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Abstract

Purpose: Triple-negative breast cancer (TNBC) is the most challenging and aggressive subtype
of breast cancer with limited treatment options because of tumor heterogeneity, lack of druggable
targets and therapy resistance. TNBCs are characterized by overexpression of growth factor
receptors such as epidermal growth factor receptor (EGFR), vascular endothelial growth factor
receptor (VEGFR), and platelet derived growth factor receptor (PDGFR) making them promising
therapeutic targets. Regorafenib is an FDA approved oral multi-kinase inhibitor that blocks the
activity of multiple protein kinases including those involved in the regulation of tumor
angiogenesis [VEGFR1-3, TIE2], tumor microenvironment [PDGFR-g, FGFR] and oncogenesis
(KIT, RET, RAF-1, BRAF). In the current study, we examined the radiosensitizing effects of
Regorafenib on TNBC cell lines and explored the mechanism by which Regorafenib enhances
radiosensitivity.

Methods: MDA-MB-231 and SUM159PT (human TNBC cell lines) and MCF 10a (human
mammary epithelial cell line) were treated with Regorafenib, ionizing radiation or a combination
of both. Following treatment with Regorafenib and radiation we conducted clonogenic assay to
determine radiosensitivity, immunoblot analysis to assess the effect on key signaling targets, tube
formation to evaluate effect on angiogenesis and comet assay as well as western blot for yH2AX
to assess DNA damage response (DDR).

Results: Regorafenib reduced cell proliferation and enhanced radiosensitivity of MDA-MB-231
and SUM159PT cell lines but had no effect on the MCF 10a cells. Clonogenic survival assays
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showed that the surviving fraction at 2 Gy for both MDA-MB-231 and SUM159PT was reduced
from 66.4 £ 8.9 and 88.2 £ 1.7 in controls to 38.1 + 4.9 and 75.1 + 1.1 following a 24 hr
pretreatment with 10.M and 5 ¢/M Regorafenib, respectively. A marked reduction in the
expression of VEGFR, PDGFR, EGFR and the downstream target, ERK, was observed with
Regorafenib treatment alone or in combination with radiation. We also observed a significant
inhibition of VEGF-A production in the TNBC cell lines following treatment with Regorafenib.
Further, the addition of conditioned medium from Regorafenib-treated tumor cells onto human
umbilical vein endothelial cells (HUVEC) suppressed tube formation, indicating an inhibition of
tumor angiogenesis. Regorafenib also decreased migration of TNBC cells and suppressed
radiation-induced DNA damage repair in a time-dependent manner.

Conclusions: Our findings demonstrate that Regorafenib enhanced radiosensitivity of breast
cancer cells by inhibiting the expression of multiple receptor tyrosine kinases, VEGF-mediated
angiogenesis and DNA damage response in TNBC. Therefore, combining Regorafenib with
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radiation and antiangiogenic agents will be beneficial and effective in controlling TNBC.
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1. Introduction

Triple-negative breast cancer (TNBC) is a breast cancer subtype characterized by the
absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (Her2/Neu) and associated with aggressive disease and poor overall
prognosis (Bianchini et al. 2016). TNBC treatment poses clinical challenges due to
significant heterogeneity within the subtypes and unique molecular features leading to
aggressive behavior and distinct metastatic patterns (Bianchini et al. 2016; Collignon et al.
2016). The success rate of conventional therapy regimens, including radiation therapy, is
limited in TNBC patients because of the development of resistance to therapy and high risk
of relapse and recurrence (Collignon et al. 2016). Treatment of TNBC is also stymied by the
lack of effective targeted therapy. Therefore, new therapeutic strategies are urgently needed
for TNBC treatment.

