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Abstract

Background: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths worldwide.
Sorafenib is the first-line treatment for advanced HCC, but the anti-cancer effects remain to be improved as indi-
cated by its low response rates and failure to prolong the progression-free survival (PFS). Thus, it is urgent to explore
approaches to improve the clinical outcome.

Materials and methods: The effect of Sorafenib in HCC was analyzed by SRB (sulforhodamine B) assay in normoxia
and hypoxia, respectively. The different dose combination effect of CT707 and sorafenib was analyzed by SRB assay
in hypoxia. Flow cytometry assay was used to detect the cell apoptosis rate with CT707 and sorafenib treatment in
hypoxia. Western blotting was used to detect the expression levels of apoptosis -related proteins and the mechanism
of CT707 overcome the resistance of sorafenib in hypoxia.

Results: Our study showed that the characteristic intratumor hypoxia of advanced HCC is one of the major factors
which mediated the drug resistance towards sorafenib in HCC. And CT-707, a novel multi-kinase inhibitor, could sensi-
tize the hypoxic HCC cells towards sorafenib. Further studies showed that CT-707 abolished the nuclear translocation
of Yes Associate-Protein (YAP), which has been demonstrated as one of mechanism of hypoxia-mediated sorafenib-
resistance in HCC.

Conclusions: Overall, this study not only favors the development of this novel multi-kinase inhibitor CT-707 as a
therapeutic agent against HCC, but also provides a potential strategy to overcome the hypoxia-mediated resistance
to sorafenib in HCC patients.
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Introduction

Hepatocellular carcinoma (HCC) is the leading cause of
cancer-related deaths malignant solid tumor worldwide
[1, 2]. Most HCC patients are diagnosed at advanced
stage, which are generally suffered from the low efficiency
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the firstly-approved first-line kinase inhibitor for advance
HCC treatment [4]. Nevertheless, a large number of HCC
patients have low response towards sorafenib, or develop
resistance to sorafenib very soon, and the progression
free survival (PFS) almost remained unchanged with
sorafenib treatment [5]. Several lines of evidence have
implicated that intratumor hypoxia plays critical roles
to the low efficacy of sorafenib in HCC patients [6-8].
Particularly, our previous study reveals that hypoxia-
mediates resistance of sorafenib in HCC is conferred by
the nuclear translocation of Yes-associated protein (YAP)
which promoted cell survival and escaped apoptosis [9].

YAP is a transcriptional co-activator negatively-reg-
ulated by the upstream components of Hippo path-
way, nuclear translocation of YAP would transactivate a
variety of target genes to promote cell proliferation and
inhibit apoptosis [10]. The aberrant over-activation of
YAP was extensively observed in HCC tumor samples;
particularly, in those hypoxic regions [11]. Therefore,
the dysregulation of YAP not only leads to tumorigen-
esis under normoxia, but also plays indispensable roles
in hypoxia-mediated malignant progression, including
hypoxia-mediated sorafenib resistance [12]. In our recent
study, we utilized a cell-based YAP-TEADs luciferase
reporter system and identified a multi-kinase inhibi-
tor CT-707, a novel anticancer drug candidate approved
by National Medical Products Administration (NMPA)
for phase I clinical trial (NCT02695550), as an novel
YAP inhibitor possessing enhanced anti-cancer activity
against hypoxic HCC [13], but whether CT-707 could
abrogated the hypoxia-mediated resistance towards anti-
cancer drugs remains unknown.

In this study, we demonstrated that CT-707 greatly
improved the anticancer effects of sorafenib under
hypoxia, reinforced the apoptotic population in sorafenib
groups. These effects were accompanied with the inhibi-
tory effect against YAP activity by CT-707. Given that
CT-707 is multi-kinase inhibitor undergoing clinical trial,
our findings demonstrate that this agent could overcome
the hypoxia-mediated sorafenib resistance, provide a
promising therapeutic strategy for the treatment of those
HCC patients suffering from sorafenib resistance.

