced both the protein and mRNA levels of GPX4 in 
4T1 tumors, as shown by IHC staining of tumor sections and by 
qPCR (Fig. 6D).

The profound effects of the JQ1 + BTZ combination on GPX4 ex-
pression led us to examine its influence on other ferroptosis-associated 
genes. We selected 15 key ferroptosis-related genes (Fig. 6E and fig. 
S7C), of which 12 belong to the ferroptosis gene signature (www.
kegg.jp/kegg-bin/show_pathway?hsa04216), and assessed their 
transcript levels in response to the JQ1 + BTZ combination in multiple 
TNBC cell lines. As shown in Fig. 6E, we observed a down-regulation 
of NRF2 (Nuclear factor erythroid 2–related factor 2) in the ma-
jority of TNBC cell lines. GSS (GSH synthetase), GCLM [the modifier 
subunit of -glutamylcysteine ligase (GCL)], GCLC (the catalytic 
subunit of GCL), and/or GSR (GSH disulfide reductase) were also 
reduced in many TNBC cell lines upon JQ1 + BTZ treatment.

Fig. 6. BET and proteasome inhibition strongly affects GPX4 level and transcription of key ferroptotic genes. (A) Box plot showing the expression of GPX4 in pa-
tients with breast cancer grouped by PAM50. The differences between the BL patients and any other PAM50 groups are significant (t test, P < 0.001). (B and C) Effects of 
BET and proteasome inhibition on the levels of GPX4 protein (B) and transcript (C). The indicated TNBC cell lines were treated with JQ1, BTZ, or both (see Materials and 
Methods) for 24 hours. Levels of GPX4 protein were assessed by WB. Intensities of GPX4 bands were quantified, normalized, and presented as fold of control in the bar 
graph (B). GPX4 mRNA levels were assessed by qPCR. Mean values ± SD of at least two repeats are shown (C). (D) Effects of BET and proteasome inhibition on level of GPX4 
protein and transcript in 4T1 tumors. Representative IHC staining of 4T1 tumors treated with OTX015 (25 mg/kg per day, orally), BTZ (0.25 mg/kg, IP, every fourth day), or 
both to detect protein expression is shown. GPX4 mRNA levels were evaluated by qPCR. Results are mean values ± SD of at least six mice per group. (E) Effects of BET and 
proteasome inhibition on level of GPX4 transcript and additional key ferroptosis genes. The indicated TNBC cell lines were treated with JQ1 and BTZ (see Materials and 
Methods) for 24 hours, and mRNA levels of the indicated genes were assessed by qPCR. The results are reported as fold of control. Mean values of at least three indepen-
dent experiments are shown (mean values ± SD; table S11).

http://www.kegg.jp/kegg-bin/show_pathway?hsa04216
http://www.kegg.jp/kegg-bin/show_pathway?hsa04216
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GCL and GSS are two critical GSH biosynthesis enzymes in 
mammalian cells (36), whereas GSR catalyzes the reduction of GSH 
disulfide (GSSG) to GSH. The reduced expression of these enzymes 
in response to the JQ1 + BTZ combination is consistent with the 
decreased levels of cellular GSH (Fig. 5B) and ferroptosis cell death. 
Likewise, low levels of NRF2, the master regulator of the cellular 
antioxidant response, are consistent with reduced levels of GSH and 
increased levels of cellular ROS (Fig. 5C and fig. S6I) and, possibly, 
the reduced levels of GPX4, a putative NRF2 target gene (fig. S7C) 
(37). Elevated ROS levels may induce up-regulation of HMOX1 
(heme oxygenase-1) and NQO1 (reduced form of nicotinamide ad-
enine dinucleotide phosphate quinone dehydrogenase 1) antioxidant 
protective enzymes (38). ALOX15, which was strongly up-regulated 
in M/MSL cell lines, is involved in peroxidation of PUFAs and thus 
accelerates ferroptosis (39). Other proteins/enzymes were distinctly 
modified among the different cell lines. Nevertheless, it appears that 
GPX4 and the key enzymes/proteins regulating GSH levels are 
markedly affected by the JQ1 + BTZ combination.

TNBCs are enriched in a ferroptosis gene signature 
and vulnerable to ferroptosis inducers
Thus far, our findings indicate that TNBCs, compared to other 
breast cancers, are more susceptible to ferroptotic cell death in-
duced by the JQ1 + BTZ combination (Fig. 4) and that low doses of 
the JQ1 + BTZ treatment affects the expression level of GPX4 and 
several additional ferroptosis-associated genes (Fig. 6, B to E). We 
also showed that GPX4 levels are significantly lower in basal patients 
(Fig. 6A), and a previous report suggested that GSH levels are par-
ticularly low in basal breast cancers (34). These observations sug-
gest that TNBCs could be more susceptible to ferroptosis and thus 
more vulnerable to ferroptosis-inducing agents. To explore this pos-
sibility, we examined the susceptibility of 10 TNBC and 4 to 7 non-
TNBC cell lines to the ferroptosis inducers Fin56 and erastin (Fig. 7A 
and fig. S8A). As shown, Fin56 and erastin substantially reduced via-
bility of all TNBC cell lines tested but weakly affected non-TNBC 
cell lines at the indicated doses (Fig. 7A). Area under the viability 
curves (AUCs) of multiple repeats using 16 different breast can-
cer cell lines indicated that TNBCs are significantly more suscepti-
ble to ferroptosis compared to non-TNBC cell lines (fig. S8A).

Although these inhibitory effects could be attributed to the in-
trinsic low levels of GPX4 in TNBC (Fig. 6A), ferroptosis is regulated 
by additional proteins involved in intracellular GSH homeostasis as well 
as in iron and lipid metabolism (40) and is characterized by a specific 
40-gene signature (www.kegg.jp/kegg-bin/show_pathway?hsa04216). 
We used the ferroptosis gene signature to examine the expression 
profile of ferroptotic genes in TNBC versus non-TNBC cell lines 
and in clinical samples of different breast cancer subtypes (PAM50 
classification). We first performed Gene Set Enrichment Analysis 
(GSEA) of differentially regulated genes in basal versus non-basal 
breast cancer samples using TCGA datasets (n = 956). We found a 
significant enrichment of the ferroptosis signature in the basal rela-
tive to other breast cancers subtypes [false discovery rate (FDR) q 
value < 0.01] (Fig. 7B). Significant enrichment of ferroptosis was 
also obtained in the TNBC versus non-TNBC cell lines from the 
CCLE (FDR q value < 0.01; Fig. 7C).