Several receptor tyrosine kinases (RTKSs) such as vascular endothelial growth factor receptor
(VEGFR), platelet-derived growth factor receptor (PDGFR), and colony-stimulating factor-1
receptor (CSF1-R) are highly activated and overexpressed in the TNBC subtype.
Overexpression of these RTKSs and their associated signaling pathways results in aggressive
breast cancer growth, metastasis, initiation of tumor neoangiogenesis, resistance to therapy
and poor prognosis rendering them as promising candidates (Butti et al. 2018). Recent
reports have shown that targeting RTKSs is beneficial in reverting resistance induced by
conventional therapies and in improving the disease-free survival in metastatic breast cancer
patients (Perez et al. 2011; Li et al. 2013; Kwon et al. 2015). Regorafenib (STIVARGA®), is
an FDA approved oral multi-targeted tyrosine kinase inhibitor that targets the activity of
several kinases involved in the regulation of tumor angiogenesis [VEGFR and Tie-2], tumor
microenvironment [PDGFR-g and FGFR], and oncogenesis [c-KIT, RET, RAF-1, BRAF,
and BRAFY600E] (Strumberg and Schultheis 2012; Davis et al. 2013; Ettrich and Seufferlein
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2014; Goel 2018). Regorafenib was approved for the treatment of patients with metastatic
colorectal cancer and advanced gastrointestinal stromal tumors by the FDA in 2012 (Crona
et al. 2013; Sirohi et al. 2014; de la Fouchardiére 2018). Phase-I11 studies showed moderate
improvement in overall survival in metastatic colorectal cancer patients treated with
Regorafenib (de la Fouchardiére 2018). While preclinical and clinical studies reported
Regorafenib to suppress tumor growth, metastasis and angiogenesis, there is paucity of data
on the effect of Regorafenib on TNBCs. A recent study demonstrated that Regorafenib
suppressed the metastatic potential of TNBC cells through a SHP-1/p-STAT3/VEGF-A
dependent mechanism (Su et al. 2016). Interestingly, Regorafenib combined with other
agents and modalities is suggested to achieve enhanced therapeutic outcome against certain
cancers (Daudigeos-Dubus et al. 2015; Belli et al. 2017; Lin et al. 2018). However, the
combinatorial therapeutic effect of Regorafenib and radiation against TNBC has not been
reported.

In this study, we investigated the therapeutic effect of Regorafenib alone and in combination
with ionizing radiation against human TNBC cell lines. We demonstrated that Regorafenib
inhibited not only constitutive expression but also radiation-induced activation of RTKs and
their associated cell signaling pathways and significantly inhibited the colony formation
ability of TNBCs when used in combination with ionizing radiation. Additionally,
significant inhibition of migration and invasion, reduced vascular endothelial growth factor-
A (VEGF-A) secretion and inhibition of angiogenesis, as measured by disruption of
endothelial tube formation, was observed following treatment with Regorafenib alone or in
combination with radiation. Regorafenib treatment also induced persistent DNA damage and
inhibited DNA double strand break (DSB) repair pathway which correlated with enhanced
radiosensitivity. Taken together, our findings suggest that Regorafenib radiosensitizes TNBC
cells by inhibiting RTKSs, suppressing cell migration and angiogenesis, and inducing DNA
damage.

2. Materials and methods

2.1

2.2.

2.3.

Cell culture

Cell culture conditions of the human TNBC cell lines - MDA-MB-231 and SUM159PT as
well as the normal mammary epithelial cell line, MCF 10a, were as previously described
(Mehta et al. 2016). Human umbilical vein endothelial cells (HUVECSs) were obtained from
Clonetics (San Diego, CA, USA) and maintained in complete EGM-2 medium (Clonetics,
San Diego, CA, USA) as per manufacturer’s instructions. All cultures were maintained at 37
°C in an atmosphere of 5% CO».

Chemicals

Regorafenib was obtained from Selleck Chemicals (Houston, TX, USA) as a 10 mM stock
solution in DMSO, aliquoted and stored at —80 °C till further use.

Clonogenic survival

Clonogenic cell survival assay was performed on human TNBC cell lines (MDA-MB-231
and SUM159PT) and normal mammary epithelial cell line (MCF 10a) as previously
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described (Munshi et al. 2006). Vehicle-treated control cells or cells pretreated with
Regorafenib (5 £M or 10 4M) for 24 h were irradiated with a high dose rate 137Cs unit at
room temperature, trypsinized, counted and reseeded in known numbers onto 60-mm dishes
in triplicate. The cells were allowed to form colonies over a 12- to 14-day incubation period
and were then fixed and stained with 0.5% gentian violet solution in methanol. The number
of colonies with a cutoff of 50 viable cells per colony were counted and surviving fraction
was determined. Data presented here is the mean of at least three independent experiments,
each done in triplicate.

2.4. Cell cycle analysis

Alterations in cell cycle were determined by using flow cytometric analysis. MDA-MB-231,
SUM159PT and MCF 10a cell lines were seeded in 35 mm dishes at a density of 1 x 105
and incubated with Regorafenib for 2h and then irradiated at 6 Gy. The cells were harvested
24 h later, fixed in ice cold 70% ethanol at 4 °C overnight and treated with PI/RNAse
staining buffer at room temperature in the dark for 30 min. Finally, samples were analyzed
on a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA) to detect cell cycle
distribution (Muralidharan et al. 2017).

2.5. Western blot analysis

Total cell lysates were used to assess protein expression levels and were prepared using
RIPA buffer (25 mM Tris HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS with Halt Protease Inhibitor Cocktail and Halt Phosphatase Inhibitor Cocktail
[Pierce, Thermo Scientific, IL]). Protein concentration was measured using the BCA protein
assay kit (Pierce, Thermo Scientific, IL). SDS-PAGE and immunoblotting was performed
using standard protocol as described previously (Mehta et al. 2016). Antibodies for p-ERK,
ERK, PDGFR-g, p-PDGFR-g, VEGFR2, p-VEGFR2, EGFR, p-EGFR, Actin and y-H2AX
were obtained from Cell Signaling (Boston, MA).

