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Abstract 1 

Triple-negative breast cancer (TNBC) is the most aggressive subgroup of breast cancer, 2 

and patients with TNBC have few therapeutic options. Apoptosis resistance is a hallmark of 3 

human cancer, and apoptosis regulators have been targeted for drug development for cancer 4 

treatment. One class of apoptosis regulators is the inhibitors of apoptosis proteins (IAPs). 5 

Dysregulated IAP expression has been reported in many cancers, including breast cancer, and 6 

has been shown to be responsible for resistance to chemotherapy. Therefore, IAPs have become 7 

attractive molecular targets for cancer treatment. Here, we first investigated the anti-tumor 8 

efficacy of birinapant (TL32711), a biindole-based bivalent mimetic of second mitochondria-9 

derived activator of caspases (SMAC), in TNBC. We found that birinapant as a single agent has 10 

differential anti-proliferation effects in TNBC cells. We next assessed whether birinapant has a 11 

synergistic effect with commonly used anti-cancer drugs, including entinostat (class I histone 12 

deacetylase inhibitor), cisplatin, paclitaxel, voxtalisib (PI3K inhibitor), dasatinib (Src inhibitor), 13 

erlotinib (epidermal growth factor receptor inhibitor), and gemcitabine, in TNBC. Among these 14 

tested drugs, gemcitabine showed a strong synergistic effect with birinapant. Birinapant 15 

significantly enhanced the anti-tumor activity of gemcitabine in TNBC both in vitro and in 16 

xenograft mouse models through activation of the intrinsic apoptosis pathway via degradation of 17 

cIAP2 and XIAP, leading to apoptotic cell death. Our findings demonstrate the therapeutic 18 

potential of birinapant to enhance the anti-tumor efficacy of gemcitabine in TNBC by targeting 19 

the IAP family of proteins.  20 

 21 

  22 
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Introduction 1 

Triple-negative breast cancer (TNBC), which lacks druggable expression levels of 2 

estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2, is the 3 

most aggressive subgroup of breast cancer. TNBC comprises 15-20% of breast cancers but 4 

accounts for 30-40% of U.S. breast cancer deaths. These poor outcomes are associated with 5 

TNBC’s tendency to relapse and metastasize (1,2). Currently, not many therapeutic options are 6 

available for patients with TNBC, and effective therapeutic approaches are needed to prolong 7 

survival and reduce the mortality rate of these patients.   8 

Apoptosis resistance is a hallmark of cancer. Apoptosis can be initiated by either the 9 

intrinsic signaling pathway (mitochondrial apoptotic pathway) through activation of caspase 9 or 10 

the extrinsic signaling pathway (death-receptor apoptotic pathway) through activation of caspase 11 

8 (3,4). Defects in apoptosis can lead to malignant transformation, tumor metastasis, and drug 12 

resistance (4-6). Therefore, drug development targeting key regulators of apoptosis has become 13 

an attractive strategy for cancer treatment.  14 

Many proteins have been reported to have pro- or anti-apoptotic activity in cells, and 15 

abnormal expression of these proteins has been associated with carcinogenesis by suppression of 16 

apoptosis (7,8). Several key regulators of apoptosis have been identified and targeted for drug 17 

development for cancer therapy. One class of such regulators is the inhibitors of apoptosis 18 

proteins (IAPs). IAPs are characterized by the presence of a baculovirus IAP repeat (BIR) 19 

protein domain (5). There are eight known IAPs: NAIP (BIRC1), cIAP1 (BIRC2), cIAP2 20 

(BIRC3), X-linked IAP (XIAP/BIRC4), survivin (BIRC5), Apollon (BRUCE/BIRC6), 21 

Livin/MLIAP (BIRC7), and IAP-like protein 2 (BIRC8) (5). IAPs inhibit apoptosis by 22 

suppressing caspase activity by binding to the active sites of caspases via the caspases’ 23 
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conserved BIR domains, which degrades active caspases or blocks interaction of caspases with 1 

their substrates (5). Dysregulated expression of IAPs has been reported in many cancers (9-11) 2 

and has been linked to resistance to chemotherapy (6). Thus, IAPs hold notable potential as 3 

targets in the development of cancer therapy. IAP-targeted approaches include antisense 4 

oligonucleotides (12,13) and small-molecule inhibitors targeting BIR domains of XIAP, 5 

survivin, MLIAP, and cIAP1/cIAP2 (14,15). Among IAPs, XIAP is reportedly the most potent 6 

inhibitor of apoptosis and is required for survival of cells that are resistant to therapeutic agents 7 

(16-18). XIAP effectively inhibits both the intrinsic and extrinsic pathways of apoptosis by 8 

binding and inhibiting upstream caspases 9 and 8 and downstream caspases 3 and 7 (19,20). 9 

Inhibition of XIAP using antisense oligonucleotides improved the anti-tumor efficacy of 10 

radiotherapy and chemotherapy in vitro and in vivo in various cancers (12,13,21-24). These 11 

studies demonstrate the targeting potential of IAPs in cancer therapy both at a molecular level 12 

and preclinically.    13 

The second mitochondria-derived activator of caspases (SMAC) is an endogenous 14 

antagonist of IAPs. Upon apoptotic stimulation, SMAC is released from mitochondria and then 15 

binds via its N-terminal AVPI tetrapeptide to the BIR domain on IAPs (6,25). The interaction 16 

between SMAC and IAPs results in caspase activation and subsequent apoptotic cell death. The 17 

SMAC-mediated functional inhibition of IAPs has been emulated in the development of small-18 

molecule inhibitors that mimic the IAP binding motif of SMAC and inhibit IAP protein functions 19 

(6,14,17,26). Birinapant (TL32711), a biindole-based bivalent SMAC mimetic, has high affinity 20 

to the BIR3 domains of cIAP1, cIAP2, and XIAP and to the single BIR domain of MLIAP. Upon 21 

binding to these sites, birinapant has the ability to cause rapid degradation of TRAF2-bound 22 

cIAP1 and cIAP2, which leads to inhibition of tumor necrosis factor (TNF)-mediated NF-κB 23 
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activation (26). Upon TNF stimulation, birinapant also promotes caspase 8/RIPK1 complex 1 

formation, resulting in activation of downstream caspases (26). Although the anti-tumor efficacy 2 

of birinapant as a single agent in many cancer cells is mainly dependent on the levels of TNFα in 3 

the cells, an IAP-dependent but TNFα-independent mechanism has also been observed (17,27). 4 

