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ABSTRACT

Sorafenib is approved for treatment of advanced hepatocellular carcinoma (HCC) by the Drug Administration.
However, the efficacy of sorafenib has become very limited because most tumors have developed resistance to
this drug. In this study, we found that sorafenib stimulated GHR expression in HCC cell lines. Thus, GHR might
be linked to sorafenib resistance. To verify this hypothesis, we researched the roles of GHR knockdown and
sorafenib combination in cell viability, apoptosis, cycle, and migration. The results showed that GHR blockage
enhanced sorafenib blocking of cell cycle progression, leading to inhibition of this drug on HCC cell viability, and
the improved promoting ability of sorafenib on cell apoptosis. In addition, it was found that GHR knockdown
enhanced sorafenib inhibition of cell migration. The synergistic antitumor effects of sorafenib and GHR
knockdown combination may be attributed to inhibition of PI3K/AKT/ERK1/2 signaling pathway. In conclusion,
the findings suggest that GHR knockdown enhances the sensitivity of HCC cells to sorafenib. and the
inactivation of PI3K/AKT/ERK1/2 signaling pathway may be the underlying mechanisms. This highlights the
absence of GHR as a promising way to enhance sorafenib efficacy in HCC.

INTRODUCTION limiting the efficacy of chemotherapy [5]. Thus, the 5-
years survival rate is still very low.

Hepatocellular carcinoma (HCC), a leading cause of

cancer-related death worldwide, tortures more than
840,000 people every year [1]. In recent years, the
incidence of HCC is rising faster than that of any other
cancers in both males and females [2]. China has the
highest incidence of HCC, which accounts for more
than a half of the world’s burden [3]. Patients with early
HCC are usually treated with surgery and liver
transplantation [4]. However, in for most patients, HCC
is diagnosed at an advanced stage. In other words, these
patients have missed the best treatment period. HCC is
usually associated with liver function impairment,

Sorafenib, an oral multi-kinase inhibitor, inhibits tumor
angiogenesis and reduces tumor cell apoptosis [6]. In
2007, it is approved for the treatment of advanced HCC
by the Drug Administration [7]. The mechanism
underlying the therapeutic effects of sorafenib on HCC
has been well studied. Sorafenib firstly targets multiple
kinases which are involved in the Ras/Raf/MEK/ERK
signaling pathway, such as Raf-1 and B-Raf, to directly
suppress tumor cell proliferation [3]. In most advanced
HCCs, the Ras/RaffMEK/ERK signaling pathway is
activated by the stimulation of growth factors, including
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epidermal growth factor (EGF), hepatocyte growth
factor (HGF), and insulin-like growth factor (IGF) [8].
In addition, sorafenib indirectly suppresses tumor cell
proliferation through targeting c-Kit, FLT-3, VEGFR-
2/3, PDGFR-B, and other tyrosine kinases, which are
involved in tumor angiogenesis [3]. Although the
overall survival is improved in HCC patients treated
with sorafenib, the median survival time of those with
advanced disease is only about 3-5 months [8]. Previous
studies have provided many evidences that the efficacy
of sorafenib for patients with advanced HCC is very
limited [9-11]. Most of those patients develop
resistance to this drug, which has become a limiting
factor in its clinical application [12, 13]. Currently,
various factors are reported to be connected with
sorafenib resistance, such as EMT, drug metabolism,
angiogenesis, hypoxia, autophagy, inflammation viral
activation and the activation of signal pathways [3].

Growth hormone (GH), the main mediator of the
postnatal growth of somatic cells, plays a critical role in
cell growth and differentiation via interacting with its
receptor (GHR) [14]. GHR belongs to a large family of
cytokine or hematopoietic receptors. It activates signal
transductors (JAK-2/STAT), the cascade of the
mitogen-activated protein kinase (MAPK) and the
phosphoinositide 3-kinase (PI13K) which are important
for cell growth and survival [15]. Recently, GHR is
reported to be associated with cancer development and
progression, including breast cancer and hepatocellular
carcinoma [16-18]. In addition, GHR is connected with
breast cancer chemoresistance and metastasis that GHR
knockdown decreases the chemoresistant and metastatic
behavior of estrogen receptor negative breast cancer
[19, 20].

