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Abstract

Background: Few targeted therapies are currently available for triple-
negative breast cancers (TNBC) due to their lack of estrogen receptor-a
and progesterone receptor expression and HER-2 amplification. In the
clinic, TNBC is associated with a range of adverse biologic features
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Introduction

Dual Therapy with Insulin-Like Growth Factor-1 Receptor/Insulin Receptor (IGF1R/IR) and Androgen
Receptor (AR) Antagonists Inhibits Triple-Negative Breast Cancer Cell Migration In Vitro

including a highly metastatic phenotype and early patient relapse, leading
to poor clinical outcomes. Identifying effective treatment strategies to
inhibit or prevent TNBC metastasis could help to improve patient
treatment options and clinical outcomes.

Methods: Using immunohistochemistry, archival breast specimens from
women with TNBC were screened for androgen receptor (AR), Slug and
insulin-like growth factor-2 (IGF2) expression. The effects of IGF2 and
combinations of insulin-like growth factor-1 receptor/insulin receptor
(IGF1R/IR) and AR antagonists on TNBC cell migration was assessed in
vitro using scratch wound assays, and cell death initiated by dual
combinations was assessed using caspase assays. In parallel, gel
electrophoresis and Western immunoblot assays were used to test
effects of IGF1R/IR and AR antagonists on Slug expression. Finally, using
the model of Response Additivity, drug synergy was assessed using
different therapeutic treatment strategies.

Results: Based on modified Allred scoring results, IGF2, Slug and AR were
identified in archival TNBC specimens. Further, IGF2 stimulated migration
of TNBC cells MDA-MB-231 and HCC 1937 in vitro. Combination therapies
of a) IGF1R/IR inhibitor BMS-754807 plus IGF1R inhibitor NVP-AEW807 or
b) AR inhibitor enzalutamide together with either BMS-754807 or NVP-
AEWS807 led to inhibition of TNBC cell migration (P<0.001) and reduced
expression of Slug. Additionally, combination treatments promote TNBC
cell apoptotic activity in vitro (P<0.005). Significant synergy was detected
(Cl < 1) with enzalutamide plus NVP-AEW541 or BMS-754807 in BT549
and HCC 1937 cultures for cell migration in vitro; while combination of
BMS-754807 plus NVP-AEW541 elicited antagonist effects (Cl > 1) in
BT549, MDA-MB-231 and HCC 1937 cultures.

Conclusion: These findings indicate that combinations of IGF1R/IR and AR
antagonists can prevent TNBC migration, induce apoptosis and impact
known mediators of metastasis, thus suggesting a potential for future
application of such dual treatments to manage TNBC progression in the
clinic.

The majority of breast cancers (BC) are estrogen receptor-a (ERa) positive and often respond to
endocrine therapy. In contrast, triple-negative breast cancers (TNBC), lacking expression of ERa
and progesterone receptor (PR) and HER2 overexpression, cannot be managed with current
targeted therapies. Accounting for almost half of all breast cancer deaths, TNBCs tend to occur in
women younger than 40 years of age and exhibit aggressive behavior with a highly metastatic
phenotype and a high incidence of recurrence after use of standard chemotherapy, often resulting
in reduced patient survival 3. Thus, the identification of novel therapeutic regimens to combat
TNBC spread are urgently needed.
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Insulin-like growth factor-2 (IGF2) is reported to play a role in cancer proliferation, differentiation
and migration #°. IGF2 is overexpressed in TNBC, and a recent study demonstrates it is highly
expressed in TNBC tumors from African-American and Latina women ¢, Thus, IGF2 may serve as
a potential biomarker for TNBC treatment, and perturbation of IGF2-mediated signaling pathways
may inhibit TNBC migration and spread. By interaction with specific tyrosine-kinase receptors,
insulin-like growth factor-1 receptor (IGF1R) and insulin receptor isoform A (IR-A), IGF2 stimulates
downstream actions via the mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-
kinase (PI3K) AKT/protein kinase B (PKB) pathways to stimulate tumor proliferation °. A recent
study highlights the significant anti-proliferative activities of IGF1R and IR antagonists in TNBC cells
in vitro '°. BMS-754807, an established IGF1R/IR inhibitor, and NVP-AEW541, an IGF1R inhibitor,
exhibit anti-proliferative effects on IGF2-expressing TNBC cells, an action dependent in part on
AKT activity. Of note, growth inhibitory effects were significantly enhanced when BMS-754807 and
NVP-AEW541 were used in combination. Additionally, these two antagonists were each found to
independently decrease the expression of androgen receptor (AR) in TNBC cells, suggesting
potential cross-communication between IGF1R/IR and AR signaling pathways 1°.