In patient-derived xenograft mouse models of human ovarian cancer, melanoma, and colorectal 5 

cancer, intraperitoneal administration of birinapant inhibited tumor growth with no evidence of 6 

toxicity (26). In addition, birinapant showed synergistic anti-tumor effects with several widely 7 

used chemotherapeutic agents in various cancers (28-30). These studies demonstrate that 8 

birinapant can effectively activate apoptotic signaling by targeting IAP proteins and has potential 9 

applications for the treatment of multiple tumor malignancies. 10 

Gemcitabine is a difluorinated pyrimidine analog of deoxycytidine that replaces cytidine 11 

during DNA replication, which inhibits elongation of the replicating DNA strand and leads to 12 

apoptosis (31,32). Gemcitabine is commonly used for the treatment of bladder, pancreatic, 13 

ovarian, breast, and non-small cell lung cancers (32). Here, we show the therapeutic potential of 14 

birinapant in combination with gemcitabine in TNBC. While birinapant was not highly effective 15 

at inhibiting cancer cell proliferation in the tested TNBC cell lines as a single agent, it exhibited 16 

strong synergistic cytotoxicity when combined with gemcitabine in TNBC cells, both in vitro 17 

and in vivo. We also found that birinapant enhanced the anti-tumor effectiveness of gemcitabine 18 

through activation of the intrinsic apoptotic pathway by targeting IAP proteins. Our findings 19 

convincingly demonstrate that the combination of birinapant and gemcitabine can be an effective 20 

therapeutic strategy for TNBC. 21 

 22 

Materials and Methods 23 
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Cell culture and reagents 1 

HCC38, HCC70, HCC1937, MDA-MB-231, MDA-MB-157, MDA-MB-436, MDA-MB-2 

468, HS578T, and BT-20 human TNBC cells and MCF10A human breast epithelial cells were 3 

purchased from American Type Culture Collection (Manassas, VA, USA). SUM149 and 4 

SUM159 TNBC cells were purchased from Asterand Bioscience (Detroit, MI, USA). KTB6 5 

human breast epithelial cells were a generous gift of Dr. Harikrishna Nakshatri (Indiana 6 

University, Bloomington, IN, USA). HCC38, HCC70, and HCC1937 cells were maintained in 7 

Roswell Park Memorial Institute 1640 medium (Life Technologies Inc., Carlsbad, CA, USA). 8 

MDA-MB-231, MDA-MB-157, MDA-MB-436, MDA-MB-468, HS578T, and BT-20 cells were 9 

maintained in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium (Life Technologies 10 

Inc.). Both culture media were supplemented with 10% fetal bovine serum (FBS; GenDEPOT, 11 

Katy, TX, USA) and 1% antibiotic/antimycotic (Sigma-Aldrich Co. LLC, St. Louis, MO, USA). 12 

SUM149 and SUM159 cells were maintained in Ham's F-12 medium (Life Technologies Inc.) 13 

supplemented with 5% FBS, 1% antibiotic/antimycotic, 5 µg/mL insulin (Life Technologies 14 

Inc.), and 1 µg/mL hydrocortisone (Sigma-Aldrich Co. LLC). MCF10A cells were maintained in 15 

DMEM/F-12 medium supplemented with 10% horse serum (Thermo Fisher Scientific, Waltham, 16 

MA, USA), 1% antibiotic/antimycotic, 10 µg/mL insulin, 20 ng/mL epidermal growth factor 17 

(EGF; Sigma-Aldrich Co. LLC), 100 ng/mL cholera toxin (Sigma-Aldrich Co. LLC), and 500 18 

µg/mL hydrocortisone. KTB6 cells were maintained in low-glucose DMEM and Ham’s F-12 19 

medium (1:3) supplemented with 10% FBS, 1% penicillin/streptomycin, 5 µg/mL insulin, 20 20 

ng/mL EGF, 0.4 µg/mL hydrocortisone, and 5 uM ROCK inhibitor Y-27632 (STEMCELL 21 

Technologies Inc., Vancouver, BC, Canada). All cell lines were validated by DNA typing at The 22 
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University of Texas MD Anderson Cancer Center Cytogenetics and Cell Authentication Core 1 

(Houston, Texas, USA) and confirmed to be free of mycoplasma.  2 

Gemcitabine hydrochloride was purchased from Sigma-Aldrich Co. LLC. Entinostat 3 

(class I histone deacetylase [HDAC] inhibitor), cisplatin, paclitaxel, voxtalisib (PI3K inhibitor), 4 

dasatinib (Src inhibitor), and erlotinib (EGF receptor inhibitor) were purchased from 5 

Selleckchem (Houston, TX, USA). Birinapant was purchased from Selleckchem and also 6 

provided by Medivir AB (Huddinge, Sweden). Ent-birinapant, a non-IAP-binding negative 7 

control, was provided by Medivir AB.   8 

 9 

Cell viability assay 10 

Cell viability was determined using a CellTiter-Blue viability assay (Promega 11 

Corporation, Madison, WI, USA) as described previously (33). Cells were seeded in 96-well 12 

plates and treated the next day with birinapant alone at 0-20 µM or with entinostat, cisplatin, 13 

paclitaxel, voxtalisib, dasatinib, or erlotinib at 0-20 µM alone or in combination with birinapant 14 

at a fixed concentration as indicated in Supplementary Tables 2-10. At 72 h after treatment, the 15 

CellTiter-Blue reagent was added into the plates, and optical density at 595 nm was determined 16 

using the VICTOR X3 plate reader (PerkinElmer, Waltham, MA, USA).  17 

 18 

Soft agar colony formation assay  19 

Anchorage-independent growth was determined using a soft agar colony formation assay 20 

as described previously (34). Cells were resuspended in 0.4% agarose growth medium in the 21 

presence of gemcitabine, birinapant, or gemcitabine plus birinapant and then plated in 6-well 22 

plates containing solidified 0.8% agarose in growth medium. Three weeks later, colonies greater 23 
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than 80 µm in diameter were counted using the GelCount system (Oxford Optronix Ltd., Milton 1 

