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Abstract

Notch signaling is aberrantly activated in approximately one third of non-small cell lung cancers 

(NSCLC). We characterized the interaction between BMS-906024, a clinically relevant Notch 

gamma secretase inhibitor (GSI), and front-line chemotherapy in preclinical models of NSCLC. 

Chemosensitivity assays were performed on 14 human NSCLC cell lines. There was significantly 

greater synergy between BMS-906024 and paclitaxel than BMS-906024 and cisplatin (mean CI 

value = 0.54 and 0.85, respectively, P = 0.01). On an extended panel of 31 NSCLC cell lines, 25 of 

which were adenocarcinoma, the synergy between BMS-906024 and paclitaxel was significantly 

greater in KRAS- and BRAF-wildtype than KRAS- or BRAF-mutant cells (mean CI = 0.43 vs. 

0.90, respectively; P = 0.003). Paclitaxel-induced Notch1 activation was associated with synergy 

between BMS-906024 and paclitaxel in the KRAS- or BRAF-mutant group. Knockdown of 

mutant KRAS increased the synergy between BMS-906024 and paclitaxel in heterozygous KRAS-

mutant cell lines. Among KRAS- or BRAF-mutant NSCLC, there was a significant correlation 

between synergy and mutant or null TP53 status, as well as between synergy and a low H2O2 

pathway signature. Exogenous overexpression of activated Notch1 or Notch3 had no effect on the 

enhanced sensitivity of NSCLC to paclitaxel by BMS-906024. In vivo studies with cell line- and 

patient-derived lung adenocarcinoma xenografts confirmed enhanced antitumor activity for 
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BMS-906024 plus paclitaxel versus either drug alone via decreased cell proliferation and 

increased apoptosis. These results show that BMS-906024 sensitizes NSCLC to paclitaxel, and 

that wildtype KRAS and BRAF status may predict better patient response to the combination 

therapy.
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Introduction

Lung cancer is responsible for nearly one-fourth of all cancer deaths in the United States (1). 

Non-small cell lung cancer (NSCLC) is the most common subtype, accounting for 85% of 

lung cancer cases. Although there have been substantial improvements in early detection 

screening programs and lung cancer prevention (2–4), the majority of NSCLC patients are 

diagnosed at an advanced stage when potentially curative surgery is no longer an option (5). 

Fortunately, several breakthroughs have changed how NSCLC is treated. Immune 

checkpoint inhibitors targeting PD-1 have recently been approved for treating NSCLC 

patients with high PD-L1 expression following demonstrated success in the clinic (6). 

Moreover, up to 14% of lung adenocarcinoma (LUAD) patients with tumors harboring 

EGFR mutations or ALK or ROS1 fusions are treated with targeted therapy (7). As the 

majority of patients with Stage IV NSCLC are not candidates for these treatments, they 

receive standard therapy consisting of systemic platinum-based doublet chemotherapy with 

or without subsequent radiation therapy. Most patients either do not respond or relapse with 

chemoresistant tumors (8). This underscores the need to identify novel compounds that may 

improve the antitumor response of NSCLC to conventional cytotoxic agents.

Gamma secretase inhibitors (GSIs) are a class of small molecule Notch inhibitors that have 

been used recently in cancer clinical trials as single agents or in combination with 

chemotherapy. GSIs were originally developed with the intent to treat Alzheimer’s disease 

by decreasing the formation of beta-amyloid in the brain, though clinical trials failed due to 

high toxicity in this population and/or poor response (9, 10). However, GSIs can be 

administered safely with tolerable toxicities in cancer patients as shown by phase I clinical 

trials in solid tumors (11, 12).

Notch signaling is highly deregulated in T-cell acute lymphoblastic leukemia (T-ALL), as 

well as in solid tumors (13–17). Gain-of-function NOTCH1 mutations have been described 

in NSCLC (14), which enable ligand-independent release of the active Notch1 intracellular 

domain (ICD) or disrupt the C-terminal PEST domain, resulting in Notch1 ICD stabilization 

and sustained Notch signaling. Additionally, 30% of NSCLC cases downregulate Numb 

expression, a negative regulator of Notch, resulting in extended Notch activation (14). Notch 

is considered a NSCLC driver because it can contribute directly to lung carcinogenesis. For 

example, when activated Notch1 is conditionally expressed in the murine alveolar 

epithelium, it causes pulmonary adenoma formation and significantly hastens Myc-induced 
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adenocarcinoma development (18). Moreover, Notch1 is required for tumor initiation via 

suppression of p53-mediated apoptosis in KRAS-induced lung adenocarcinoma (19).

BMS-906024 is a potent and selective gamma secretase inhibitor, and prevents the activation 

of all four Notch receptors with a high oral bioavailability. BMS-906024 demonstrated a low 

nanomolar half maximal concentration (IC50) in in vitro enzyme assays and cellular Notch 

reporter assays (20, 21). Oral administration of BMS-906024 in mice bearing T-ALL or 

breast cancer xenografts resulted in dose-dependent inhibition of tumor growth, with no 

overt toxicity observed in dosages up to 6 mg/kg (20). Three Phase 1 clinical trials utilizing 

BMS-906024 for leukemia and solid tumors have completed the enrollment of patients 

(clinicaltrials.gov: NCT01292655, NCT01363817, and NCT01653470) and the safety, 

tolerability and efficacy are being assessed.

