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ABSTRACT

Single-agent TAS102 (trifluridine/tipiracil) and regorafenib are FDA-approved
treatments for metastatic colorectal cancer (mMCRC). We previously reported that
regorafenib combined with a fluoropyrimidine can delay disease progression in
clinical case reports of multidrug-resistant mCRC patients. We hypothesized that the
combination of TAS102 and regorafenib may be active in CRC and other gastrointestinal
(GI) cancers and may in the future provide a treatment option for patients with
advanced GI cancer. We investigated the therapeutic effect of TAS102 in combination
with regorafenib in preclinical studies employing cell culture, colonosphere assays
that enrich for cancer stem cells, and in vivo. TAS102 in combination with regorafenib
has synergistic activity against multiple GI cancers in vitro including colorectal and
gastric cancer, but not liver cancer cells. TAS102 inhibits colonosphere formation and
this effect is potentiated by regorafenib. In vivo anti-tumor effects of TAS102 plus
regorafenib appear to be due to anti-proliferative effects, necrosis and angiogenesis
inhibition. Growth inhibition by TAS102 plus regorafenib occurs in xenografted tumors
regardless of p53, KRAS or BRAF mutations, although more potent tumor suppression
was observed with wild-type p53. Regorafenib significantly inhibits TAS102-induced
angiogenesis and microvessel density in xenografted tumors, as well inhibits TAS102-
induced ERK1/2 activation regardless of RAS or BRAF status in vivo. TAS102 plus
regorafenib is a synergistic drug combination in preclinical models of GI cancer, with
regorafenib suppressing TAS102-induced increase in microvessel density and p-ERK
as contributing mechanisms. The TAS102 plus regorafenib drug combination may be
further tested in gastric and other GI cancers.
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INTRODUCTION

TAS-102 is an oral formulation consisting of
trifluridine (FTD) and thymidine phosphorylase inhibitor
tipiracil hydrochloride (TPI) at a molar ratio of 2:1, and is
approved by the US FDA for the treatment of refractory
metastatic colorectal cancer (rmCRC) and metastatic
gastric cancer [1-4]. TAS102 monotherapy overcomes
metastatic colorectal and gastric cancer progression failure
with previous therapies [2, 4—6]. Recent studies assessed
the efficacy of TAS-102 with the novel therapies including
bevacizumab [7], panitumumab [8], nintedanib [9] and
anti-PD-1 [10]. These studies indicated that TAS-102 in
combination with diverse therapies can lead to survival
benefits and restrict tumor progression. Regorafenib, a
multi-target tyrosine kinase inhibitor, inhibits the activities
of VEGFR2 and 3, Ret, Kit, PDGFR and Raf kinases and
results in the inhibition of tumor angiogenesis and cell
proliferation. Regorafenib improves the overall survival
(OS) or progression free survival (PFS) in patients with
gastrointestinal (GI) cancers after failure of standard
treatments [2, 11-13]. Strategies combining regorafenib
with diverse chemotherapies or immunotherapies have
been observed to improve outcomes in multi-malignancies
[14—17]. We previously reported that regorafenib in
combination with fluoropyrimidine overcomes the
progression in the refractory mCRC patients after failure
of multiple 5-FU-containing combination therapies or
regorafenib monotherapy [18]. Thus, we hypothesized
that the novel strategy of TAS102 in combination with
regorafenib could be investigated as an alternative
regimen in the treatment of metastatic gastrointestinal
cancers.

Cancer stem cells (CSCs) are a potentially crucial
subpopulation of cancer cells that determine tumor
initiation, self-renewal and heterogeneity. As a result,
they contribute to tumor growth, recurrence, metastasis
and chemo- and radio-resistance [19]. Targeting CSCs
may provide a potentially curative approach to overcome
therapy-resistance and prevent tumor progression [20].
Polymorphism analysis of MATE1/OCT2 predicts
the efficacy and toxicity of TAS-102 in patients with
refractory metastatic colorectal cancer [21]. Regorafenib
suppresses acute myeloid leukemia (AML) engraftment in
vivo and sensitizes CD34+ AML cells in the peripheral
blood and spleen [22]. In addition, regorafenib disrupts
the tumor-promoting interaction between tumor cells
and mesenchymal stem cells and inhibits the growth and
metastasis of colon cancer [23]. Thus, we investigated
the combinatorial effect of TAS102 plus regorafenib
on cancer stem cells. The over-growth and abnormal
energetic metabolism usually lead to tumor necrosis,
which is closely associated with high clinical stages and
poor prognosis [24]. Moreover, necrosis modulates tumor
angiogenesis, proliferation and invasion and promotes
tumor progression and therapy-resistance [25, 26].

Regorafenib functions as a anti-angiogenesis receptor
tyrosine kinase inhibitor for cancer therapy. Thus, we
assessed the impact of regorafenib and TAS102 on tumor
necrosis and angiogenesis.

In this study, we investigated the therapeutic effects
and the underlying mechanisms of TAS-102 in combination
with regorafenib against gastrointestinal cancers. The
assessment of combination index showed that TAS102
synergizes with regorafenib in multiple GI cancers. TAS-
102 in combination with regorafenib inhibits the formation
of colonospheres, reduces the CD133+ subpopulation,
as well the expression of ALDHla. Experiments in
mouse models showed that either TAS102 or regorafenib
monotherapy can significantly ameliorate tumor burden
in vivo. Moreover, TAS102 synergy with regorafenib
alleviates tumor burden in a p53-dependent manner.
Regorafenib significantly attenuates the microvessel
formation in xenografted tumor tissues. Moreover,
regorafenib abrogates the angiogenic promotion of TAS102
in CRC cells and xenografted tumor tissues harboring with
BRAF V600E mutation. In addition, regorafenib modulates
STAT3 and thymidylate synthase (TS) signaling.