Materials and Methods

Materials

Sorafenib was obtained from Aladdin, CT-707 was pro-
vided by Centaurus Biopharma. The primary antibodies
against cleaved Poly (ADP-ribose) polymerase (PARP),
anti-YAP, phospho-YAP (Ser127) were purchased from
Cell Signaling Technology. The primary antibody against
B-actin and horseradish peroxidase (HRP)-labeled sec-
ondary anti-rabbit, anti-goat, and anti-mouse antibodies
were purchased from Santa Cruz Biotechnology.
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Cell lines and culture

The human HCC cell lines HepG2, SMMC-7721 and
Bel-7402 were purchased from Shanghai Institutes for
Biological Sciences (Chinese Academy of Sciences,
Shanghai, China). Bel-7402 and SMMC-7721 were nor-
mally cultured in RPMI1640 medium (Gibco, Grand
Island, NY, USA), all supplement with 10% FBS (Gibco,
Grand Island, NY, USA) in a 5% CO, humidified incu-
bator at 37 degrees. And in order to get hypoxic cells.
Cells were exposed to hypoxic conditions (1% O,) in a
hypoxia incubator filled with a mixture of 1% O,, 5%
COyand 94% N,

Cell proliferation assay

SMMC-7721 and Bel-7402 cells were treated with vari-
ous concentrations of CT-707 in the first 24 h and then
with various doses of sorafenib for 48 h in normoxic or
hypoxic condition, and cell proliferation were measured
by microscopy (Leica DM4000 B) and sulforhodamine
B (SRB) protein assay (Sigma, S1402) [14]. For SRB,
Cells (7000/well) were incubated with 10% trichloro-
acetic acid (TCA) for 1 h (4 °C) and washed it at least
3 times by water, then stained with sulforhodamine B
for 30 min. The sulforhodamine B was washed away
with 1% cold acetic acid, and 100 ul of 1% Tris-base was
added to each well. The optical density (OD) was deter-
mined at 515 nm by a Multiskan Spectrum plate reader
(Thermo Electron Corporation, Marietta, OH, USA).
For clonogenic assay, Cells were observed and photo-
graphed by 10X objective, the results were analyzed by
Leica Microscope Imaging Software.

Flow cytometry

Propidium iodide (PI) staining and annexin V-PI (AV-
PI) staining were used to detect the apoptosis of cells by
flow cytometry on a FACS Calibur cytometer (Becton
Dickinson) as described previously [15].

Western blot

Cells were lysed with the loading buffer. Proteins were
fractionated on 10% SDS-PAGE and transferred to
polyvinylidene fluoride membrane (Millipore Corpo-
ration). The following antibodies were used: anti-YAP
(Cell Signaling Technology, 4912 s), phospho-YAP
(Ser127) (Cell Signaling Technology, #4911), B-actin
(Santa Cruz, sc-1615), cleaved-PARP (Santa Cruz,
sc-7150).

Statistical analysis
The results are expressed as the mean £ SD of at least
3 independent experiments. Differences between two
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means were analyzed by student’s t-test and were con-
sidered statistically significant when P <0.05.

Results

Hypoxia mediated sorafenib resistance of HCC cells

First, we confirmed the antitumor effect of the sorafenib
in human HCC cell lines, SMMC-7721 and Bel-7402 in
normoxia and hypoxia. Cells were treated with serial
concentrations of sorafenib for 72 h, and then SRB stain-
ing assay was used to detect the survival fractions. The
survival curve of sorafenib is shown in Fig. 1A. When
cells were exposed to serial concentrations of sorafenib
in normoxia or hypoxia, the survival rate of sorafenib in
normoxia or hypoxia were determined respectively, and
the results suggested that hypoxia significantly reduced
the anti-cancer effect of sorafenib. To specifically evalu-
ate the differential antitumor effect in normoxia and
hypoxia, we calculated the half maximal inhibitory con-
centration (ICy)) [16, 17]. The IC,, values of sorafenib
in normoxia and hypoxia were 10.01 puM and 47.99 uM
respectively (Fig. 1B). Similar results were obtained on
Bel-7402 (Supplemental Fig. 1). These data demonstrate
that hypoxic microenvironment conferred the resistance
of HCC cells towards sorafenib.