2.6. Transwell migration assay

Transwell chambers containing polycarbonate filters with a pore size of 8 um (BD
Biosciences, Bedford, MA, USA) were used to perform the cell migration assay as
previously described (Panneerselvam et al. 2015). Briefly, cells in 2% FBS containing
medium were loaded into the upper chamber of the insert and placed in a six-well plate
containing serum-free medium in the lower chamber. After placing at 37 °C for 24 h, the
culture medium in the six-well plate was replaced with fresh medium containing 20% FBS
and the upper chamber was filled with 2% FBS containing medium with or without
Regorafenib. At 24 and 48 h following incubation the inserts were removed and the non-
migrated cells on the top surface of the membrane were wiped with a cotton swab and the
cells passing through the membrane and located on the bottom (invasive cells) were fixed
and stained with crystal violet solution in methanol. After rinsing with PBS, images were
taken using a Nikon fluorescence microscope and the number of cells migrated to the lower
part of the insert were counted using the NIS-Elements imaging software (Nikon
Instruments, NY). The result of each group was expressed as the average humber of
migrated cells per microscopic field.
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2.7. Wound-healing assay

Migration of the TNBC cells following treatment with Regorafenib was measured using the
wound healing assay. Briefly, MDA-MB-231 and SUM159PT cells were seeded uniformly
into 6-well dishes and grown to near 90% confluency in complete medium. Cells were
wounded by scratching with a 200 /4 pipette tip. After scratching, each well was washed
with PBS to remove suspended cells and debris. Cells in complete medium were then mock-
treated with DMSO or with the appropriate dose of Regorafenib for 24, 48 and 72 h.
Imaging of the wounded area was performed at the specific time at the same position.
Results are presented as the percentage of the total distance of the original wound enclosed
by cells.

2.8. Comet assay

Comet assay was used to determine DNA damage level of cells treated with Regorafenib in
the presence and absence of radiation using a Comet Assay kit (Trevigen) as previously
described (Mehta et al. 2016). Regorafenib-treated cells (5 or 10 1M for 24 h) were either
irradiated with 20 Gy or not, following which they were harvested and resuspended in ice-
cold PBS. A mixture of cells and low-melting-point agarose at a ratio of 1:10 (v/v) was
prepared and spread onto glass slides (Trevigen). The slides were then incubated in ice-cold
neutral lysis buffer (Trevigen) at 4 °C overnight. Subsequently, the slides were placed in an
electrophoresis chamber filled with 1X TBE buffer and electrophoresed at 1.0V/cm for 45
min. Slides were then fixed with 70% ethanol and nuclei stained with SYBR Green. Slides
were dried for 15-20 minutes at room temperature and stored overnight in a dessicator.
Comet images were captured with a Nikon microscope using the NIS-Elements imaging
software (Nikon Instruments, NY) and olive Tail Moment was analyzed using the Casplab
comet assay software for at least 50 comets in each sample.

2.9. VEGF ELISA assay

The levels of VEGF in the cell culture supernatants were detected using an ELISA kit (R&D
Systems, Minneapolis, MN) following the manufacturer’s instructions. SUM159PT and
MDA-MB-231 cells seeded in 10 cm dishes were treated 24 h later with 5 or 10 /M
Regorafenib respectively, in 2% serum containing media. Next day the cells were irradiated
at 5 Gy and the media was replaced with fresh 2% serum containing media without any
Regorafenib. Culture supernatants from these cells were collected at 2, 4 and 24 h post-
irradiation, spun at 1500 rpm to remove any debris and stored at —80 °C till ready to use.
The levels of VEGF in the supernatants were measured in accordance with the
manufacturer’s instructions. Each sample was analyzed in triplicate.

2.10. Endothelial tube formation assay

The capillary tube formation assay was used to assess the effect of Regorafenib on HUVEC
angiogenesis in vitro as previously described (Malinda et al. 1999). In brief, HUVECs were
seeded in Matrigel-coated 96-well plates at a density of 2 x 104 cells/100 d/well and
incubated for 1-2h at 37 °C to allow for capillary-like structure formation. HUVECs were
then treated with various concentrations of Regorafenib. After incubating for 18 h at 37 °C
the formation of tube-like structures was examined using an inverted Nikon microscope. The
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number of capillary tubules from five random microscopic fields were photographed and
counted. Mean and standard error of two experiments was calculated for each treatment

group.