Park, Abingdon, UK). 2 

 3 

Flow cytometry  4 

For the cell cycle distribution analysis, cells (3 × 10
5
 cells/3 mL) were seeded in 60-mm 5 

plates overnight and then, the next morning, treated with gemcitabine, birinapant, or gemcitabine 6 

plus birinapant. At 48 h or 72 h after treatment, the cells were harvested and fixed in 70% 7 

ethanol at −20 °C overnight. The next morning, the fixed cells were treated with RNase (10 8 

µg/mL) at 37 °C for 15 min, stained with propidium iodide (20 µg/mL), and then subjected to 9 

flow cytometry analysis. For the apoptosis analysis, after 48 h or 72 h of treatment with 10 

gemcitabine, birinapant, or gemcitabine plus birinapant, cells were harvested, incubated at room 11 

temperature with annexin V–PE (BD Biosciences, Franklin Lakes, NJ, USA) and 7-AAD (BD 12 

Biosciences) for 15 min, and then subjected to flow cytometry analysis.  13 

 14 

Western blotting 15 

Cells (1 × 10
6
 cells/10 mL) were seeded in 10-cm plates overnight and then, the next 16 

morning, treated with birinapant, gemcitabine, or birinapant plus gemcitabine. At 48 h following 17 

treatment, cells were harvested, and proteins were extracted for Western blotting analysis as 18 

described previously (34). Proteins of interest were probed using the following primary 19 

antibodies (1:1000 dilution) purchased from Cell Signaling Technology (Danvers, MA, USA) or 20 

other suppliers as indicated: anti-XIAP (#14334), anti-cIAP1 (#7065), anti-cIAP2 (#3130), anti-21 

caspase 3 (#9662), anti-caspase 7 (#9492), anti-caspase 8 (#9746), anti-caspase 9 (#9502), anti-22 

cleaved caspase 3 (#9661), anti-cleaved caspase 7 (#9491), anti-cleaved caspase 8 (#9748), anti-23 
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cleaved caspase 9 (#9501), anti-PARP (#9542), anti-cleaved PARP (#9542), and anti-α-tubulin 1 

(clone DM1A, #T9026, Sigma-Aldrich Co. LLC). The secondary antibodies used were 2 

horseradish peroxidaseconjugated IgG (Life Technologies Inc.) for chemiluminescence signal 3 

detection and Alexa Fluor-conjugated IgG (Life Technologies Inc.) for fluorescence signal 4 

detection. The intensity of target proteins on the blots was measured using ImageJ (National 5 

Institutes of Health, Bethesda, MD, USA). 6 

 7 

Treatment with a pan-caspase inhibitor 8 

Cells (2 × 10
3
 cells/well) were seeded into a 96-well plate overnight and then pre-treated 9 

the next day with the pan-caspase inhibitor Z-VAD-FMK (10 µM; EMD Millipore, Burlington, 10 

MA, USA) for 2 h, followed by incubation with birinapant, gemcitabine, or birinapant plus 11 

gemcitabine for 5 days. On day 5 after treatment, the CellTiter-Blue reagent was added into the 12 

plate, and optical density at 595 nm was determined using a plate reader.  13 

 14 

TNBC xenograft mouse model 15 

All animals were maintained and handled in accordance with the guidelines of the MD 16 

Anderson Institutional Animal Care and Use Committee (00001429-RN01). SUM149 or MDA-17 

MB-231 (4 × 10
6
 cells/100 μL) cells were implanted into 1 of the mammary fat pads of 4- to 6-18 

week-old female athymic BALB/c nude mice purchased from Envigo (Indianapolis, IN, USA). 19 

When tumors reached 75-150 mm
3
, mice were randomly divided into 4 groups (12 mice/group) 20 

and treated with vehicle (12.5% captisol), birinapant (15 mg/kg in 12.5% captisol), gemcitabine 21 

(15 mg/kg in 0.9% NaCl), or birinapant (15 mg/kg in 12.5% captisol) plus gemcitabine (15 22 

mg/kg in 0.9% NaCl) via intraperitoneal injections twice per week for 21 days in the SUM149 23 
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xenograft model or 38 days in the MDA-MB-231 xenograft model. Birinapant and gemcitabine 1 

were given to the mice at 24-h intervals. At the end of the study, tumor samples were collected 2 

and processed for immunohistochemical (IHC) staining of target proteins. 3 

 4 

IHC staining 5 

Tumor tissues were fixed in 10% buffered formalin, embedded in paraffin, sectioned at 5 6 

µm, and mounted on slides. The sections were deparaffinized in xylene,
 
rehydrated in graded 7 

alcohols, and washed in distilled water.
 
Antigens on sections were retrieved by steaming in 10 8 

mM
 
citric acid (pH 6.0) for 30 min. Endogenous peroxidases were quenched by incubation in 3% 9 

H2O2 for 10 min at room temperature. The
 
slides were washed 3 times with phosphate-buffered 10 

saline and blocked for 30 min with
 
10% normal horse serum in 1% bovine serum 11 

albumin/phosphate-buffered saline. The slides were then incubated with the following 12 

antibodies: anti-Ki-67 (#RB-1510-RQ, Thermo Fisher Scientific), anti-XIAP (#ab21278; Abcam, 13 

Cambridge, UK), anti-cIAP2 (#ab137393, Abcam), anti-cleaved caspase 3 (#9664, Cell 14 

Signaling Technology), and anti-cleaved PARP (#5625, Cell Signaling Technology). Images 15 

were scanned using an Aperio ScanScope (Aperio, Vista, CA, USA) and captured at 20× 16 

magnification using ImageScope software (Leica Biosystems, Wetzlar, Germany). The intensity 17 

of IHC staining of target proteins on the tumor tissues was measured using ImageJ (National 18 

Institutes of Health).  19 

 20 

Statistical analysis 21 

All data are presented as mean ± standard deviation. Differences between 2 groups were 22 

analyzed using a 2-tailed Student t-test, and differences between more than 2 groups were 23 
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analyzed using a 1-way analysis of variance. P values of < 0.05 were considered statistically 1 

significant.  2 

The combination index (CI) and fraction affected (Fa) were determined using the 3 