Cytotoxicity of the combination of sorafenib and CT-707

in human HCC cell lines

Our previous study has uncovered the enhanced anti-
cancer capacity of CT-707 (Fig. 2A) against the hypoxic
HCC cells [13]; therefore, we were encouraged to ask
whether the combination of sorafenib and CT-707
would exert enhanced effects under hypoxia. Normoxic
or hypoxic SMMC-7721 cells were pre-treated with
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serial concentrations of CT-707 for the first 24 h, and
then subjected to serial concentrations of sorafenib
for the next 48 h. SRB assay was used to monitor the
survival fractions of each group. As shown in Fig. 2B,
the combination of sorafenib and CT-707 achieved
synergistic anti-cancer effects under hypoxia, which
was greater than that under normoxia. Specifically,
when cells were exposed to sorafenib (20 uM), CT-707
(3 uM), or their combination in normoxia, the inhibi-
tion rates were 83.94%, 32.07%, and 92.94%, respec-
tively. In the contrast, those under hypoxia were
29.76%, 40.32%, and 91.29%, respectively (Fig. 2C).
These data revealed that the hypoxia-mediated resist-
ance was remarkably attenuated by CT-707, and the
combination of these two agents elicited robustly
enhanced anti-cancer activities against hypoxic HCC
cells than that under normoxia. Similar results were
also achieved when cells were co-exposed to CT-707 at
4 uM (Fig. 2C).

To further demonstrate that CT-707 could overcome
the hypoxia-mediated resistance of sorafenib, we treated
SMMC-7721 cells with sorafenib (10 uM), CT-707
(3 uM) or both under normoxia and hypoxia, respec-
tively; and observed the cell morphology using optical
microscope. Representative pictures of SMMC-7721 and
Bel-7402 after 72 h in cell culture dishes were displayed
in Fig. 2D and Supplemental Fig. 2. Combination treat-
ment resulted in significant inhibition to the prolifera-
tion of SMMC-7721 and Bel-7402 under hypoxia, while
the mono-treatment induced moderate inhibition. Taken
together, these data suggested that the hypoxic resistance
of sorafenib in HCC cells could be greatly abolished by
CT-707.
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Fig. 1 Hypoxia mediated sorafenib resistance in hepatocellular carcinoma. A SMMC-7721 cell was treated with serial concentrations of sorafenib
in normoxia and hypoxia and cell survival were detected using SRB assay. B The ICs values of sorafenib in normoxia and hypoxia. Data are
representative of 3 independent experiments and are expressed as the mean £ SD. The symbols refer to ** P<0.01 and *** P<0.001, respectively
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Fig. 2 Hypoxia-induced sorafenib resistance can be overcome by CT-707 in vitro. A Chemical structures of CT-707. B, C SMMC-7721 cell was treated
with sorafenib at serial concentrations and CT-707 at different concentrations (2 uM, 3 uM, 4 uM), and the inhibition ratio was then determined

by SRB assays. Data are representative of 3 independent experiments and are expressed as the mean = SD. The symbols refer to ** P<0.01 and ***
P<0.001, respectively. D SMMC-7721 cell was treated with sorafenib (10 uM), CT-707(3 pM) or both, and the cell density was observed by optical

CT-707 treatment strengthens the apoptosis-induction

by sorafenib in hypoxic HCC cells

To further confirm that CT-707 could overcome sorafenib
resistance under hypoxia, we assessed the apoptosis of
SMMC-7721 and Bel-7402 cells after 72 h treatment by
sorafenib (15 uM), CT-707(4 uM) or both. The results
detected by PI staining following FACS analysis were
shown in Fig. 3A and Supplemental Fig. 3, the apoptosis
ratio (early + late apoptosis) of control, sorafenib, CT-707
and combination groups in SMMC-7721 were 7.49%,

15.90%, 21.60% and 71.03% respectively; and those in
Bel-7402 were 0.08%, 34.40%, 27.71% and 61.76% respec-
tively. The results indicated that the combination of these
two agents enhanced the apoptosis in HCC compared
with mono-treatment.