In a separate experiment, HUVEC cells seeded on Matrigel-coated plates, were treated with
100 44 of the conditioned media collected at different time points from control and
Regorafenib-treated MDA-MB-231 and SUM159PT cells. Tube formation was assessed 18h
later and the number of the tubes quantified from five random fields as described above.

2.11. VEGF neutralizing antibody assay

To assess the contribution of secreted VEGF in angiogenesis, supernatant from Regorafenib
treated MDA-MB-231 cells was incubated with VEGF neutralizing antibody at a ratio of
1:1, 1:2 and 1:5 at 4 °C on a shaker for 2-3 h. HUVEC cells were seeded in Matrigel coated
(50 d/well) 96-well plates and then layered either with vehicle control or 100 /4 of the
supernatant-antibody mix. Tube formation was assessed 18 h later and the number of tubes
was counted and data plotted as described above.

2.12. Immunofluorescence

MDA-MB-231 cells were cultured on coverslips placed in 35-mm dishes and treated with
Regorafenib and/or radiation (2 Gy) as indicated. At specified times, medium was aspirated
and cells were fixed with 1% paraformaldehyde for 10 min at room temperature. Cells were
then permeabilized for 10 min with 70% ethanol at room temperature followed by treatment
with 0.1% NP40 in PBS for 20 minutes. Following PBS rinses, the cells were incubated in
blocking buffer (5% BSA in PBS) for 30 min at room temperature. The cells were then
incubated in primary antibody (-H2AX, Millipore) overnight at 4 °C with gentle shaking.
After washing with PBS, primary antibody was visualized with Alexa Fluor-488 conjugated
secondary antibody. Nuclei were counterstained with 4”,6-diamidino-2-phenylindole (DAPI)
in PBS, and the coverslips were mounted on slides using Prolong Antifade Reagent
(Molecular Probes). Images were then acquired using a Nikon Eclipse T/fluorescent
microscope (Nikon Instruments, NY) and imported into Image J (NIH) analysis software. To
quantify y-H2AX foci, minimum of 50 nuclei were evaluated.

2.13. Statistical analysis

Study results were analyzed using the t-test (Sigma Plot 5.02v, Richmond, CA). Data were
expressed as mean + standard error of the mean and p < .05 was considered to be statistically
significant.

3. Results

3.1. Regorafenib enhances radiosensitivity of human TNBC cells

The survival of MDA-MB-231 and SUM159PT cell lines treated with radiation alone or a
combination of radiation and Regorafenib was determined using clonogenic assays and
compared to that of normal human mammary epithelial cell line (MCF 10a) (Figure 1). Cells
pretreated with either, 5 ¢M or 10 1M Regorafenib for 24 h were irradiated and plated for
clonogenic cell survival. Regorafenib significantly (p < .05) suppressed the clonogenic
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survival in both the TNBC cell lines compared to the vehicle control (DMSQO), whereas no
effect on survival was observed in the MCF 10a cells. Surviving fraction at 2 Gy (SF2) was
reduced from 66.4%=8.9 in the control to 38.1% + 4.9 (p < .05) in Regorafenib-treated
MDA-MB-231 cells (Figure 1(A)). In the SUM159PT cells, the SF2 values were 88.2%z+1.7
in the control and 75.1%z=1.1 (p < .03) in Regorafenib treated group (Figure 1(B)). Dose
enhancement factor (DEF) at 10% (for MDA-MB-231) or 50% (for SUM159PT) cell
survival was 1.25 and 1.26, respectively (Figure 1(D)). MCF 10a cells were not
radiosensitized upon Regorafenib treatment (Figure 1(C)), indicating the selectivity of
Regorafenib for TNBC cells.

3.2. Regorafenib induces G1 phase arrest in TNBC cells

The effect of Regorafenib on cell cycle distribution was detected in the TNBC and normal
cell lines after 24 h of treatment. As revealed in Table 1, Regorafenib induced a G1 phase
arrest in both MDA-MB-231 and SUM159PT cell lines. Following a 24-h treatment
Regorafenib increased the G1 fraction by 12% in MDA-MB-231 and 10% in SUM159PT
cells compared to vehicle-treated control cells (Table 1). Only a 4% increase in G1 fraction
was noted in MCF 10a cells, which was not further enhanced upon combination with
radiation. Both the TNBC cell lines, MDA-MB-231 and SUM159PT, demonstrated a
decrease in the S phase in all three treatment groups (radiation alone, Regorafenib alone and
combination) when compared to the control. Regorafenib in combination with radiation led
to an increase in the G2 phase of the cell cycle in all three cell lines compared to
Regorafenib alone (Table 1).

