1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Oncogene. Author manuscript; available in PMC 2021 March 14.

-, HHS Public Access
«

Published in final edited form as:
Oncogene. 2020 October ; 39(42): 6589-6605. doi:10.1038/s41388-020-01454-1.

Combined inhibition of JAK2-STAT3 and SMO-GLI1/tGLI1
pathways suppresses breast cancer stem cells, tumor growth,
and metastasis

Daniel Dohenyl”*, Sherona Sirkisoonl”, Richard L. Carpenterl# Noah Reeve Aguayo?,
Angelina T. Regual, Marlyn Anguelovl, Sara G. Manorel, Austin Arrigo?, Sara Abu
Jalboushl, Grace L. Wong?, Yang Yu?, Calvin J. Wagnerl, Michael Chan?3, Jimmy Ruiz24,
Alexandra Thomas?#, Roy Strowd?2?, Jiayuh Lin%, Hui-Wen Lo12

1Department of Cancer Biology, Wake Forest University School of Medicine, Winston-Salem, NC

2Wake Forest Comprehensive Cancer Center, Wake Forest University School of Medicine,
Winston-Salem, NC

SDepartment of Radiation Oncology, Wake Forest University School of Medicine, Winston-Salem,
NC

4Department of Hematology and Oncology, Wake Forest University School of Medicine, Winston-
Salem, NC

SDepartment of Neurology, Wake Forest University School of Medicine, Winston-Salem, NC

5Department of Biochemistry and Molecular Biology, University of Maryland School of Medicine,
Baltimore, MD

Abstract

Triple-negative breast cancer (TNBC) and HER2-positive breast cancer are particularly aggressive
and associated with unfavorable prognosis. TNBC lacks effective treatments. HER2-positive
tumors have treatment options but often acquire resistance to HER2-targeted therapy after initial
response. To address these challenges, we determined whether novel combinations of JAK2-
STAT3 and SMO-GLI1/tGLIL inhibitors synergistically target TNBC and HER2 breast cancer
since these two pathways are concurrently activated in both tumor types and enriched in metastatic
tumors. Herein, we show that novel combinations of JAK2 inhibitors (ruxolitinib and pacritinib)
with SMO inhibitors (vismodegib and sonidegib) synergistically inhibited /n vitro growth of
TNBC and HER2-positive trastuzumab-resistant BT474-TtzmR cells. Synergy was also observed
against breast cancer stem cells. To determine if the combination is efficacious in inhibiting

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
Corresponding Author: Hui-Wen Lo, Ph.D., Department of Cancer Biology, Wake Forest University School of Medicine, 575
Patterson Ave, Suite 445, Winston-Salem, NC 27101, USA, hlo@wakehealth.edu; phone: 336-716-0695.

These authors contributed equally.
#Current Address: Department of Biochemistry and Molecular Biology, Indiana University School of Medicine-Bloomington, JH 308
1001 E. 3rd St., Bloomington, IN 47405, USA

Competing Interest: None
Supplementary Materials and Methods, Supplementary Table I, and Supplementary Figs. 1 and 2 are available at Oncogene’s website.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doheny et al. Page 2

metastasis, we treated mice with intracardially inoculated TNBC cells and found the combination
to inhibit lung and liver metastases, and prolong host survival without toxicity. The combination
inhibited orthotopic growth, VEGF-A expression, and tumor vasculature of both TNBC and
HER2-positive trastuzumab-refractory breast cancer. Lung metastasis of orthotopic BT474-TtzmR
xenografts was suppressed by the combination. Together, our results indicated that dual targeting
of JAK2 and SMO resulted in synergistic suppression of breast cancer growth and metastasis,
thereby supporting future clinical testing.

Keywords
JAK2; STAT3; SMO; GLI1; tGLI1; breast cancer; stem cells; metastasis

INTRODUCTION

Breast cancer is the most frequently diagnosed cancer in women with 1 in 8 at risks of
developing invasive breast cancer over the course of her lifetime [1]. The National Cancer
Institute reports that over 85% of patients diagnosed with localized or regional disease
survive 5-years following their diagnosis; however, once distant metastases form, the 5-year
survival rate plummets to 27% [2]. Breast cancers are classified based on the expression of
immunohistochemical markers, such as, estrogen receptor (ER), progesterone receptor (PR),
and the human epidermal growth factor receptor 2 (HER2). Of the five major molecular
subtypes, the HER2-enriched (ER-/PR-/HER2+) and triple-negative (ER-/PR-/HER2-)
subtypes are known to be more aggressive and have poorer outcomes due to increased
probabilities of relapse and metastasis [3-6]. Five HER2-targeted agents have been approved
by the United States Food and Drug Administration (FDA) for advanced HER2-positive
breast cancer, namely, trastuzumab (Herceptin), lapatinib (Tykerb), pertuzumab (Perjet),
ado-trastuzumab emtansine (Kadcyla), and most recently, fam-trastuzumab deruxtecan-nxki
(Enhertu) [7-10]. However, most of the metastatic breast tumors that originally respond to
HER2-targeted therapies typically develop resistance after one year. Due to the absence of
ER, PR and HER2 expression in triple-negative breast cancers (TNBC), standard hormone
therapies and HER2-targeted therapies are rendered ineffective. Instead, women with TNBC
receive a combination of chemotherapy, radiation, and surgery [11, 12]. Unfortunately,
chemotherapy has limited efficacy leading to residual disease following neoadjuvant therapy,
relapse, metastasis, and a sharp decline in survival in the first 3-5 years after treatment [13].
Therefore, there is a clear need to identify novel therapeutics for TNBC and HER2-positive
breast cancer.