Because most apoptotic cell death undergoes the
caspase-dependent pathway [18], we further examine
the activation of the caspase cascade of SMMC-7721
cell line after 72-h treatment by sorafenib (20 puM),
CT-707(3 uM) or the combination using Western blotting.
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Fig. 3 The combination of Sorafenib and CT-707 induced enhanced apoptosis of hepatocellular carcinoma cells. A SMMC-7721 cell was treated
with sorafenib (15 uM), CT-707(4 uM) or both, and the cell apoptosis was detected by AV/PI staining (the units of the y-axis and x-axis are
fluorescence intensity. y-axis: Pl staining; x-axis: Annexin V). B SMMC-7721 was treated with sorafenib (20 uM), CT-707(3 uM) or both, and the protein
expression levels of cleaved PARP (c-PARP) and B-actin in the cell lines were determined using western blot analysis. Full-length blots/gels are

As demonstrated by Fig. 3A, the combined treatment of
CT-707 an sorafenib significantly triggered caspase activa-
tion as indicated by the robust cleavage of PARP, the sub-
strate of caspases cascade, which denoting more apoptosis

in the combination groups. These findings collectively ver-
ified that the combination of CT-707 with sorafenib could
significantly enhance the hypoxic anti-cancer activities in
HCC.
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CT-707 inhibits YAP nuclear translocation in HCC cell lines
Above-mentioned data illustrated the capability of
CT-707 that increased the hypoxic HCC cell susceptibil-
ity towards sorafenib. Mounting evidence has implicated
the critical roles of YAP signaling in hypoxia-mediated
drug resistance [19, 20]. Particularly, our previous stud-
ies demonstrated that hypoxia-activated YAP pathway
contributed to the decreased drug response of HCC cells
towards sorafenib or SN-38 [9, 12]. Based on these find-
ings, we performed a functional screening and identified
CT-707 as a novel YAP inhibitor, and this agent pos-
sessed superior activity under hypoxia by suppressing
hypoxia-induced YAP translocation. Therefore, we next
investigated whether CT-707 overcome the resistance to
sorafenib through its YAP-inhibitory effect.

The core components of the Hippo pathway include
the mammalian sterile 20-like kinases (MSTs) and large
tumor suppressor kinases (LATSs), impose negative reg-
ulation on YAP by phosphorylation on residue Serl127,
leading to the cytoplasmic retention of YAP protein. On
the contrary, the unphosphorylated YAP would translo-
cate into the nucleus and exert its transactivation func-
tion. We assessed the phosphorylated and total levels
of YAP in SMMC-7721 cells after 24-h exposure to
sorafenib (10 uM), CT-707 (3 pM) or both using West-
ern blot analysis. The results showed that hypoxia caused
decreased levels of p-YAP (Ser127), denoting the nuclear
translocation of YAP under hypoxic microenvironment
(Fig. 4A). While CT-707 exposure under hypoxia signifi-
cantly induced the phosphorylated YAP, which indicated
that in these cells, YAP protein was detained in the cyto-
plasm (Fig. 4A). These results implied that CT-707 over-
come the resistance of sorafenib in hypoxia by preventing
YAP nuclear translocation.

Discussion
HCC is one of the most common cancer in the world.
And the incidence of HCC has increased rapidly world-
wide in the last decade [21]. The molecular pathogene-
sis of HCC varies according to the differential genotoxic
insults and aetiologias including hepatitis B, C and other
confounding factors such as tobacco use, obesity and
alcohol abuse [22-24]. Sorafenib is the firstly-approved
multikinase inhibitor to treat advanced HCC [25]. Clini-
cal studies have shown some survival benefits on the time
to progression (TTP) and overall survival (OS), but the
benefits of sorafenib generally could not be sustained for
long time treatment due to the acquisition of resistance
[26, 27]. Therefore, it is urgent to explore potential strate-
gies to alleviate sorafenib resistance in HCC.

HCC is a type of hypervascular tumor and angiogen-
esis plays an important role in the development of the
disease [28]. Given the sophistication and intricacy of
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angiogenetic process, it would be extremely difficult for
sorafenib to completely suppress blood vessel formation,
particularly those microvessels inside HCC tumors [29].
Recent studies showed that Axitinib, a multiple tyrosine
kinase inhibitor targeting VEGFR1, VEGFR2, VEGFR3,
PDGEFR and c-Kit, could improve the anticancer effects
of sorafenib in advanced HCC patients [30]. Similar
observation was obtained on apatinib, which is also a
VEGER?2 inhibitor and showing synergistic effects with
sorafenib [31, 32]. Notably, both combination regimens
have been evaluated in clinical trials (NCT00678392,
NCT02329860).