Of the 40 ferroptotic genes, 31 were significantly differentially 
expressed (FDR < 0.05) in basal versus non-basal tumors, of which 
12 were down-regulated and 19 were up-regulated. Among the 
different ferroptotic genes, ferroportin (SLC40A1) and ACSL4 

(acyl–coenzyme A synthetase long chain family member 4) displayed 
the most prominent differences between TNBC and non-TNBC cell 
lines. Ferroportin is the major cellular iron exporter, while ACSL4 
plays a key role in arachidonic acid metabolism and is essential for 
ferroptosis execution (41). The relative expression of these two 
genes in each of the 55 CCLE breast cancer cell lines is shown in fig. 
S8 (B and C). Significant low levels of Ferroportin and relatively 
high levels of ACSL4 transcripts were also obtained in basal breast 
cancer compared to other breast cancer subtypes (PAM50) (Fig. 7, 
D and E). Unsupervised hierarchical clustering analysis of 956 breast 
cancer tissues (142 basal, 434 LumA, 194 LumB, 67 HER2, and 119 
normal-like) showed that basal tumors form a unique cluster sepa-
rated from the non-basal tumors (Fig. 7F), further strengthening the 
association of ferroptosis with BL tumors relative to other breast 
cancer subtypes and highlight the clinical relevance of this pathway 
for TNBC.

As a complementary approach to the transcriptomic analysis 
described above, we examined whether ferroptotic proteins are also 
differentially expressed in TNBC. We first assessed the levels of six 
selected proteins in multiple breast cancer cell lines by WB. As shown 
in Fig. 7 (G and H), the levels of ferroportin, GPX4, GSS, and ferri-
tin heavy chain 1 (FTH1) were significantly lower in TNBC relative 
to non-TNBC cell lines, whereas the levels of the iron importer 
transferrin receptor (TfR) were higher in TNBC cell lines. ACSL4 
was also significantly higher in TNBC cell lines, consistent with its 
gene expression pattern (Fig. 7G and fig. S8B).

To further corroborate the link between ferroptosis and TNBC 
and to highlight its clinical relevance, we selected four key ferro-
ptotic proteins (GPX4, GSS, ferroportin, and TfR) and evaluated 
their expression level by immunohistochemistry in clinical samples 
of TNBC and non-TNBC patients. Approximately 70 (66 to 74) hu-
man breast tumor sections were immunostained for GPX4, GSS, 
ferroportin, and TfR. The samples were evaluated semiquanti-
tatively, and their calculated H-scores were plotted in column scatter 
graphs. We also calculated how many tumors with high and low 
staining intensity belong to TNBC relative to non-TNBC. As shown in 
Fig. 8, while TfR staining was significantly higher in TNBC tumors, 
immunostaining for GPX4, GSS, and ferroportin showed signifi-
cantly lower expression levels in TNBC sections.

These results are consistent with the mRNA expression profiles 
from TCGA dataset and strongly suggest that TNBCs distinctly 
express key proteins that regulate ferroptosis. The high TfR and low 
ferroportin, which mediate iron import and export, respectively, 
may contribute to an increase in cellular labile iron (42), while low 
GPX4 and GSS may reduce antioxidation defense capacity and 
increase the probability of lipid peroxidation and consequently the 
susceptibility of patients with TNBC to ferroptosis inducers.

In light of the analysis described above, we incorporated the dif-
ferential expression data of ferroptotic genes in BL breast cancer 
into the KEGG ferroptosis pathway. We included the transsulfura-
tion pathway that mediates the transfer of sulfur atom of methionine 
into the sulfur atom of cysteine (43) and the pentose phosphate 
pathway (fig. S8D), which both influence ferroptosis (13). This il-
lustration highlights the interplay between metabolic pathways that 
regulate ferroptosis and the differential expression of key regulators 
in BL tumors. The most prominent is the substantial low level of 
ferroportin concomitant with the reduced levels of GSH biosynthesis 
enzymes and of GPX4, which collectively suggests that TNBCs are 
intrinsically prone to have high labile iron, low GSH antioxidant 

https://www.kegg.jp/kegg-bin/show_pathway?hsa04216
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Fig. 7. TNBCs are vulnerable to ferroptosis and enriched in ferroptosis signature. (A) Cell viability of the indicated TNBC and non-TNBC cell lines in response to 
increasing concentrations of Fin56 or erastin. The indicated cells were treated with FIN56 or erastin for 72 hours, and cell viability was measured by MTT assays. Mean 
values ± SD of three independent experiments are shown. The differences in the area under the curve between the TNBC and non-TNBC are significant (fig. S8A). (B and 
C) GSEA plot of normalized enrichment score of ferroptosis pathway for either basal versus non-basal patients in the TCGA dataset (B) or TNBC versus non-TNBC cell lines 
in the CCLE dataset (C). Enrichment is significant, P value/FDR < 0.01. (D and E) Box plots showing the expression of SLC40A1 (D) and ACSL4 (E) in patients with breast 
cancer grouped by PAM50. The differences between the basal patients and any other PAM50 group are significant (t test, P < 0.001). (F) Heatmap of normalized expression 
of the ferroptosis gene signature (KEGG, 40 genes) in patients with breast cancer from the TCGA dataset (n = 956). Patients (in columns) are arranged by unsupervised 
clustering of gene expression. Bar at the top of the heatmap indicates the subtype of each patient (PAM50). Ferroptotic genes that also belong to the iron metabolism 
or GSH signature are marked. (G and H) Levels of ferroptosis proteins and BRD4 in TNBC and non-TNBC cell lines. The expression levels of the indicated proteins were 
assessed by WB, and band intensities were quantified by ImageJ software. The relative expression in TNBC compared to non-TNBC is shown in the box plots (H) *P < 0.05, 
**P < 0.01.
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Fig. 8. IHC analysis of ferroptotic proteins in breast cancer samples. (A to D) Representative images of IHC analysis of breast cancer specimens from patients with 
TNBC and non-TNBC patients immunostained with antibodies against GPX4 (A), GSS (B), Ferroportin (FPN) (C), and TfR (TFRC) (D). Approximately 65 breast cancer tissues 
were immunostained for each protein, and staining intensity was scored as described in Materials and Methods. The H-score of patients with TNBC relative to non-TNBC 
patients is shown in the scatter graphs. Percentages of tumors with low- or high-intensity scores are shown in the middle or right graphs along with representative imag-
es. Overall view of the entire section is shown as an insert for each image. Scale bars, 50 m. Unpaired two-tailed t test was used to compare differences between H-scores 
of patients with TNBC and non-TNBC patients. Fisher’s exact test was applied to compare percentage of tumor sections with high or low protein expression between TNBC 
and non-TNBC groups.
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defense capacity, and high PUFAs and thus are particularly vulner-
able to ferroptosis execution.