The androgen receptor (AR) is a member of the nuclear steroid receptor superfamily, and AR is
expressed in 70-90% of all invasive breast cancers, often when tumor ER and PR are reportedly
not detectable > 12 13 Notably, AR is independently reported to be expressed in 17% - 35% of
TNBCs 16 Overexpression of AR is associated with constitutive activation of IGFIR and AKT
pathways in non-TNBCs ' 18 and exposure of TNBC cells to the anti-androgen enzalutamide
significantly reduces proliferation and invasion of the luminal AR TNBC subtype * %°. Further,
emerging reports indicate that proliferation of TNBC cells with basal-like and mesenchymal-like
molecular subtypes are inhibited by either enzalutamide alone or in combination with IGF1R/IR
antagonists 1921,

The epithelial-mesenchymal transition (EMT) is a critical component of tumor cell metastasis and
invasion. As characterized by disruption of adhesion junctions and gain in mesenchymal markers,
EMT is stimulated by several signal transduction pathways that converge in the activation of core
transcription factors, such as Slug ?%23. Slug, a member of the SNAIL family, is aberrantly expressed
in various tumor types and is able to modulate breast tumor invasion and metastasis 4. This zinc-
finger protein has been found to disrupt cell adhesion junctions by repressing the expression of E-
cadherin ?°, and significant overexpression of Slug is found in breast tumors associated with lymph
node metastasis ?*. EMT is further able to confer an aggressive phenotype associated with
chemotherapy resistance 2°.

In view of the dearth of treatment options for TNBC, its aggressive nature and high expression of
IGF2, we have investigated the in vitro effects of IGF1R/IR and AR antagonists in combination on
TNBC migration and apoptosis, as well as synergy among dual treatment strategies.

Methods
Cell Culture: Cell lines were obtained from the American Type Culture Collection (ATCC) and
cultured according to ATCC recommendations. Briefly, cultures were maintained at 37°C in a 5%
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CO; incubator. TNBC (ERa-/PR-/HER2-) MDA-MB-231, BT549 and HCC 1937 cells were cultured in
RPMI 1640 media (ATCC) containing L-glutamine with 10% fetal bovine serum (FBS; Hyclone,
Logan, Utah), 100 I. U./ml penicillin and 100 ug/ml units streptomycin sulfate (Cellgro, Manassas,
VA).

Immunohistochemistry (IHC): Overall, five archival TNBC specimens were available for this study.
Retrospectively-collected and de-identified human tumor specimens were provided by the NCI-
supported Cooperative Human Tissue Network (chtn.org). The malignant status of archival breast
samples was confirmed by surgical biopsy/pathology and available follow-up data. All specimens
were collected with appropriate institutional human subject protection committee approvals and
patient consent. Formalin-fixed and paraffin-embedded tissue samples were stained using
standard IHC protocols as before 2728 22 Antibodies used included AR (1:25, Agilent M356201-2),
Slug (1:50, Cell Signaling #9585), and IGF2 (1:100, AbCam). Appropriate controls were included to
assess specificity and to validate each antibody including i) appropriate pre-immune control; ii)
dose-dependent titration; iii) known positive and negative tissues; iv) use of specific peptide
competitors; and v) other established approaches. Antigen expression was quantified as previously
described 2932,

Inhibition Assays: To assess the inhibitory effect of BMS-754807/NVP-AEW541, BMS-
754807/enzalutamide and NVP-AEW541/enzalutamide combinations on Slug expression, TNBC
cultures were grown in complete media to 75-80% confluence, then cultured for 24 hrs in phenol
red-free RPMI media supplemented with 2% dextran-coated charcoal stripped fetal-bovine serum
and the indicated combinations of either BMS-754807 (20uM; Selleckchem, Houston, TX), NVP-
AEW541 (8uM, Selleckchem, Houston, TX) or enzalutamide (20uM; Selleckchem, Houston, TX).
Total protein was isolated for Western immunoblot analysis using standard methods. Briefly, using
RIPA buffer, total protein was isolated, and protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermofisher Scientific). Thirty micrograms (30pug) of total cell protein was
resolved by 4-15% SDS-PAGE, transferred to a PVDF membrane and probed with antibodies
directed against Slug (1:500, Cell Signaling #9585), with B-actin (1:2000, Santa Cruz Biotechnology,
sc-47778) as a loading control.