Cisplatin and paclitaxel are widely used cytotoxic chemotherapies for the treatment of 

advanced-stage NSCLC. Here we report that combination therapy with paclitaxel and the 

GSI BMS-906024 showed a high degree of synergy in in vitro assays, and significantly 

limited the tumor growth rate of NSCLC cell line- and patient-derived xenografts in vivo. 

Moreover, tumors that were wildtype (WT) for KRAS and BRAF were particularly sensitive 

to the treatment regimen. The reduction in tumor growth was accompanied by a decrease in 

expression of the cell proliferation marker Ki67 and an increase in apoptosis. This 

preclinical work demonstrates that BMS-906024 can elicit a potent enhancement of tumor 

sensitivity to paclitaxel, and suggests that lung adenocarcinoma patients whose tumors are 

KRAS- and BRAF-WT are more likely to benefit from this combination therapy.

Materials and Methods

Drugs

BMS-906024 was provided by Bristol-Myers Squibb, RO4929097 was purchased from 

Selleck Chemicals, and cisplatin and paclitaxel were obtained from the Rutgers Cancer 

Institute of New Jersey Pharmacy. GSIs were dissolved in DMSO for in vitro studies. 

BMS-906024 was formulated in 10% vitamin E TPGS, 10% ethanol, and 80% PEG300 for 

in vivo studies. Cisplatin and paclitaxel were diluted in 0.9% sodium chloride for in vivo 
use.

Cell culture and reagents

Cell lines used in this study, their source, year obtained, and KRAS, BRAF, EGFR and TP53 

mutational statuses are listed in Supplementary Table S1. Cells were cultured as described 

(22), used in experiments within 2 months after thawing, and were authenticated in January 

2017 by short tandem repeat (STR) profiling at the Rutgers New Jersey Medical School 

Molecular Resource Facility (Newark, NJ), using the GenePrint 24 System (Promega). Data 

were interpreted as described (23). Cell lines were routinely confirmed to be free of 

Mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza).

Morgan et al. Page 3

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Patient-derived xenografts

We generated a patient-derived xenograft (PDX) tumor bank from de-identified NSCLC 

patient samples collected by the Rutgers Cancer Institute of New Jersey Biospecimen 

Repository Service through a non-human subjects protocol approved by the Institutional 

Review Board of Rutgers University (24). PDX T-042, tested at passages 3 and 4, was 

derived from a human lung adenocarcinoma and confirmed to be WT for KRAS and BRAF. 

T-042 retained a TP53R273L mutation present in the original patient tumor (24).

Plasmids and transfections

The pcDNA3-Notch1 ICD and pcDNA3.1 control plasmids were kind gifts from Lucio 

Miele (25). The pCLE-Notch3 ICD and empty vector plasmids were a gift from Nicholas 

Gaiano (26) (Addgene plasmid #26894, #17703). Cells were transfected using FuGENE HD 

(Promega) according to the manufacturer’s instructions. Twenty-four hours post-

transfection, cells were plated for chemosensitivity MTS assays, while an aliquot was plated 

for immunoblotting to verify gene overexpression.

siRNA targeting the KRAS-G12C mutation, previously validated (27), and siGENOME 

Non-Targeting siRNA #2 were purchased from Dharmacon. Cells were transfected with 60 

nM siRNA using Lipofectamine RNAiMAX (ThermoFisher) according to the 

manufacturer’s protocol. Twenty-four hours post-transfection, cells were plated for MTS 

assays.

Immunoblotting

Western blotting was performed as previously described (28). Xenograft tumor samples 

were snap-frozen in liquid nitrogen and stored at −80°C. Frozen samples were grinded in 

liquid N2, lysed and sonicated. Antibody information is provided in Supplementary Table 

S2. Protein band quantification was done using ImageJ software (NIH).

RNA extraction and real-time reverse transcription PCR (qRT-PCR)

Cells were treated with 100 nM BMS-906024 for 24 hours. One hour prior to RNA 

extraction, the GSI was replenished after the cells were washed once with calcium-free 

phosphate-buffered saline. Total RNA was isolated with TRIzol (Invitrogen) according to the 

manufacturer’s instructions. cDNA was synthesized using the QuantiTect Reverse 

Transcription Kit (Qiagen). qRT-PCR was conducted using Power SYBR Green PCR Master 

Mix (Applied Biosystems) on a Stratagene Mx3005p qPCR system (Agilent Technologies) 

(22). Reactions were done in triplicate.

RT-PCR and restriction fragment length polymorphism (RFLP) analysis

To detect WT or mutant KRAS transcripts, RT-PCR-RFLP was performed as described (27). 

The sense primer was designed to introduce a base substitution that created a BstNI 

recognition site in the WT codon 12 (GGT), but not in mutant codon 12 (AGT). PCR 

products were digested with BstNI (New England Biolabs). GAPDH PCR products and 

KRAS digestion products were visualized on 3% agarose gels stained with SYBR Safe 

(ThermoFisher). For the WT KRAS transcript, digestion of the 186-bp PCR product 

Morgan et al. Page 4

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



produced 156- and 30-bp fragments, while the mutant KRAS PCR product remained 

uncleaved.