In this study, it was found that sorafenib could stimulate
GHR expression in HCC cell lines, while other drugs
including regorafenib, lenvatinib, and cabozantinib had
no effects on GHR expression. Therefore, we further
detected the impacts of GHR knockdown and sorafenib
combination on cell viability, apoptosis, cycle, and
migration. The results showed that GHR silence
sensitized HCC cells to sorafenib. The inactivation of
PI3K/AKT signaling pathway and ERK1/2 might be the
underlying mechanisms, highlighting the absence of
GHR as a promising way to enhance sorafenib efficacy
in HCC.

RESULTS

Sorafenib induced the increase of GHR in HCC cell
lines

GHR is highly expressed in tumor samples compared
with adjacent normal tissues [15], and it regulates tumor

cell proliferation, apoptosis, tumor differentiation and
tumor grade [21, 22]. In this study, we first detected the
relationship between GHR expression and drugs used in
the treatment of HCC. The results of western blotting
assay showed that sorafenib stimulated GHR expression
in HepG2 and Huh7 cell lines, while other drugs
including regorafenib, lenvatinib, and cabozantinib had
no effects on GHR expression in HCC cell lines (Figure
1A, 1B). To further validate the impact of sorafenib on
GHR expression in HCC cell lines, the mRNA level of
GHR was increased in different HCC cell lines including
HepG2, Huh7, QGC7701 and SMMC7721 cells treated
with 5 uM or 10 uM sorafenib. (Figure 1C). In addition,
the protein expression of GHR was also highly increased
in these four types of HCC cell lines treated with
different concentration of sorafenib (Figure 1D). These
findings suggested that GHR might play a role in
sorafenib treatment for HCC.

GHR blockage increased sorafenib inhibition of
HCC cell viability

To gain insight into the functional role of GHR in
sorafenib resistance for HCC treatment, si GHR was
transfected into two HCC cell lines, HepG2 and Huh?,
for silencing GHR. Next, we analyzed the effects of
sorafenib on the cell viability of these cells with MTT
assay. IC50 of sorafenib on HepG2 and Huh7 cells
transfected with si GHR or si RNA were detected. Cell
viability was decreased in a dose-dependent manner
when cells were treated with sorafenib (Figure 2A).
Sorafenib showed 50% viability inhibition on HepG2
cells with GHR blockage at 0.4009 pM, presenting a
13-fold lower IC50 value than that on HepG2 cells
(IC50 = 5.265 puM). In addition, the IC50 value of
sorafenib on Huh7 cells transfected with SiGHR is
0.7053 uM, whereas for control cells the value is 4.722
uM. These findings suggest that GHR inhibition
induces sensitization of HCC cells to sorafenib.

To strengthen these observations, colony formation
assay was further performed. Notably, GHR knockdown
aggravated the inhibition effects of sorafenib on the cell
proliferation of HCC cells (Figure 2B, 2C).

GHR knockdown enhanced sorafenib suppressing of
the activation of PI3SK/AKT/ERK1/2 signaling
pathways

To investigate the underlying mechanism of GHR
silence sensitizing HCC cells to sorafenib, this study
detected molecules of ERK1/2, and PI3K/AKT
signaling pathways in HepG2 and Huh7 cells after si
GHR and drug treatment by using western blotting
assay. HCC cells were divided into four groups
according to the treatment with or without sorafenib or
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si GHR. It is important to highlight that the protein
levels of p-ERK1/2, p-PI3K and p-AKT were
significantly lower in HCC cells treated with both si
GHR and sorafenib than the other three groups (Figure
3A, 3B), suggesting that GHR knockdown induced the
inhibition effects of sorafenib on the activation of
PI3K/AKT/ERK1/2 signaling pathways.

GHR knockdown enhanced sorafenib promoting of
cell apoptosis and blocking of cell cycle progression

Caspase-3, a cysteine protease, plays an important role
in execution of apoptosis. The proteolytic cleaves pro-
caspase-3, an inactive proenzyme, into its active form,
called cleaved caspase-3, which is responsible for
specific cleavage of large numbers of key cellular
proteins involved in apoptosis [23]. In this study, we
detected the role of GHR knockdown and sorafenib in
caspase-3 activity. The results showed that silencing
GHR or sorafenib treatment single promoted caspase-3
activity and the protein level of cleaved caspase-3
compared with control group (Figure 4A, 4B).
However, caspase-3 activity and cleaved caspase-3
protein level were significantly higher in HCC cells
treated with both si GHR and sorafenib than that of cells
treated with single. These findings suggest that GHR

Relative GHR
mRNA expression

HepG2 Huh7 QGC7701 SMMC7721

knockdown aggravated the promotion function of
sorafenib on cell apoptosis of HCC cells.