CalcuSyn software (V2.1, Biosoft, Cambridge, UK) to evaluate the synergistic effect of 4 

birinapant and anti-cancer drugs. CI < 0.90 indicates synergistic, 0.91 ≤ CI < 1.10 indicates 5 

additive, and CI ≥ 1.11 indicates antagonistic effects of the 2-drug combination. 6 

 7 

Results 8 

Synergistic efficacy of birinapant and gemcitabine in TNBC cells in vitro 9 

We first examined the in vitro anti-tumor efficacy of birinapant as a single agent using 10 

the CellTiter-Blue viability assay in a panel of 11 TNBC cancer cells. We found that birinapant 11 

was effective at inhibiting proliferation of HCC38 (IC50 = 0.63 µM), HCC70 (IC50 = 0.47 µM), 12 

MDA-MB-231 (IC50 = 0.71 µM), and HS578T cells (IC50 = 0.21 µM) but not other tested TNBC 13 

cells and normal breast epithelial cell lines MCF10A and KTB6 (IC50 > 20 µM; Supplementary 14 

Table S1). We also examined the targeting specificity of birinapant by comparing the anti-15 

proliferation effect of birinapant with that of the control compound ent-birinapant in HCC70, 16 

SUM149, MDA-MB-157, MDA-MB-231, SUM159, and MDA-MB-468 cells, which were the 17 

major cells used in this study. While birinapant inhibited proliferation of HCC70 and MDA-MB-18 

231 cells, ent-birinapant had no anti-proliferation effects on the tested TNBC cells 19 

(Supplementary Fig. S1A and Table S1). These studies indicate that birinapant inhibits 20 

proliferation of TNBC cells by specifically targeting IAPs. 21 

We next examined whether birinapant had a synergistic effect with the commonly used 22 

anti-cancer drugs, including entinostat (class I HDAC inhibitor, Supplementary Tables S2 and 23 
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S3), cisplatin (Supplementary Tables S4 and S5), and gemcitabine (Supplementary Tables S6 1 

and S7) in TNBC cells, as well as paclitaxel, voxtalisib (PI3K inhibitor), dasatinib (Src 2 

inhibitor), and erlotinib (EGF receptor inhibitor) in SUM149 TNBC cells (Supplementary 3 

Tables S9 and S10). We treated cells with increasing doses of the drugs (0.005-20 µM) in 4 

combination with birinapant at IC20 or at 5 µM when IC20 was greater than 10 µM. Among the 5 

tested drugs, gemcitabine had the most synergy with birinapant in the tested TNBC cells. Among 6 

the tested cell lines (Supplementary Tables S6 and S7), MDA-MB-231, MDA-MB-157, 7 

SUM149, and HCC70 cells showed the most substantial reduction in cell viability following 8 

combination treatment with birinapant and gemcitabine compared to treatment with gemcitabine 9 

alone (Fig. 1A). In the presence of birinapant at IC20, the sensitivity to gemcitabine (0.05 µM) 10 

increased by 4.02-fold in MDA-MB-231 cells (Fa = 0.911, CI = 6.9 × 10
−6

), 1.47-fold in MDA-11 

MB-157 cells (Fa = 0.904, CI = 9.87 × 10
−6

), 17.95-fold in SUM149 cells (Fa = 0.615, CI = 12 

0.021), and 3.35-fold in HCC70 cells (Fa = 0.671, CI = 0.155). In contrast, the addition of 13 

birinapant did not enhance the sensitivity of normal breast epithelial cell lines MCF10A and 14 

KTB6 to gemcitabine (Fig. 1A and Supplementary Tables S6 and S8), suggesting the cancer-15 

targeting specificity of the combination treatment. In addition, we examined the targeting 16 

specificity of birinapant by comparing the anti-proliferation effect of birinapant with that of the 17 

control compound ent-birinapant with or without gemcitabine. Birinapant alone suppressed 18 

proliferation of HCC70 (IC50 = 0.47) and MDA-MB-231 (IC50 = 0.71) cells, whereas ent-19 

birinapant alone had no any anti-proliferation effect on these cells (Supplementary Fig. 1A and 20 

Table S1). While birinapant combined with gemcitabine enhanced the anti-proliferation effects 21 

of gemcitabine against MDA-MB-231, MDA-MB-157, SUM149, and HCC70 cells (Fig. 1A and 22 
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Supplementary Tables S6 and S7), ent-birinapant did not show any such enhancement 1 

(Supplementary Fig. S1B), suggesting the targeting specificity of birinapant.  2 

Birinapant also enhanced the sensitivity of TNBC cells to gemcitabine in a soft-agar 3 

assay, which reflects the in vivo tumorigenicity of cancer cells. The sensitivity to gemcitabine 4 

was increased 1.96-fold at 0.0001 µM and 71.33-fold at 0.001 µM in MDA-MB-231, 2.68-fold 5 

at 0.0001 µM and 4.21-fold at 0.001 µM in MDA-MB-157, 1.58-fold at 0.0001 µM and 2.97-6 

fold at 0.001 µM in SUM149, and 1.77-fold at 0.0001 µM and 3.81-fold at 0.001 µM in HCC70 7 

cells (Fig. 1B). No synergistic effect was found in MDA-MB-468 and SUM159 cells in either 8 

the CellTiter-Blue assay (Fig. 1A) or the soft-agar assay (Fig. 1B). Thus, based on the degree of 9 

sensitivity, we categorized MDA-MB-231, MDA-MB-157, SUM149, and HCC70 cells as 10 

sensitive cells and MDA-MB-468 and SUM159 as insensitive cells to study the underlying 11 

molecular mechanism of the synergy.   12 

     13 

Birinapant enhances sensitivity of TNBC cells to gemcitabine through induction of 14 

apoptosis 15 

Birinapant is designed to target IAP proteins to trigger an apoptotic response (26), while 16 

gemcitabine inhibits cell growth by suppressing DNA synthesis (35). Therefore, we examined 17 

the effects of combination treatment with birinapant and gemcitabine at 72 h on cell cycle 18 

progression and apoptosis induction by flow cytometry. Cell cycle analysis showed that 19 

compared with gemcitabine alone, the combination treatment increased the sub-G1 fraction (Fig. 20 