In vitro chemosensitivity MTS assays

Sensitization to chemotherapy by BMS-906024 was determined by the CellTiter 96 Aqueous 

Non-Radioactive Cell Proliferation MTS Assay (Promega). Cells were plated in 96-well flat 

bottom plates and grown for 24 hours, then treated with 0.25x, 0.5x, 1x, 2x, 4x, and 8x IC50 

concentrations of cisplatin or paclitaxel or with 0.25x, 0.5x, 1x, 2x, 4x, and 8x 100 nM of 

BMS-906024 or the combination of cisplatin or paclitaxel with 100 nM BMS-906024 for 72 

hours. Cells were incubated in the MTS reagent until wells containing untreated cells had an 

absorbance at 490 nm of approximately 1.0 after background subtraction (Perkin Elmer 

1420 multilabel counter VICTOR3 plate reader). Chemosensitivity was measured by mean 

values of cytotoxicity, calculated as a percent of cell viability relative to untreated cells. 

IC50 values were calculated using Microsoft Excel (Microsoft Corporation) and dose-

response curves were generated using GraphPad Prism version 4 (GraphPad Software Inc). 

Synergy between BMS-906024 and cisplatin or paclitaxel was assessed via the Chou-Talalay 

method to estimate the combination index (CI) using CalcuSyn version 2 software (Biosoft) 

(29). Because BMS-906024 was not cytotoxic as a single agent, enhanced sensitivity rather 

than conventional synergy was calculated (30). To estimate the CI, we set the fraction of 

cells affected to 0.002 at 50 – 800 nM BMS-906024, and to 0.001 at 25 nM BMS-906024. 

CI values < 0.7 were considered synergistic, with decreasing CI values indicating greater 

synergy.

Xenograft establishment and in vivo studies

Animal studies were performed in accordance with the Institutional Animal Care and Use 

Committee (IACUC) guidelines of Rutgers University. Six to 12-week-old female NOD scid 
gamma (NSG) mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; The Jackson Laboratory) were 

utilized. We conducted the experiments with female mice to ensure the conditions were 

consistent. HCC44 (2 × 106 cells), SKLU1 (2 × 106 cells), H838 (4 × 106 cells), or A549 

(0.5 × 106 cells) were injected subcutaneously into both dorsal flanks of NSG mice with 

50% Matrigel Basement Membrane Matrix (Corning). PDX T-042 (~2 mm3 fragment) was 

surgically implanted into both dorsal flanks with 50 μL of Matrigel. Tumors were measured 

twice weekly using calipers and tumor volume was calculated using the formula V = (width2 

× length)/2. When the mean tumor volume was approximately 100 mm3, mice were 

randomized (6–8 mice per group) and treatment was initiated: (i) vehicles control, (ii) 

BMS-906024 at 8.5 mg/kg by oral gavage (p.o.), days 1 through 4 of each week for 3 weeks, 

(iii) cisplatin by intraperitoneal injection (i.p.), day 1 of each week for 3 weeks, (iv) 

paclitaxel i.p., day 1 of each week for 3 weeks, (v) combination of BMS-906024 and 

cisplatin or (vi) BMS-906024 and paclitaxel at the aforementioned doses and schedules. 

Body weight was measured on each treatment day. To avoid drug-drug interactions, 

BMS-906024 was administered at least one hour after the chemotherapy on the days that 

required administration of both compounds. Mice were euthanized once tumor size reached 

IACUC standards (> 1.5 cm), unless otherwise specified.
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The BMS-906024 tolerability study consisted of non-tumor bearing NSG mice (4–5 per 

group) treated with (i) vehicle or BMS-906024 at (ii) 3.5 mg/kg, (iii) 4.5 mg/kg, (iv) 5.5 

mg/kg, (v) 6.5 mg/kg, or (vi) 7.5 mg/kg p.o. on days 1 through 4 of each week for 3 weeks. 

Given that no dose-limiting toxicity was seen in any of the treatment groups, along with the 

lack of toxicity observed in the combination studies that included BMS-906024 at 8.5 

mg/kg, we adopted the 8.5 mg/kg dosage for experiments.

To determine in vivo chemotherapy dosages, xenograft-bearing mice were randomized (3–5 

mice per group) and treated with vehicle or varying doses of cisplatin or paclitaxel i.p. on 

day 1 of each week for 3 weeks. The dosage that decreased tumor volume compared to 

vehicle control by approximately 50% after 3 weeks of treatment was utilized in future 

experiments.

Pharmacodynamic studies, histology and immunohistochemistry (IHC)

Harvested xenografts were snap-frozen or formalin fixed and paraffin embedded. 

Hematoxylin and eosin (H&E) staining and IHC were performed by the Rutgers Cancer 

Institute of New Jersey Histopathology Shared Resource using an anti-Ki67 antibody 

(Abcam ab15580, dilution 1:1000). Terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) was done with a commercial apoptosis detection kit according to 

manufacturer’s instructions (R&D Systems). The number of cells stained positive for Ki67 

or TUNEL were counted from 5 random fields and averaged from the tumors of 3 separate 

mice for each treatment group under 200X magnification.

Statistical analysis

Data were expressed as the mean ± standard error of the mean (SEM) unless otherwise 

indicated. Statistical analysis was performed using STATA version 12.0 software (Stata 

Corporation), GraphPad Prism 4.0, or Microsoft Excel. A Fisher’s exact test was used to 

compare synergy between groups when the number of cell lines being compared in any 

quadrant group dropped below five. Otherwise, comparisons between mean synergy levels 

were done using a Wilcoxon Mann-Whitney test. Comparisons between pathway activity 

scores were also performed using a Wilcoxon Mann-Whitney test. Correlations between CI 

values and Notch1 ICD protein levels were assessed by the Pearson correlation coefficient. 