To investigate whether si GHR combined with
sorafenib-induced inhibition of cell growth was
connected with cell cycle dysregulation, we further
tested cell cycle of HCC cells when treated with si GHR
or/and sorafenib. Silencing GHR or/ and sorafenib
treatment stimulated HepG2 and Huh7 accumulation in
G1 stage, while cell growth was then significantly
reduced in S stage (Figure 4C). Interestingly, only si
GHR combined with sorafenib treatment continued cell
growth decrease from S stage to G2M stage, suggesting
that GHR inhibition combined with sorafenib prevented
HCC cell progression from G stage to S and G2M
stages.

GHR knockdown enhanced sorafenib inhibiting of
cell migration

Next, we further investigated the roles of si GHR or/and
sorafenib in HCC cell migration. Wounding healing
assay results revealed no significant difference between
the cell migration area of HepG2 and Huh? cells treated
with si GHR or sorafenib individually compared with
that of the control cells in 24 h (Figure 5A, 5B).
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Figure 1. Sorafenib induced GHR expression in HCC cell lines. (A) Western blotting assay measured the protein levels of GHR in HepG2
and Huh7 cell lines treated with sorafenib, regorafenib, lenvatinib, or cabozantinib; (B) The quantification of GHR protein expression was
normalized by Image J; (C) The mRNA levels of GHR were detected in different HCC cell lines with the treatment of 0, 5 uM or 10 uM
sorafenib by Real-time PCR assay. (D) Western blotting assay detected the protein levels of GHR in different HCC cell lines treated with 0, 5

UM or 10 uM sorafenib.
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Combination treatment with si GHR plus sorafenib (MMPs) have been reported to promote cell migration

significantly increased the wound size of HepG2 and and invasion via extracellular matrix (ECM)
Huh7 cells. In addition, we also evaluated the protein degradation, resulting in metastasis [24]. MMP2 and
levels of MMP2 and MMP9 in HCC cells treated with si MMP9, the major proteolytic enzymes contributed to
GHR orfand sorafenib. Matrix metalloproteinases ECM degradation, are involved in the process of
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Figure 2. GHR blockage increased sorafenib inhibition of HCC cell viability. (A) MTT assay tested the IC50 values of sorafenib on
HepG2 and Huh7 cells with the presence or absence of GHR. In HepG2 cells with siGHR, IC50 values is 0.4009 uM, whereas on control cells
the value is 5.265 uM. In Huh7 cells with siGHR, IC50 values is 0.7053 uM, and on control cells the value is 4.722 uM; (B) The results of colony
formation assay showed that GHR silence significantly inhibited cell proliferation in HCC cells treated with different concentration of
sorafenib (0, 5 uM or 10 uM); (C) The percentage of cell viability was normalized. All data shown represented the mean + SEM. ***P < 0.001,
compared with control groups.
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Figure 3. GHR knockdown enhanced sorafenib suppressing of the activation of PI3K/AKT/ERK1/2 signaling pathways. The
results of western blotting assay revealed that the protein levels of ERK1/2, p-ERK1/2, PI3K, p-PI3K, AKT and p-AKT were significantly
inhibited in HepG2 (A) and Huh7 cells (B) with siGHR and sorafenib combination compared with cells with sorafenib single.

WWww.aging-us.com 18130 AGING



A HepG2 Huh7 B
Bl siNC Il siNC
15 | 5 Hl siGHR siGHR: - + -+
Il siGHR 1
é i 3 _— Sorafenib @ 0 5 uM5 M
£ g
£ 104 %‘ 104
g E - WS W W Ccospasel
("I) o
% 7 % 5 - Cl2EVED-
=3 =3 caspase3
3 8 —— 0
0_
0_
0 SuM 0 5uM HepG2
Sorafenib Sorafenib
SIGHR = -+
0 0 5uM5pM
C HepG?2 Huh7 Sorafenib * il
| G . Gam —— R == CHR
2 15 2157 s —
@ M s ©
= & - e @ Cacposcl
=] m Gl a H Gl
a» @ -
o 1.0 o L
% :)‘," 1o .; . . Cleaved-
5 = caspase3
o 0.5 O 05 Ee—— G /\PDH
= =
> o Huh7
¥ gp ¥ 0o
& 2 3 P & Nl ¥ ©
59 ‘§¥\ $§9 & éé 5F$ ¥f %d?
T o T o
x x
& &
<@ &