2A) and reduced the S-phase fraction (Fig. 2B) in MDA-MB-231 (29.18%-38.37% increase in 21 

sub-G1 and 5.44%-31.63% reduction in S phase), MDA-MB-157 (5.14%-21.06% increase in 22 

sub-G1 and 11.41%-23.36% reduction in S phase), SUM149 (30.33%-40.66% increase in sub-23 
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G1 and 8.58%-14.76% reduction in S phase), and HCC70 (44.46%-53.51% increase in sub-G1 1 

and 17.07%-51.45% reduction in S phase), which indicate induction of apoptosis and 2 

suppression of DNA synthesis, respectively. Apoptosis induction was further confirmed by 3 

annexin V–PE and 7-AAD staining. Compared with gemcitabine alone, the combination of 4 

birinapant and gemcitabine increased apoptotic populations by 18.86% at 0.001 µM gemcitabine 5 

and 28.91% at 0.01 µM gemcitabine in MDA-MB-231, 6.99% at 0.01 µM and 14.15% at 0.05 6 

µM in MDA-MB-157, 16.18% at 0.001 µM and 45.29% at 0.01 µM in SUM149, and 18.96% at 7 

0.01 µM and 30.08% at 0.05 µM in HCC70 (Fig. 2C). Enhanced apoptosis (Supplementary 8 

Figs. S2A and S2C) and suppression of DNA synthesis (Supplementary Fig. S2B) were also 9 

observed at 48 h following combination treatment with birinapant and gemcitabine compared 10 

with gemcitabine alone. These results demonstrate that birinapant enhances the sensitivity of 11 

TNBC cells to gemcitabine by inducing apoptosis.  12 

While birinapant alone was pro-apoptotic, birinapant plus gemcitabine was more pro-13 

apoptotic than birinapant alone. Compared with birinapant alone, the combination treatment 14 

increased sub-G1 fraction by 30.87%-46.14% in HCC70, 25.7%-54.54% in SUM149, 8.73%-15 

27.67% in MDA-MB-157, and 34.29%-42.18% in MDA-MB-231 cells (Fig. 2A). In addition, 16 

compared with birinapant alone, the combination treatment increased apoptotic populations by 17 

11.25%-26.04% in HCC70, 13.56%-56.29% in SUM149, 16.19%-23.61% in MDA-MB-157, 18 

and 10.38%-21.31% in MDA-MB-231 cells (Fig. 2C). Similar results were observed at 48 h 19 

following the combination treatment (Supplementary Fig. S2). These results clearly show that 20 

birinapant sensitizes TNBC cells to gemcitabine by enhancing apoptotic cell death.  21 

 22 
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Birinapant enhances sensitivity of TNBC cells to gemcitabine through activation of the 1 

intrinsic apoptotic pathway 2 

To identify the apoptosis pathway activated by the combination treatment with birinapant 3 

and gemcitabine, we analyzed cleavage of PARP and caspases by Western blotting. We found 4 

that combination treatment increased cleavage of PARP and caspases 3, 7, and 9 in a dose-5 

dependent manner in HCC70, SUM149, MDA-MB-157, and MDA-MB-231 cells but had no 6 

effect on cleavage of caspase 8 (Fig. 3A). No significant induction of PARP and caspase 7 

cleavage was found in the insensitive cell lines MDA-MB-468 or SUM159 except for a slight 8 

induction of caspase 7 cleavage in MDA-MB-468 cells (Fig. 3A). Furthermore, the addition of 9 

Z-VAD-FMK (a pan-caspase inhibitor) partially inhibited the birinapant-mediated inhibition of 10 

cell proliferation by 44.3% (P < 0.0001) in SUM149 and 43% (P < 0.0001) in MDA-MB-231 11 

cells treated with both birinapant and gemcitabine (Fig. 3B). These results indicate that the 12 

enhanced apoptosis resulting from the combination of birinapant and gemcitabine is a 13 

consequence of cleavage of caspase 9 and activation of the intrinsic pathway. 14 

Birinapant is designed to induce apoptosis by binding to and inducing degradation of IAP 15 

proteins (26). Thus, we examined IAP degradation following the combination treatment with 16 

birinapant and gemcitabine in HCC70, SUM149, MDA-MB-157, MDA-MB-231, SUM159, and 17 

MDA-MB-468 cells. The expression levels of cIAP2 and XIAP were significantly reduced in a 18 

dose-dependent manner in HCC70, SUM149, MDA-MB-157, and MDA-MB-231 cells (in which 19 

the combination treatment had shown synergistic effects) after 48 h of combination treatment 20 

(Fig. 3C). The expression levels of cIAP2 and XIAP were also slightly reduced in MDA-MB-21 

468 cells but unaffected in SUM159 cells (Fig. 3C); these were the two cell lines, in which no 22 

synergistic anti-proliferation effect of the combination treatment had been observed. The reduced 23 
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expression of XIAP and cIAP2 in MDA-MB-468 cells might have led to the observed cleavage 1 

of caspase 7 in those cells (Fig. 3A). However, the effect was not strong enough to trigger 2 

apoptotic cell death in MDA-MB-468 cells. No similar changes were seen for survivin (Fig. 3C). 3 

A dramatic reduction in cIAP1 was induced by birinapant alone in all tested cell lines (Fig. 3C), 4 

suggesting that birinapant preferentially targets cIAP1 over other IAP family members. This 5 

reduction in cIAP1 expression in both the sensitive cells and in the SUM159 and MDA-MB-468 6 

cells, in which no synergy had been observed, suggests that reduced cIAP1 expression was not 7 

the cause of the synergistic effects of the combination treatment. Among the tested cells, MDA-8 