3.3. Regorafenib blocks constitutive and radiation-induced activation of RTKs in human
TNBC cells

Constitutive and aberrant activation of RTKs is a common molecular event in a variety of
human malignancies including breast cancer and has been reported to be associated with
radioresistance. We examined the effect of Regorafenib on the RTKs -EGFR, VEGFR2, and
PDGFR-g, and the associated downstream signaling molecule, ERK, in the TNBC cell lines
under investigation. A significant inhibition of phosphorylation (p) of EGFR, VEGFRZ2, and
PDGFR-gin the TNBC cell lines was observed following Regorafenib treatment (Figure 2).
Radiation activated pEGFR in SUM159PT cells but not in MDA-MB-231 cells, and this
activation was suppressed by Regorafenib. No further decrease in the levels of pEGFR,
pVEGFR2 and pPDGFR-g was detected when Regorafenib was used in combination with
radiation. Consistent with a decrease in the levels of pEGFR, pVEGFR2, and pPDGFR-f, a
significant inhibition of the downstream signaling molecule pERK1/2 (Thr202/Tyr204), was
observed in both the cell lines (Figure 2). Radiation activated pERK1/2 in both the cell lines
and this activation was suppressed by Regorafenib. Total protein levels of EGFR, VEGFR2,
PDGFR-p, and ERK remained unchanged.

3.4. Regorafenib inhibits VEGF secretion and endothelial cell differentiation

To investigate whether Regorafenib exhibits anti-angiogenic activities, we evaluated its
effect on VEGF expression using ELISA. MDA-MB-231 and SUM159PT cells were
pretreated with Regorafenib for either 24 h or 48 h followed by exposure to radiation for 2 h
or 24 h respectively. As shown in Figure 3, Regorafenib treatment for 24 h, either as a single
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agent or in combination with radiation, significantly decreased VEGF secretion, compared
to the respective controls (Figure 3(A,B); p < .01). Radiation exposure for 2h caused no
significant reduction in VEGF secretion, though reduced VEGF secretion was seen upon
combined Regorafenib and radiation treatment. A sharp increase in VEGF was observed in
both the untreated control cell lines at 48 h. However, Regorafenib treatment, when
administered as a single agent or in combination with radiation (5 Gy/24 h; 48 h post-
Regorafenib treatment), led to a sharp decrease in VEGF secretion (pg/ml) in both the
TNBC cell lines. These results demonstrate that Regorafenib inhibits VEGF secretion in
both the TNBC cell lines and this suppression was further enhanced upon combination with
radiation.

Since endothelial cell proliferation and tube formation are critical steps in angiogenesis and
VEGF is an important growth factor for endothelial cell proliferation and survival, we
sought to determine whether Regorafenib-mediated VEGF inhibition abrogated HUVEC cell
proliferation and capillary tube formation. As shown in Figure 4(A), HUVECs became
elongated and formed capillary tube-like structures in the DMSQO treated MDA-MB-231
control cells. However, a 24 h treatment with Regorafenib (50 nM and 75 nM) significantly
inhibited tube formation by HUVECs in a dose-dependent manner compared to the control
(Figure 4(A)). Furthermore, we performed a cell viability assay to assess the effect of
Regorafenib on the proliferation of HUVECs. Consistent with the tube formation assay,
Regorafenib significantly decreased HUVEC proliferation at both 50 nM and 75 nM doses
compared to the DMSO control group (Figure 4(B)). These results further suggest that
Regorafenib inhibits angiogenesis in TNBC cells.

Next we determined whether Regorafenib mediated decrease in VEGF expression in tumor
cells affected endothelial tube formation. For this purpose, MDA-MB-231 and SUM159PT
cell lines were treated with Regorafenib for 24 h, conditioned media was collected and
utilized for tube formation assay. Incubation of HUVECs with conditioned media from the
DMSO control MDA-MB-231 and SUM159PT cells resulted in the formation of elongated
and tube-like structures, whereas conditioned media from Regorafenib-treated MDA-
MB-231 and SUM159PT cells, which is deprived of secreted VEGF, effectively and
significantly reduced the number of tubes formed (p < .001, Figure 5). Together, these
findings suggest that Regorafenib significantly suppressed VEGF-mediated angiogenesis.