RESULTS

TAS102 synergizes with regorafenib in multiple
gastrointestinal cancer cell lines

A panel of seven human colorectal cancer cell lines
were treated with varying concentrations of TAS-102 for
48 h (Table 1A). The results show that CRC cells with
different driver gene subtypes are vulnerable to TAS-102
at a low dose (0.80 £ 0.57 uM of ICy, value), compared
with normal cell lines (167.7 + 28.4 uM of IC;, value)
(Table 1A). We previously reported that fluoropyrimidine
in combination with regorafenib may delay progression in
mCRC patients after failure of multiple 5-FU-containing
therapies and regorafenib monotherapy [18]. A recent
study indicates that patients who were treated with FTD
+ TPI before switching to regorafenib had high adherence
and persistence outcomes [27]. To investigate the
combining effect of TAS102 plus regorafenib, we assessed
the combination index of TAS102 with regorafenib in
vitro. The results show that TAS102 can synergize with
regorafenib in a variety of CRC cell lines with diverse
driver gene subtypes at the indicated doses (Figure 1 and
Table 1B). We further assessed the combination index of
TAS102 plus regorafenib in gastric, pancreatic and liver
cancer cells. The results show that TAS102 can synergize
or superimpose with regorafenib in pancreatic and gastric
cancer cells at the indicated doses (Table 1C). There was
no significant synergy of TAS102 with regorafenib in a
panel of 4 liver cancer cell lines in this study (Table 1C).
The combination indices of TAS102 plus regorafenib are
approximately 1 in liver cancer cells, which indicates an
effect in liver cancer cells (Table 1C).
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Table 1: Synergy assessment of TAS102 plus regorafenib in multiple gastrointestinal cancer cell lines

Table 1A: IC,, values of TAS102 in CRC cell lines with diverse gene subtypes

Cell lines p53 status KRAS status BRAF status I1C;, (1M) Mean + SD
HCT116 WT G13D WT 0.394
HCT116r3- - G13D WT 0.422
DLDI1 S241F G13D WT 0.813
LS513 WT G12D WT 1.012 0.80 +£0.57
SW480 R273H; P309S G12vV WT 0.999
RKO WT WT V600E 0.104
HT29 R273H WT V600E 1.83
MRC5 WT - - 147.6
) 167.7+28.4
Wi38 WT - - 187.8

Tables of half-maximal inhibitory concentration (ICs,) in a panel of 7 human colon cancer cell lines and 2 normal cell lines
after TAS102 treatment for 48 hours with a diverse concentration gradient.

Table 1B: The combination index (CI) of TAS102 plus regorafenib in CRC cells

TAS102 Rego ClIs of CRC cells

(M) (M) LS513 DLD1 HCT-116 HCT116v5- HT-29 SW-480
0.1/0.5 0.5/1 0.52 + 0.02 0.75 + 0.07 0.75+0.14 0.85 + 0.07 143+0.16  1.96+0.21
0.1/0.5 12 0.85 + 0.01 0.86 + 0.07 1.80 +0.22 1.27+0.21 1.20+0.04  0.94+0.09
0.1/0.5 2/4 1.80 +0.19 0.69 +0.13 1.42+0.14 1.14+0.07 0.93+0.04  0.94+0.01
0.2/1 0.5/1 0.43 + 0.07 0.91 +0.06 0.50 + 0.03 0.62 +0.07 1.68+0.03  0.92 +0.05
0.2/1 12 0.63 = 0.03 1.00 + 0.03 1.22+0.19 1.57 +0.03 1.25+0.05  0.89 +0.07
0.2/1 2/4 1.52+0.21 0.89 +0.17 1.45 +0.04 1.89 +0.05 0.89+0.01  1.00+0.08
0.4/2 0.5/1 0.74 + 0.05 1.34 +0.05 0.97 + 0.07 1.34+0.13 263+0.14  1.06+0.07
0.4/2 12 0.96 + 0.03 1.35+0.09 2.08 +0.03 2.14+0.12 1.74+0.05  0.86 +0.01
0.4/2 2/4 2.14+0.25 1.03+0.15 2.06 +0.02 2.16+0.26 1.12+0.15  1.07+0.06

Table of combination indices (Cls) in a panel of 6 CRC cell lines treated by TAS102 in combination with regorafenib for
48 hours at the indicated doses.

Table 1C: The combination index of TAS102 plus regorafenib in gastrointestinal (GI) cancer cells

TAS102 Rego

ClIs of GI cancer cells

Gastric cancer cells

Pancreatic cancer cells

Liver cancer cells

(nM) (nM) -
AGS SGC7901 Mia-paca-2 PANCI1 HepG2 Huh7 PLC/PRF/5  Sk-Hepl

1 172 091+0.04 1.08+0.04 1.11+0.03 1.12+0.20 1.75+0.15 1.17+0.10 1.70£0.33 1.27+0.21
1 2/4  0.89+0.07 129+0.02 1.19£0.02 0.85+0.01 1.51+0.04 2.18+0.25 146+0.37 128+0.12
1 4/8  0.99+0.07 0.88+0.00 1.28+0.06 1.25+0.00 1.16+£0.06 1.19+£0.04 097+0.03 1.27+0.11
2 172 0.84+0.02 0.86+0.03 1.00+0.01 0.64+0.01 143+032 147+038 145+0.11 1.68+0.44
2 2/4 0.81+008 10+0.02 1.11+0.01 0.81+0.00 1.28+0.30 1.77+0.14 2.10+£0.72 1.83+0.28
2 4/8 085+0.05 0.81+0.05 1.10+0.01 1.13+£0.06 1.21+0.08 1.29+0.11 1.41+0.27 1.47+0.08
4 172 0.81+0.01 0.84+0.04 0.95+0.01 1.13£0.03 1.20+£0.17 1.57+0.26 1.12+0.12 1.21+0.07
4 2/4  0.81+0.05 0.83+0.02 0.89+0.01 1.18+0.03 1.22+0.12 1.79+£0.09 135+£045 1.26+0.11
4 4/8  0.71+£0.03 0.68+0.03 091+0.01 1.61+0.03 1.18+0.05 1.44+0.07 1.41+0.07 1.58+0.01