Figure 4. GHR knockdown enhanced sorafenib promoting of cell apoptosis and blocking of cell cycle progression. (A) Caspase-3
activity assay detected caspase-3 activity in HCC cell lines with siGHR or/and sorafenib; (B) The results of western blotting assay showed that
the protein levels of cleaved caspase-3 were significantly increased in HCC cell lines with siGHR and sorafenib combination compared with
cells with sorafenib single; (€C) GHR inhibition combined with sorafenib prevented HCC cell progression from G stage to S and G2M stages. All
data shown represented the mean + SEM. ***P < 0.001, compared with control groups.
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Figure 5. GHR knockdown enhanced sorafenib inhibiting of cell migration. (A) Wound healing assay measured cell migration of HCC
cells siGHR or/and sorafenib; (B) the width ratio was calculated by the wound width/the distance measured at 0 h. All data shown
represented the mean + SEM. ***p<0.001; (C) The results of western blotting assay showed that GHR knockdown and sorafenib combination
suppressed the protein levels of MMP2 and MMP9 and promoted the expression of E-cadherin in HepG2 and Huh7 cells.
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releasing vascular endothelial growth factor (VEGF),
promoting tumor cell migration and invasion [24].
Western blotting assay results showed that sorafenib
single inhibited MMP9 expression in HepG2 cells and
suppressed both MMP2 and MMP9 expression in Huh7
cells (Figure 5C). Except that, loss of E-cadherin gene
expression causes dysfunction of cell junction system,
allowing cancer cell invasion and metastasis. To further
validate the underlying mechanism by which GHR
knockdown and sorafenib combination regulates E-
cadherin, we found that GHR knockdown and sorafenib
combination had an increased expression of E-cadherin
at protein levels (Figure 5C), These results suggested
that the combination treatment notably proved the roles
of GHR blockage in sorafenib inhibiting of cell
migration.

DISCUSSION

GHR, a member of the class | cytokine receptor family,
plays a critical role in cancer development, and is
associated with cancer chemoresistance as well as
metastasis [20, 25]. In this study, we found that GHR
expression was increased in HCC cell lines induced by
sorafenib compared with cells without sorafenib
treatment. Sorafenib, a small molecule, is well known
for inhibiting tumor angiogenesis and promoting tumor
cell apoptosis [6]. It is approved for treatment of
advanced HCC by the Drug Administration in 2007 [7].
However, most advanced HCCs obtain resistance to
sorafenib, eventually leading to tumor growth or distant
metastasis overtime [8]. In this study, we investigated
the roles of GHR blockage in sorafenib resistance in
HCC development.

In detail, we found that GHR knockdown enhanced
sorafenib inhibiting of cell viability. The IC50 value of
sorafenib on HepG2 and Huh7 cells transfected with si
GHR was significantly lower than that on control cells.
In addition, GHR blockage increased the promotion
effects of sorafenib on cell apoptosis. The functions of
GHR inhibition and sorafenib combination on cell
growth and apoptosis might result from the prevention
of cell cycle progression. This study further found that
GHR knockdown enhanced sorafenib inhibiting of cell
migration. These findings suggest that GHR inhibition
sensitizes HCC cells to sorafenib, which may be used as
an effective strategy to suppress the resistance of HCC
on sorafenib in clinical.

HCC development and progression mainly involve the
Ras/RafMAPK and the PI3K/AKT/mTOR pathways
[26]. Sorafenib, a multi-kinase inhibitor, targets VEGFR,
PDGFR, PI3K, MAPK, c-kit, and Raf [27]. Previous
studies have demonstrated that sorafenib resistance in
HCC is regulated by several signaling pathway, including