As it has been shown that VEGF promotes endothelial tube formation, using a neutralizing
antibody against VEGF should decrease the length of the tubes. To confirm the above
results, we evaluated the capacity of a neutralizing antibody against VEGF to induce tube
formation in HUVECs. Conditioned media from MDA-MB-231 cells treated with
Regorafenib alone inhibited HUVEC tube formation by about 50% compared to vehicle
control (p < .001, Figure 6). However, treatment of HUVECs with a mixture of conditioned
media from MDA-MB-231 cells treated with Regorafenib and VEGF blocking antibody
significantly enhanced the inhibitory effects of Regorafenib on tube formation in a dose-
dependent manner (p < .001, Figure 6), indicating that the inhibition of tube formation is due
to inhibition of VEGF present in the conditioned media. Collectively, these findings validate
a clear role of Regorafenib in modulating tumor angiogenesis.
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3.5. Regorafenib impairs cancer cell migration

The effect of Regorafenib on tumor cell migration was assessed using the wound healing
and transwell migration assays. Treatment with Regorafenib dramatically slowed down the
closure of the wound scratched into the confluent monolayer of MDA-MB-231 and
SUM159PT cells as observed by the inability to fill the gap at 24, 48 and 72 h compared to
the DMSO control (Figure 7(A,B)). Transwell assay also showed a significant reduction (~
50%; p < .01) in the migration potential compared to the untreated control cells at 24 and 48
h, in the Regorafenib treated MDA-MB-231 and SUM159PT cells (Figure 7(C-F)).

3.6. Regulation of DNA repair by regorafenib may be responsible for mediating
radiosensitivity

Exposure of cells to ionizing radiation produces a variety of DNA lesions of which DNA
double-strand breaks (DSBs) are particularly toxic as they result in reduced integrity of the
genome (Santivasi and Xia 2014). Since phosphorylation of the core histone protein H2AX
is the earliest cellular response to DSBs we determined the effect of Regorafenib on DNA
damage signaling by evaluating yH2AX expression in MDA-MB-231 and SUM159PT cells
(Figure 8(A,B)). Regorafenib treatment alone induced phosphorylation of ¥H2AX in both
the cell lines. Exposure to a combination of Regorafenib and radiation further exacerbated
this effect (Figure 8(A,B)), indicating that Regorafenib in combination with radiation causes
sustained DNA damage response as indicated by activation of yH2AX in both the cell lines.
We further validated this observation in MDA-MB-231 cells by evaluating the kinetics of -
H2AX foci by immunofluorescent staining. Regorafenib treated cells were immunostained
and y-H2AX foci were assessed at 2h and 24 h after 2 Gy (Supplementary Figure 2). The
average number of »-H2AX foci/cell in cells receiving the combined Regorafenib and
radiation treatment was significantly greater than in the radiation only group at both 2 h and
24 h time points, p< 1.65E-06 and p< .01, respectively (Supplementary Figure 2).
Treatment with Regorafenib alone also produced a significant induction of »-H2AX foci (p
<.0003), indicating that inhibition of RTKSs and their downstream targets can induce DNA
damage.

To further substantiate whether combination of Regorafenib and radiation enhances DNA
damage, comet tail moments were measured at various time points after treatment with
radiation. Both, MDA-MB-231 (Figure 8(C,E)) and SUM159PT cells (Figure 8(D,F))
exhibited greater tail moment upon Regorafenib-treatment compared to the DMSO-treated
control cells not receiving radiation. However, combination of Regorafenib with radiation
(20 Gy) resulted in higher DNA damage, as evidenced by longer comet tails compared to the
radiation treatment alone at all three-time points tested (Figure 8(C,D); o< .005), suggesting
that Regorafenib treatment coupled with radiation inhibits DNA repair thereby resulting in
radiosensitization of tumor cells.

4. Discussion

Regorafenib is an FDA approved oral multiple kinase inhibitor for treating patients with
colorectal cancer, gastrointestinal stromal tumors and refractory hepatocellular carcinoma
(Strumberg and Schultheis 2012; Davis et al. 2013; Ettrich and Seufferlein 2014; Goel 2018;
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Crona et al. 2013; Sirohi et al. 2014; de la Fouchardiére 2018). Data exist demonstrating that
RTKSs play a key role in radiation resistance of tumors and that disruption of RTK signaling
enhances the damaging effects of ionizing radiation (Abdollahi et al. 2003; Williams et al.
2008; De Bacco et al. 2011; Guryanova and Bao 2011; Sano et al. 2011). The mechanism by
which RTKs contribute to radioresistance has been shown to occur by promoting DNA
repair and inhibition of apoptosis (Cosaceanu et al. 2007; Liccardi et al. 2011; Bai et al.
2012; Chou et al. 2014; Mahajan and Mahajan 2015). Since Regorafenib potently inhibits a
number of RTKs, combining it with anticancer agents, including radiation is likely to
enhance the therapeutic outcome. In this study we investigated the combinatorial effect of
Regorafenib and radiation treatment on radiosensitization of TNBC cells. In vitro
clonogenic assays revealed that TNBC cell lines, but not the normal mammary epithelial cell
line, were significantly sensitized to subsequent doses of radiation when pretreated with
Regorafenib (Figure 1). As has been previously reported in the literature Regorafenib
induces GO/G1 cell cycle arrest in multiple cancer types (Ribatti et al. 2016; Hu et al. 2018).
In accordance with these reports, the effects of Regorafenib on cell cycle in TNBC and
normal cells were evaluated. TNBC cells underwent a G1 phase arrest in response to
Regorafenib treatment, alone as well as in combination with radiation (Figure 2). A G1
phase arrest in response to DNA damage prevents the defective cells from entering into S
phase thereby providing time for the cells to repair the damage and proceed with the cell
cycle or enter into apoptosis (Norbury and Zhivotovsky 2004; Cann and Hicks 2007). A
significant decrease in S phase was also observed in TNBC cells following treatment with
Regorafenib alone and in combination with radiation, suggesting the occurrence of DNA
damage in the treated cells.