Janus-activated kinase 2 (JAK2) is a non-receptor tyrosine kinase that is amplified and
hyperactive in triple-negative and HER2-positive breast cancers [14, 15]. JAK2 serves as a
signaling hub that integrates extracellular signals from interleukin receptors and oncogenic
receptor tyrosine kinases to signal transducer and activator of transcription 3 (STAT3), an
oncogenic transcription factor[16]. JAK2 phosphorylates STAT3 at Y705 permitting
subsequent p-STAT3 homodimerization through interaction of their phosphorylated Y705
site and SH2 domain to induce its nuclear translocation and transcriptional activity [17, 18].
Nuclear STAT3 binds to its target gene promoters and upregulates expression of genes

Oncogene. Author manuscript; available in PMC 2021 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doheny et al. Page 3

involved in G1 cell cycle progression, proliferation, oncogenesis, anti-apoptosis,
angiogenesis, and metastasis [19-23]. Additionally, we have reported the ability of STAT3 to
upregulate expression of COX-2, iNOS, TWIST, and STAT1 [21-23]. Consistent with
STAT3’s role in promoting several oncogenic phenotypes, dysregulation of the JAK2-STAT3
pathway is associated with poor clinical outcomes and is being investigated as a therapeutic
target [24, 25].

Smoothened (SMO) is an oncogenic 7-transmembrane receptor that activates the glioma-
associated oncogene homolog 1 (GLI1) oncogenic transcription factors. SMO activity is
constitutively repressed by the twelve-transmembrane receptor Patchedl and/or Patched?2
(PTCH1 or PTCHZ2), however, this suppression is abolished upon binding of a Hedgehog
family protein (Sonic, SHH; Indian, IHH; or Desert, DHH) to the PTCH receptors [26].
Once derepressed, SMO activates GLI transcription factors (GLI1, GLI2 and GLI3), which
in turn activates expression of downstream target genes [27-29]. The SMO-GLI1 signaling
axis plays an essential role in embryonic development, tissue regeneration, and stem cell
renewal and its dysregulation has been implicated in tumorigenesis and vascular
development [30, 31]. Our laboratory discovered an alternative splice variant of GLI1,
termed truncated GLI1 (tGLI1) that presents with an in-frame deletion of 41 amino acids
[32]. tGLI1 retains all known GLI1 functional domains, undergoes nuclear translocation,
responds to SHH, and activates GLI1-target genes and functions as a gain-of-function
transcription factor that promotes the aggressiveness of glioblastoma and breast cancer
through increased migration, invasion, angiogenesis, and expression of stemness genes[33—
38]. We have recently demonstrated that tGLI1 promotes breast cancer stem cells leading to
breast cancer metastasis [38]. SMO has emerged as an important therapeutic target for
several cancer types including breast cancer [39]. Two orally active SMO inhibitors,
vismodegib (Erivedge) and sonidegib (Odzomo), received FDA approval for advanced basal
cell carcinoma [40, 41]. Our laboratory previously reported that JAK2-STAT3 and SMO-
GLI1/tGLI1 pathways are concurrently activated in most TNBC and HER2-enriched tumors
[42], the two subtypes of breast cancer associated with most aggressive clinical behaviors.
Furthermore, we demonstrated the novel finding that GLI1 and tGLI1 physically and
functionally interact with STAT3 suggesting potential crosstalk to promote aggressiveness of
TNBC and HER2-enriched breast cancer [42].

In this study, we tested novel combinations of FDA-approved JAK2-STAT3 and SMO-GLI1/
tGLI1 pathway inhibitors for synergistic efficacy against triple-negative and HER2-positive
breast cancer with acquired trastuzumab resistance to provide translatable results for
developing novel therapies for these diseases. We observed that novel combinations
synergized to suppress both basal and mesenchymal subtypes of TNBC and the luminal B
(ER+/PR+/HER2+) BT474 cell line with acquired trastuzumab resistance. Several
combinations effectively reduced the CD44M39h/CD241°W MDA-231 cell population and the
ability of basal TNBC BT20 to form mammospheres, suggesting these compounds
suppressed the cancer stem cell population. Intracardiac and mammary fat pad xenograft
animal models demonstrated that the pacritinib-sonidegib combination reduced the
metastatic ability of circulating MDA-MB-231/MDA-231 and orthotopically growing
MDA-231 and trastuzumab-resistant BT474 cells, respectively, through suppression of
VEGF-A, mCD31, Ki-67, and p-STAT3. Collectively, our findings provide preclinical data

Oncogene. Author manuscript; available in PMC 2021 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doheny et al.

Page 4

supporting the novel combination of JAK2-STAT3 and SMO-GLI1/tGLI1 inhibitors for
treatment of TNBC and trastuzumab-resistant HER2-positive breast cancers.

MATERIALS AND METHODS

Cell lines and Reagents

Human breast cancer cell lines MCF10A, MDA-MB-468 (MDA-468), BT20, and MDA-
MB-231 (MDA-231) were purchased from ATCC (Manassas, VA, USA) and cultured as
instructed. Bone-metastatic MDA-MB-231BoM (231-BoM), and brain-metastatic MDA-
MB-231BrM (231-BrM) cell lines are from the Massagué laboratory and were cultured in
DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin [43,
44]. Trastuzumab-resistant BT474 (BT474-TtzmR) were a kind gift from Dr. Dihua Yu [45].
All cell lines have been authenticated using the standard method, and tested for
mycoplasma. If tested positive for mycoplasma contamination, cells were treated until free
of contamination before use. Pacritinib, ruxolitinib, sonidegib, and vismodegib were
obtained from AdooQ Bioscience (Irvine, CA, USA) and stock solutions were prepared
using dimethyl sulfoxide (DMSO) for administration in cell culture.