Scratch Wound Assays: To assess the effect of IGF1R/IR and AR inhibitors on TNBC migration,
60,000 cells/well were seeded onto a 96-well Imagelock tissue culture plate and incubated
overnight at 37°Cin a 5% CO2 incubator. To create precise wounds in each well, the WoundMaker
(Essen Bioscience) was used. Dishes were washed according to the manufacture’s protocol
followed by the addition of 100uL of inhibitor-conditioned media. Plates were placed in an
IncuCyte® S3 (Essen Bioscience) module and equilibrated for 10 minutes. As per the scanning
schedule, images were obtained every 2 hrs to assess cell migration and wound confluence.

Caspase Assay: To evaluate the ability of inhibitor combinations to stimulate apoptosis, 5,000
cells/well were seeded on a 96-well plate in complete media and placed in the IncuCyte S3®
module in an incubator at 37°C with 5% CO,. Images were captured every 2 hrs using the IncuCyte
S3® Live-Cell Analysis System. Once cultures reached 30% confluence, growth media was removed
and replaced with inhibitor (BMS-754807/NVP-AEW541, BMS-754807/enzalutamide and NVP-
AEW541/enzalutamide; BMS-754807 20uM, NVP-AEW541 8uM, enzalutamide 20uM)
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conditioned media containing 1:1000 Caspase-3/7 Green (Essen Bioscience #4440) and IncuCyte
Red Cytotoxicity Reagent (Essen Bioscience #4632). Following a 30-minute warming period,
images were captured every 2hr over 4 days using the IncuCyte S3® Live-Cell Analysis System.

Synergy Assays: To evaluate the synergistic effects of combination treatments, TNBC cells cultured
in 96-well plates at 60 -65% confluence were exposed to IGF1R/IR and AR inhibitors alone and in
combination for 72 hrs. TNBC cell proliferation under these conditions was evaluated using
CellTiter 96®Aqueous Non-radioactive Cell Proliferation Assay (20ul/well per the manufacturer’s
protocol; Promega). After 1 hr incubation at 37°C with 5% CO2, absorbance was assessed at 490
nm. Drug synergism was modeled using a Response Additivity approach as previously described.
For each drug combination, a Combination Index (Cl) was calculated such that a value of Cl<1
represents a synergistic relationship, while a value of ClI>1 represents an antagonistic relationship.
Assuming Ea and Egare the effects of drug dose combinations A and B, respectively, and Eag is the
effect of using both drug doses A and B in combination, the Combination Index (Cl) is defined as
Cl=(Ea+Esg)/Eas. Effects of drug were modeled using dummy variables representing each drug and
dose in  multiple linear regression models with interactions terms representing
synergistic/antagonistic relationships between drugs. Significance of drug synergy was determined
using the P values associated with the interaction terms.

Statistical Analysis: GraphPad Prism software (www.graphpad.com) was used for statistical
analysis. Unpaired student t-tests were used to determine data significance. P-values <0.05 were
considered significant. Experiments were repeated at least three times.

Results

IGF2, AR and Slug expression in archival breast specimens: Relapse and distant spread for women
with TNBC is significantly higher than that of other tumor types, and metastasis is made possible
in part by epithelial-mesenchymal transition (EMT). In addition to IGF2, both Slug and AR have
been associated with the process of tumor metastasis. Consequently, the expression of IGF2, AR
and Slug in malignant TNBC breast tissue was assessed by immunohistochemistry in archival breast
tissue from five patients with TNBC specimens and compared with their expression in neighboring
normal tissue (Figure 1).

In accord with earlier reports, significant expression of IGF2 is found in normal and TNBC tissue ©
734 and Slug and AR are each notably expressed in TNBCs.

IGF2 stimulates TNBC cell migration: Since IGF2 is highly expressed in aggressive TNBC tumors & 7
35 we assessed the effects of IGF2 on TNBC migration in vivo. Our studies show IGF2, in the
absence of other growth factors and fetal bovine serum, is able to stimulate migration of MDA-
MB-231 cells, increasing wound confluence by up to 50% (Figure 2A, P<0.0001).

Notably, in HCC 1937 cultures, IGF2 similarly stimulated cell migration, increasing the number of
cellsin the wound tract from essentially zero to 100%, resulting in complete wound closure (Figure
2B, P<0.0001). These data indicate that IGF2, in the absence of FBS, has the ability to stimulate
migration of TNBC cells in vitro.