Since RTKs are expressed at high levels in TNBC they are promising drug targets. We
evaluated the effects of Regorafenib on the expression levels of the EGFR, PDGFR, VEGFR
as well as the downstream effector ERK. Potent inhibition of all three RTKs was observed
when Regorafenib was used as a single agent or in combination with radiation (Figure 2).
Furthermore, Regorafenib suppressed radiation-induced pERK in MDA-MB-231 and to
some extent in the SUM159PT cells. Since the ERK pathway, through its ability to up-
regulate the transcription of DNA repair genes, contributes to radiation resistance its
suppression is therefore expected to mediate radiosensitizing effects (Dent et al. 2003).
Thus, ERK inhibition by Regorafenib likely contributes to the radiosensitization observed.

Radiation therapy is a vital component of cancer treatment and studies have shown that its
efficacy can be enhanced in combination with anti-angiogenic agents (Wachsberger et al.
2003). As VEGF is a growth factor that plays a pivotal role in human tumorigenesis and
angiogenesis of cancer we investigated the impact of Regorafenib on tumor angiogenesis by
measuring VEGF secretion. We observed a significant decrease in VEGF production upon
Regorafenib treatment, suggesting an inhibitory role of Regorafenib on VEGF signaling.
The combination of Regorafenib with radiation did not produce a significant reduction in
VEGF secretion compared to Regorafenib alone but showed a significant decrease when
compared to radiation treatment alone, suggesting that Regorafenib inhibits VEGF
production even in the absence of radiation. Next, we investigated whether Regorafenib can
modulate the tumor microenvironment by inhibiting VEGF, a potential target for increasing
the tumor radiosensitivity (Karar and Maity 2009). For this purpose, we evaluated the impact
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of Regorafenib treatment on inhibition of neo-angiogenesis using HUVECSs as a model.
Regorafenib inhibited VEGF-stimulated tubular network formation by HUVEC which
showed a clear indication of inhibitory activity of Regorafenib on VEGF, its activity in
directly controlling the VEGF secretion, and its associated anti-angiogenic role in TNBC
cells. Apart from inhibition of VEGF secretion, suppression of NF-xB activation is also
implicated as an antiangiogenesis mechanism induced by Regorafenib (Liu et al. 2017).
However, the contribution of NF-xB modulation by Regorafenib in radiosensitivity of
TNBC was not investigated in the present study and warrants further investigation. Our data
suggests that Regorafenib in combination with radiation impacts VEGF production by
TNBC which in turn reduces the ability of TNBC to support neo-angiogenesis resulting in
an antiangiogenic effect.

A major mechanism that governs response to radiotherapy is enzyme-mediated repair of
DNA-DSBs. Accordingly, inhibition of DNA-DSB repair could be plausible strategy for
radio-potentiation. To confirm the inhibition of DSB repair, we carried out the neutral comet
assay which under neutral pH conditions detects DNA fragments that occur due to DSBs
(Olive et al. 1991). Consistently larger and longer tails were observed in Regorafenib treated
cells compared with control cells alone or in combination with radiation (Figure 8), thereby
providing strong evidence of a link between Regorafenib and the DNA damage response and
suggesting that Regorafenib sensitizes TNBCs to radiation by suppressing the ability of the
cells to repair radiation-induced DNA damage.

In summary, our data demonstrated that Regorafenib radiosensitizes TNBC by inhibiting
RTKSs, inducing DNA damage and suppressing angiogenesis, thereby implying that
Regorafenib could be a promising targeted therapeutic strategy for TNBC. Our findings
concur with published literature demonstrating that the signaling pathways downstream of
growth factor receptors intersect with, and regulate DSB repair mechanisms to modulate
cellular responses to ionizing radiation. The possible mechanisms by which receptor
signaling modulates DNA repair activity include direct physical interaction of receptor
molecules with repair proteins, regulation of repair protein activation and function through
specific phosphorylation events, and by governing the transcription of genes that encode
various repair proteins (Meyn et al. 2009). Examination of these interactions in greater detail
may divulge additional strategies to radiosensitize human tumor cells and help uncover
biomarkers to identify patients who may benefit from the combination of molecular
targeting agents and radiotherapy.
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Figurel.
Regorafenib radiosensitizes breast cancer cells but not normal cells as assessed by