An unpaired, two-tailed Student’s t-test was also used for comparisons of tumor growth 

inhibition in the in vivo studies. A paired, two-tailed Student’s t-test was used to compare 

the IC50 of chemotherapy in cell lines with versus without the GSI or to compare changes in 

CI values in overexpression experiments. Kaplan-Meier survival analysis and log-rank tests 

were used to determine and compare the progression-free survival (defined as tumor size < 

500 mm3) between groups treated with paclitaxel alone versus paclitaxel plus BMS-906024. 

A P value less than 0.05 was considered statistically significant.

Results

BMS-906024 potently impairs activation of Notch1 in NSCLC

It was previously reported that BMS-906024 potently inhibits the activation of all four 

Notch receptors (20). To determine the optimal concentration of BMS-906024 that inhibits 
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the presenilin gamma secretase complex in NSCLC, we measured activated Notch1 ICD 

protein levels. BMS-906024 reduced Notch1 ICD levels in all six lung cancer cell lines 

tested at concentrations as low as 5 nM, with maximal depletion at 50 – 100 nM (Fig. 1A, 

Supplementary Fig. S1A). BMS-906024 at 100 nM, had no effect on total Notch1 (Fig. 1B), 

and down-regulated Hes1 transcript (Fig. 1C), confirming that Notch signaling was 

functionally inhibited. We compared the potency of BMS-906024 to RO4929097, another 

gamma secretase inhibitor used in clinical trials (31–33). BMS-906024 treatment at 50 – 100 

nM was functionally similar to RO4929097 treatment at 0.5 – 1 μM (Supplementary Fig. 

S1B), the concentration of RO4929097 previously reported to maximally inhibit Notch1 

activation (34). Therefore, we chose 100 nM of BMS-906024 for subsequent studies.

BMS-906024 enhances the anti-tumor activity of paclitaxel in vitro

To measure the extent by which BMS-906024 sensitizes lung cancer to paclitaxel or 

cisplatin, we performed MTS assays on an initial set of 14 NSCLC cell lines, 11 of which 

were lung adenocarcinoma or bronchioloalveolar carcinoma. BMS-906024 was not 

cytotoxic in vitro in these cell lines at concentrations as high as 800 nM (Fig. 1D). The IC50 

of cisplatin ranged from 0.87 to 15.1 μM (median, 4.2 μM) and the IC50 of paclitaxel ranged 

from 2.0 to 17.3 nM (median, 5.6 nM), with the exception of one outlier that was 23.1 μM 

(Supplementary Table S1). We next determined the CI for combined drug treatments based 

on the method of Chou-Talalay (29), except that synergy was conservatively defined as a CI 

value below 0.7 rather than 1.0. A representative example of the cytotoxicity curves for the 

chemosensitivity assays is shown in Fig. 1D. Synergy between cisplatin and BMS-906024 

was present in four cell lines and synergy between paclitaxel and BMS-906024 was present 

in ten cell lines. Significantly more robust synergy was observed between BMS-906024 and 

paclitaxel than with cisplatin (mean CI value = 0.54 and 0.85, respectively, P = 0.01) (Fig. 

1E). Thus, subsequent studies focused on the ability of BMS-906024 to sensitize cells to 

paclitaxel.

Synergy between BMS-906024 and paclitaxel correlates with KRAS and BRAF status

We explored if the synergy observed between paclitaxel and BMS-906024 is restricted to a 

specific genetic subtype. We grouped the cell lines by EGFR, TP53 or KRAS/BRAF status. 

Out of the 14 cell lines, two were EGFR-mutant (CI values were 0.33 and 0.44), and two 

were TP53-WT (CI values were 0.46 and 1.5). Thus, correlations between synergy and 

EGFR or TP53 status were not calculated. Synergy (CI < 0.7) was observed in all seven 

KRAS- and BRAF-WT cell lines, whereas there was synergy in only three of the seven cell 

lines with KRAS or BRAF gain-of-function mutations (P = 0.03) (Fig. 1F).

To further examine the association between KRAS/BRAF status and synergy between 

paclitaxel and BMS-906024, we tested 17 additional NSCLC cell lines in which the 

experimenter was blinded to the genetic background of the samples. As with the first set, 

BMS-906024 was ineffective as a single agent in every cell line, even at concentrations as 

high as 800 nM. Out of the 31 samples, there was significantly stronger synergy in KRAS- 

and BRAF-WT cells (mean CI = 0.43) as compared to KRAS- or BRAF-mutant cells (mean 

CI = 0.90, P = 0.003) (Fig. 1G). BMS-906024 was synergistic with paclitaxel in all 11 

KRAS- and BRAF-WT cell lines, but in only seven of the 20 KRAS- or BRAF-mutant cell 
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lines. Moreover, synergy among cell lines that had a KRAS or BRAF gain-of-function 

mutation did not depend on “KRAS addiction” status as previously defined (35) (Fig. 1G), 

nor was there a pattern regarding the specific mutation and drug combination CI value 

(Supplementary Table S1). The IC50 of paclitaxel generally decreased when combined with 

100 nM BMS-906024 in the KRAS- and BRAF-WT subgroup (P = 0.0008), but not in the 

KRAS or BRAF-mutant cell lines (Fig. 1H). Thus BMS-906024 sensitizes lung 

adenocarcinoma cells to paclitaxel in vitro, particularly in KRAS- and BRAF-WT samples, 

suggesting that KRAS/BRAF status may serve as a biomarker for tumor response.