Science Publishing Group Copyright 2019 www.spg.ltd 5
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Figure 1. IGF2, Slug and AR are detected in archival TNBC breast tissue. Retrospectively-collected and de-
identified breast tissue specimens from women with breast cancer along with adjacent normal tissue
was obtained from the NIH CHTN. Immunohistologic assays were used to evaluate tissue samples for
IGF2, Slug and AR expression (see Methods). Expression of IGF2 (a & d) Slug (b & e) and AR (c & f) were
evaluated and visualized using Evos x| Core Microscope (200x). Representative images are presented.
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Figure 2. IGF2 stimulates TNBC cell migration. MDA-MB-231 (2A) and HCC 1937 (2B) TNBC cell lines were
cultured in complete media in 96-welled plates. In each well 60,000 cells were plated. Scratch wounds were
made using Unique WoundMaker™. Wound images were collected every 2 h for 5 days using the IncuCyte

S3 Live-Cell Analysis System. Media containing IGF2 (100 ng/ml) was refreshed every 12 hrs. Error bars =
SEM; N=5 **P<0.0001; #P< 0.005.

Combinations of IGF1R/IR and AR antagonists inhibit TNBC cell migration: IGF2 stimulates its
downstream effects by binding to IGF1R/IR 73>, In addition, we have also discovered that IGF1R/IR
antagonists can significantly reduce androgen receptor (AR) expression in TNBC cells!®. This
relationship may be important because independent clinical studies associate AR expression with

aggressive, metastatic BCs, and AR is notably expressed and/or enriched in specific subtypes of
TNBC3® (Figure 1).
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Figure 3A. Inhibition of TNBC migration by combinations of IGF1R/IR and AR antagonists. MDA-MB-231 and
HCC 1937 TNBC cell lines were seeded in complete media in 96-well plates. In each well, 60,000 cells were

plated. Scratch wounds were made using Unique WoundMakerTM. Wound images were collected every
2hr for 48hr using the IncuCyte S3 Live-Cell Analysis System. In 2% cFBS, phenol-free RPMI media
containing a combination of IGF1R/IR and AR inhibitors, cell migration was inhibited. Magnification 100x.

To test the effect of IGF1R/IR and AR antagonist combinations on TNBC cell migration, we used
BMS-754807, a dual IGF1R/IR antagonist, NVP-AEW541, an IGF1R antagonist, and enzalutamide,
an AR antagonist (Figure 3A). In comparison to appropriate controls, each inhibitor combination
significantly inhibited cell migration to prevent wound closure (Figure 3B & 3C). In MDA-MB-231
cultures, the greatest inhibitory effect was achieved with combinations of BMS-754807/NVP-
AEW541 and BMS-754807/enzalutamide (Figure 3B, P<0.0001). The combination of NVP-
AEWS541/enzalutamide also prevented cell migration but not to the same extent as combinations
containing BMS-754807 (P<0.001). In HCC 1937 cultures, the combination of BMS-
754807/enzalutamide had the greatest inhibitory effect against cell migration, resulting in only
12% wound closure followed by BMS-754807/NVP-AEW541 with wound closure of 18%
(P<0.0001). Although the combination of NVP-AEW541/enzalutamide significantly inhibited cell
migration, cells were able to migrate enough to close the wound to 60% (Figure 3C, P<0.001).
Thus, these data demonstrate that combinations of IGF1R/IR and AR antagonists prevent TNBC
cell migration, significantly reducing wound confluence.
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Figure 3. Inhibition of TNBC migration by combinations of IGF1R/IR and AR antagonists. 3B & 3C. Graphical
representation of MDA-MB-231 and HCC 1937 cell migration under treatment conditions with IGF1R/IR/AR
inhibitors. BMS/NVP = BMS-754807 (20uM) and NVP-AEW541 (8uM); BMS/ENZ=BMS-754807 (20uM) and
enzalutamide (20uM); NVP/ ENZ= NVP-AEW541 and enzalutamide. **P<0.0001, *P<0.001 N=6.

Data from Western immunoblot analysis further indicate that combinations of BMS-754807/NVP-
AEW541 and BMS-754807/enzalutamide also reduce the expression of Slug, a known mediator of
EMT (Figure 4).

MDA-MB-231 HCC 1937

B e -

Control BMS/NVP BMS/ENZ NVP/ENZ Control BMS/NVP BMS/ENZ NVP/ENZ

Sz D — s D gl s e _—

B-actin e —— e— — —

Figure 4. Effect of IGF1R/IR and AR inhibitor combinations on Slug. TNBC cultures MDA-MB-231 and HCC
1937 were seeded and grown to 70% confluence and then cultured in media containing IGF1R/IR/AR
inhibitor combinations for 24hr. Proteins were separated and transferred to PVDF membranes that were
probed for Slug (1:500, Cell Signaling #9585) following manufacturer recommendations. Image is a
representative of three independent assays. BMS/NVP = BMS-754807 (20uM) and NVP-AEW541 (8uM);
BMS/ENZ=BMS-754807 (20uM) and enzalutamide (20uM); NVP/ ENZ= NVP-AEW541 and enzalutamide.