clonogenic cell survival assay. Regorafenib treatment shows a significant reduction in the
surviving fraction compared with the DMSO controls in (A). MDA-MB-231 (B).
SUM159PT cells while having no effect on (C). MCF 10a normal cells. (D). Dose
enhancement factor (DEF) values calculated from the survival curves shown in panel A & B.
DEF was calculated by dividing the radiation dose that produced 10 or 50% cell survival in
control cells by that of the treated cells. Values shown are the means+SE of three
independent experiments. *p < .05.
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Effect of Regorafenib on receptor tyrosine kinases. MDA-MB-231 and SUM159PT cells
were treated with DMSO control or Regorafenib for 24 h (10 and 5 zM respectively)
followed by 5 Gy radiation. Two hours post radiation, cell lysates were evaluated by Western
blot using the respective antibodies. g-Actin was used as an internal loading control.
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Figure 3.
Regorafenib inhibits vascular endothelial growth factor (VEGF) secretion in TNBC cell

lines. (A). MDA-MB-231 and (B). SUM159PT cells were irradiated after 24-h pretreatment
with Regorafenib and VEGF (pg/ml) was measured in the culture media supernatant at 2-h
or 24-h postirradiation. *p < .01, **p < .001.
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Figure 4.
Regorafenib inhibits tube formation in Human Umbilical Vein Endothelial Cells (HUVECsS).

(A). Microscopic images of HUVECs showing the changes in tube formation when
incubated with or without Regorafenib (50 nM or 75 nM) for 24 h. Distinct disruption of
tube network can be seen from the images of HUVECs treated with Regorafenib. (B). Cell
viability of HUVECS at 24-h post-Regorafenib treatment (50 nM or 75 nM) compared to
DmSO control. *p< .05.
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Figureb.
Conditioned media from Regorafenib-treated TNBC cells inhibits tube formation of

HUVEC cells. Conditioned media collected from TNBC cells following treatment with
Regorafenib for 24 h (10 M in MDA-MB-231 and 5 ¢M in SUM159PT), radiation (5 Gy)
or combination was added on HUVECs and analyzed for tube formation. Microscopic
images and graphical representation of tube formation in HUVECs incubated in conditioned
media from (A). MDA-MB-231 (B). SUM159PT cells treated with Regorafenib, radiation (5
Gy) or a combination of both. *p < .001.
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Figure®6.
Blocking of secreted VEGF leads to disruption of tube formation. Conditioned media from

Regorafenib treated cells inhibited HUVEC tube formation. Exogenous addition of various
concentrations of VEGF neutralizing antibody produced greater inhibition of tube formation.
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Figure7.
Regorafenib inhibits TNBC cell migration and invasion. Wound healing assays of (A).

MDA-MB-231 and (B). SUM159PT cells at 0 h, 24 h, 48 h and 72 h treatment with
Regorafenib (10 M or 5 1M respectively) compared to control (DMSO alone) is shown.
Graphical representation shows the relative percentage of wound closure in TNBC cells.
Images show the transwell analysis of (C). MDA-MB-231 and (D). SUM159PT cells at 24
and 48 h treatment with Regorafenib or DMSO alone. (E, F). The number of migrated cells
per field is shown in the graphical representation of respective cell lines. *p < .01.
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Figure 8.
Regorafenib engages the DNA damage response in TNBC cells. (A). MDA-MB-231 and

(B). SUM159PT were treated with Regorafenib, irradiated, and lysates analyzed for »-
H2AX expression. DNA damage was also assessed by neutral comet assay (C). MDA-
MB-231 (D). SUM159PT. Fluorescent microscopy images were obtained at 2 h, 4 h and 24
h post irradiation (20 Gy). Graphical representation shows the Olive Tail Moments of control
versus treatment groups in (E). MDA-MB-231 (F). SUM159PT. *p < .01.

Int J Radiat Biol. Author manuscript; available in PMC 2022 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mehta et al.

Regorafenib treatment arrests cells in G1 phase of cell cycle.

Table 1.

MDA-MB-231 Control

Gl 51.32
G2 13.45
S 35.23
SUM159PT
Gl 31.11
G2 47.76
S 21.13
MCF 10a
G1 69.25
G2 6.9
S 23.85

5Gy
43.6
23.93
21.4

20.46
63.79
15.75

80.32
8.4
113

Regor afenib
63.73

8.55

27.72

41.02
44.01
14.97

73.84
5.38
20.77

Regor afenib + 5Gy
62.62

15.98

21.4

39.5
52.83
7.67

63.86
13.03
23.11
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