DISCUSSION
In this study, we applied an SL screen and identified clinically relevant 
combination therapies for TNBC subtypes (Fig. 1, A to C, and fig. S1E). 
As targeting of epigenetic alterations provides a new opportunity 
for therapeutic intervention (44) and BRD4 has emerged as a prom-
ising anticancer therapeutic target for TNBC (20, 45), we further 
validated combination therapies targeting BET. First, we showed 
that BRD4 transcript and protein levels are highly enriched in TNBC 
tumors and cell lines (Fig. 1, D and E, and fig. S2A). Subsequently, 
we validated the high potency and low toxicity of the two combina-
tions targeting BET—BET and CXCR2 inhibitor and BET and the 
proteasome inhibitor—using multiple cell-based assays, applying 2D 
cell culture and 3D spheroids (Fig. 2). In vivo validation was carried 
out using orthotopic tumor models, applying immunocompetent and 
immunodeficient mice (Fig. 3) and OTX015 as a BET inhibitor.

By systematic analysis of the mechanisms underlying the high 
potency of BET + CXCR2 inhibition in mesenchymal TNBC and of 
BET + proteasome in all major TNBC subtypes (BL1/2 and M/MSL), 
we found that, in contrast to apoptotic cell death induced by low 
doses of BET + CXCR2 inhibition, BET + proteasome inhibition 
induced ferroptotic cell death (Fig. 4 and fig. S6). It was previously 
shown that inhibition of BET and B cell lymphoma extra large 
B cell lymphoma-extra large (BCL-xL) in TNBC also induced apop-
tosis (46), while targeting of BET alone was insufficient and resulted 
in up-regulation of B cell lymphoma-extra large (BCL-xL) and drug 
resistance (20). Likewise, we found an up-regulation of GPX4 in re-
sponse to BET inhibition alone at the applied doses but a substantial 
down-regulation of GPX4 in response to the BET + proteasome inhi-
bition (Fig. 6, B to D), possibly due to the concurrent down-regulation 
of NRF2 (Fig. 6E). This possibility, however, needs further investi-
gation. Down-regulation of GPX4 was accompanied by an increase 
in intracellular ROS (Fig. 5C and fig. S6I) and a decrease in the ex-
pression of several GSH biosynthesis genes (Fig. 6E), concomitant 
with reduced intracellular GSH levels (Fig. 5B). These effects of BET 
inhibition alone or together with either BTZ or CXCR2 were ob-
tained at low drug concentrations consistent with the SL concept 
and dose-dependent transcriptional reprogramming. It was previ-
ously shown that high versus low concentrations of JQ1 induced 
distinct gene expression profiles (47) and that high concentrations 
of JQ1 (10 M) can induce ferroptosis in a few mesenchymal TNBC 
cell lines (48), whereas high doses of BTZ (50 to 500 nM) induced 
apoptosis in several TNBC cell lines (49). Together, these studies 
suggest that a cocktail of anticancer drugs can induce a specific cell 
death pathway through unique transcriptional and signaling repro-
gramming, which is largely dependent on the applied doses and the 
intrinsic properties of the cancer type.

It was previously shown that TNBC cells are particularly sensitive to 
GSH depletion (34) and that BL breast cancer cells, as opposed to 
luminal cells, display cystine addiction and rapidly die in response 
to cystine deprivation (50). The xCT cystine/glutamate antiporter 
mediates uptake of cystine, which is rapidly reduced to cysteine, the 
rate-limiting amino acid for GSH biosynthesis. Inhibition of xCT 
system as well as glutamine restriction attenuated the growth of a 
subset of BL TNBC. Therefore, the xCT antiporter (51) and the 
ASCT2 (Alanine Serine Cysteine Transporter 2) glutamine transport 

(52) were proposed as therapeutic targets for TNBC. However, xCT 
inhibitors, such as sulfasalazine (SASP), are not effective under physi-
ological conditions. SASP is labile and insoluble and induces multiple 
side effects (anti-inflammatory), whereas clinically approved ASCT2 
inhibitors are currently not available. Other ferroptosis inducers in-
cluding erastin, sorafenib, and glutamate are not potent, not se-
lective, and/or metabolically unstable in animal models (53). Similarly, 
GSH biosynthesis inhibitors are highly toxic and failed in clinical 
trials (54). Our combination, on the other hand, of BET and protea-
some inhibition is generic (Fig. 1, A and B) and very potent in animal 
models (Fig. 3), thus highlighting its clinical potential and possible 
unique advantage over other approaches that induce ferroptosis.

The effects of BET and proteasome inhibition on ferroptosis 
were preferentially obtained in TNBC compared to other breast 
cancer cell lines (Fig. 4), similar to the effects of erastin and Fin56 
(Fig. 7A). This high vulnerability of TNBC to ferroptosis is associat-
ed with the distinct expression pattern of ferroptosis gene signature 
(Fig. 7, B to F, and fig. S8D), particularly of key regulatory genes. In 
addition to the low levels of GPX4 in TNBC versus non-TNBC tumors 
(Figs. 6A, 7F, and 8A) or cell lines (Fig. 7, G and H), significant high 
expressions of ACSL4 in TNBC tumors and cell lines were observed 
(Fig. 7, E and G, and fig. S8C). ACSL4 is essential for ferroptosis 
execution and is considered to be a ferroptosis biomarker (55), which 
dictates ferroptosis sensitivity (41), consistent with our results.