Table of Cls in gastric, pancreatic and liver cancer cells treated by TAS102 in combination with regorafenib at the indicated
doses. CI <1, =1 and >1 respectively indicate synergy, additive effects or antagonism. Bold numbers highlight synergy at the
indicated doses.
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TAS102 in combination with regorafenib
alleviates the stemness of CRC cells

Cancer stem-like cells (CSCs) contribute to a poor
prognosis as well as resistance to chemotherapy in most
malignancies [28]. The formation of floating spheroids
grown from CSCs can promote tumor heterogeneity
and resistance to chemotherapeutic agents [29, 30]. We
assessed the effect of TAS102 on tumor colonosphere
formation. The results show that TAS102 attenuates
sphere formation from cultured colon cancer cell lines
with various driver gene subtypes (Figure 2A). The co-
administration of TAS102 and regorafenib significantly
restricts the formation of colonospheres either in size
(Figure 2B) or in number (Figure 2C), as compared with
regorafenib or TAS102 monotherapy. we evaluated the
CD133+ cell subpopulation in CRC cells, the results
show TAS102 or Regorafenib monotherapy attenuates
CD133+ subpopulation in CRC cells, the inhibitory effect
of TAS102 upon CDI133+ subpopulation is significant
in HCT116, LS513 and HT29 cells, compared with
regorafenib monotherapy. TAS102 plus regorafenib
significantly inhibits CD133+ subpopulation in HT29 and
LS513 cells (Figure 2D, 2E). Moreover, as ALDHI1a is
the common CSCs biomarker, we assessed the expression
of ALDH1a in CRC cells. The results show that TAS102
administration can reduce the ALDHla expression
in HT29 and LS513 cells. Interestingly, regorafenib
can induce the expression of ALDHla in HT29 and
LS513 cells, and TAS102 co-administration can reduce
regorafenib-induced ALDH1a expression in HT29 cells
(Figure 2F).

TAS102 plus regorafenib reduces tumor growth
in a p53-dependent manner

We investigated the anti-tumor effects of TAS102
plus regorafenib in CRC-xenografted tumors. The data
show that TAS102 or regorafenib monotherapy can
significantly inhibit the growth of xenografted tumors with
diverse driver gene mutations (Figure 3A, 3B). The growth
inhibition of TAS102 in combination with regorafenib is
increased in HCT116- and LS513-xenografted tumors
harboring wild-type (WT) p53, as compared with TAS102
or regorafenib monotherapy (Figure 3A, 3B). The loss of
body weight was approximately 10-15% after single-
agent or co-administration of TAS102 and regorafenib for
3 weeks, as compared with the control (Figure 3C). The
loss of body weight with co-administration of TAS102 and
regorafenib is not significant, as compared with TAS102
or regorafenib monotherapy in this study (Figure 3C). IHC
staining confirmed TP53 expression in these xenografted
tumor tissues, the result shows that TAS102 can increase
the focal expression of p53 in HCT116-grafted tumor
tissues (Figure 3H). HT29-grafted tumors show an
extensive expression as a mutant TP53 pattern (Figure
3H). Single-agent TAS102 or regorafenib significantly
decrease the Ki-67 proliferative index in xenografted
tumors (Figure 3D, 3E). The combination therapy with
TAS102 and regorafenib significantly inhibits cell
proliferation in HCT116- and LS513-xenografted tumors
harboring wild-type p53, as compared with TAS102 or
regorafenib monotherapy (Figure 3F, 3G). Auto-necrosis
is a special characteristic of solid tumors. We found that
single-agent TAS102 or regorafenib significantly inhibit
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Figure 1: Synergy assessment of TAS102 plus regorafenib in multiple colorectal cancer cells. A panel of 6 CRC cells were
treated with TAS102 in combination with regorafenib at these different doses for 48 hours. Representative fluorescent images of TAS102
in combination with regorafenib in the indicated CRC cell lines are shown.
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tumor necrosis in these xenografted tumors. Single-agent
TAS102 showed an enhanced inhibition of tumor necrosis,
compared with single-agent regorafenib treatment
(Figure 3F, 3G). In addition, TAS102 plus regorafenib
significantly decreases HCT116-xenografted tumor
necrosis, compared with single-agent treatment (Figure
3F, 3G). Interestingly, the necrosis is not obvious in
LS513-xenografted tumors with or without the treatments
of TAS102 or regorafenib (Figure 3F, 3G). Necrotic
areas of tumors contribute to progression under hypoxic
conditions, due to selection pressure and are particularly
difficult to treat.
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Regorafenib abrogates tumor angiogenesis
including TAS102-induced microvessel formation
associated with BRAF V600E mutation in vitro
and in vivo