EGFR signaling, PISK/AKT pathway, autophagy and
Epithelial-mesenchymal transition (EMT) [4]. The
PI3K/AKT signaling pathway plays a critical role in the
signal transduction activities related to cell proliferation,
apoptosis, and metastasis in human malignancies [28],
and has an important impact on modulating sorafenib
resistance in HCC [29]. AKT inhibitor MK-2206 and
AKT knockdown have been reported to reverse the
resistance to sorafenib [30]. In addition, AKT silence
enhances the sensitivity of HCC cells to sorafenib-
induced apoptosis [31]. The mechanism of PI3K/Akt
pathways sorafenib resistance has been attracting
attention. Sorafenib activates AKT and upregulates the
phosphorylation of its downstream targets, including
S6K, which is aberrantly activated in 40%-50% of HCC
patients [32, 33]. Activated S6K causes crosstalk on the
Ras/Raf/IMAPK  signaling pathway, and further
diminishes the inhibitory effect of sorafenib on HCC,
leading to sorafenib resistance to HCC [32, 34].
Furthermore, PI3K/AKT cascade is demonstrated to
directly or indirectly regulate the properties of migration
and invasion in sorafenib-resistant HCC cells through
MMP2 and MMP9 [35]. In the present study, the protein
levels of p-PI3K, p-AKT, MMP2 and MMP9 were
significantly lower in HCC cells treated with both si
GHR and sorafenib than that in control cells, suggesting
that GHR knockdown induced the inhibition effects of
sorafenib on the activation of PI3K/AKT signaling
pathways. GHR activates signal transductors (JAK-
2/STAT), the cascade of the mitogen-activated protein
kinase (MAPK), and of the phosphoinositide 3-kinase
(PI3K), which are important for cell growth and survival
[15]. This study also found that GHR silence
significantly inhibited the protein level of p-PI3K in HCC
cells. Thus, GHR knockdown may enhance the
sensitivity of HCC cells to sorafenib via dysregulating
the activation of PI3BK/AKT pathway.

In addition, our results showed that the protein level of
p-ERK1/2 was also inhibited in HCC cells with si GHR
and sorafenib combination in relative to control cells,
suggesting ERK1/2 inactivation might be another
mechanism of GHR silence sensitizing HCC cells to
sorafenib. Previous studies report that sorafenib
response is impaired in HCC with dysregulated p-ERK
activation [36], and overexpression of p-ERK1/2 leads
to sorafenib resistance [37].

CONCLUSIONS

Taken together, the present study showed that GHR
knockdown enhanced the sensitivity of HCC cells to
sorafenib, and the inactivation of PI3K/AKT/ERK1/2
signaling pathways might be the underlying
mechanisms, highlighting the absence of GHR as a
promising way to enhance sorafenib efficacy in HCC.
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MATERIALS AND METHODS
Cell lines and cultures

Four HCC cell lines, including HepG2, Huh?,
QGC7701, and SMMC7721 cells, were cultured in
Dulbecco modified Eagle medium (DMEM; Gibco
BRL, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum at 37°C in an atmosphere containing
5% CO2.

Cell transfection

GHR knockdown cells were established by using
siRNA which is directed against GHR. HepG2 and
Huh7 cells were transfected with si GHR using
Lipofectamine 2000 transfection reagent (Life
Technologies, Grand Island, NY) in accordance with
the manufacturer's instructions. First, cells were
cultured in six well plates overnight. Then, 5 ug
plasmids were added into each well mixed with lipo-
fectamine solution.

Western blotting assay

HepG2, Huh7, QGC7701, and SMMC7721 cells were
treated with sorafenib, regorafenib, lenvatinib, or
cabozantinib in the presence or absence of GHR for
24 h. Total protein was extracted from cells, and
resolved on SDS-PAGE. Then, proteins were
transferred to PVDF membranes. The membranes
were further blocked with 5% skim milk for 2 h at
room temperature, and then incubated overnight at 4°C
with primary antibodies. Protein expression was
examined using antibodies against GHR, GAPDH, p-
ERK1/2, p-PI3K, p-AKT, cleaved-caspase 3, MMP2,
and MMP9.

Cell viability assay

MTT assay was performed to detect cell viability.
Briefly, cells were cultured in a 96-well plate for 24 h,
and then treated with different concentrations of
sorafenib at 37°C for 24 h. Cells were incubated with
0.5 mg/mL MTT for 3 h. The result was measured
spectrophotometrically with a microplate reader
(multiplate reader multiskan FC, thermo scientific) at
570 nm.

Colony formation assay

HCC cells with the presence or absence of GHR were
cultured in 60-mm dishes containing a top layer of 0.7%
agar and a bottom layer of 1% agar, and treated with 5
uM sorafenib for 4 weeks at 37°C. Last, cells were
stained with 0.2% crystal violet.