Together, these data suggest that combinations of IGF1R/IR/AR antagonists effectively reduce

TNBC cell migration at least in part by reducing the expression of Slug and potentially other
regulators of EMT.

IGF1R/IR- and AR antagonist combinations stimulate apoptosis in TNBC cells: There is a therapeutic
advantage in using drug combinations that inhibit cell metastasis while concurrently stimulating
apoptosis, ultimately resulting in improved antitumor therapeutic efficacy. Thus, we assessed the
ability of IGF1R/IR and AR combinations to stimulate apoptosis in TNBC cultures in vitro (Figure
5A).
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Figure 5A. IGF1R/IR and AR combinations stimulate caspase activity in TNBC cell lines. MDA-MB-231 and HCC
1937 TNBC cell lines were cultured in complete media in 96-welled plates. In each well 5,000 cells were plated.
Images were captured every 2 hours using the IncuCyte S3 Live-Cell Analysis System. Once cultures reached
30% confluence growth media was removed and replaced with inhibitor (BMS-754807 20 uM, NVP-AEW541 8
uM, enzalutamide 20 uM) conditioned media containing 1:1000 Caspase-3/7 Green (Essen Bioscience #4440)
and IncuCyte Red Cytotoxicity Reagent (Essen Bioscience # 4632). Following a 30 minute warming period,
images were captured every 2 hours over 4 days using the IncuCyte S3 Live-Cell Analysis System. Magnification
100X.
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Figure 5. Combination of IGFIR/IR and AR inhibitors stimulate apoptosis TNBC cells. Graphical
representation of caspase activity in MDA-MB-231 (5B) and HCC 1937 (5C) cultures under treatment
conditions with IGF1R/IR/AR inhibitors. BMS/NVP = BMS-754807 (20uM) and NVP-AEWS541 (8uM);
BMS/ENZ=BMS-754807 (20uM) and enzalutamide (20uM); NVP/ ENZ= NVP-AEW541 and enzalutamide.

In MDA-MB-231 cultures, all drug combinations significantly stimulated caspase 7 activity at 72
hours (P < 0.005, Figure 5B). At 96 hours, the greatest residual apoptotic effect was detected with
BMS-754807/NVP-AEW541 (P=0.0011; Fig. 5B) followed by the combination of NVP-
AEW541/enzalutamide (P=0.0001; Figure 5B). The stimulation of apoptosis varied among
treatment combinations and time point in HCC1937 cultures. In these cells, the combination of
BMS-754807/NVP-AEW541 stimulated apoptosis at a significant level at 72 and 96 hours
(P=0.0099 and P=0.0003). However, a significant apoptotic effect of NVP-AEW541/enzalutamide
were not apparent until 96 hours (Figure 5C: P =0.0036), while the combination of BMS-
754807/enzalutamide had no significant effect at any time-point. Here combinations of
IGF1R/IR/AR inhibitors stimulated apoptosis in MDA-MB-231 cells but had variable effects in HCC
1937 cells. The variance in cellular response observed among cell lines may point to biological
diversity and/or other cofounders.

Synergistic and Antagonist effects of IGF1R/IR and AR inhibitors in TNBC cell cultures: Due to the
combinatorial effects of BMS-754807, NVP-AEW541 and enzalutamide in vitro, we wanted to
determine whether these effects were synergistic in nature. Using the lowest concentrations that
reduced cell proliferation by at least 50% (data not shown), TNBC cultures were exposed to 10uM
BMS-754807, NVP-AEW541 at 5uM and 10uM concentrations, and 10uM of enzalutamide alone
and in combination. We used the effect-based model of Response Additivity and calculated the
Combination Index (Cl) for each combination 333738 |n BT549 cells, that express robust levels of
AR, combinations of enzalutamide with BMS-754807 and NVP-AEW541, at either 5uM or 10uM,
produced significant synergistic effects with Cl < 1 (Table 1).
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Table 1. Individual effectsand combined effects of drug combinations on BT 549 cell lines (estimate, standard
error).