Tumor angiogenesis protects solid tumors from the
necrosis induced by the over-growth and nutrient and
oxygen deprivation, and thus contributes to tumor cell
proliferation, tumor growth and metastasis of the viable
tumor tissue [26]. We observed that the conditioned
media (CM) containing regorafenib collected from
different cultured CRC cells significantly inhibits HUVEC
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Figure 2: Combination of TAS102 (trifluridine/tipiracil) with regorafenib inhibits the stemness of colorectal cancer
cells. (A) The effect of single-agent TAS102 on sphere formation with 5 colon cancer cell lines for up to 6 days. Representative images
of the colonospheres are shown. (B, C) Formation of colonospheres after 2 uM TAS102 in combination with 4 uM regorafenib treatment
for 6 days. (B) Representative images of the colonospheres are shown. (C) The number of colonosphere is calculated and statistically
analyzed. The diagram shows the colonosphere number from these different CRC cells with the indicated treatment. (D, E) The CD133
positive cell population are assessed using flow cytometry after 2 uM TAS102 in combination with 4 uM regorafenib treatment for 48h.
(D) Representative graphs are shown. (E) Bar diagrams represent CD133 positive percentage. (F) The expression of ALDHI1a is assessed
by western blotting after 2 pM TAS102 in combination with 4 uM regorafenib treatment for 48 h. Representative bands are shown. Data
are shown as Mean + SEM (Student’s ¢-test, 2-tailed, "P < 0.05 vs. Control, *P < 0.05 vs. TAS102 monotherapy, *P < 0.05 vs. regorafenib

monotherapy). Each experiment was repeated at least 3 times.
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Figure 3: Therapeutic effects of TAS102 plus regorafenib in xenografted colorectal tumors. Nude mice with xenografted
tumors were orally administered TAS102 100 mg/kg twice a day or/and 5 mg/kg regorafenib once per day for 2 weeks. (A) Xenografted
tumor volume was measured at 2- or 3-day intervals for approximately 1 month and the growth curves are plotted. (B) Xenografted tumors
were excised and weighed. (C) Body weight was measured at the indicated time-points. (D, E) Assessment of the proliferative percentage
is shown using Ki-67 staining in xenografted tumors. (D) Representative images of Ki-67 staining in xenografted tumors are shown. Every
image is magnified 100 times. (E) The diagram of Ki-67-positive percentage is shown and statistically analyzed. (F, G) Assessment of
tumor necrosis in the xenografted tumors. (F) Representative images of hematoxylin-eosin (H&E) staining are shown. Every image is
magnified 40 times. (G) The diagram of necrotic percentage is shown and statistically analyzed. (H) p53 status is assessed and verified
in tumor tissues xenografted from the indicated CRC cells. Representative images of p53 staining in xenografted tumors are shown. Each
image is magnified 100 times. Data are shown as Mean = SEM (One-way ANOVA test, "P < 0.05 vs. Control, “P < 0.05 vs. TAS102
monotherapy, “P < 0.05 vs. regorafenib monotherapy).
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endothelial cell tube formation with or without TAS102 HUVEC cell tube formation is increased in the conditioned

administration in vitro (Figure 4A), either in mesh number media containing TAS102 monotherapy from cultured
(Figure 4B) or node number (Figure 4C). In addition, RKO and HT29 cells harboring BRAF mutation, whereas
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Figure 4: Tumor angiogenesis assessment of regorafenib in combination with TAS102 in vitro and in vivo. (A-C)
RKO, HT29 and LS513 cells were cultured in 2 pM TAS102 and/or 4 pM regorafenib treatment for 48 h, and the conditioned media
were collected to culture HUVEC endothelial cells for 6 h. Tube formation of HUVEC endothelial cells is photographed and analyzed
using Imagel Software plugin with angiogenesis analyzer. (A) Representative images of tube formation are shown. (B and C) The mesh
number (B) and node number (C) of tube formation are statistically analyzed. (D-G) HCT116, HCT116"*", LS513 and HT29 cells were
xenografted in nude mice, TAS102 was orally administered at 100 mg/kg twice a day, regorafenib was orally administered at 5 mg/kg once
a day. (D) Representative images of CD31 staining in the xenografted tumors are shown. The CD31-staining microvessels are labeled
using black arrows in these images; more than 20 microvessels are circled in black. Each image is magnified 200 times. (E) The diagram
of microvessel density is shown and statistically analyzed. Microvessels are counted using Image Pro Plus software. (F) Representative
images of pERK1/2 (Thr202/Tyr204) IHC staining in xenografted tumors are shown. Every image is magnified 200 times. (G) pERK1/2-
positive percentage in IHC slides is shown and statistically analyzed. (H) The status of BRAF is confirmed in HCT116, DLD1 and HT29
CRC cell lines using Quantitative PCR. The real-time PCR curves are shown. Data are shown as Mean + SEM (One-way ANOVA test,
P < 0.05 vs. Control, P < 0.05 vs. TAS102 monotherapy, “P < 0.05 vs. regorafenib monotherapy).
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regorafenib co-administration can inhibit TAS102-induced
tube formation in vitro (Figure 4A—4C). Furthermore, we
investigated microvessel density in xenografted tumors
with or without TAS102 and regorafenib treatment. The
results show that regorafenib monotherapy inhibits the
formation of microvessels in xenografted tumors with
diverse driver gene mutations most likely through its
anti-angiogenesis receptor tyrosine kinase inhibitory
effects (Figure 4D, 4E). TAS102 monotherapy shows
an obvious promotion of microvessel density in HT29-
grafted tumors harboring with BRAF V600E mutation,
whereas regorafenib co-administration inhibits TAS102-
induced angiogenesis (Figure 4D, 4E). BRAF status was
confirmed in various CRC cells, BRAF V600E mutation
is detected in HT29 cells, unlike HCT116 and DLDI cells
(Figure 4H). The microvessels are rarely observed in
LS513-xenografted tumors with or without TAS102 and
regorafenib administration (Figure 4D, 4E). Prior studies
indicated that blocking the ERK1/2-related pathway can
inhibit angiogenesis in multiple malignancies [31-33].
As regorafenib functions as a RAF kinase inhibitor, we
assessed the activity of ERK1/2/MAPK cascades in vivo.
The results show that TAS102 monotherapy increases