Mechanisms of synergy between BMS-906024 and paclitaxel in NSCLC

Activated Notch1 plays a role in chemoresistance and inhibition of Notch3 cleavage by GSIs 

has anti-tumor activity in NSCLC (36). Thus, we hypothesized that there would be an 

association between basal levels of Notch1 ICD or cleaved Notch3 levels and synergy 

between paclitaxel and BMS-906024. Notch1 ICD and cleaved Notch3 were detectable in 24 

(77%) and 17 (55%) of the cell lines, respectively (Fig. 2A). There were no apparent 

patterns between levels of cleaved Notch3 and synergy. However, in KRAS- and BRAF-WT 

cell lines, samples with the highest Notch1 ICD levels tended to have more robust synergy 

(Fig. 2B). In contrast, in the KRAS- or BRAF-mutant cell lines, samples with undetectable 

or low Notch1 ICD expression levels trended toward having better synergy (Fig. 2C), though 

overall, the Pearson correlation coefficients were low.

It was previously reported that treatment of colon cancer with the platinum-based drug, 

oxaliplatin, induced the expression of Notch1 ICD (37). Thus, we surmised that exposure to 

paclitaxel might induce the activation of Notch1. There was no pattern regarding the effect 

of paclitaxel on Notch1 ICD in the KRAS- and BRAF-WT cell lines (Supplementary Fig. 

S2A). However, in the KRAS- or BRAF-mutant background, paclitaxel maintained or 

induced Notch1 ICD expression in cell lines in which BMS-906024 and paclitaxel 

combination treatment were synergistic (Supplementary Fig. S2B). In contrast, paclitaxel 

treatment resulted in Notch1 ICD depletion in cell lines in which the drugs were not 

synergistic, with the exception of H1792 cells (Supplementary Fig. S2C). These data suggest 

that the induction of Notch1 ICD by paclitaxel could potentially be a biomarker for 

enhanced antitumor response for the combination therapy in the setting of KRAS- or BRAF-

mutant NSCLC.

We further examined if Notch1 modulates the sensitization of NSCLC to paclitaxel by 

BMS-906024. If Notch1 is the GSI target responsible for the synergy between the drugs, 

then exogenous introduction of active Notch1 ICD should abrogate the sensitization of 

NSCLC to paclitaxel by BMS-906024. To test this, we transiently transfected activated 

Notch1 ICD then repeated the chemosensitivity MTS assays in cell lines in which the drugs 

were synergistic, two of which were KRAS- and BRAF-WT and two of which were KRAS- 

or BRAF-mutant. Surprisingly, exogenous Notch1 ICD expression did not decrease the 

synergy between BMS-906024 (Supplementary Fig. S3A, B). We also introduced exogenous 

Notch3 ICD in two cell lines, but Notch3 ICD did not alter the observed synergy 

(Supplementary Fig. S3C, D). In total, these data suggest that Notch1 and Notch3 are likely 

not individually responsible for sensitization of a subset of NSCLC cell lines to paclitaxel, 
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though this does not rule out the possibility that a combination of Notch receptors might be 

responsible for enhanced sensitivity to paclitaxel by BMS-906024.

Notch signaling increases EGFR expression in a p53-dependent manner, leading to 

increased activation of the KRAS/MAPK pathway (15, 38–40). If paclitaxel decreases 

KRAS levels, then downregulation of EGFR expression by gamma secretase inhibition 

could further limit KRAS signaling. Paclitaxel treatment decreased KRAS protein levels in 

both KRAS-mutant and KRAS-WT cell lines (Fig. 3A). We postulated that silencing of 

mutant KRAS would enhance the synergy between BMS-906024 and paclitaxel, particularly 

in KRAS-mutant cell lines in which synergy was not originally observed. When mutant 

KRAS was knocked down with a G12C-specific siRNA (Fig. 3B), there was increased 

synergy between paclitaxel and BMS-906024 in heterozygous KRASG12C-mutant cell lines 

(Fig. 3C), suggesting that, in certain tumors, mutant KRAS might interfere with the ability 

of BMS-906024 to enhance the antitumor effects of paclitaxel.

Biomarkers of synergy between BMS-906024 and paclitaxel in NSCLC with gain-of-function 
KRAS or BRAF mutations

Because there was a wide range of CI values among cell lines with KRAS or BRAF gain-of-

function mutations, we set out to identify biomarkers that are associated with synergy within 

this genetic subgroup. Of note, all 7 KRAS- or BRAF-mutant cell lines in which paclitaxel 

and BMS-906024 were synergistic were also TP53-mut or -null, whereas all 4 KRAS- or 

BRAF-mutant cell lines that were TP53-WT showed no synergy between paclitaxel and 

BMS-906024 (P = 0.04) (Fig. 4A).