Viability assay

RESULTS

Viability was determined using the CellTiter-Blue® Cell Viability Assay (Promega)
according to the manufacturer’s instructions. See supplementary material for details.

JAK2 and SMO inhibitors synergize to suppress TNBC and HER2-positive, trastuzumab-
resistant breast cancers in vitro.

We previously demonstrated that the JAK2-STAT3 and SMO-GLI1/tGLI1 pathways are
concurrently activated in TNBC and HER2-enriched breast cancer [42]. Given this
observation, we reasoned that concurrent inhibition of these pathways may yield synergistic
tumor cell kill. The FDA-approved JAK2 inhibitors, ruxolitinib (Rux) and pacritinib (Pac),
and SMO inhibitors, vismodegib (Vis) and sonidegib (Son) were tested as single agents in
MCF10A (immortalized mammary epithelial cells), MDA-468 (TNBC, basal), BT20
(TNBC, basal), MDA-231 (TNBC, mesenchymal), brain-metastatic MDA-231 (231-BrM;
TNBC, mesenchymal), bone-metastatic MDA-231 (231-BoM; TNBC, mesenchymal),
BT474 (Luminal B, HER2-positive), and trastuzumab-resistant BT474 (BT474-TtzmR;
Luminal B, HER2-positive) cell lines to derive 1Cgq values (Fig. 1A). Cell lines were treated
with a 5-point logarithmic dose curve spanning 0.01 pM to 100 pM for 48 hours before
viability was measured using the CellTiter Blue assay. MCF10A cells had higher ICggs for
all four drugs except for BT474 cells treated with either JAK2 inhibitor and BT474-TtzmR
cells treated with Rux. Additionally, JAK?2 inhibitors tended to be more effective against
triple negative cell lines compared to the luminal B cell lines, with the exception of Pac
against the BT474-TtzmR cell line. We subsequently tested, for the first time, JAK2 and
SMO inhibitors in combination at various ratios and determined the combination index (CI)
using the Chou and Talalay method (CompuSyn)[46]. A combination index of less than one
indicates synergy whereas a combination index greater than one indicates antagonism
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between the inhibitors. The initial design of these experiments set the inhibitor dosage at the
ICsq for each cell line and we further modified the ratio of the inhibitors to identify inhibitor
ratios with efficacy. Multiple combinations yielded synergistic effects on all of the cell lines
tested (Fig. 1B). For example, synergistic cell kill was observed in 3 of the 4 combinations
tested in MDA-231 cells (Fig. 1C). Combinatorial treatment of ruxolitinib and either
vismodegib or sonidegib significantly reduced MDA-231 viability compared to single agent
treatments. MDA-231 viability was also significantly reduced when pacritinib and sonidegib
were used in combination. This data suggests, for the first time, that simultaneous inhibition
of the JAK2 and SMO pathways is more effective against TNBC and trastuzumab-resistant
HER2-positive breast cancer than targeting either pathway alone.

Simultaneous inhibition of JAK2-STAT3 and SMO signaling pathways suppresses the
cancer stem cell population.

STAT3 and GLI1/tGLI1 transcription factors promote renewal of cancer stem cells (CSCs), a
subset of tumor cells thought to be the root cause of tumorigenesis, progression, drug
resistance, and recurrence [37, 38, 47, 48]. Therefore, concurrent inhibition of the JAK2 and
SMO signaling pathways should impact the CSC subpopulation. To investigate the effect of
combinatorial JAK and SMO inhibitors, we performed flow cytometry to observe changes in
the CD44Nigh/CD24!°W MDA-231 cell population following treatment (Fig. 2A—E). In breast
cancer, patient-derived CD44M9"/CD24!oW cells were found to be more tumorigenic than
CD44high/cD24high cells following implantation into the mammary fat pads of NOD-SCID
mice[49]. The combinations of 1:5 pacritinib-sonidegib (Fig. 2B) and 10:1 ruxolitinib-
sonidegib (Fig. 2C) significantly reduced the CD44M9"/CD241oW cell population compared
to vehicle or any agent alone. Pacritinib-vismodegib combination treatment significantly
reduced the CD44N9"/CD24!oW cell population compared to the vehicle however, the
combination was not more effective than pacritinib alone (Fig. 2D). Finally, the combination
of 1:5 ruxolitinib-vismodegib had no effect on the CD44M3h/CD24!°W cell population despite
being synergistic in the viability assay (Fig. 2E). To further investigate dual inhibition of
JAK2-STAT3 and SMO signaling pathways on CSCs, we treated BT20 mammaospheres with
JAK2 and SMO inhibitors alone and in combination. Pacritinib-sonidegib combination
treatment significantly reduced the mammosphere-forming ability of BT20 cells compared
to the vehicle or either agent alone (Fig. 2F). Interestingly, ruxolitinib-sonidegib
combination treatment had no effect on mammosphere formation despite significantly
suppressing the CD44M9h/CD24!°W population (Fig. 2G). Pacritinib-vismodegib
combination treatment was only more effective than vismodegib alone, which as a single
agent, did not significantly suppress BT20 mammosphere formation compared to the vehicle
(Fig. 2H). Finally, ruxolitinib-vismodegib combination significantly reduced mammosphere
formation compared to vehicle or either agent alone (Fig. 21). The pacritinib-sonidegib
combination was selected for further study because these compounds had the lowest single
agent ICsgs in MDA-231 cells, suppressed the CD44M3/CD241oWw MDA-231 cell
population, and inhibited mammosphere formation of BT20 and MDA-468 cells
(Supplementary Fig. 1). Consistent with the BT20 mammosphere assay, formation of
BT474-TtzmR mammaospheres was significantly reduced with pacritinib-sonidegib
combination therapy (Fig. 2J). Despite previously reporting the functional interaction
between STAT3 and GLI1/tGLI1, the combination treatment did not reduce the STAT3-
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GLIL/tGLIL interaction as determined by immunoprecipitation western blot (Supplementary
Fig. 2). Together, these results indicated that simultaneous inhibition of JAK2-STAT3 and
SMO signaling pathways suppress CSCs.