A B

VEGFR2/KDR/Flk-1
Chitinase-3-Like 1

ERK1/2 activation in HT29- and HCT116°%”~-xenografted
tumor tissues (Figure 4F, 4G). By contrast, regorafenib
administration significantly decreases phospho-ERK1/2
expression in tumor tissues, including TAS102-induced
ERK1/2 activation (Figure 4F, 4G).

TAS102 in combination with regorafenib inhibits
ERK1/2 and STAT3 signaling

We observed synergic effects of TAS102 in
combination with regorafenib to reduce tumor growth,
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Figure 5: TAS102 in combination with regorafenib inhibits ERK1/2 and STAT3 signaling. (A) Nude mice with xenografted
tumors were orally administered TAS102 100 mg/kg twice a day or/and 5 mg/kg regorafenib daily for 2 weeks. The mice were sacrificed
and the plasma was collected. The relative content of cytokines in the plasma is depicted using heat map and analyzed using GO and KEGG
enrichment analysis. (A) The heat map and the enriched pathways of cytokines with different treatments from GO and KEGG analysis are
shown. (B) The indicated protein expression was evaluated using immunoblotting with or without therapy. (C, D) Average optical intensities
(AOIs) of p-ERK1/2 and p-STAT3 are normalized to their total protein. RAN is used as a loading control. The AOIs of RAN or total protein
is normalized as 1. Data are shown as Mean + SEM (One-way ANOVA test, “P < 0.05 vs. Control, *P < 0.05 vs. TAS102 monotherapy).
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as well as TAS102-induced STAT3 activation in HT29,
LS513, HCT116 and HCT116 cells (Figure 5B, 5D).
FTD is a fluorinated thymidine analogue and functions
as a competitive inhibitor of thymidylate synthase
(TS), as it can stimulate TS expression in CRC cells
[34]. Upregulation of TS may contribute to therapeutic
resistance to TAS102. Regorafenib functions as a multi-
targeted tyrosine kinase inhibitor and its monotherapy
reduces TS expression in HT29, RKO, DLD1 and HCT116
cells, and co-administration with regorafenib reduces
TAS102-induced TS expression in HT29 cells (Figure 5B).
Interestingly, regorafenib increases the content of VEGF
in animal’s plasma (red arrow in Figure 5A), instead of the
reduction observed in CRC cell lysates (Figure 5B).

DISCUSSION

We provide evidence for synergy between two
FDA-approved drugs to treat refractory metastatic
gastrointestinal cancers using TAS102 and regorafenib.
Our observations were made in cell culture, colonosphere
assays, and in vivo xenografts of GI cancer mouse models.
We observed an increase of pERK1/2 and microvessel
density in TAS102-treated tumors harboring BRAF
mutation and these effects were overcome when TAS102
was combined with regorafenib. We previously found
synergy between regorafenib and 5-FU in preclinical
models, and later observed delayed disease progression
in case reports from Dr. El-Deiry’s clinic treating patients
with advanced colorectal cancer. The current findings
suggest that the combination of TAS102 and regorafenib
has combinatorial efficacy in colorectal cancer and other
GI cancers such as gastric or pancreatic cancer, and this
should be further investigated in the clinic.

Combination of TAS102 with nintedanib, a
novel triple angiokinase inhibitor, increases the DNA
incorporation of trifluridine in xenografted tumors and is
currently being investigated in the clinic [9]. TAS-102 in
combination with bevacizumab, an inhibitor of vascular
endothelial growth factor, exhibits a promising activity
with manageable safety in the treatment of refractory
mCRC patients (recently, the combination of TAS102
plus bevacizumab has been FDA approved during the
publication process of this manuscript) [7]. Trifluridine/
tripacil application or re-induction of chemotherapy and/
or target therapy is effective following regorafenib therapy
[27, 35].

We found that TAS102 can synergize with
regorafenib in multiple gastrointestinal cancers including
colon cancer, gastric and pancreatic cancer in vitro
(Table 1 and Figure 1). Our in vivo studies show that
TAS102 in combination with regorafenib significantly
delays CRC-xenografted tumors harboring wild-type
(WT) p53, as compared with TAS102 or regorafenib
monotherapy (Figure 3). The loss of body weight treated
by the co-administration of TAS102 and regorafenib is

not significant, compared with TAS102 or regorafenib
monotherapy (Figure 3C). Regorafenib exhibits both
anti-proliferative and anti-angiogenetic activities as a
multi-target tyrosine kinase inhibitor (TKI), thereby
inhibiting growth and metastasis of colon cancer [23].
Trifluridine interferes with DNA synthesis and inhibits cell
proliferation. Our data show that TAS102 in combination
with regorafenib significantly inhibits tumor proliferation
in xenografted tumors harboring WT p53 (Figure 3D, 3E).
The population of cancer stem cells determines tumor
self-renewal, recurrence, metastasis and drug-resistance.
TAS102 in combination with regorafenib suppresses
the formation of colonospheres and the CD133+ cancer
stem cell sub-population in CRC cells (Figure 2). Tumor
necrosis is a poor prognostic predictor and is positively
associated with clinical staging in CRC patients [24].
Our data show the co-administration of TAS102 and
regorafenib alleviates necrosis in HCT116-xenografted
tumors (Figure 3F, 3G). Collectively, these findings
suggest that TAS102 in combination with regorafenib may
provide a novel effective strategy in treatment for patients
with multiple GI cancers.