Genes and proteins that regulate intracellular iron levels are also 
distinctly expressed in TNBC versus non-TNBC tumors and cell 
lines (Fig. 7G and fig. S8D). In particular, a substantial low level of 
the iron exporter ferroportin (Figs. 7, D, G, and F, and 8C and 
fig. S8B), concomitant with the high expression level of the iron 
importer TfR (Figs. 7, G and H, and 8D), may increase intracellular 
labile iron pool to facilitate iron-dependent lipid peroxidation. An 
increase in intracellular iron levels was obtained in TNBC cell lines 
in response to BET + proteasome inhibition (Fig. 5A), implying that 
this drug combination, applied at low doses, not only is effective as 
a therapeutic strategy but also can be used as an experimental tool 
to investigate molecular mechanisms that regulate ferroptosis, at 
least in TNBC. Collectively, these analyses suggest that TNBCs have 
a unique metabolic state of iron and GSH homeostasis that enhance 
their susceptibility to ferroptosis.

In summary, our study shows that an SL screen is a powerful 
approach to identify clinically relevant potent combinations for cancer 
therapy. We validated two promising therapeutic strategies mediated 
by epigenetic targeting toward precision medicine in TNBC. Our 
findings uncovered an intrinsic susceptibility of TNBC to ferropto-
sis and highlight this death pathway as a TNBC druggable target.

MATERIALS AND METHODS
Chemicals and drugs
The small-molecule inhibitors used in the screen were purchased 
from different sources. Mammalian target of rapamycin (mTOR) 
inhibitor (Rad00, S1120), SRC inhibitor (dasatinib, S1021), mitogen-
activated protein kinase kinase (MEK) inhibitor (GSK1120212B, S2673), 
cyclin-dependent kinase 4/6 (CDK4/6) inhibitor (PD0332991, S1116), 
BCL2 inhibitor (ABT737, S1002), epidermal growth factor receptor 
(EGFR) inhibitor (neratinib, S2150), phosphatidylinositol 3-kinase 
(PI3K) inhibitor (GDC-0941, S1065), and PARP inhibitor (BMN673, 
S7048) were obtained from Selleck Chemicals. STAT3 inhibitor (Stattic, 
573099) was purchased from Calbiochem. Proteasome inhibitor 
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(BTZ) and BET inhibitor (JQ1) were purchased from AdooQ BioScience 
(CA, USA). Focal adhesion kinase (FAK) inhibitor (PF-573228), 
CXCR2 inhibitor (SB225022), heat shock protein 90 (HSP90) inhibitor 
(17-DMAG), and nuclear factor B (NF-B) inhibitor [pyrrolidine 
dithiocarbamate (PDTC)] were from Sigma-Aldrich. Janus kinase 
(JAK) inhibitor (ruxolitinib) was from Santa Cruz Biotechnology, 
and cMet inhibitor (EMD 1214063) was from MedChemExpress. 
OTX015 was purchased from Changzhou Medi-tech Bioscientific 
Co. (China). The apoptotic inhibitor zVAD-FMK (sc-3067) and 
the autophagy inhibitor 3-MA (sc-205596) were purchased from 
Santa Cruz Biotechnology. Liproxstatin-1 (17730) was from Cayman 
Chemical. Necrostatin-1 (N9037), erastin (E7781), staurosporine 
(S5921), rapamycin (553210), Ferrostatin-1 (SML0583), reduced 
l-GSH (G6013), 2,2′-bipyridyl (D216305), thiazolyl blue tetrazolium 
bromide (MTT) (M5655), and deferoxamine mesylate (DFO) (D9533) 
were from Sigma-Aldrich.

Antibodies
The following antibodies were purchased from Cell Signaling Tech-
nology (USA): rabbit anti-MLKL (14993), rabbit anti-phospho Ser358 
MLKL (74921), rabbit anti–cleaved caspase-3 (9664), and rabbit 
anti-PARP antibody (9542). Mouse anti–-tubulin (T6074) and 
rabbit anti–ferritin heavy chain (F5012) were supplied by Sigma-
Aldrich. Rabbit anti-GPX4 (ab125066, clone EPNCIR 144) was 
purchased from Abcam Inc. (USA), and rabbit anti-BRD4 (A700-
004, clone BL-149-2H5) was from Bethyl Laboratories (USA). Rabbit 
anti-Ferroportin (NBP1-21502) was from Novus Biologicals. Mouse 
anti-ACSL4 (sc-365230, clone F4) and GSS (sc-166882) were ob-
tained from Santa Cruz Biotechnology. Mouse anti-TfR (13-6800, 
clone H68.4) was from Invitrogen.

Cell culture
All the breast cancer cell lines, immortalized normal breast epithe-
lial cell line MCF10A, and human embryonic kidney (HEK) 293T 
cells were originally obtained from the American Type Culture Col-
lection (USA). HCC38 was obtained from M. Virginie (Institute 
Curie, Research Centre, Paris, France; 2014). MDA-MB-468, HCC1143, 
HCC1937, HCC70, HCC38, MDA-MB-231, BT549, SUM159, and 
Hs578T cells were grown in RPMI, while HEK293T cells were grown 
in Dulbecco’s modified Eagle medium (DMEM) (Gibco BRL, USA). 
Unless otherwise indicated, all cell lines were cultured in medium 
containing 10% fetal bovine serum (Gibco BRL, USA) and penicillin/
streptomycin. l-Glutamine (2 mM) was added to Hs578T and HCC38 
medium, and sodium bicarbonate (1.5 g/liter), 10 mM Hepes (pH 
7.4), and 1.0 mM sodium pyruvate were added to HCC38 medium. 
BT20 cells were grown in Eagle’s minimum essential medium 
plus 1 mM sodium pyruvate and 2 mM l-glutamine. MCF10A cells 
were grown in DMEM∶F12 (1∶1) medium supplemented with EGF 
(20 ng/ml; PeproTech), insulin (10 g/ml; Sigma-Aldrich), cholera 
toxin (100 ng/ml; Sigma-Aldrich), hydrocortisone (1 g/ml; Sigma-
Aldrich), and 5% heat-inactivated horse serum. Cells were cultured 
at 37°C in a humidified incubator of 5% CO2. Cell lines were rou-
tinely (once a month) checked for mycoplasma using a commer-
cially available kit (Biological Industries, Israel).

shRNA lentivirus infection
Lentiviral constructs of human BRD4 shRNAs were obtained from 
M. A. Esteban (Guangzhou Institutes of Biomedicine and Health, 
Guangzhou, China). Lentivirus production and infection were con-

ducted essentially as previously described (56). Infected cells (control 
and BRD4 shRNA) were grown in selection medium containing 
puromycin (1 g/ml) for 72 hours. Knockdown of BRD4 was 
assessed by WB.