We also investigated the genomic and basal gene expression data for 27 cell lines in our 

study. These cell lines had been previously profiled (41), including SPEED pathway activity 

scores for 11 signaling pathways (42). Each score represents a set of genes that are 

differentially expressed when a pathway is perturbed and are calculated using independent 

activation-response experiments. As expected, we observed significantly higher MAPK-

PI3K activity in KRAS or BRAF-mutant versus wile-type cell lines (P = 0.005) (Fig. 4B). 

Amongst the 18 mutant cell lines, we noted lower H2O2 signaling pathway activity in five 

synergistic cell lines compared to the others (P = 0.035) (Fig. 4C). However, we did not find 

other genetic markers of response when we examined point mutations, small indels, and 

copy number variations in genes involved in the Notch pathway or other frequently mutated 

genes in NSCLC cell lines.

BMS-906024 enhances the antitumor activity of paclitaxel in NSCLC in vivo

We next tested if BMS-906024 sensitizes NSCLC to chemotherapy in vivo. We determined 

the dose of cisplatin and paclitaxel that reduced tumor growth by 50% (Supplementary Fig. 

S4). We reasoned that if the chemotherapy was either ineffective or too effective, 

sensitization of the tumors to the chemotherapy by the GSI could be over- or 

underestimated, respectively.

In a KRAS- and BRAF-WT PDX-T42, BMS-906024 significantly enhanced the tumor 

growth inhibition of paclitaxel, but had no significant effect on cisplatin treatment (Fig. 5A). 

Similarly, in the KRAS- and BRAF-WT H838 xenograft, BMS-906024 significantly 
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enhanced the tumor growth inhibition of paclitaxel, but did not significantly affect the 

antitumor activity of cisplatin (Fig. 5), consistent with in vitro results. A Kaplan–Meier 

analysis of tumor progression demonstrated that the paclitaxel group had a significantly 

shorter event-free survival than the paclitaxel plus BMS-906024 groups (log-rank test, P < 

0.0001for T42 and H838; Fig. 5). Tumor growth resumed after treatment stopped 

(Supplementary Fig. S5A), which was expected since the chemotherapy doses were chosen 

to examine enhanced tumor growth inhibition rather than overall cure rate. We also 

performed in vivo tumor growth inhibition assays on three cell lines with gain-of-function 

KRAS mutations in which the in vitro MTS assays revealed synergy between BMS-906024 

and a) both cisplatin and paclitaxel (SKLU1), b) paclitaxel but not cisplatin (HCC44), or c) 

neither paclitaxel nor cisplatin (A549). In each case, BMS-906024 significantly enhanced 

the antitumor activity of the chemotherapy in a manner consistent with what was observed in 
vitro (Supplementary Fig. S5B). The drug combinations were tolerable and did not cause 

significant weight loss (Supplementary Fig. S5C) or other signs of toxicity, such as diarrhea 

or distress. Given the high concordance between the in vitro and in vivo data, these results 

support the conclusion that BMS-906024 enhances the antitumor activity of standard 

chemotherapy, particularly that of paclitaxel in KRAS- and BRAF-WT NSCLC.

BMS-906024 enhances the antitumor activity of paclitaxel through increased apoptosis 
and decreased proliferation

To gain an understanding of the mechanisms by which BMS-906024 sensitizes NSCLC cells 

to paclitaxel in vivo, we harvested tumors from HCC44 xenograft-bearing mice. As 

expected, BMS-906024 generally decreased levels of activated Notch1 ICD, as well as the 

Notch1 target gene SOX9 (22), in the tumors (Fig. 6A). Moreover, BMS-906024 plus 

paclitaxel induced a 54% reduction in Ki67 positivity and a more than ten-fold increase in 

TUNEL positivity compared to xenografts that were treated with paclitaxel only (Fig. 6B, 

C). To further analyze the underlying mechanism mediating reduced tumor growth upon 

treatment with BMS-906024 and paclitaxel, we examined protein levels of p21 and p57, 

previously shown to be positively or negatively regulated by Notch signaling, respectively 

(43, 44). P21 levels were largely unchanged by the treatments; p57 levels decreased in 

tumors treated with paclitaxel or cisplatin, but p57 expression was not further modified by 

BMS-906024 (Supplementary Figure S6). Overall, these results indicate that BMS-906024 

enhances paclitaxel-mediated cytotoxicity in vivo in NSCLC through a combination of 

inhibiting proliferation and promoting apoptosis, in a p21 and p57-independent manner.

Discussion

Our study evaluated GSI BMS-906024 alone and in combination with cisplatin or paclitaxel, 

two cytotoxic chemotherapeutic agents widely used in the treatment of NSCLC. Our 

comprehensive screen of 31 NSCLC cell lines, 25 of which were adenocarcinomas, 

demonstrated that BMS-906024 sensitizes lung adenocarcinoma cells to paclitaxel in vitro, 

particularly in KRAS- and BRAF-WT tumors, suggesting that KRAS/BRAF mutation status 

may serve as a biomarker for tumor response. The wide range of CI values among the 

KRAS- or BRAF-mutant cell lines suggests that there may be additional biomarkers that 

could be associated with synergy for the combination of paclitaxel and BMS-906024 in this 
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genetic subgroup. We noted that TP53 status and an H2O2 pathway signature correlated with 

synergy in the KRAS- or BRAF-mutant group.