Therapeutic strategies targeting simultaneously
drug-sensitive tumor cells and their cancer stem cells may
have therapeutic benefits [36]. A recent study indicates
that CD44/CD133-positive colorectal cancer stem cells are
sensitive to trifluridine (FTD) exposure [37]. Regorafenib
suppresses tumorigenesis and the generation of drug-
resistant cancer stem-like cells via modulation of miR-34a
associated signaling [38]. Our data show that trifluridine
in combination with tipiracil (TPI) significantly restricts
CRC stemness in vitro (Figure 2). Furthermore, TAS102
in combination with regorafenib inhibits growth of
colonospheres and the CD133+ subpopulation (Figure 2B,
2E). In addition, the stemness marker ALDH1A1 promotes
tumor angiogenesis via retinoic acid/HIF-10/VEGF
signaling in breast cancer cells [39]. Targeting SI00A9-
ALDHI1A1-retinoic acid signaling can retract brain
relapse in EGFR-mutant lung cancer [40]. Pharmaceutical
inhibition of ALDH1a can re-sensitize ovarian cancer
to platinum-based chemotherapy [41]. We observed
that TAS102 can reduce regorafenib-induced ALDH]1a
expression in HT-29 cells (Figure 2F). Thus, these findings
indicate that the synergistic combination mechanisms of
TAS102 in combination with regorafenib simultaneously
involve targeting CSCs in colon cancer. However, the
underlying mechanism of TAS102 in combination with
regorafenib targeting CSCs is complicated, and further
studies are needed to explore more detailed mechanisms
in the future.

p53 is a crucial mediator of the cell cycle checkpoint
for growth arrest and DNA repair and p53 variant analysis
can predict the efficacy of TAS-102 in mCRC patients [21,
42]. p53 status is an important predictor of HCC sensitivity
to regorafenib therapy, as regorafenib significantly inhibits
cell proliferation and promotes apoptosis in HCC cells
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harboring with wild-type p53 [43]. A prior study indicated
that FTD induces arrest in the G2-phase of the cell cycle
in a p53-dependent manner [34]. Our data demonstrate
that TAS102 in combination with regorafenib shows an
increasingly synergistic efficacy in restricting the growth
and necrosis of xenografted tumors harboring wide-type
p53, as compared with pS3-null and p53 variant tumors
(Figure 3A, 3B, 3D, 3E). Our results suggest that p53 status
may in part indicate therapeutic efficacy of TAS102 in
combination with regorafenib. Nonetheless, the combination
therapy of TAS102 plus regorafenib appears to be active
regardless of p53 status, KRAS or BRAF mutation.

Angiogenesis inhibition is a current therapy
in the treatment of metastatic colorectal cancer via
targeting tumor-driven angiogenesis [44]. Prior studies
indicated that sorafenib, a multi-target tyrosine kinase
inhibitor blocks the RAF/MEK/ERK pathway and
inhibits the angiogenesis of hepatocellular carcinoma
[31]. Angiotensin-converting enzyme 2 (ACE2) inhibits
breast cancer angiogenesis via suppressing the VEGFa/
VEGFR2/ERK pathway [32]. RhoJ (TC10-Like, TCL),
a member of Rho GTPase Cdc42 subfamily, facilitates
angiogenesis in glioblastoma via INK/VEGFR2 mediated
activation of PAK-BRAF-ERK signaling pathways [33].
Trifluridine can activate the ERK/AKT/STAT3 axis and
induces pro-survival signaling in patient-derived CRC
xenograft models [8]. We found that TAS102 monotherapy
induces tumor angiogenesis in xenografted tumors with
aberrant ERK/MAPK activation, whereas regorafenib
co-administration abrogates the angiogenic promotion
of TAS102 in vitro and in xenografted tumors (Figures
4 and 5B, 5C). Although the synergistic tumor growth
inhibition by TAS102 in combination with regorafenib is
not significant in HT29-xenografted tumors, the inhibition
by regorafenib of TAS102-activated ERK and tumor
angiogenesis supports the promising regimen of TAS102
plus regorafenib in CRC or other GI cancers with aberrant
ERK/MAPK activation.

Overcoming FTD-activated ERK/AKT/STAT3
signaling provides a compelling rationale for testing and
optimizing the combination strategy with TAS102 plus
regorafenib against metastatic colorectal cancer [8]. As
regorafenib exhibits a more potent inhibition to STAT3
than sorafenib, it can inhibit STAT3-related signaling
to promote HCC cell apoptosis [45]. Regorafenib
significantly increases the growth inhibition and
apoptosis of HCC with aggressive CK19+ phenotype
through inhibiting STAT3-induced mitochondrial
respiratory enhancement [46]. We found that regorafenib
administration restricts ERK1/2 and STAT3 activation
in CRC cells and xenografted tumors with diverse
gene subtypes, including TAS102-induced ERK1/2 or
STAT3 activation (Figures 4F, 4G and 5B, 5D). Elevated
thymidylate synthase (TS) induces CRC resistance to
5-FU therapy, and so inhibition of TS can sensitize CRC
cell to 5-FU therapy [47]. We observed that regorafenib

co-administration can deregulate TAS102-induced TS
expression in HT29 cells. Collectively, these mechanistic
findings support a novel combination regimen of TAS102
in combination with regorafenib against refractory
colorectal or other GI cancers. We observe that regorafenib
decreases VEGFA in CRC cell lysates and increases it
in animal plasma. We assume that regorafenib inhibits
the function of VEGFRs and reflexively stimulates the
ligand secretion to maintain its function. However, further
research is needed to unravel these relationships.