Co-treatment with JAK2 and SMO inhibitors suppresses the orthotopic growth of TNBC
tumors in vivo.

To assess pacritinib-sonidegib synergism /n vivo, luciferase-expressing MDA-231 breast
cancer cells were implanted into the mammary fat pads (MFP) of female nude mice. Tumors
were allowed to reach about 100 mm3, and then randomized to receive vehicle, pacritinib
(7.5 mg/kg; ip), sonidegib (20 mg/kg; ip), or pacritinib-sondiegib combination. Mice were
then treated for 20 days (N=9-10 mice/group). Primary tumor size was determined by
caliper measurements and metastasis formation was monitored by bioluminescent imaging
(Fig. 3A). Tumor growth was significantly reduced with combination therapy compared to
vehicle whereas single agents did not significantly alter tumor growth (Figs. 3B-C). /n vivo
bioluminescent imaging revealed the formation of distant metastases, so organs of
inoculated mice were harvested to determine the effect of JAK2 and SMO inhibition on
distant metastasis. However, there was no discernable difference in the occurrence of distant
metastases across treatment groups (Fig. 3D-H). The single agent and combination
treatments were well tolerated because we observed no significant variations in body weight
compared to vehicle throughout the study (Fig. 31). Collectively, these findings suggest that
combined inhibition of JAK2 and SMO signaling pathways synergize to slow the growth of
TNBC tumors in vivo.

Combined treatment with JAK2 and SMO inhibitors reduces TNBC metastasis in vivo.

Since breast CSCs are considered the metastasis-initiating cells, we next investigated
whether our /n vitro findings that simultaneous inhibition of JAK2-STAT3 and SMO-GLI11/
tGLI1 signaling pathways inhibited the CSC subpopulation could be recapitulated /in vivo
[50]. We determined the efficacy of pacritinib-sonidegib combination treatment against
TNBC metastasis using an intracardiac mouse model which mimics several stages of
metastasis including evasion of anoikis, intravasation, and colonization to distant organs,
mainly to the brain and bone. Luciferase-expressing MDA-231 cells were injected into the
left ventricle of anesthetized athymic nude mice which were randomized into treatment
groups of vehicle, pacritinib (7.5 mg/kg; ip), sonidegib (20 mg/kg; ip), or pacritinib-
sonidegib combination treatment beginning 3 days post-inoculation (Fig. 4A). Mice treated
with the combination therapy presented with reduced overall tumor burden compared to the
vehicle treatment or either single agent alone (Fig. 4B). Additionally, the mice treated with
the combination therapy had a significantly better overall survival compared to single
treatment or vehicle groups (Fig. 4C). The single and combination treatments were well
tolerated because body weight showed no significant differences compared to vehicle
throughout the study (Fig. 4D). Representative ex vivo bioluminescent organ images
demonstrated that pacritinib-sonidegib combination treatment also effectively reduced the
frequency of detectable organ-specific metastases in inoculated mice (Fig. 4E-F).
Combination therapy drastically reduced the incidence of lung metastasis compared to the
vehicle and either single agent, from 67-78% to 13%, respectively (N=8-9 mice/group). The
incidence of liver and bone metastasis also decreased with combination therapy compared to
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the vehicle and pacritinib only groups while the incidence of these metastases in the group
treated with sonidegib alone was similar to the combination treatment. Conversely, the
frequency of brain metastases was relatively consistent across all treatment groups.
Quantification of ex vivo organ bioluminescence revealed the combination therapy
significantly reduced the size of lung (Fig. 4G) and liver (Fig. 4H) metastases while the size
of brain (Fig. 41) and bone (Fig. 4J) metastases were not affected by the combination
therapy. These findings demonstrated, for the first time, that simultaneous inhibition of
JAK2-STAT3 and SMO-GLI1/tGLI1 signaling reduces TNBC metastasis.

Co-treatment with JAK2 and SMO inhibitors suppresses the growth and lung metastasis of
HER2-positive trastuzumab-resistant breast cancer in vivo.