Drug A Drug B Es Eg Interaction Eu CI p
ENZ 10 NVP 5 36 (.05) -.59(.05) -32(.07) -54 | 42 <0001
ENZ 10 NVP 10 36 (.05) -91(.05) -34(.07) -88 | .62 <0001
-7 - 7 - 2
ENZ 10 BMS 10 36(.05) T1(.05) 33(.07) .68 52 <.0001
NVP 5 BMS 10 -.59(.05) -71(.05) A1(.07) -89 | 147 <.0001
- -7 72(.07 -
NVP 10 BMS 10 91(.05) 71(.05) J2(.07) 90 | 1.80 <.0001

A similar effect is observed in HCC 1937 cultures with the Cl ranging from 0.79 - 0.92 (Table 2),
whereas in MDA-MB-231 cultures, the only dual treatment combination to produce a synergistic
Cl <1 was 10uM enzalutamide/10uM BMS-7548047 (Table 3). In all cell lines, the combination of
BMS-754807/NVP-AEW541 consistently yielded a significant CI >1 indicating an apparent
antagonist relationship between the two drugs (Tables 1, 2 & 3) despite the finding that these two
different IGF1R antagonist drug combinations were effective in blocking TNBC cell migration in
vitro (Figure 3).

Table 2. Individual effects and combined effects of drug combinations on HCC 1937 cell lines

(estimate, standard error).

Drug A Drug B E, Eg Interaction Eus CI P
ENZ 10 NVP 5 .11(.05) -.63 (.05) -.05(.08) -.56 .92 .5264
ENZ 10 NVP 10 .11(.05) -1 (.05) -.14 (.08) -1.02 | .87 .0747
ENZ 10 BMS 10 .11(.05) -5(.05) -.1(.08) -49 .79 1732
NVP 5 BMS 10 -.63 (.05) -5 (.05) .19(.08) -94 1.20 .0124
NVP 10 BMS 10 -1 (.05) -5(.05) 43 (.08) -1.07 | 1.40 | <.0001

Table 3. Individual effects and combined effects of drug combinations on MDA-MB- 231 cell lines
(estimate, standard error).

Drug A Drug B E, Eg Interaction Eag CI P

ENZ 10 NVP 5 .04 (.02) -.32(.02) .01(.03) -27 | 1.03 | .8124

ENZ 10 NVP 10 .04 (.02) -.34(.02) .01(.03) -29 | 1.01 | .8587

ENZ 10 BMS 10 04 (.02) -1 (.02) -.01(.03) -07 | .78 | .6965

NVP 5 BMS 10 -.32(.02) -.1(.02) .1(.03) -32 | 1.32 | .0035

NVP 10 BMS 10 -.34(.02) -.1(.02) 11(.03) -32 | 1.36 | .0015
Discussion

At diagnosis, only 15% of women have TNBC, yet women with TNBC continue to account for almost
50% for all breast cancer deaths3? 4%, All women with metastatic TNBC will die of their disease, and
fewer than 30% of women live 5 years after their diagnosis*™ %2. This health disparity may be the
result of unigue biologic underpinnings. Although heterogeneous in nature, TNBCs tend to exhibit
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aggressive growth, often with early relapse and metastasis after initial therapies. In this study, we
document expression of IGF2, Slug and AR in archival breast tissue specimens from patients with
malignant breast cancers. IGF2, a secreted growth factor, has high levels of expression in TNBCs
and neighboring stromal cells 7. In comparison to TNBC tumors from Caucasian women, IGF2 is
expressed at significantly higher levels in TNBC tumors from African American and Latina women,
populations that have the worst breast cancer outcomes®. Expression of Slug, an EMT regulator
and inhibitor of DNA repair, is reported to correlate with inhibition luminal development of
mammary epithelial cells (MEC), increased cancer stem cells (CSCs) levels and lymph node
metastasis®> 43, thereby identifying Slug as a biological marker for reduced patient survival.
Additionally, there are several studies that associate AR expression with more aggressive breast
tumor behavior'* 1> 3644 Similarly, results of this study suggest that expression of IGF2, Slug and
AR associate with TNBC progression, but future studies using specimens from a larger and more
diverse populations of TNBC patients are needed to confirm the relationship between these
selected biomarkers and TNBC spread.

TNBC mortality is largely due to the distant metastatic spread of tumor cells. Previously, we
reported that over-expression of IGF2 in archival TNBC tissue and its capability to activate IGF1R/IR
signaling promoted TNBC proliferation’. In addition to stimulating TNBC proliferation, the current
findings show the independent ability of IGF2 to stimulate TNBC migration. Thus, the
overexpression of IGF2 in TNBC appears to foster an environment promoting both TNBC cell
proliferation and tumor cell migration. Together, these findings suggest that IGF2 is a potential
biomarker for aggressive, metastatic TNBCs.