Caspase-3 activity assay

The caspase-3 activity was measured by using a
caspase-3 activity assay kit (Beyotime, Shanghai,
China) according to the manufacturer’s instructions.
In brief, cells were cultured in 96-well plates and
treated with sorafenib for 24 h. And then, cells were
lysed with a lysis buffer (100 pl/well) for 15 min on
ice. After washing with cold HBSS, cells were
incubated with the mixture composed of a 10 pl cell
lysate, 80 pl reaction buffer and 10 pl of 2 mM
caspase 3 substrate at 37°C for 4 h. Last, the caspase 3
activity was measured using a SpectraMax M3
microplate reader (Molecular Devices) at an
absorbance of 405 nm.

Cell cycle analysis

Cell cycle was analyzed by using DNA flow
cytometry. HCC cells with the presence or absence of
GHR were treated with sorafenib for 24 h. And then,
cells were fixed in 70% ethanol at 4°C, and treated
with RNase, followed by staining with Pl n the dark
for 30 min. FACScan flow cytometer (Becton
Dickinson, San Jose, CA) was performed to analyze
cell cycle results.

Wound healing assay

HCC cells with the presence or absence of GHR were
transformed to 6-well plates, and treated with sorafenib.
A 100 pl pipette tip was used to scrap the cells, when
80% of the well was covered with cells. After wounds
generation, cells were incubated at 37°C for 24 h. The
migration distance of cells was determined. The width
ratio was calculated by the wound width/the distance
measured at O h.

Statistical analysis

All experiments were carried out in triplicate. The data
are presented as the mean £ SEM. Statistical tests were
performed using software SPSS 19.0. Student’s t-tests
were performed to compare difference of the means
between two groups. P values of <0.05 were considered
as statistically significant.

AUTHOR CONTRIBUTIONS

Shuang Gao and Qianwen Ni participated in the design
of the study, performed the measurements and the
statistical analysis. Xiuli Wu and Tieliu Cao helped in
data collection and the interpretation of data. Xiuli
Wu and Tieliu Cao wrote the manuscript. All authors
read and approved the manuscript.

WWW.aging-us.com 18133

AGING



CONFLICTS OF INTEREST

The authors have no conflicts of interest.

FUNDING

This work was supported by no grants.
REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019.

CA Cancer J Clin. 2019; 69:7-34.
https://doi.org/10.3322/caac.21551 PMID:30620402

2. Cronin KA, Lake AJ, Scott S, Sherman RL, Noone AM,
Howlader N, Henley SJ, Anderson RN, Firth AU, Ma J,
Kohler BA, Jemal A. Annual report to the nation on the
status of cancer, part I: national cancer statistics.
Cancer. 2018; 124:2785-800.
https://doi.org/10.1002/cncr.31551
PMID:29786848

3. LaiY, Feng B, Abudoureyimu M, Zhi Y, Zhou H, Wang T,
Chu X, Chen P, Wang R. Non-coding RNAs: emerging
regulators of sorafenib resistance in hepatocellular
carcinoma. Front Oncol. 2019; 9:1156.
https://doi.org/10.3389/fonc.2019.01156
PMID:31750247

4. LiuJ, Qiu WC, Shen XY, Sun GC. Bioinformatics analysis
revealed hub genes and pathways involved in
sorafenib resistance in hepatocellular carcinoma. Math
Biosci Eng. 2019; 16:6319-34.
https://doi.org/10.3934/mbe.2019315
PMID:31698564

5. Fong ZV, Tanabe KK. The clinical management of
hepatocellular carcinoma in the United States, Europe,
and Asia: a comprehensive and evidence-based
comparison and review. Cancer. 2014; 120:2824-38.
https://doi.org/10.1002/cncr.28730
PMID:24897995

6. LiaoJ, Zeng DN, Li JZ, Hua QM, Xiao Z, He C, Mao K, Zhu
LY, Chu Y, Wen WP, Zheng L, Wu Y. Targeting
adenosinergic pathway enhances the anti-tumor
efficacy of sorafenib in hepatocellular carcinoma.
Hepatol Int. 2020; 14:80-95.
https://doi.org/10.1007/s12072-019-10003-2
PMID:31802389

7. Parsons HM, Chu Q, Karlitz JJ, Stevens JL, Harlan LC.
Adoption of sorafenib for the treatment of advanced-
stage hepatocellular carcinoma in oncology practices in
the United States. Liver Cancer. 2017; 6:216-26.
https://doi.org/10.1159/000473862
PMID:29234628

8. Li A ZhangR, Zhang Y, Liu X, Wang R, Liu J, Liu X, Xie Y,

10.