On the other hand, the clinical outcome of anti-angio-
genesis strategies remains debated, recent findings reveal
that anti-angiogenic treatment has limited efficacy due
to therapy-induced blood vessel alterations, often fol-
lowed by severe intratumor hypoxia, tumor adaptation,
progression and metastasis [33]. Particularly, mounting
evidence has established the causal link between hypoxia
and reduced susceptibility towards sorafenib. Liang
and colleagues found that HIFla which was induced
by hypoxia may contribute to the hypoxic resistance of
sorafenib, and EF24, a curcumin analogue, could syner-
gistically strengthen the antitumor effects of sorafenib
and overcome sorafenib resistance by inhibiting HIF-1a
and promoting proteasomal degradation by up-regulat-
ing tumor suppressor Von Hippel-Lindau [8]. Another
study conducted by Lin et al. uncovers a critical function
for METTL3-mediated m®A modification in the hypoxic
tumor microenvironment and identifies FOXO3 as an
important target of m°A modification in the resistance of
HCC to sorafenib therapy [34]. Our previous study dem-
onstrated that hypoxia induced the nuclear translocation
of YAP, subsequently transactivated YAP target genes
which promoted cell survival and escaped apoptosis,
thereby leading to sorafenib resistance [9, 12].

The important roles of YAP in those HCC tumors pre-
senting hypoxic region raise the feasibility of targeting
YARP to interfere with hypoxia-related malignancy includ-
ing sorafenib resistance. According to our previous study,
Statins, the inhibitors of hydroxymethylglutaryl-CoA
reductase (HMGCR), could ameliorate hypoxia-pro-
voked nuclear YAP and improve the anti-cancer activity
of sorafenib both in vitro and in vivo [9]. However, the
mono-treatment of Statins failed to exert robust antican-
cer activities, which may hamper the clinical application
of HMGCR inhibitors in HCC treatment [35]. Therefore,
the possibility to combine more potent YAP inhibitor
with sorafenib to combat with the hypoxia-caused resist-
ance deserve to be further explored.

CT-707 is a novel multikinase inhibitor that was
recently approved by the NMPA for clinical trial in
NSCLC. Preclinical study found that CT-707 shows
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Fig. 4 CT-707 increase sorafenib-induced apoptosis under hypoxia by suppressing YAP target genes. A The protein levels of YAP, P-YAP and

B-actin in SMMC-7721 cell were detected by western blot analysis in the same conditions as Fig. 2 (D). B A proposed model of crosstalk among
Hippo signaling, sorafenib and CT-707 response in hypoxia. On the left, hypoxia caused decreased levels of p-YAP (Ser127), denoting the nuclear
translocation of YAP under hypoxic microenvironment, which induce sorafenib resistance. On the right, CT-707 overcome the resistance of sorafenib
in hypoxia by preventing YAP nuclear translocation. Full-length blots/gels are presented in Supplementary materials Figure 18-D

anti-cancer activities against different cancer models,
including inhibition of both tumor growth and metas-
tasis. Our previous study showed that CT-707 displayed
an ability which inhibits the nuclear translocation of YAP
on HCC models [36], so there is a possibility that CT-707
can overcome sorafenib-resistance in hypoxia by inhibit-
ing the dephosphorylation and nuclear translocation of
YAP, and the present study demonstrated the hypoxia-
mediated sorafenib resistance indeed abated by the co-
exposure to CT-707, accompanied with the apoptosis
induction [13].

Conclusions

In summary, our findings demonstrated that the com-
bination of sorafenib and CT-707 exerted synergistic
in vitro activity in hypoxic HCC cells. Further studies
showed that CT-707 inhibited the activation of YAP
through interfering with the dephosphorylation and
nuclear translocation of YAP under hypoxia, which
would reverse the sorafenib-resistance in HCC under
hypoxia (Fig. 4B). And our study provides a promising
therapeutic strategy for HCC and expands the horizon
for the clinical applications of improving the effect of
sorafenib in advanced HCC patients.
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