Drug screen, cell viability assays, and drug synergy
To evaluate the effects of the 17 selected small-molecule inhibitors 
used in the screen (fig. S1A) on the viability of the 13 human cell 
lines, dose-response experiments were carried out using 7 to 10 drug 
concentrations applied at threefold serial dilution within a range of 
13 nM to 10 M (17-DMAG and BTZ were used at a range of 0.5 to 
100 nM). Cells in 96-well plates were treated with the described drug 
doses or with dimethyl sulfoxide (DMSO) as control for 72 hours, 
and cell viability was measured by MTT assays as previously described 
(57). Cell viability was presented as percentage of control, and dose-
response curves were generated using the drc package in R. IC50 
values were calculated from the curves for each drug in each cell 
line. The drug screen was performed in 96-well plates, and cell via-
bility was determined by CellTiter-Glo (Promega) 72 hours after 
adding the drugs according to the manufacturer’s instructions. 
Luminescence was measured by a PHERAStar Plus plate reader 
(BMG Labtech, Germany). Where indicated, CellTiter-Blue (Promega) 
instead of MTT assay was used. Changes in cell viability are pre-
sented as the ratio of viable cells between drug-treated and the re-
spective mock-treated control cells. Where indicated, the fraction of 
cells that were inhibited by the drugs was described as fraction af-
fected (FA). Synergy of drug pairs was calculated by the CompuSyn 
software using the Chou-Talalay equation. CI < 0.5 indicates synergism. 
For crystal violet staining, the cells were washed with phosphate-
buffered saline (PBS) and then fixed and stained with 0.2% crystal 
violet solution in 4% formalin for 10 min. The cells were washed 
with distilled water, dried, and scanned using an HP Scanjet G4010.

Cell treatments with drug combinations, ferroptosis 
inducers, and cell death rescue experiments
Drug combinations were routinely applied at a low cell density of 
~40 to 50% confluency approximately 16 to 20 hours following 
seeding. Cell numbers were calibrated for each cell line (TNBC and 
non-TNBC, ~16 cell lines) considering cell size, growth rate, and 
general morphology (cell-cell contact), and similar conditions were 
used for most functional assays. Drug combinations were freshly 
prepared at 10× concentration in growth medium before use. All 
the drugs used in the study were aliquoted in small amounts to 
avoid repeated freeze-thaw cycles and were protected from light. 
For most assays, including cell viability assay, colony formation 
assays, mRNA and protein expression assays, and ferroptosis assays, 
the human TNBC cells (up to 12 cell lines) were treated with BTZ at 
2 to 3 nM (2 nM for most cell lines) and/or JQ1 at 50 to 100 nM (50 nM 
for most cell lines). For the 4T1 murine cell line, JQ1 was used at 
250 nM and BTZ was used at 8 nM. JQ1 (20 mM stock in DMSO) 
and BTZ (50 M stock in DMSO) were used to prepare a serial di-
lution in growth medium by extensive vortexing. Similarly, for the 
M/MSL TNBC cell lines, we used JQ1 and SB225022 (15 mM stock 
in DMSO diluted to 1 mM in growth medium) at 50 to 100 nM (50 nM 
for most cell lines). For 4T1 cells, JQ1 and SB225022 were used at 
250 nM concentrations. Drug combinations were applied to maintain 
low DMSO concentration (below 0.1%) in all assays. Batch effects 
were obtained during the time course of this study, particularly for 
JQ1 and BTZ. Therefore, the applied effective doses maintained the 
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range described in our screen, based on individual drug (JQ1, BTZ, 
and SB225022) response of less than 25% cell death (>75% cell via-
bility) and at least 65 to 85% cell death in response to drug combination. 
The effects of various cell death pathway inhibitors were calibrated for 
each cell line for doses and effects. Ferroptosis inhibitor Ferrostatin-1 
was calibrated and used in a concentration range of 1 to 5 M for 
pretreatment in different cell lines. Cell death inhibitors were used 
to inhibit apoptosis (zVAD-FMK), necrosis (Necrostatin-1), auto-
phagy (3-MA), and ferroptosis (Ferrostatin-1, GSH, and 2,2-bipyridyl, 
and DFO) at indicated concentrations 1 hour before the treatment 
with combination therapy.

RNA extraction and real-time PCR
Total RNA from cell lines and mouse tumor tissues was extracted 
and purified using TRI Reagent (Sigma-Aldrich). RNA was reverse-
transcribed into complementary DNA (cDNA) using the Applied 
Biosystems High-Capacity cDNA Reverse Transcription Kit with 
random primers according to the manufacturer’s instructions.

Real-time PCR analysis was performed on an ABI StepOnePlus 
7500 Real-Time PCR system (Applied Biosystems, Invitrogen) 
using SYBR Green Master Mix reagents (Roche) according to the 
manufacturer’s guidelines. Real-time PCR primers were designed 
using the Primer Express software of Applied Biosystems (Invitrogen) 
and were calibrated before use. Expression levels of actin were used 
for normalization. The relative levels of mRNA were calculated 
using the CT method. The primer sequences used in this study 
are listed in table S12.

Annexin V staining
Cells in 24-well plates were treated with drugs as indicated. Before 
staining, cells were washed twice with Cell Staining Buffer (catalog 
no. 420201, BioLegend, CA) and then incubated in Annexin V Binding 
Buffer (catalog no. 422201, BioLegend, CA) for 5 min at room tempera-
ture (RT). Phycoerythrin annexin V (catalog no. 640908, BioLegend, 
CA) was diluted 1:20 in Annexin V Binding Buffer and incubated 
with the cells for 15 min at RT in the dark. Cells were then washed 
twice with Annexin V Binding Buffer, stained with 1 mM Hoechst 
33342 (Sigma-Aldrich) in the same buffer, washed, and analyzed by 
an Axio Imager 2 microscope (Zeiss) using appropriate filters.