In vitro experiments testing novel combinations of JAK2 and SMO inhibitors revealed
synergistic cell kill in a HER2-positive breast cancer cell line with acquired trastuzumab
resistance (BT474-TtzmR). We observed synergism between ruxolitinib in combination with
either vismodegib or sonidegib, and between pacritinib and sonidegib in BT474-TtzmR cells
(Fig. 1B). Even though ruxolitinib synergized with both SMO inhibitors in this cell line,
pacritinib-sonidegib combination in this /n vivo model because the I1Csq of pacritinib was
substantially lower than ruxolitinib, 0.8 uM versus 57 UM, respectively, in the BT474-TtzmR
cell line (Fig. 1A). Therefore, to test our findings /7 vivo, luciferase-expressing BT474-
TtzmR breast cancer cells were implanted into MFP of nude mice. Tumors were allowed to
establish for 18 days after which the average tumor size was 90.2 + 14.9 mm3. Mice were
then randomized to receive vehicle, pacritinib (7.5 mg/kg; ip), sonidegib (20 mg/kg; ip), or
pacritinib-sondiegib combination and mice were then treated for 32 days (N=8-9 mice/
group). Primary tumor size was determined by caliper measurements and secondary
metastasis formation was monitored by bioluminescent imaging (Fig. 5A). Tumor growth
was significantly reduced with combination therapy compared to vehicle whereas single
agents did not significantly alter tumor growth (Figs. 5B—C). Tumors treated with
combination therapy tended to be smaller than those treated with either pacritinib or
sonidegib alone; however, these comparisons did not reach significance. /n vivo
bioluminescent imaging over the course of the study revealed the formation of distant
metastases, so the organs of inoculated mice were harvested to determine the effect of JAK2
and SMO inhibition on metastatic organotropism of trastuzumab-resistant BT474 breast
cancer cells. Lung metastases were not detected in mice treated with pacritinib-sonidegib
combination therapy while they were readily found in those treated with either inhibitor
alone (Fig. 5D-E). Additionally, combination therapy did not inhibit formation of either
bone or liver metastases when compared to the other treatment groups. Quantification of the
ex vivo organ bioluminescent signal revealed that the combination therapy significantly
reduced the size of lung metastases (Fig. 5F), but not bone (Fig. 5G) or liver metastases (Fig.
5H). The single and combination treatments were well tolerated by the mice in this study as
body weight showed no significant differences compared to vehicle throughout the study
(Fig. 51). Furthermore, neither single agent treatment nor the combination therapy caused a
significant increase in alanine transaminase (ALT) activity compared to the vehicle control
(Fig. 5J). Circulating ALT activity for all treatments groups was below the activity level
found in nude mice treated with sublethal doses of thioacetamide, a compound known to
induce hepatocellular injury[51]. Together, these results indicated that the novel combination
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of JAK2 and SMO inhibitors suppressed the growth and lung metastasis of HER2-positive
trastuzumab-resistant breast cancer /n vivo.

Combined treatment with JAK2 and SMO inhibitors synergize to reduce angiogenesis,
tumor cell proliferation, and tumoral STAT3 activation of TNBC in vivo.

To determine the mechanism by which the pacritinib-sonidegib combination therapy
inhibited the growth of MDA-231 and BT474-TtzmR MFP tumors, we examined target
genes that have been previously shown to be modulated by both JAK2-STAT3 and SMO-
GLILtGLIL signaling. Bcl-2 [52, 53], Nanog [38, 54, 55], and VEGF-A [56, 57] were
selected as potential biomarkers of pacritinib-sonidegib synergism. Gene expression analysis
of MDA-231 cells treated with pacritinib alone sonidegib alone, or the two in combination
revealed synergistic downregulation of Bcl-2. (Fig. 6A). We then sought to validate this
biomarker through immunohistochemistry (IHC) analysis of treated MFP tumors. In contrast
to the decrease in Bcl-2 gene expression with combination treatment, we observed a
significant increase in Bcl-2 protein expression with combination treatment compared to
vehicle and either single agent (Figs. 6B—C). In light of this conflicting evidence, we then
stained the tumors for VEGF-A expression and observed that the combination significantly
reduced VEGF-A expression compared to the untreated controls and both single agents
(Figs. 6B, D). Given the marked decrease in VEGF-A expression, an important mediator of
neovascularization, we further characterized the tumor vasculature by assessing mCD31
expression for endothelial cells. IHC analysis of tumor sections revealed a significant
decrease in microvessel density with the combination treatment (Figs. 6B, E). Further
characterization of the proliferative index (% Ki-67 positive cells) of the MFP tumors
showed that the number of actively proliferating cells was significantly reduced by the
combination treatment (Figs. 6B, F). Furthermore, the combination of pacritinib and
sonidegib synergized to significantly reduce the expression of activated STAT3 (p-STAT3
Y705) compared to the vehicle and both single agents (Figs. 6B, G). Interestingly, there was
no significant increase in apoptosis as determined by TUNEL assay (Fig. 6H). Collectively,
these data suggest the pacritinib-sonidegib combination treatment reduces MDA-231 tumor
growth primarily by reducing VEGF-A expression, angiogenesis, and tumor cell
proliferation.

JAK2 and SMO inhibitors synergize to reduce tumor cell proliferation and tumoral STAT3
activation, and induce apoptosis of HER2-positive trastuzumab-resistant breast cancer in

Vivo.

To determine the mechanism by which the pacritinib-sonidegib combination therapy
inhibited trastuzumab-resistant breast cancer /n vivo (Fig. 5), we characterized the treated
MFP tumors for target gene protein expression, proliferation, p-STAT3 expression, and
apoptosis. RT-gPCR analysis of BT474-TtzmR cells /n vitro identified Nanog and VEGF-A
as potential biomarkers (Fig. 7A). /n vivo, VEGF-A protein expression was significantly
decreased by the combination treatment compared to the untreated controls and both single
agent treatments (Fig. 7B-C). Further characterization of endothelial cells within the tumor
microenvironment by mCD31 IHC staining revealed that pacritinib and sonidegib
synergized to further decrease the microvessel density of treated tumors (Figs. 7B, D). All
three treatments significantly reduced the proliferative index compared to the control group
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(Figs. 7B, E). Furthermore, combination treatment significantly reduced the number of p-
STAT3 (Y705)-positive cells compared to the vehicle treatment while single agent
treatments did not significantly reduce the p-STAT3 status (Figs. 7B, F). There was no
significant increase in apoptosis as determined by TUNEL assay (Figs. 7G-H). These
results, together, indicate that the combination treatment inhibited BT474-TtzmR tumor
growth primarily through reducing VEGF-A expression, tumor angiogenesis, and cell
proliferation.

DISCUSSION

In this study, we report for the first time that novel combinations of JAK2 and SMO
inhibitors synergize to suppress the growth and metastasis of TNBC and HER2-positive
trastuzumab-resistant breast cancer cell lines. Several of these combinations suppressed the
CD44high/cD24!ow cell population and inhibited mammosphere formation of TNBC cells.
Using a TNBC mouse model of experimental metastasis, we demonstrated that pacritinib-
sonidegib combination therapy slowed MDA-231 xenograft growth, and increased overall
survival and inhibited lung and liver metastasis of MDA-231 cells. Furthermore, the
pacritinib-sondiegib combination therapy significantly reduced the orthotopic growth of
trastuzumab-resistant HER2-positive BT474-TtzmR xenografts. Xenograft characterization
further revealed a decrease in angiogenesis, Ki-67 positivity, and p-STAT3 expression
following pacritinib-sondiegib combination treatment.