11.

12.

13.

14.

15.

16.

Cao W, Xu R, Ma Y, Cai W, Wu B, et al. BEZ235
increases sorafenib inhibition of hepatocellular
carcinoma cells by suppressing the PI3K/AKT/mTOR
pathway. Am J Transl Res. 2019; 11:5573-85.
PMID:31632530

He M, Li Q, Zou R, Shen J, Fang W, Tan G, Zhou Y, Wu X,
Xu L, Wei W, Le Y, Zhou Z, Zhao M, et al. Sorafenib plus
hepatic arterial infusion of oxaliplatin, fluorouracil, and
leucovorin vs sorafenib alone for hepatocellular
carcinoma with portal vein invasion: a randomized
clinical trial. JAMA Oncol. 2019; 5:953-60.
https://doi.org/10.1001/jamaoncol.2019.0250
PMID:31070690

Chen ML, Yan BS, Lu WC, Chen MH, Yu SL, Yang PC,
Cheng AL. Sorafenib relieves cell-intrinsic and cell-
extrinsic inhibitions of effector T cells in tumor
microenvironment to augment antitumor immunity.
Int J Cancer. 2014; 134:319-31.
https://doi.org/10.1002/ijc.28362

PMID:23818246

Gajewski TF, Schreiber H, Fu YX. Innate and adaptive
immune cells in the tumor microenvironment. Nat
Immunol. 2013; 14:1014-22.
https://doi.org/10.1038/ni.2703

PMID:24048123

Zhu YJ, Zheng B, Wang HY, Chen L. New knowledge of
the mechanisms of sorafenib resistance in liver cancer.
Acta Pharmacol Sin. 2017; 38:614-22.
https://doi.org/10.1038/aps.2017.5

PMID:28344323

Ray EM, Sanoff HK. Optimal therapy for patients with
hepatocellular carcinoma and resistance or intolerance
to sorafenib: challenges and solutions. J Hepatocell
Carcinoma. 2017; 4:131-38.
https://doi.org/10.2147/JHC.5124366

PMID:29184856

Le Roith D, Bondy C, Yakar S, Liu JL, Butler A. The
somatomedin hypothesis: 2001. Endocr Rev. 2001;
22:53-74.

https://doi.org/10.1210/edrv.22.1.0419
PMID:11159816

Di Bella G, Colori B, Scanferlato R. The over-expression
of GH/GHR in tumour tissues with respect to healthy
ones confirms its oncogenic role and the consequent
oncosuppressor role of its physiological inhibitor,
somatostatin: a review of the literature. Neuro
Endocrinol Lett. 2018; 39:179-88.

PMID:30431745

Kopchick 1, List EO, Kelder B, Gosney ES, Berryman DE.
Evaluation of growth hormone (GH) action in mice:
discovery of GH receptor antagonists and clinical
indications. Mol Cell Endocrinol. 2014; 386:34—45.

WWW.aging-us.com 18134

AGING


https://doi.org/10.3322/caac.21551
https://pubmed.ncbi.nlm.nih.gov/30620402
https://doi.org/10.1002/cncr.31551
https://pubmed.ncbi.nlm.nih.gov/29786848
https://doi.org/10.3389/fonc.2019.01156
https://pubmed.ncbi.nlm.nih.gov/31750247
https://doi.org/10.3934/mbe.2019315
https://pubmed.ncbi.nlm.nih.gov/31698564
https://doi.org/10.1002/cncr.28730
https://pubmed.ncbi.nlm.nih.gov/24897995
https://doi.org/10.1007/s12072-019-10003-2
https://pubmed.ncbi.nlm.nih.gov/31802389
https://doi.org/10.1159/000473862
https://pubmed.ncbi.nlm.nih.gov/29234628
https://pubmed.ncbi.nlm.nih.gov/31632530
https://doi.org/10.1001/jamaoncol.2019.0250
https://pubmed.ncbi.nlm.nih.gov/31070690
https://doi.org/10.1002/ijc.28362
https://pubmed.ncbi.nlm.nih.gov/23818246
https://doi.org/10.1038/ni.2703
https://pubmed.ncbi.nlm.nih.gov/24048123
https://doi.org/10.1038/aps.2017.5
https://pubmed.ncbi.nlm.nih.gov/28344323
https://doi.org/10.2147/JHC.S124366
https://pubmed.ncbi.nlm.nih.gov/29184856
https://doi.org/10.1210/edrv.22.1.0419
https://pubmed.ncbi.nlm.nih.gov/11159816
https://pubmed.ncbi.nlm.nih.gov/30431745

17.