Immunoblotting
Total protein from cell lines was extracted in lysis buffer containing 
0.2% Triton X-100, 50 mM Hepes (pH 7.5), 100 mM NaCl, 1 mM 
MgCl2, 50 mM NaF, 0.5 mM NaVO3, 20 mM -glycerophosphate, 1 mM 
phenylmethylsulfonyl fluoride, leupeptin (10 g/ml), and aprotinin 
(10 g/ml). For lysis of tumor tissues, 1% Triton X-100 was used in 
the same buffer. Cell lysates were centrifuged at 14,000 rpm for 
15 min at 4°C, protein concentration of the supernatants was deter-
mined by Bradford assay (Bio-Rad, Hercules, CA), and the samples 
were normalized accordingly. Equal amounts of protein (60 to 80 g) 
were analyzed by SDS–polyacrylamide gel electrophoresis and WB 
as previously described (58). Primary antibodies for cleaved PARP 
and caspase-3, pMLKL, MLKL, and TfR (Transferrin Receptor) 
were diluted 1:00; anti-BRD4, Ferroportin, GPX4, and ferritin 
antibodies were diluted 1:2000; and anti-GSS and ACSL4 were diluted 
1:500, whereas -tubulin antibody was diluted 1:10,000. Densito-
metric analysis was performed using the ImageJ software (National 
Institutes of Health, USA), and the intensity of each band was nor-
malized to its respective -tubulin loading.

Immunohistochemistry, image analysis, and scoring
Formalin-fixed tumor sections derived from mouse allografts as 
well as from patients with breast cancer were analyzed by immuno-
histochemistry. In brief, anonymized breast cancer tissue samples 
were collected from patients undergoing surgical resection at the 
Department of Gynecology and Obstetrics at the Goethe University 
in Frankfurt, Germany. The tissue samples were obtained with the 
Institutional Review Board approval (Ethik-Kommission Fachbereich 
Medizin der Goethe-Universität Frankfurt) and patient’s written 
informed consent. The samples were characterized according to 
standard pathology, including estrogen receptor, progesterone receptor, 
and HER2 status. Immunohistochemistry was performed on 3-m 
serial sections from formalin-fixed, paraffin-embedded tumor sec-
tions essentially as described previously (57). In brief, the sections 
were deparaffinized (10 min at 60°C and then 15 min of immersion 
in xylene), rehydrated (incubation in 100, 96, and 70% ethanol, 
10 min each), washed (PBS for 3 min and then distilled water, 2 × 3 min), 
and then incubated for 30 min in methanol/H2O2 (0.9%) solution to 
quench endogenous peroxidases. Antigen retrieval was performed 
by microwave irradiation for 10 min in citric acid (pH 6.1 for anti-
BRD4 and anti-GSS antibodies) or in tris-EDTA buffer (10 mM 
tris-HCl and 1 mM EDTA; pH 9.0 for anti-GPX4, anti-ferroportin, 
anti-TfR antibodies). Following 1.5 hours of blocking [20% normal 
horse serum and 0.2% Triton X-100 (0.5% for anti-BRD4) in PBS], 
tissue sections were immunostained with antibodies to BRD4 
(1:400), GPX4 (1:400), GSS (1:150), FPN (1:150), and TFRC (1:300). 
Negative controls were treated similarly without a primary anti-
body. Immunostained slides were counterstained with hematox-
ylin (Sigma-Aldrich).

Immunohistochemically stained sections were digitally scanned 
at ×200 magnification using a Pannoramic 250 Flash III scanner 
(3DHISTECH Ltd.). The images were visualized and analyzed using 
CaseViewer software (3DHISTECH Ltd.). The staining intensity of 
each section was scored as 0 (no staining), 1+ (weak staining), 2+ 
(moderate staining), or 3+ (strong staining), and the percentage of 
positive cells was determined from at least five different random 
regions of tumor sections to define reactivity extension values. The 
H-scores for tumor tissues were calculated by multiplying the staining 
intensity and reactivity extension values (range, 0 to 300). Tumor 
grades and subtypes were evaluated according to clinical and patho-
logical data. Statistics were performed using unpaired two-tailed 
t test to compare differences between H-scores of patients with 
TNBC and non-TNBC patients. Fisher’s exact test was applied 
to compare percentage of tumor in high or low scores, where an 
H-score from 0 to 150 was considered as low and an H-score from 
150 to 300 was assigned as high.

In vivo studies
All animal studies were performed according to protocols approved 
by the Weizmann Institutional Animal Care and Use Committee. 
For mouse xenograft models, MDA-MB-231 cells (2 × 106 per 
mouse) expressing green fluorescent protein (GFP)–luciferase were 
implanted bilaterally into the fat pads of the fourth inguinal mammary 
gland of 6-week-old female athymic nude-Foxn1nu mice. Twenty-
three days later, mice were randomized into four groups (n = 10 mice 
per group) and treated with the following: (i) vehicle; (ii) OTX015, 
daily through oral gavage (25 mg/kg); OTX015 (100 mg/ml stock in 
DMSO) was diluted in vehicle solution containing 2% DMSO, 30% 
polyethylene glycol (PEG)–300, and 5% Tween 80; (iii) SB225022, 
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which was intraperitoneally administered 5 days a week, at 5 mg/kg 
prepared in PBS; or (iv) OTX015 + SB225022 combination. Mice 
were treated for 18 days, and mouse body weights were measured 
every 3 days. Tumor volumes (in cubic millimeter) were measured 
every 2/3 days by a digital Vernier caliper and calculated according 
to the width2 × length/2 formula. Tumor progression was monitored 
using Xenogen IVIS Spectrum in vivo bioluminescence. Mice were 
anesthetized by isoflurane inhalation, and then d-luciferin (100 l; 
7.5 mg/ml; Regis Technologies) was intraperitoneally injected. Bio-
luminescence images were acquired within 10 min after injection by 
the charge-coupled device camera of the IVIS instrument with the 
Living Image 3.0 software (Xenogen Caliper Life Sciences). At the 
end of the study, mice were sacrificed, tumors were excised, and 
tumor weights were measured. Tumor samples were preserved in 
either liquid nitrogen or 10% buffered formalin for further analysis. 
Similar to the xenograft models, syngeneic tumor models were 
established by bilateral implantation of 4T1 murine cells (GFP-
luciferase expressed, 1.5 × 105 per mouse) into the fourth inguinal 
mammary gland of BALB/c mice. Two weeks later, mice were 
randomized into four groups and treated with vehicle, OTX015 
(25 mg/kg per day, orally), BTZ (0.25 mg/kg, IP, prepared in PBS, 
every fourth day), or the combination of OTX015 + BTZ. Animal 
body weight was measured every 2 days, and tumor progression was 
monitored as described above. Toxicity of the OTX015 + BTZ com-
bination was further assessed by measuring the levels of common 
biomarkers for organ damage, including alkaline phosphatase (ALP), 
alkaline aminotransferase (ALT), blood urea nitrogen (BUN), and 
creatinine. In brief, mice were anesthetized, and blood was extracted 
by cardiac puncture. Blood was coagulated by incubation at RT for 
20 min and then centrifuged at 1000g for 10 min to separate the 
serum. The levels of ALP, ALT, BUN, and creatinine in the serum 
were measured by the Vetscan VS2 Chemistry Analyzer (Abaxis, CA) 
following the manufacturer’s instructions.