Growth factor stimulation of EGFR activates the KRAS/MAPK pathway, which may play a 

role in chemoresistance (45) and Notch1 signaling regulates EGFR expression as well as 

EGFR-dependent ERK activation (15, 39, 40). Consequently, inhibition of Notch activation 

by BMS-906024 may result in the downregulation of EGFR, which can cause decreased 

MAPK signaling in KRAS- and BRAF-WT samples and possibly contribute to sensitization 

to paclitaxel. However, KRAS- or BRAF-mutant cells might be less affected by GSI-

mediated Notch inhibition and its influence on ERK activation, which may result in a lack of 

synergy for the BMS-906024 and paclitaxel combination in certain cases.

If Notch signaling were the main driver of paclitaxel chemoresistance in NSCLC, then 

inhibition of Notch activation would be responsible for the BMS-906024-induced 

sensitization of cells to paclitaxel. We expected endogenous activated Notch levels to 

correlate with GSI sensitivity such that cell lines with higher endogenous activated Notch 

expression would have greater synergy for the combination of BMS-906024 and paclitaxel 

compared to samples with undetectable or low Notch ICD. While there was a positive trend 

in KRAS- and BRAF-WT cell lines, there was an inverse correlation in the KRAS- or 

BRAF-mutant samples. We ruled out the possibility that ineffectiveness of BMS-906024 to 

inhibit Notch activation in KRAS- or BRAF-mutant cell lines caused the lack of synergy 

with paclitaxel by demonstrating maximal inhibition of Notch1 ICD formation in multiple 

mutant non-synergistic cell lines. Thus, there is no conclusive evidence that basal levels of 

activated Notch1 or Notch3 predict the degree of synergy between BMS-906024 and 

paclitaxel.

Chemotherapy treatment can induce Notch activation, which contributes to chemoresistance 

(37, 46). Consequently, we would expect paclitaxel-induced upregulation of activated Notch 

expression to correlate with GSI sensitivity. However, paclitaxel treatment maintained or 

decreased Notch1 ICD levels in the KRAS- and BRAF-WT samples displaying synergy for 

the combination therapy. In contrast, in the KRAS- or BRAF-mutant background, paclitaxel 

treatment caused a reduction of Notch1 ICD in some cell lines in which BMS-906024 and 

paclitaxel combination treatment were not synergistic, while paclitaxel maintained or 

induced Notch1 ICD expression in cell lines in which the drugs were synergistic. These data 

suggest that the modulation of Notch1 ICD by paclitaxel could be a biomarker for antitumor 

response in the setting of KRAS- or BRAF-mutant NSCLC. Given that paclitaxel-induced 

upregulation of activated Notch expression occurred in mutant cell lines that lacked synergy, 

additional samples should be tested as well as evaluated for the other Notch receptors in 

order to investigate this matter further. Aside from the four Notch receptors, there are 87 

other known gamma secretase substrates (47) whose GSI-mediated cleavage inhibition may 

also contribute to enhanced chemosensitivity to paclitaxel. Assessment of the expression 

levels of each of these gamma secretase targets before and after BMS-906024 plus paclitaxel 

combination treatment would need to be performed in order to evaluate their role in 

enhanced chemosensitization and synergy prediction.
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BMS-906024 is currently in phase 1 clinical trials to evaluate safety and tolerability as a 

monotherapy as well as in combination with front-line chemotherapy in both hematological 

malignancies and solid tumors. Nonetheless, in order to be successful in phase 2 trials, both 

an understanding of the mechanism behind GSI-induced sensitization to chemotherapy as 

well as identification of biomarkers that predict a high likelihood of success for this 

combination treatment is needed. Such knowledge will aid in selection of the patient 

population, critical for the success of targeted therapy clinical trials. Specifically, our 

preclinical studies found that BMS-906024 enhanced the antitumor activity of paclitaxel in 

lung adenocarcinoma models, particularly in KRAS- and BRAF-WT samples, suggesting 

that KRAS/BRAF status may serve as a biomarker for tumor response. Our data supports the 

continued development of BMS-906024 combined with cytotoxic chemotherapy for lung 

adenocarcinoma patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
BMS-906024 is a potent inhibitor of Notch activation and enhances the anti-tumor activity 

of paclitaxel in vitro. A, BMS-906024 treatment of NSCLC cell lines for 72 hrs decreases 

levels of Notch1 intracellular domain (N1ICD). The change in N1ICD protein levels relative 

to untreated cells (0 nM) and normalized to GAPDH is indicated below the immunoblot. B, 

treatment with 100 nM of BMS-906024 for 72 hrs maximally decreases N1ICD without 

affecting total uncleaved Notch1 (N1). C, downregulation of Hes1 mRNA in A549 NSCLC 

cells treated with BMS-906024 for 24 hrs. Error bars represent standard deviation. D, 
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chemosensitivity MTS assay performed on H2228 NSCLC cells treated for 72 hrs with 

BMS-906024 (BMS906), paclitaxel (pacl), or 100 nM BMS-906024 and paclitaxel. E, 

Combination Index (CI) values from 14 NSCLC cell lines treated with 100 nM 

BMS-906024 and either cisplatin or paclitaxel for 72 hrs. F, CI values at the IC50 for 

BMS-906024 and paclitaxel in 14 NSCLC cell lines grouped by KRAS/BRAF status. G, CI 

values at the IC50 for BMS-906024 and paclitaxel in 31 NSCLC cell lines (including the 14 

shown in E) grouped by KRAS/BRAF status. Open triangle, KRAS-dependent cell line; †, 