Although  TAS102  (trifluridine/tipiracil)  or
regorafenib monotherapy is approved therapy in refractory
mCRC, the studies involved in the combination are
limited. Our findings including the in vivo anti-tumor
effects and mechanistic insights involving regulation
of tumor proliferation, necrosis and angiogenesis, as
well as the predictors of drug sensitivity support a
novel therapeutic rationale of TAS102 in combination
with regorafenib against colon and other GI cancers. In
particular, the pre-analysis of pS3 and BRAF status is
worth further testing in the clinical setting in correlative
studies of TAS102 plus regorafenib. Further studies
are warranted to investigate the effects of TAS102 on
microvessel density and ERK1/2, and the mechanisms by
which their effects can be suppressed by regorafenib. This
may need to be done retrospectively as now TAS102 is
approved in combination with bevacizumab.

Our preclinical studies suggest that the combination
of FDA-approved drugs TAS102 and regorafenib are
synergistic in cell culture, colonosphere assays and in vivo.
The drug combination appears promising in colorectal
cancer, gastric cancer, and pancreatic cancer, but not liver
cancer. TAS102 appears to increase microvessel density
and activate ERK1/2 in BRAF V600E-dependent manner,
whereas these effects are suppressed with the combination
with regorafenib. /n vivo data in multiple models suggest
the regimen is active regardless of KRAS, p53 or BRAF
mutation although it appears more active when p53 is
wild-type. Our findings provide the preclinical basis for
an investigator-initiated trial in gastric, pancreatic, colon
and other gastrointestinal cancers. Moreover, our results
provide insights for biomarkers of drug efficacy such
as microvessel density and phospho-ERK that may be
evaluated in post-treatment biopsies.

MATERIALS AND METHODS
Reagents and cell lines

TAS102 and regorafenib were purchased from
MedKoo Biosciences (Research Triangle Park, NC, USA),
and were solubilized in DMSO at a storage concentration
of 10 mM for cell experiments. Penicillin/Streptomycin,
McCoy’s 5SA, DMEM, EMEM, RPMI 1640, phosphate
buffer saline, trypsin and fetal bovine serum (FBS) were
purchased from GIBCO (Thermo Fisher Scientific, USA).
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The human colon cancer cell lines RKO, HT-29, DLD-1,
SW-480 and LS513, gastric cancer cell lines AGS and
SGC7901, pancreatic cancer cell lines Mia-paca-2 and
Pancl, liver cancer cell lines HepG2, Huh7, PLC/PRF/5
and SK-Hep1, as well the human normal cell lines MRC-5
and Wi-38 were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). HCT-
116 and HCT-116 p53~~ were generously provided by
Dr. Bert Vogelstein (Johns Hopkins University, Baltimore,
MD, USA). All cell lines were cultured in their ATCC-
recommended media supplemented with 10-20% (v/v)
FBS with or without chemotherapy agents at 37°C within
a 95% humidified atmosphere containing 5% carbon
dioxide in an incubator.

Cell viability assays, colonosphere culture,
CD133-positive cells subpopulation assessment

Cells were seeded in 96-well dark plates at a
density of 2000-6000 cells per well and incubated
overnight to allow proper attachment, the media were
replaced using media with or without therapeutic agents
for 48 hours. Subsequently cell viability was evaluated
using a CellTiterGlo bioluminescence reagent (Promega
Corporation, Madison, WI, USA), according to the
manufacturer’s instructions.

Colonospheres were cultured using MammoCult
Human Medium Kit (STEMCELL Technologies) plus
heparin sodium (Merck, 4 mg/ml) and hydrocortisone
(Merck, 0.5 mg/ml). The complete MammoCult medium
was prepared for each experiment according to the
manufacturer’s instructions. CRC cells were seeded in
24-well ultra-low attachment plates (Corning) at a density
of 20,000 cells per well and incubated in the complete
MammoCult media with or without treatment for 3—6
days. Colonospheres (>60 mm) were counted and imaged
by light microscopy.

CRC cells were cultured in serum-free medium with
diverse treatments for 48 h, and then cells were collected
and stained using PE Anti-Human CD133 Antibody
((Elabscience Biotechnology, Wuhan, China), according
to the manufacturer’s instruction. The stained cells were
subjected to flow cytometric analysis to count CD133-
positive cells and the percentage was calculated.

Endothelial cell tube formation assay for in vitro
study of angiogenesis

The HUVEC human endothelial cell line was
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in the
recommended medium. The conditioned media were
collected from the solution that cultured CRC cells treated
with TAS102 and Regorafenib for 48 h. A total of 15,000
HUVEC cells per well were seeded in 96-well plates
coated with the solidified bottom matrigel formed by

reduced growth factor basement membrane extracts (BME)
(Corning 354230), cultured in the conditioned media for
6 h and photographed by microscopy. Imagel software
installed angiogenesis analyzer plugin was used to analyze
and count these formed meshes and juncture nodes [48].