ROS measurements
Levels of intracellular ROS were measured by the cell-permeable dye 
CM-H2DCFDA [5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein 
diacetate, acetyl ester] (Invitrogen, LSC6827). Cells were cultured in 
96-well plates for 16 hours and treated with drugs as indicated. To 
assess the ROS level, cells were loaded with 10 M CM-H2DCFDA 
for 30 min at 37°C in the dark. Fluorescence of CM-H2DCFDA was 
measured by a fluorescence microplate reader (Molecular Devices, 
Sunnyvale, CA, USA) using 495 nm for excitation and 527 nm for 
emission. Data are presented as percentage of ROS relative to un-
treated controls. The values were normalized to the number of living 
cells in each well. Cells treated with 50 M tetrabutyl hydrogen per-
oxide (TBHP) for 30 min were used as positive control. To detect 
intracellular ROS by live cell imaging, cells were grown in 24-well 
plates and treated as described above. Fluorescence images were 
taken from three different areas of the 24-well plate using appropri-
ate filters and an LSM800 confocal microscope (Carl Zeiss GmbH).

GSH measurements
The level of GSH was measured using a Glutathione Colorimetric 
Assay kit (catalog no. K261, BioVision, CA, USA). Cells (0.75 × 106 
to 1 × 106) were treated with drugs as indicated and lysed in GSH 
assay buffer, and GSH levels were measured according to the man-
ufacturer’s instructions. Colorimetric signals were measured by 
absorbance at 405 nm using a microplate reader (Molecular Devices, 

Sunnyvale, CA, USA). The GSH concentration was calculated using 
a standard curve. The values were then normalized to total protein 
quantity per lysate samples. Results are expressed as means ± SD of 
fold changes relative to untreated controls.

Iron measurements
Total cellular iron was measured using the colorimetric Quanti-
Chrom Iron Assay Kit (DIFE-250, BioAssay Systems, CA). In brief, 
cells cultured in six-well plates were washed with PBS and lysed in 
50 l of lysis buffer containing 1% Triton X-100. Cell lysates were 
centrifuged at 15,000 rpm for 10 min, and supernatants were used 
to measure total iron labile (Fe2+ and Fe3+) according to the manu-
facturer’s instructions. The method uses a chromogen that forms a 
blue-colored complex specifically with Fe2+ and thus can also be 
used to measure the level of reduced Fe3+ to Fe2+ to monitor total 
iron. Colorimetric signals were measured by absorbance at 590 nm 
using a microplate reader (Infinite 200 PRO, Tecan Trading AG, 
Switzerland). Results were normalized to protein content in cell 
lysates and expressed as means ± SD of fold changes relative to 
untreated controls.

Lipid peroxidation
The Image-iT Lipid Peroxidation Kit (catalog no. C10445, Thermo 
Fisher Scientific) was used to detect lipid peroxidation in live cells 
using the BODIPY 581/591 C11 fluorescent reporter. In brief, cells 
were plated in High-Content Imaging Glass Bottom 96-well Micro-
plates (Corning) for 16 hours and then treated with drugs as indicated. 
The lipid peroxidation sensor C11-BODIPY (581/591) (10 M) was 
added for 30 min and then 1 mM Hoechst 33342 (Sigma-Aldrich) 
in PBS. Cells were washed with PBS, and fluorescence was measured 
at two wavelengths, one at an excitation/emission of 581/590 nm (Texas 
Red filter set) for the reduced dye, and the other at an excitation/
emission of 488/510 nm (traditional fluorescein isothiocyanate filter 
set) for the oxidized dye. Hoechst was measured at an excitation/
emission of 350/461 nm (4′,6-diamidino-2-phenylindole filter set) 
using the Infinite 200 PRO Tecan microplate reader (Tecan Inc., 
Switzerland). The green-to-red fluorescence intensity ratio was 
used to measure lipid peroxidation. The values were normalized to 
the number of living cells in each well using Hoechst staining values. 
For live cell imaging, the cells were treated as described above, and 
fluorescence images were acquired using a laser confocal micro-
scope (LSM800, Zeiss) and the ZEN Imaging Software with the 
abovementioned excitation and emission wavelengths.

TBARS assay for lipid peroxidation was performed to quantitate 
cellular lipid peroxidation as described earlier with minor modifica-
tions (59). In brief, cells were treated with drugs for 16 hours and 
then washed with ice-cold PBS, lysed in PBS containing 0.5% Triton 
X-100 (200 l volume), vortexed, and incubated on ice for 15 min. 
Subsequently, 1.5 l of butylated hydroxytoluene (100 mM) was 
added to 150 l of cell lysate, followed by 75 l of 15% trichloroacetic 
acid to precipitate proteins. Then, 75 l of HCl (0.25 M), 75 l of 
2-thiobarbituric acid (0.375%), and 30 l of 8.5% SDS were added. 
The samples were vortexed and incubated at 95°C for 60 min for 
color development. Reactions were stopped by a 5-min incubation 
on ice and centrifuged for 15 min at 1500g, and then 200 l of the 
supernatant was transferred to a 96-well plate. Absorbance at 532 nm 
was measured using a microplate reader (Infinite 200 PRO, Tecan 
Trading AG, Switzerland). Blank reaction of lysis buffer was used 
as reference, and the relative TBARS concentration was determined. 