Both JAK2 and SMO have emerged as important therapeutic targets for several cancers
including breast cancer; however, these agents have been employed primarily as either single
agents or in combination with chemotherapeutics [14, 15, 39]. Ruxolitinib is approved by
the FDA for treatment of myelofibrosis and polycythemia vera. Ruxolitinib is being
investigated for use in TNBC as a single agent and in combination with capecitabine;
however, neither therapeutic strategy resulted in significant patient benefit in phase Il trials
(NCT01562873, NCT02120417). Additional trials are investigating the use of ruxolitinib in
combination with pembrolizumab in stage IV TNBC (NCT03012230). For metastatic
HER2-positive breast cancer, ruxolitinib in combination with herceptin is in a phase /Il
clinical trial (NCT02066532). The dose-limiting myelosuppression that frequently
accompanies ruxolitinib treatment inspired the search for JAK inhibitors with a reduced risk
of adverse events. Pacritinib, another JAK2 inhibitor with similar potency against JAK2 and
FLT3 which lacks myelosuppressive activity, is currently undergoing trials for leukemias,
myelofibrosis, and graft versus host disease. Previous trials investigating pacritinib in colon
and lung cancers were terminated due to a clinical hold placed on pacritinib by the FDA as a
result of increased side effects and drug shortages, respectively (NCT02277093,
NCT02342353). Pacritinib is now being investigated in a phase Il clinical trial in patients
with myelofibrosis who were previously treated with ruxolitinib (NCT03165734). Despite
preclinical evidence that JAK inhibition disrupts progression of breast cancer in xenograft
models, there are currently no clinical trials for pacritinib in breast cancer patients[58]. In
light of continued observation of serious adverse events in patients treated with JAK
inhibitors, the clinical success of these compounds in treating solid tumors may rely on their
synergism with orthogonal therapeutics to reduce the patient’s total drug exposure.
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Two orally active SMO inhibitors, sonidegib and vismodegib, received FDA approval for
advanced basal cell carcinoma. In these patients, cell autonomous activation of the
Hedgehog pathway arises from loss-of-function of PTCHZ (90%) or gain-of-function of
SMO (10%) resulting in SMO hyperactivity [59]. Despite this actionable SMO
dysregulation, these tumors frequently develop resistance to SMO inhibitors via novel SMO
mutations or by upregulating additional pathways that activate GL11 downstream of SMO
including PI3K/AKT, RAS/RAF/MEK/ERK, and TGF-B [60, 61]. PTCHI mutations are
rare in breast cancer arguing against mutational activation of the Hedgehog pathway and
precluding the efficacy of SMO antagonists when employed as single agents [62, 63].
Sonidegib in combination with docetaxel was tested in a phase | clinical trial for advanced
breast cancer in which patients receiving up to 800 mg daily experienced no dose limiting
toxicities [64]. Unfortunately, a trial investigating sonidegib in TNBC was withdrawn due to
poor accrual (NCT01757327). On the other hand, vismodegib is being evaluated with the
chemotherapeutic agents paclitaxel, epirubicin, and cyclophosphamide, in a phase Il trial
(NCT02694224).

Our previous findings demonstrating the novel physical and functional interactions of
STAT3 and GLI1/tGLI1 provided the rationale for simultaneous inhibition of the JAK2-
STAT3 and SMO-GLI1/tGLI1 signaling axes to achieve optimal clinical efficacy for triple-
negative and trastuzumab-refractory HER2-positive breast cancers. Despite both JAK2 and
SMO inhibitors being known to induce apoptosis, we did not detect a significant increase in
apoptosis following co-treatment with sonidegib and pacritinib in our orthotopic xenograft
mouse model utilizing the trastuzumab-resistant HER2-positive breast cancer cell line
BT474-TtzmR [47, 65, 66]. We speculate this may be due to the involvement of HER2
signaling which has been shown to inhibit apoptosis in breast cancer [67, 68].

Given that both pathways are known to promote CSCs, the reduction in tumor growth
observed in our mouse model may be attributed to inhibition of the CSC population. STAT3
has been shown to be dysregulated in CSCs and directly upregulate several transcription
factors intimately involved in maintaining cell pluripotency including c-Myc, SOX2, and
Nanog [69-72]. Marotta et al. demonstrated the IL-6/JAK2/STAT3 signaling axis was
preferentially active in CD44N9h/CD24!9W preast cancer cells with subsequent JAK2
inhibition reducing the CD44M3h/CD24!°W population and xenograft tumor growth [73]. In
our hands, inhibition of IL-6/JAK2/STAT3 signaling also reduced the CD44Mgh/CD24low
breast cancer cell population (Fig. 2). Our laboratory has previously demonstrated the SMO-
GLI1/tGLI1 signaling axis to mediate the CSC population of both glioblastoma and breast
cancer [37, 38]. Overexpression of tGLI1 significantly increased the CD44Mgh/CD24low
breast cancer cell population, mammaosphere formation, and expression of the stemness
genes Nanog, SOX2, and OCT4 in both HER2-enriched and TNBC cell lines[38]. It remains
plausible that CSCs may overcome inhibition of either JAK2-STAT3 or SMO-GLI1/tGLI1
signaling through upregulation of the other to maintain their stem-like phenotype and self-
renewal capabilities. Therefore, as demonstrated above, simultaneous inhibition of both
signaling pathways yields synergistic inhibition of CSCs, tumor growth, and metastasis.