Immunohistochemical (IHC) analysis and
measurement of microvessel density

IHC was used to evaluate the expression of phospho-
ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology,
Beverly, MA), CD31, TP53 and Ki-67 (ZSGB-BIO Inc.
Beijing, China) in tumor tissues. The primary antibodies
were detected by PV-9000 system-HRP-DAB kit (ZSGB-
BIO Inc. Beijing) using Immuno-Histo Stainer (Leica
Bond Max), according to the manufacturers’ instructions.
IHC slides were observed and photographed using a
luminescence microscope (Leica DMLB). The brown
particles observed in cytoplasm (CD31 and pERKI1/2
staining) or in nucleus (p53 and Ki-67 staining) were
interpreted as positive cells in IHC slides. Microvessels
were detected by CD31-IHC staining. Microvessel density
was measured as previously described [49] with some
modification and quantitatively analyzed using Image Pro
Plus software.

Necrosis assessment

Tumor tissues were fixed in 4% neural-buffered
formalin and embedded in paraffin. The blocks were
sectioned into 2-3 um slides and subjected to H&E
staining. Necrosis including intraluminal necrosis in H&E-
staining slides was assessed as the previously described
[24] and quantitatively analyzed using Image Pro Plus
software.

Dose-response assessment and synergy
assessment

Half-maximal inhibitory concentration (IC,,) value
is a critical index of the cell viability dose-response curve.
In this study, ICy, was used to assess single drug inhibition
in cell viability experiments after treatment of 48 hours
in vitro. Prism statistical software (GraphPad Software,
La Jolla, CA) was used to calculate the ICs, values
and to plot dose-response curves. The combinatorial
inhibitory effects of multiple drugs were assessed using
a quantitative analysis of dose-response relationships
as described previously [50]. Combined effects of
multiple doses were assessed by combination index (CI).
Compusyn software was used to quantitatively analyze
CI values based on Chou-Talalay analysis. If the sum of
the 2 fractional terms is equal to 1, an additive effect is
indicated. If the CI value is smaller than 1, synergy is
indicated, and if the CI value is greater than 1, antagonism
is indicated [51].
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In vivo tumor xenografts, cytokine profiling and
drug administration

All animal experiments were conducted in
accordance with TACUC regulations. 6-week-old
female athymic nu/nu mice (Taconic Biosciences) were
inoculated with 2 x 10° cells of HCT116, HCT116 p53™",
HT-29 and LS513 cell lines in a 200 ml suspension of
Matrigel (BD) with PBS at a volume ratio of 1:1. All
subcutaneous tumors were allowed to establish growing
masses for 5 days after injection until they reached a
volume of approximately 100—150 mm? before treatment
initiation. Tumor volume was measured with a caliper
at 2- or 3-day intervals and calculated using the formula
(length x width?)/2. Mice were sacrificed approximately
1 month later and tumors were excised and weighed.

Animal plasma was collected and subjected
to cytokine analysis using 44-plex murine Luminex
panel assays (R&D LXSAHM) on a Luminex 200
Instrument (R&D LX200-XPON-RUO), according to the
manufacturer’s instruction. These data were depicted by
heat map using RStudio software and analyzed using GO
and KEEG enrichment analysis online (DAVID Functional
Annotation Bioinformatics Microarray Analysis (ncifcrf.
gov)).

TAS102 was dissolved in 0.5% hydroxypropyl
methyl cellulose (HPMC, W/V) at a final concentration
of 20 mg/ml [8]. Regorafenib was dissolved in a
solution of polypropylene glycol/PEG400/poloxamer
188 (42.5%/42.5%/15%, W/V) at a final concentration
of 1 mg/ml. TAS102 was orally administered at 100
mg/kg twice a day. Regorafenib was orally administered at
5 mg/kg every day.

Real-time quantitative PCR

Total DNA was extracted from CRC cells using
Animal Tissues/Cells Genomic DNA Extraction Kit
(Solarbio Science and Technology, Beijing, China),
according to the manufacturer’s instruction. Quantitative
PCR was performed using Hieff® gPCR SYBR Green
Master Mix (Yeasen Biotech, Shanghai, China) and Step-
One Plus Real-Time PCR Systems (Applied Biosystems,
Inc., Foster City, CA, USA). A pair of BRAF mutated V600E
primers were used in this study. The first primers were
forward-5'-CCTAAACTCTTCATAATGCTTGCTC-3'
and reverse-5-TCAGGGCCAAAAATTTAATCAG-3’
(Sangon Biotech, Shanghai, China). Beta-actin was used as
an internal control.

Western blotting

The following antibodies were used: PARP,
phospho-STAT3 (Ser727 and Thr705), ERK1/2 and
phospho-ERK1/2 (Thr202/Tyr204), PUMA, MDM2,
NOXA and thymidine synthase (TS) (Cell Signaling

Technology, Beverly, MA, USA), STAT3 and P53 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); VEGFA and
ALDHI1a (Abcam, USA). Cells were collected and lysed
using RIPA protein lysis buffer. Total protein was collected
and quantified using the Bio-Rad Bradford reagent (Bio-
Rad Laboratories, Hercules, CA, USA). Equal amounts of
protein were separated in 10-15% SDS-PAGE gels using
the XCell system (Invitrogen). The separated proteins
were transferred to PVDF membranes (Millipore) using
a transfer apparatus (Bio-Rad). After blocking with 10%
(w/v) nonfat-milk in Tris-HCL buffered saline containing
0.1% tween20 (TBST), the blots were incubated with
primary antibodies at 4°C overnight, and subsequently
incubated with the corresponding fluorescent secondary
antibodies, and the bands were visualized using Odyssey
Infrared Imaging System (LI-COR Bioscience, Lincoln,
NE, USA).

Statistical analysis

Data are shown as average + standard error (Mean +
SEM) and were analyzed by the Student’s #-test (two-
tailed, unpaired or paired) using Prism GraphPad 5
software. Each cell experiment was repeated at least
3 times independently. A p-value of less than 0.05 was
considered to be statistically significant.
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