Verma et al., Sci. Adv. 2020; 6 : eaba8968     21 August 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

16 of 18

The final TBARS values were normalized according to the protein 
concentration of the samples (measured by Bradford protein assay 
reagent). Lipid peroxidation was calculated as folds of untreated 
control and plotted as means ± SD values.

Generation of 3D spheroids
Spheroids were generated using a liquid overlay cultivation technique, 
using nonadherent, U-shaped 96-well plates precoated with 1% 
(w/v) agar in PBS (60 l per well). Single-cell suspension of 4T1 cells 
(7 × 103 cells in 100 l of medium) was loaded into each well. Optimal 
3D structures were enhanced by microplate centrifugation at 1000g 
for 5 min. Plates were then incubated for 3 days at 37°C, 5% CO2, 
and 90% humidity to form a single spheroid per well. Three-day-old 
spheroids were treated with the indicated drugs for 15 days (replaced 
every 3 days). Bright-field pictures of spheroids were acquired by an 
inverted microscope at ×5 magnification. At the end of the experiment, 
spheroid viability was measured by the CellTiter-Blue viability 
assay (Promega) according to the manufacturer’s instructions. 
Results were expressed as percentage of cell viability compared to 
untreated controls.

SL analysis
We used the pipeline ISLE (18), a data-driven approach to identify 
the clinically relevant SL gene pairs by mining 330 basal-subtype 
breast cancer patient tumor data from the METABRIC dataset (19). 
In brief, ISLE was proceeded with the following four steps: (i) It first 
identified potential candidate SL pairs by mining large-scale in vitro 
shRNA/CRISPR knockout datasets. (ii) ISLE then uses the patients’ 
gene expression (RNA-seq) and somatic copy number alterations 
data from the METABRIC patient dataset (19) and integrates clinical 
data. Among the candidate pairs in step (i), it identifies candidate 
SL pairs whose co-inactivation (based on gene expression and copy 
number) is underrepresented among the tumors due to negative 
selection. (iii) ISLE then further filters the candidate SLs by selecting 
those whose co-inactivation is associated with better prognosis in 
patients with basal-subtype breast cancer. (iv) Last, ISLE uses evolu-
tionary evidence to predict candidate SLs, as SL pairs are likely to 
have a similar evolutionary history. More details of the ISLE pipe-
line can be found in Lee et al. (18).

To estimate the strength of candidate SL interactions, the ISLE 
significance scores were calculated (18). For every drug combination, 
we computed the ISLE significance score between the drug target 
gene pairs of the corresponding drugs. For drugs that target multiple 
targets, we have multiple SL pairs between two drugs, and we choose 
the sum value as the ISLE significance score. Once these signifi-
cance scores are computed for all drug combinations, we take its 
rank and normalize it by the number of total combinations to com-
pute the ISLE significance score.

The targets of the drugs are provided in fig. S1A. We also manually 
searched each of the drugs and their associated drug targets using 
DrugBank and other important websites/literature. Drugs that target 
a gene family or pathway may have many genes associated with it. 
For each drug combination, we compute the effectiveness in each 
cell line (effectiveness = % cell death; 100% − % viability). We then 
take the median value of effectiveness across all 13 cell lines to com-
pute the overall effectiveness for each drug combination. This was 
used in Fig. 1C. We calculated the Spearman correlation between 
ISLE significance scores and measured the effectiveness across all 
combinations. The accuracy of predicting effectiveness by the ISLE 

significance scores was measured by the ROC-AUC, generated by 
comparing the ISLE scores of the 21% most effective combinations 
versus the 21% least effective combinations.

Bioinformatic analysis
Datasets
Gene expression analysis of patients with breast cancer was carried 
out on the basis of TCGA breast cancer dataset (version 2017-10-
13), which includes 142 basal, 434 LumA, 194 LumB, 67 HER2, and 
119 normal-like patients (determined by PAM50 based on the 
RNA-seq). Results were verified in the METABRIC dataset, which 
includes 199 basal, 218 HER2, 675 LumA, 460 LumB, and 140 
normal-like patients (table S13). Gene expression data of breast cancer 
cell lines were taken from the 8-11-2017 version of the CCLE (Broad 
Institute), which includes 23 TNBC lines and 33 non-TNBC lines 
plus 1 normal-like. All data are log2-transformed before analysis.
Gene set enrichment analysis
GSEA was performed using GSEA software (Broad Institute). Genes 
were ranked according to the signal-to-noise ratio of each gene 
between basal and non-basal patients (TCGA dataset) or between 
TNBC versus non-TNBC cell lines (CCLE dataset). The over-
representation of certain gene signatures in these ranked gene lists 
is given by the normalized enrichment score (NES).
Dataset analysis
For comparisons of gene expression in the CCLE dataset, gene 
expression values (log2) were normalized across all breast cancer 
lines (so that the average expression is 0 and the SD is 1). For TCGA 
dataset, gene expression was not normalized. One-way analysis of 
variance (ANOVA) between groups of patients or cell lines, based 
on their PAM50, was performed using Partek Genomic Suite (Partek, 
MO). A step-up P value (FDR) below 0.05 is considered significant. 
Heatmap of signature gene expression in patients from the TCGA 
dataset was performed using the Partek Genomic Suite. Patients were 
clustered unsupervised, and the partition of the PAM50 phenotype 
to different clusters was visualized.

Statistical analysis
Data are presented as means ± SD. To compare between experimental 
groups, we used Student’s t test (two-sided) for most experiments, 
Wilcoxon test (ranked, two-sided) for tumor volumes in vivo 
(Fig. 3), and Fisher’s exact test for IHC staining (Fig. 8). For dataset 
analysis, one-way ANOVA was used to compare the means of dif-
ferent PAM50 groups. t test was used to evaluate the means between 
basal and each one of the other PAM50 groups. The reported P val-
ues associated with dataset analysis (TCGA or CCLE) are P values 
corrected for false discovery rate, measured by the step-up method. 
A P value of <0.05 is considered significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/34/eaba8968/DC1

View/request a protocol for this paper from Bio-protocol.
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