MB-231 cells showed a dramatic reduction in expression levels of XIAP, cIAP1, and cIAP2 9 

proteins following the combination treatment, which may be the reason we observed a greater 10 

induction of apoptosis by the combinational treatment in MDA-MB-231 cells compared with the 11 

other tested cells (Figs. 2A and 2C). Altogether, these results suggest that birinapant increases 12 

the sensitivity of TNBC cells to gemcitabine by inducing cleavage of cIAP2 and XIAP, leading 13 

to apoptotic cell death.  14 

 15 

Birinapant enhances anti-tumor effectiveness of gemcitabine in TNBC xenograft mouse 16 

models by inducing apoptosis 17 

Our in vitro results showed that birinapant and gemcitabine synergistically inhibited the 18 

growth of TNBC cells. We therefore examined the synergy of these 2 drugs using SUM149 and 19 

MDA-MB-231 xenograft mouse models. On the basis of the mouse studies by others (26,36-38), 20 

we administered birinapant at 15 mg/kg to test the combination treatment in vivo. Compared with 21 

the vehicle control, birinapant alone (P < 0.001, SUM149; P < 0.001, MDA-MB-231) and 22 

gemcitabine alone (P < 0.001, SUM149; P < 0.001, MDA-MB-231) significantly suppressed 23 
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SUM149 (Fig. 4A) and MDA-MB-231 (Fig. 4B) tumor growth when applied at 15 mg/kg. More 1 

importantly, the combination of birinapant and gemcitabine resulted in significantly greater 2 

suppression of overall growth of SUM149 xenografts (Fig. 4A, P < 0.0001 vs. birinapant alone 3 

or gemcitabine alone) and MDA-MB-231 xenografts (Fig. 4B, P < 0.0001 vs. birinapant alone, P 4 

< 0.01 vs. gemcitabine alone). Gemcitabine alone more effectively inhibited tumor growth in the 5 

MDA-MB-231 xenograft model (Fig. 4B) than in the SUM149 model (Fig. 4A). However, even 6 

though gemcitabine alone markedly inhibited tumor growth in the MDA-MB-231 xenograft 7 

model, the addition of birinapant led to a significantly greater reduction in tumor volumes 8 

compared with gemcitabine alone at all time points assessed (Fig. 4B, P < 0.01). In both 9 

xenograft mouse models, no signs of toxicity and no reduction in mouse body weights were 10 

observed (Supplementary Fig. S3), indicating that both birinapant and gemcitabine at the tested 11 

doses are well tolerated. These results strongly suggest that birinapant potentiates gemcitabine in 12 

both mouse models.  13 

Our in vitro results showed that birinapant enhanced the sensitivity of TNBC cells to 14 

gemcitabine by inducing cleavage of cIAP2 and XIAP, leading to apoptotic cell death. We 15 

therefore collected tumor samples on day 21 for SUM149 and on day 38 for MDA-MB-231 16 

mouse models following treatment and analyzed the expression levels of Ki-67, XIAP, cIAP2, 17 

cleaved caspase 3, and cleaved PARP by IHC staining (Figs. 4C-4F). As expected, expression 18 

levels of Ki-67 in both models were significantly reduced in tumors from mice treated with 19 

birinapant alone (P < 0.05, SUM149 and MDA-MB-231) or gemcitabine alone (P < 0.01, 20 

SUM149; P < 0.05, MDA-MB-231) at 15 mg/kg compared with tumors from the vehicle-treated 21 

controls. The expression levels of Ki-67 were further reduced in tumors from mice treated with 22 

both birinapant and gemcitabine in both SUM149 xenografts (Figs. 4C and 4E, P < 0.01 vs. 23 
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birinapant alone; P < 0.01 vs. gemcitabine alone) and MDA-MB-231 xenografts (Figs. 4D and 1 

4F, P < 0.01 vs. birinapant alone; P < 0.0001 vs. gemcitabine alone). This result suggests that 2 

combination treatment more effectively suppresses tumor growth than monotreatment.   3 

To confirm that birinapant enhanced sensitivity of TNBC cells to gemcitabine by 4 

inducing degradation of XIAP and cIAP2, we examined the effect of treatments on expression 5 

levels of XIAP and cIAP in tumors. As expected, the expression levels of XIAP and cIAP2 were 6 

significantly reduced in both SUM149 tumors from combination-treated mice (Figs. 4C and 4E, 7 

XIAP, P < 0.01 vs. birinapant alone, P < 0.001 vs. gemcitabine alone; cIAP2, P < 0.001 vs. 8 

birinapant alone, P < 0.0001 vs. gemcitabine alone) and MDA-MB-231 tumors from 9 

combination-treated mice (Figs. 4D and 4F, XIAP, P < 0.05 vs. birinapant alone, P < 0.05 vs. 10 

gemcitabine alone; cIAP2, P < 0.01 vs. birinapant alone, P < 0.001 vs. gemcitabine alone) 11 

compared with tumors from mice treated with birinapant alone or gemcitabine alone. This result 12 

demonstrates that combination treatment leads to degradation of both XIAP and cIAP2 to a 13 

significantly greater extent than monotreatment does.  14 

To further confirm that the enhanced anti-tumor effect of combination treatment was a 15 

result of apoptosis induction, we examined the effect of the treatments on the expression levels 16 

of cleaved caspase 3 and cleaved PARP. As expected, the expression levels of cleaved caspase 3 17 

and cleaved PARP were significantly increased in both SUM149 tumors from combination-18 

treated mice (Figs. 4C and 4E, cleaved caspase 3, P < 0.001 vs. birinapant alone, P < 0.001 vs. 19 

gemcitabine alone; cleaved PARP, P < 0.05 vs. birinapant alone, P < 0.05 vs. gemcitabine alone) 20 

and MDA-MB-231 tumors from combination-treated mice (Figs. 4D and 4F, cleaved caspase 3,  21 