Both the JAK2-STAT3 and SMO-GLI1/tGLI1 signaling axes are known to crosstalk with the
Hippo pathway [74-76]. The Hippo signaling pathway is routinely described as a tumor
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suppressor pathway due to its control over cellular proliferation, survival, and differentiation
[77, 78]. Inactivation of the Hippo pathway permits the nuclear translocation of TAZ/YAP
allowing these kinases to function as transcriptional co-activators through association with
DNA-binding proteins to drive gene transcription. In pancreatic cancer, Gruber et al. showed
the KRasC12P mutation activated YAP1 and TAZ signaling which increased transcription of
STAT3 [79]. Previous studies have shown that YAP1 overexpression leads to malignant
transformation of human mammary epithelial cells [80]. Sonic hedgehog-driven
medulloblastomas in both humans and mice present with high expression of YAP1 and its
transcriptional partner TEAD [76]. Furthermore, sonic hedgehog signaling regulates YAP1
nuclear localization by promoting its interaction with IRS1 [76]. Given this crosstalk, future
studies elucidating the efficacy of Hippo pathway inhibitors in combination with JAK2-
STAT3 and/or SMO-GLI1/tGLI1 inhibitors are needed.

In conclusion, we provide novel evidence that simultaneous inhibition of the JAK2-STAT3
and SMO-GLI1/GLI1 signaling axes synergize to suppress TNBC and trastuzumab-
refractory HER2-positive breast cancers. Combination treatment of the JAK2 inhibitor
pacritinib and the SMO inhibitor sonidegib significantly reduced the metastatic potential of
triple-negative breast cancer /n vivo. This combination also significantly reduced
trastuzumab-resistant HER2-positive primary tumor growth and the formation of secondary
metastases with limited toxicity. This preclinical data provides the basis for future clinical
development of novel targeted combination therapies for TNBC and trastuzumab-resistant
HER2-positive breast cancers.
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Figure 1: JAK2 and SMO inhibitors synergize to suppress TNBC and HER2-positive/
trastuzumab-resistant breast cancer in vitro.

(A) ICsq values calculated from the results of the CellTiter Blue assay. Cell lines were

seeded in 96-well plates and treated with test compound for 48 hours. (B) Combination
Index (CI) values calculated for various drug combinations and ratios using CompuSyn.
Breast cancer cells were seeded in 96-well plates and treated with drug combinations for 48
hours. Only a selection of tested drug ratios is shown. Cl<1 indicates synergy, Cl=1
indicates addition, and CI>1 indicates antagonism. Synergistic combinations are highlighted
in red. (C) Normalized MDA-231 cell viability following combination treatments.
Experiments were repeated at least three times to derive averages. Data are presented as
mean + SEM. One-way ANOVA with Tukey’s multiple comparison post hoc test was used
to compute p values. TN, triple-negative. CL, claudin-low. LumB, Luminal B. Rux,
ruxolitinib. Pac, pacritinib. Vis, vismodegib. Son, sonigedib. TtzmR, trastuzumab-resistant.

*** p <0.001.
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Figure 2: Simultaneous inhibition of JAK2-STAT3 and SMO signaling pathways suppress the
cancer stem cell population.
(A) Representative flow cytometry scatter plots of CD44*/CD24~ MDA-231 cells. (B-E)

Combination JAK2 inhibitor (JAK2i) and SMO inhibitor (SMOi) treatments more
effectively suppressed the CD44M3h/CD24!°W MDA-231 population compared to single
agent treatments alone as determined by FACS. The combinations of Pacritinib-Sonidegib
(B) and Ruxaolitinib-Soniedgib (C) were more effective than vehicle or either agent alone
while the Pacritinib-Vismodegib (D) combination was not more effective than Pacritinib
alone. The combination of Ruxolitinib-Vismodegib (E) did not suppress the CD44highy
CD24'oW MDA-231 population. (F-1) Certain JAK2i-SMOi combination treatments
synergized to more effectively inhibit BT20 mammosphere formation compared to single
agent treatments alone. The combinations of Pacritinib-Sonidegib (F) and Ruxolitinib-
Vismodegib (1) were more effective than vehicle or either agent alone while the Pacritinib-
Vismodegib (H) combination was not more effective than Pacritinib alone. The combination
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of Ruxolitinib-Sonidegib (G) did not inhibit mammosphere formation. (J) Pacritinib-
Sonidegib combination treatment suppressed formation of BT474-TtzmR mammaospheres.
Representative BT20 or BT474-TtzmR mammosphere images are shown below the
quantified data in each panel. Scale bars represent 200 um. Data of three or four
experimental repeats are presented as mean + SEM. One-way ANOVA with Tukey’s
multiple comparison post hoc test was used to compute p values. *, p < 0.05; **, p < 0.01;
*** p < 0.001.
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Figure 3: Co-treatment with JAK2 and SMO inhibitors suppresses the growth of TNBC tumors
In vivo.

(A) Schema for MFP mouse model. Luciferase-expressing MDA-231 breast cancer cells
were implanted into the left inguinal MFP. Tumor growth was assessed via caliper
measurements and bioluminescent imaging. Once tumors reached an average of 90 mm3,
mice were randomized into vehicle, 7.5 mg/kg pacritinib, 20 mg/kg sonidegib, or
combination treatment groups (N=9-10) and received three intraperitoneal treatments per
week. (B) Growth curve for MFP tumors. (C) Representative bioluminescent images of
xenograft-bearing female nude mice 30 days post-inoculation. (D) Quantification of organ-
specific metastasis incidence. E) Representative bioluminescent ex vivo organ images are
shown. (F-H) Ex vivolung (F), bone (G), and liver (H) bioluminescence was quantified. (1)
Average mouse weights over the course of the study. One-way ANOVA with Tukey’s
multiple comparison post hoc test was used to compute p values.
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Figure 4: Combined treatment with JAK2 and SMO inhibitors synergistically reduced TNBC
metastasis in vivo.