IGF2 binds to both IGF1R and IR receptor tyrosine kinases that activate downstream signaling
pathways for cell proliferation, apoptosis and migration®. The vast majority of TNBC cells express
IGF1R, and binding of IGF1 or IGF2 to IGF1R is known to stimulate downstream effects that enable
TNBC cells to proliferate and avoid programmed cell death*® 4’. Hence, stimulation of TNBC
apoptosis by using combinations of BMS-754807/ NVP-AEW541, BMS-754807/enzalutamide and
NVP-AEW541/enzalutamide represent potential novel strategies to promote cell death in TNBC
cells. Our findings add to previous studies demonstrating the induction of apoptosis with
treatments containing BMS-754807 or NVP-AEW807 in TNBC and ER-positive breast tumor cells,
as well as in synovial sarcomas and undifferentiated pleomorphic sarcomas*> %2, Further,
constitutively active IGF1R promotes xenograft growth and EMT through stimulation of SNAIL>3.
In fact, the stimulation of the RAS/RAF or PI3K/AKT signaling pathways via IGF1R leads to the
activation of several known EMT modulators®*. The drug combinations presented in this study
could potentially be future therapeutic options that stimulate TNBC cell apoptosis while
simultaneously inhibiting mediators responsible for TNBC metastasis.

The EMT process may be a central component of TNBC heterogeneity and plasticity> °°. As cells
progress through the process of EMT, cell polarity is lost as well as adhesive junctional associations
allowing for cell metastasis and invasion. E-cadherin is normally an important junctional
component, and during EMT E-cadherin expression is significantly reduced, at least in part by the
transcription factor Slug®’ 8. The binding of Slug to E-box sequences in the promotor region of E-
cadherin represses transcriptional activity and causes significant reduction of E-cadherin 2% 2> 9,
In similar fashion, Slug inhibits the expression of BRCA2, a necessary component of the DNA repair
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complex®. Thus, the inhibitory effects of Slug on DNA repair and cell association permit TNBC
development, progression and metastasis. Cevenini et al. detail IGF1R signaling pathways that
stimulate known EMT modulators including Slug in breast cancers*. Thus, the reduction of Slug
expression by BMS-754807/NVP-AEW541 and BMS-754807/enzalutamide drug combinations may
potentially modulate Slug expression at both DNA and protein levels. Potentially, these inhibitor
combinations may also regulate other EMT modulators such as Twist, ZEB1 and /or Snail to reduce
TNBC migration and spread to improve overall patient survival.

Due to the complex nature of TNBC and the recognition of multiple drivers of tumor progression,
it is important to consider the implementation of combination treatment modalities to stop
disease spread. Advantages of combination therapies include better antitumor efficacy, less
toxicity and reduced incidence of drug resistance. Previous investigations into targeted dual
therapies for TNBC offer evidence for the IGF1R pathway as a promising therapeutic target> 1 4>
48,52,61:64 However, randomized trials have yet to show a significant clinical benefit by targeting
the IGF1R pathway using IGFR1 inhibitors alone or combined with standard chemotherapeutics®
6 This finding may be due, in part, to a lack of rational combination therapy regimens.

IGF2 achieves its biologic effects in large part via binding to IGF1R/IR, a signaling pathway that
appears to cross-communicates with the AR signaling pathway!” 6717, 44 68,69 Several reviews
document the role of AR in breast cancer, the promise of AR targeting in the clinic and the potential
of AR as a biomarker in TNBC’%74. Controversy surrounding the exact role of AR in TNBC, as some
studies report that patients with AR-negative TNBCs have worse disease-free survival than those
patients with AR-positive TNBCs, while other studies are unable to demonstrate a prognostic role
for AR’>77.Such varied results may be attributable to the expression of bioactive AR splice variants
within TNBCs’®. In prostate cancer, the PI3K pathway is key to AR modulation, and the same
pathway appears to be requisite for AR regulation in breast cancer’® 8. Additionally, cross-

communication exists between ER and AR signaling, two pathways that are regulated by IGF1R*
35,72,81, 82

To date, little evidence exists evaluating dual IGF2/IGFR and AR-targeted therapy in TNBC. Thus,
we evaluated a unique drug combination strategy targeting IGF2/IGFR-induced signaling and its
interaction with AR in TNBC as an intervention to stop TNBC progression'®. The current findings
show that IGF1R/IR/-AR inhibitor combinations of BMS-754807/NVP-AEW541, BMS-
754807/enzalutamide and NVP-AEW541/enzalutamide significantly reduce TNBC migration and
also stimulate TNBC cell apoptosis. Notably, in support of previous reports, dual therapies
containing enzalutamide demonstrate these effects even in TNBC cells expressing little AR
proteint® 83 84,