P < 0.0001 vs. birinapant alone, P < 0.01 vs. gemcitabine alone; cleaved PARP, P < 0.01 vs. 22 
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birinapant alone, P < 0.05 vs. gemcitabine alone) compared with tumors from mice treated with 1 

birinapant alone or gemcitabine alone. 2 

These results suggest that birinapant synergizes with gemcitabine by inducing apoptosis 3 

in tumors and that the combination of birinapant and gemcitabine is a potential therapeutic 4 

option for TNBC.  5 

 6 

Discussion 7 

Apoptosis resistance is a hallmark of cancer cells, and targeting regulators of apoptosis 8 

such as the IAP family of proteins to overcome apoptosis resistance has become an attractive 9 

strategy for cancer treatment. Here, we show that birinapant, a biindole-based bivalent SMAC 10 

mimetic, had differential effects at inhibiting the growth of TNBC cells in vitro when applied 11 

alone but significantly enhanced anti-tumor effectiveness of gemcitabine in TNBC cells both in 12 

vitro and in vivo. In contrast, birinapant did not enhance the anti-proliferation effect of 13 

gemcitabine against normal breast epithelial cells MCF10A and KTB6 (Fig. 1A and 14 

Supplementary Tables S6 and S8), suggesting the cancer-targeting specificity of the 15 

combination treatment. Furthermore, we found that birinapant sensitized TNBC cells to 16 

gemcitabine by inducing degradation of cIAP2 and XIAP, leading to activation of the intrinsic 17 

apoptosis pathway and eventually apoptotic cell death and tumor growth inhibition. Our findings 18 

demonstrate the therapeutic potential of birinapant for overcoming gemcitabine resistance in 19 

TNBC.  20 

One of the mechanisms of cancer cells to evade apoptosis is the dysregulation of IAP 21 

proteins (4,5,14,19), which has been linked with resistance to chemotherapy. IAPs’ activity is 22 

regulated by endogenous IAP antagonists such as SMAC (25). Therefore, small-molecule 23 
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inhibitors that mimic SMAC have been developed to overcome IAP-associated resistance in 1 

cancer cells (6,14,17,26). Similar to the endogenous SMAC, SMAC mimetics compete with 2 

caspases for binding to IAPs, which leads to the release of caspases from IAPs and subsequent 3 

caspase activation (6,14,17,26,39). In addition, SMAC mimetics induce the proteasomal 4 

degradation of cIAP proteins (17,19,20), which promotes the release of receptor-interacting 5 

protein 1 (RIP1) from the TNFR1 complex, leading to the formation of the RIP1-dependent 6 

caspase 8 activation complex (20,21) and eventually apoptotic cell death. Indeed, various studies 7 

have reported the ability of birinapant to bind IAPs, leading to their degradation, which results in 8 

cell death in a variety of cancer cell lines (26). Consistent with these findings, our results showed 9 

that birinapant induced complete degradation of cIAP1 in all tested cells and partial degradation 10 

of cIAP2 and XIAP in sensitive cells HCC70, SUM149, MDA-MB-231, and MDA-MB-157. No 11 

changes in survivin expression were seen following birinapant treatment, suggesting that the 12 

binding preferences and selective effects of birinapant on IAP proteins differ between cell lines 13 

and treatment conditions. In addition, birinapant-induced degradation of XIAP and cIAP1 at the 14 

tested concentrations had no significant effects on the proliferation of the tested TNBC cells. 15 

Furthermore, treatment with birinapant alone did not induce activation of caspase pathways in 16 

tested cells, which might account for birinapant’s lack of effect on cell proliferation. This 17 

ineffectiveness might be due to the compensatory effects of cIAP2 and survivin on apoptosis 18 

despite the degradation of cIAP1 and XIAP (5,40).   19 

Our study showed that birinapant did not synergize with other commonly used anti-cancer 20 

drugs, including a class I HDAC inhibitor, cisplatin, a PI3K inhibitor, a Src inhibitor, and an 21 

mTOR inhibitor, in the tested TNBC cells. In contrast, we observed a strong synergistic effect 22 

when birinapant was combined with gemcitabine. Birinapant has been reported to potentiate the 23 
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activity of chemotherapeutic drugs in both a TNF-dependent and a TNF-independent manner in a 1 

variety of cancer cell lines (26). In accordance with these findings, our results showed that 2 

birinapant sensitized TNBC cells to gemcitabine. Furthermore, birinapant alone induced 3 

complete degradation of cIAP1 in all tested cell lines and partial degradation of cIAP2 and XIAP 4 

in sensitive cell lines; when birinapant was applied together with gemcitabine, it induced 5 

degradation of both cIAP2 and XIAP in a dose-dependent manner in sensitive cell lines. These 6 

findings demonstrate that birinapant preferentially targets cIAP1 when applied alone and both 7 

cIAP2 and XIAP when combined with gemcitabine.  8 

Furthermore, Western blot analysis showed that birinapant in combination with 9 

gemcitabine induced cleavage of caspases 3, 7, and 9 but not caspase 8. These results indicate 10 

that birinapant enhances the sensitivity of TNBC cells to gemcitabine through degradation of 11 

cIAP2 and XIAP and subsequent activation of the intrinsic pathway by inducing caspase 9 12 

cleavage. This notion was confirmed by our in vivo study showing that the combination 13 

treatment significantly increased expression of cleaved caspase 3 in tumors. Studies by others 14 

suggest that antagonizing both cIAP1 and cIAP2 is required for inducing TNF-dependent cell 15 

death by SMAC mimetics and that birinapant promotes caspase 8/RIPK1 complex formation in 16 

response to TNF stimulation, activating downstream caspases (26). However, in this study, TNF 17 

neutralization with an anti-TNF antibody had no effects on birinapant-induced sensitization of 18 

gemcitabine, indicating the TNF independence of TNBC and multiple pro-apoptotic mechanisms 19 

of birinapant.  20 

Currently, gemcitabine is used to treat metastatic TNBC in combination with other 21 

chemotherapeutic agents, such as platinum agents and paclitaxel. In a randomized open-label 22 

phase III trial, gemcitabine combined with cisplatin showed a median progression-free survival 23 
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(PFS) of 7.7 months (95% confidence interval [CI] 6.2-9.3 months) with a median follow-up of 1 

16.3 months, while gemcitabine combined with paclitaxel showed a median PFS of 6.5 months 2 