(A) Schema for intracardiac mouse model. Luciferase-expressing MDA-231 breast cancer
cells were implanted intracardially via the left ventricle of female nude mice and tumor
growth was assessed biweekly via bioluminescent imaging. Mice that underwent successful
inoculations were randomized into vehicle, 7.5 mg/kg pacritinib, 20 mg/kg sonidegeib, or
combination treatment groups (N=8-9) and received three intraperitoneal treatments per
week. (B) Representative bioluminescent images of female nude mice 28 days post-
inoculation. (C) Pacritinib-sondiegib combination treatment prolonged overall survival of
mice bearing MDA-231 xenografts compared to vehicle or either agent alone. Mantel-Cox
log-rank test was used to determine p values. (D) Average mouse weights over the course of
the study. (E) Representative bioluminescent ex vivo organ images are shown. (F)
Quantification of organ-specific metastasis incidence. (G-J) Ex vivo lung (G), liver (H),
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brain (1), and (J) bone bioluminescence was quantified. One-way ANOVA with Tukey’s
multiple comparison post hoc test was used to compute p values. *, p < 0.05.
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Figure 5: Co-treatment with JAK2 and SMO inhibitors suppresses the orthotopic growth and

lung metastasis of HER2-positive/trastuzumab-resistant breast cancer in vivo.
(A) Schema for MFP mouse model. Luciferase-expressing BT474-TtzmR breast cancer cells

were implanted into the right inguinal MFP. Tumor growth was assessed via caliper
measurements and bioluminescent imaging. Once tumors reached an average of 90 mm3,
mice were randomized into vehicle, 7.5 mg/kg pacritinib, 20 mg/kg sonidegib, or
combination treatment groups (N=8-9) and received three intraperitoneal treatments per
week. (B) Growth curve for MFP tumors. (C) Representative bioluminescent images of
xenograft-bearing female nude mice 50 days post-inoculation. (D) Quantification of organ-
specific metastasis incidence. (E) Representative bioluminescent ex vivo organ images are
shown. (F-H) Ex vivo lung (F), bone (G), and liver (H) bioluminescence was quantified. (I)
Average mouse weights over the course of the study. (J) Circulating alanine transaminase
(ALT) levels were not significantly increased in any treatment group. Data presented as
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mean + SEM. One-way ANVOA with Tukey’s multiple comparison post hoc test was used
to compute p values. *, p < 0.05
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Figure 6: Combined treatment with JAK2 and SMO inhibitors synergize to reduce angiogenesis,
tumor cell proliferation, and tumoral STAT3 activation of TNBC in vivo.

(A) RT-gPCR analysis of JAK2-STAT3 and SMO-GLI1/tGLI1 target genes following
treatment of MDA-231 cells /n vitro. (B) Representative IHC images of Bcl-2, VEGF-A,
mCD31, Ki-67, and p-STAT3 (Y705) of treated MDA-231 MFP xenografts. Images were
taken under 20X magnification. Arrows point to examples of positive staining. (C-G)
Quantification histologic staining of Bcl-2 (C), VEGF-A (D), mCD31 (microvessel density;
(E), % Ki-67 positivity (F), and % p-STAT3 (Y705) positivity (G) of MDA-231 mammary
fat pad xenografts. (H) Quantification of the number of TUNEL positive cells of mammary
fat pad xenografts from each treatment group. (1) Representative images of TUNEL-positive
staining of mammary fat pad xenografts from each treatment group. TUNEL, DAPI, and
TUNEL-DAPI merged. Images were taken under 10X magnification. For all analyses, at
least 5 fields were quantified per tumor section (N=3-4 tumors/group). All scale bars
represent 100 pm. Data presented as mean + SEM. One-way ANOVA with Tukey’s multiple
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comparison post hoc test was used to compute p values. *, p < 0.05; **, p < 0.01; ***, p <
0.001; **** p < 0.0001.
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Figure 7: JAK2 and SMO inhibitors synergize to reduce angiogenesis, tumor cell proliferation,
and STAT3 activation of HER2-positive, trastuzumab-resistant breast cancer in vivo.

(A) RT-gPCR analysis of JAK2-STAT3 and SMO-GLIL1/tGLI1 target genes following
treatment of BT474-TtzmR cells /n vitro. (B) Representative IHC images of VEGF-A,
mCD31, Ki-67, and p-STAT3 (Y705) of treated BT474-TtzmR mammary fat pad xenografts.
Images were taken under 20X magnification. Arrows point to examples of positive staining.
(C-E) Quantification of histologic staining of VEGF-A (C), mCD31 (microvessel density;
(D), % Ki-67 positivity (E), and % p-STAT3 (Y705) positivity (F) of treated BT474-TtzmR
MFP xenografts. (G) Quantification of the number of TUNEL positive cells of mammary fat
pad xenografts from each treatment group. (H) Representative images of TUNEL-positive
staining of mammary fat pad xenografts from each treatment group. TUNEL, DAPI, and
TUNEL-DAPI merged. Images were taken under 10X magnification. For all analyses, at
least 5 fields were quantified per tumor section (N=4-5 tumors/group). All scale bars
represent 100 um. Pac, pacritinib. Son, sonidegib. Data presented as mean + SEM. One-way
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ANOVA with Tukey’s multiple comparison post hioc test was used to compute p values. *, p
<0.05; **, p < 0.01; ***, p < 0.001.
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