Our combination treatments proved effective in the inhibition of TNBC cell migration and in the
induction of apoptosis. To determine whether the combinatorial effect (Eas) was greater than that
achieved with either drug alone (Ea & Eg), we used the effect-based model of Response Additivity
33, The combination index, calculated as: Cl = Ea + Es/ Eas and outlined by the Chou-Talalay method,
allows a standard measure of combination effects®* 38 In the conditions presented in this paper,
dual IGF1R/IR-AR treatment combinations had both synergistic and antagonistic effects. In BT549
and HCC 1937 cell cultures, significant synergy was achieved with drug combinations containing

Science Publishing Group Copyright 2019 www.spg.ltd 13



—= Dual Therapy with Insulin-Like Growth Factor-1 Receptor/Insulin Receptor (IGF1R/IR) and Androgen
SPG Receptor (AR) Antagonists Inhibits Triple-Negative Breast Cancer Cell Migration In Vitro

an IGF1R antagonist and enzalutamide, indicating that in both high- and low-AR expressing cell
lines these dual combinations inhibit cell migration and stimulate apoptosis. Conversely, the
combination of BMS-754807 with NVP-AEW541 demonstrated antagonism across all cell lines
assessed. Nonetheless, this combination did significantly induce cell apoptosis and inhibit TNBC
cell migration in each TNBC cell line. In independent studies, a synergistic drug effect was obtained
with NVP-AEW541 combined with erlotinib or imatinib®> 8 and when BMS-754807 was used in
combination with tamoxifen, letrozole and chemotherapy* #® 2. However, antagonistic effects
were found when May et al. used NVP-AEW541 in combination with BGT226, a dual PI3K/mTOR
inhibitor, to combat growth and migration of undifferentiated pleomorphic sarcoma cell®®. It is
possible that the synergy calculations in the combination of BMS-754807 and NVP-AEW541 in the
current study may be skewed because of non-overlapping toxicity in their mechanism of action,
with both drugs impacting IGFR1, other cellular process that result in reduced TNBC migration. To
fully understand the complex relationship among the promising combinations of BMS-754807 or
NVP-AEW541 with enzalutamide in TNBC, it is clear that further large scale studies using in vivo
tumor metastasis models will be needed. However, the data presented here demonstrate
significant promise of these novel combinations as potential therapeutic options for TNBC.

Conclusions

TNBC patient mortality is disproportionately high compared to all other breast cancer subtypes.
Currently, chemotherapy is one of the only standardized treatments for TNBC, and targeted
therapies are not available for patients afflicted with this aggressive form of breast cancer.
Increased IGF2 levels by autocrine or paracrine pathways in TNBC cells leads to IGF1R/IR signaling.
The downstream effects of IGF2/IGF1R/IR association include the activation or upregulation of AR
and the EMT mediator Slug, thereby resulting in poor patient outcome due to enhanced tumor
proliferation and metastasis (Figure 6)17, %87,

NVP-AEW541 BMS-754807

Combination of IGF1R/IR/AR inhibitors

Enzal tam|de
J-

P
Slgnallng

\‘ ‘l Cell Migration

Nucleus

Figure. 6: Schematic of IGF2 stlmulatory effects and |nh|b|tory effects of dual IGF1R/IR-AR antagonist
combination treatments in TNBC cells. The ability of IGF2 to stimulate downstream signaling via IGF1R
and IR homo- and heterodimers is shown. IGF2-induced downstream stimulation of AKT in turn promotes
activation of AR for translocation to the nucleus to promote the transcription of specific genes, such as
IGF1R, that play a role in promoting TNBC cell proliferation and migration. These several IGF2-induced
processes may be inhibited by combinations of NVP-AEW541, BMS-754807 and enzalutamide.
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Thus, inhibition of IGF2 stimulated signaling represents a unique treatment methodology with
therapeutic potential. Of importance, the IGFR signaling axis is also implicated to play a critical role
in promoting an immunosuppressive tumor microenvironment, suggesting that combinations of
IGFR inhibitors with emerging immune checkpoint inhibitor therapies may contribute further to
blockade of TNBC progression® &. Combination therapies with BMS-754807 or NVP-AEW541
combined with enzalutamide may present new therapeutic options for TNBC, especially for tumors
with high IGF2 expression. This unique co-targeting approach to stop TNBC migration and
metastasis could potentially improve patient survival going forward.
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