KRAS-independent cell line. H, shift in IC50 values for the KRAS- and BRAF-WT (left) or 

the KRAS- or BRAF-mutant (right) cell lines when treated for 72 hrs with paclitaxel alone 

or paclitaxel and 100 nM BMS-906024. Outlier cell lines that were paclitaxel-resistant were 

removed from these graphs (WT: H1838, H1693; mutant: H1395, H2405). *, P < 0.05; **, P 

< 0.01; ***, P < 0.001. NS, not significant.
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Figure 2. 
Correlation between activated Notch1 intracellular domain (N1ICD) or cleaved Notch3 and 

combination index (CI) values for treatment with BMS-906024 and paclitaxel. A, western 

blot of basal levels of N1ICD and cleaved N3 for all 31 untreated NSCLC cell lines used in 

the study grouped by KRAS/BRAF status (top: initial set of 14 lines; bottom: additional 17 

lines). CI value at the IC50 for paclitaxel and 100 nM BMS-906024 are shown. B, Linear 

regression of CI values for paclitaxel plus BMS-906024 versus levels of Notch1 ICD 

normalized to GAPDH in the KRAS and BRAF-WT cell lines. R, Pearson correlation 

Morgan et al. Page 18

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coefficient C, Linear regression of CI values for paclitaxel plus BMS-906024 versus levels 

of Notch1 ICD normalized to GAPDH in the KRAS or BRAF-mut cell lines. R, Pearson 

correlation coefficient.
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Figure 3. 
Effect of modulating mutant KRAS expression on synergy between paclitaxel and 

BMS-906024. A, western blot of Notch1 intracellular domain (N1ICD) and KRAS 

following 72 hrs of treatment with control (ctrl), 100 nM BMS-906024 (BMS906), cell line-

specific IC50 for cisplatin (cispl) or paclitaxel (pacl), or the combination of 100 nM 

BMS-906024 (BMS) with IC50 for cisplatin or paclitaxel. The change in KRAS protein 

levels relative to the control and normalized to GAPDH is indicated below the immunoblot. 

B, Agarose gel verification showing RT-PCR and RFLP analysis of knockdown of mutant 

KRAS expression in H2030 cells 48 and 72 hrs post-transfection with 60 nM siRNA against 

mutant KRAS-G12C (siKRAS-G12C). The change in mutant KRAS transcript levels 

relative to the non-targeting siRNA control and normalized to GAPDH is indicated below 

the gel. Parental H2030 is shown as an untransfected control. H1299 is shown as a KRAS-

WT control. C, CI values at the IC50 for paclitaxel and 100 nM BMS-906024 in two KRAS-

G12C mutant NSCLC cell lines in which mutant KRAS was knocked down by siRNA 

(siKRAS) as compared to a non-targeting siRNA control (Ctrl).
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Figure 4. 
Potential biomarkers for synergy between BMS-906024 and paclitaxel in KRAS- or BRAF-

mutant NSCLC. A, combination index (CI) values for BMS-906024 and paclitaxel in the 20 

NSCLC cell lines that had KRAS or BRAF gain-of-function mutations, grouped into those 

that were mutant (Mut) or null versus wildtype (WT) for TP53. B, MAPK/PI3K pathway 

activity scores for 27 NSCLC cell lines grouped by KRAS/BRAF mutational status. C, 

H2O2 pathway activity scores among 18 KRAS- or BRAF-mutant cell lines grouped by 

synergy level. *, P < 0.05, **, P < 0.01.

Morgan et al. Page 21

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
BMS-906024 enhances the anti-tumor activity of chemotherapy in vivo. NSCLC cell line- or 

patient-derived xenografts (PDX) were treated with vehicles, BMS-906024 (BMS906; 

triangles), paclitaxel or cisplatin (arrows), or the noted drug combinations as indicated in the 

insets. Left panels show tumor growth inhibition (TGI). Error bars represent the data range. 

*, P < 0.05; **, P < 0.01; ***, P < 0.001. NS, not significant. Right panels show Kaplan–

Meier survival analysis of vehicles, BMS-906024, paclitaxel and BMS-906024 plus 

paclitaxel-treated groups in PDX-T42 and H838 xenografts (log rank test for paclitaxel vs. 

paclitaxel plus BMS-906024-treated groups, P < 0.0001 for both). N = 6–8 mice per group 

for each experiment.
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Figure 6. 
BMS-906024 enhances paclitaxel-induced apoptosis and proliferation inhibition. A, western 

blot of Notch1 intracellular domain (N1 ICD) and SOX9 protein levels from HCC44 

xenografts harvested after four days of treatment. α-Tub and GAPDH were the loading 

controls for N1 ICD and SOX9, respectively (α-Tub = α-tubulin). B, representative images 

from hematoxylin and eosin (H & E), Ki67 and TUNEL staining of harvested HCC44 

xenografts following one round of treatment with vehicles, BMS-906024 (BMS906), 

cisplatin (cispl), paclitaxel (pacl), or the combination of BMS-906024 (BMS) and cisplatin 

Morgan et al. Page 23

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or paclitaxel. 200X magnification. Scale bars, 200 μm. C, quantification of Ki67 (top) or 

TUNEL (bottom) staining. The average number of positive cells per 200X field from five 

random areas of three tumors each is shown. Error bars represent standard deviation. *, P < 

0.05; ***, P < 0.001.
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