(95% CI 5.8-7.2 months) with a median follow-up of 15.9 months. This study suggests that 3 

gemcitabine plus cisplatin could be an alternative or even the preferred first-line chemotherapy 4 

for patients with metastatic TNBC (41). Gemcitabine has also been combined with targeted 5 

therapies, such as panitumumab and the PARP inhibitor iniparib. In a phase II trial of patients 6 

with metastatic TNBC, combination treatment with gemcitabine, panitumumab, and carboplatin 7 

showed an overall response rate of 42% and a median PFS of 4.4 months (95% CI 3.2-5.5 8 

months) with a median follow-up of 11 months (42). In a single-arm phase II clinical trial of 9 

patients with triple-negative and BRCA1/2 mutation-associated breast cancer, combination 10 

treatment with gemcitabine, carboplatin, and iniparib yielded a promising pathologic complete 11 

response of 36% (43). Although iniparib is no longer considered a true PARP inhibitor, these 12 

results are compelling. These clinical trials demonstrate gemcitabine as an important agent for 13 

improved management of TNBC, both for anti-tumor activity and clinical benefit. 14 

Given the importance of gemcitabine for treatment of TNBC, further studies considering 15 

the combination of gemcitabine with other anti-cancer drugs, especially targeted therapies, 16 

deserve high priority. These studies may well benefit from thorough knowledge of the 17 

metabolism, action mechanisms, and resistance profile of such combinations and the mode of 18 

interaction of gemcitabine with these other drugs. Our results here demonstrate the therapeutic 19 

potential of birinapant for improving the anti-tumor efficacy of gemcitabine in TNBC by 20 

targeting the IAP family of proteins. Our findings also provide strong evidence for continuing 21 

the preclinical and clinical development of a combinational treatment of birinapant with 22 

gemcitabine for patients with TNBC.  23 
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The observed roles of IAPs in cancer progression through regulation of apoptosis, 1 

proliferation, cell survival, and migration highlights IAPs as an essential target for cancer 2 

treatment. As described here, birinapant potentiated the anti-tumor efficacy of gemcitabine in 3 

preclinical TNBC models. Our study demonstrates that birinapant can effectively activate 4 

apoptotic signaling by targeting IAP proteins and has potential applications for TNBC 5 

treatment. Our findings, along with the findings of others, strongly suggest that the combination 6 

of anti-IAP therapy with other chemotherapies has tremendous promise for the future care of 7 

cancer patients.  8 
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Figure Legends 1 

 2 

Figure 1. Birinapant increases sensitivity of TNBC cells to gemcitabine in vitro. A, Cell 3 

viability was determined using CellTiter-Blue assay at 72 h following treatment with 4 

gemcitabine alone (0.0001-1 µM for SUM149 cells and 0.005-20 µM for other tested cells) or 5 

gemcitabine (at the same concentrations) plus birinapant at IC20 or 5 µM when IC20 was greater 6 

than 10 µM. B, Anchorage-independent growth was determined using soft agar colony formation 7 

assay at 3 weeks following treatment with birinapant alone, gemcitabine alone, or birinapant plus 8 

gemcitabine. *P < 0.05, **P < 0.01, ***P < 0.001 by 2-tailed Student t-test. G, gemcitabine; B, 9 

birinapant. 10 

 11 

Figure 2. Birinapant increases sensitivity of TNBC cells to gemcitabine by inducing 12 

apoptosis. A-C, Cells were treated with birinapant alone, gemcitabine alone, or birinapant plus 13 

gemcitabine for 72 h and then subjected to cell cycle analysis (A) for sub-G1 fraction and (B) for 14 

S-phase fraction and (C) stained with annexin V and 7-AAD to assess apoptosis by flow 15 

cytometry analysis. G, gemcitabine; B, birinapant. The experiments were repeated twice, with no 16 

replicates for each treatment. 17 

 18 

Figure 3. Birinapant increases sensitivity of TNBC cells to gemcitabine by activating the 19 

intrinsic apoptotic pathway. A, Cells were treated with birinapant alone, gemcitabine alone, or 20 

birinapant plus gemcitabine for 72 h and then subjected to Western blot analysis for cleavage of 21 

PARP and caspases. B, Cells were pre-treated with Z-VAD-FMK and then with birinapant plus 22 

gemcitabine. On day 5 after treatment, cell viability was determined using CellTiter-Blue assay.  23 
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*P < 0.001 by unpaired Student t-test. C, Cells were treated with birinapant alone, gemcitabine 1 

alone, or birinapant plus gemcitabine for 72 h and then subjected to Western blot analysis for 2 

IAP degradation. 3 

 4 

Figure 4. Birinapant increases sensitivity of SUM149 and MDA-MB-231 xenografts to 5 

gemcitabine in vivo by inducing apoptosis. A and B, Birinapant synergizes with gemcitabine in 6 

(A) SUM149 and (B) MDA-MB-231 xenograft mouse models. SUM149 or MDA-MB-231 cells 7 

(4 × 10
6
) were injected into 1 of the mammary fat pads of female nude mice. When the tumors 8 

were about 75-150 mm
3
, the mice were treated with vehicle, birinapant alone, gemcitabine alone, 9 

or birinapant plus gemcitabine for 21 days in the SUM149 model or 38 days in the MDA-MB-10 

231 model. **P < 0.01, ***P < 0.001, ****P < 0.0001 for gemcitabine alone vs. combination; 11 

#
P < 0.05, 

##
P < 0.01, 

###
P < 0.001, 

####
P < 0.0001 for birinapant alone vs. combination by a 2-12 

tailed Student t-test. C and D, Immunohistochemical staining showing expression levels of Ki-13 

67, XIAP, cIAP2, cleaved caspase 3, and cleaved PARP in tumors from mice implanted with (C) 14 

SUM149 cells or (D) MDA-MB-231 cells and treated with vehicle, birinapant alone, 15 

gemcitabine alone, or birinapant plus gemcitabine. Images were taken at 20× magnification. 16 

Scale bars, 200 μm. E and F, Measurement of the intensity of immunohistochemical staining for 17 

Ki-67, XIAP, cIAP2, cleaved caspase 3, and cleaved PARP in tumors from mice implanted with 18 

(E) SUM149 cells or (F) MDA-MB-231 cells and treated with vehicle, birinapant alone, 19 

gemcitabine alone, or birinapant plus gemcitabine. *P < 0.05,  **P < 0.01, ***P < 0.001, ****P 20 

< 0.0001 by 2-tailed Student t-test. 21 
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