18.

19.

20.

21.

22.

23.

https://doi.org/10.1016/j.mce.2013.09.004
PMID:24035867

Subramani R, Nandy SB, Pedroza DA,
Lakshmanaswamy R. Role of growth hormone in breast
cancer. Endocrinology. 2017; 158:1543-55.
https://doi.org/10.1210/en.2016-1928
PMID:28379395

Baik M, Yu JH, Hennighausen L. Growth hormone-
STATS regulation of growth, hepatocellular carcinoma,
and liver metabolism. Ann N Y Acad Sci. 2011;
1229:29-37.
https://doi.org/10.1111/j.1749-6632.2011.06100.x
PMID:21793836

Arumugam A, Subramani R, Nandy SB, Terreros D,
Dwivedi AK, Saltzstein E, Lakshmanaswamy R. Silencing
growth hormone receptor inhibits estrogen receptor
negative breast cancer through ATP-binding cassette
sub-family G member 2. Exp Mol Med. 2019; 51:1-13.
https://doi.org/10.1038/s12276-018-0197-8
PMID:30617282

Minoia M, Gentilin E, Mole D, Rossi M, Filieri C, Tagliati
F, Baroni A, Ambrosio MR, degli Uberti E, Zatelli MC.
Growth hormone receptor blockade inhibits growth
hormone-induced chemoresistance by restoring
cytotoxic-induced apoptosis in breast cancer cells
independently of estrogen receptor expression. J Clin
Endocrinol Metab. 2012; 97:E907-16.
https://doi.org/10.1210/jc.2011-3340

PMID:22442272

Pawtowski KM, Popielarz D, Szyszko K, Gajewska M,
Motyl T, Krél M. Growth hormone receptor (GHR) RNAI
decreases proliferation and enhances apoptosis in
CMT-U27 canine mammary carcinoma cell line. Vet
Comp Oncol. 2012; 10:2-15.
https://doi.org/10.1111/j.1476-5829.2011.00269.x
PMID:22235976

Yang X, Huang P, Wang F, Xu Z, Wang X. Growth
hormone receptor expression in human primary gastric
adenocarcinoma. J Biomed Res. 2012; 26:307-14.
https://doi.org/10.7555/JBR.26.20110133
PMID:23554765

Ogane N, Yasuda M, Kato H, Kato T, Yano M, Kameda
Y, Kamoshida S. Cleaved caspase-3 expression is a
potential prognostic factor for endometrial cancer with
positive peritoneal cytology. Cytopathology. 2018;
29:254-61.

https://doi.org/10.1111/cyt.12550

PMID:29626374

25.

26.

27.

28.

29.

30.

31

32.

https://doi.org/10.1016/j.biopha.2018.11.020
PMID:30469078

Dehkhoda F, Lee CM, Medina J, Brooks AJ. The growth
hormone receptor: mechanism of receptor activation,
cell signaling, and physiological aspects. Front
Endocrinol (Lausanne). 2018; 9:35.
https://doi.org/10.3389/fendo.2018.00035
PMID:29487568

Bhat V, Srinathan S, Pasini E, Angeli M, Chen E, Baciu C,
Bhat M. Epigenetic basis of hepatocellular carcinoma: a
network-based integrative meta-analysis. World J
Hepatol. 2018; 10:155-65.
https://doi.org/10.4254/wjh.v10.i1.155
PMID:29399289

Cui SX, Shi WN, Song ZY, Wang SQ, Yu XF, Gao ZH, Qu
XJ. Des-gamma-carboxy prothrombin antagonizes the
effects of sorafenib on human hepatocellular
carcinoma through activation of the raf/MEK/ERK and
PI13K/Akt/mTOR signaling pathways. Oncotarget. 2016;
7:36767-82.
https://doi.org/10.18632/oncotarget.9168
PMID:27167344

Tan W, Zhu S, Cao J, Zhang L, Li W, Liu K, Zhong J, Shang
C, Chen Y. Inhibition of MMP-2 expression enhances
the antitumor effect of sorafenib in hepatocellular
carcinoma by suppressing the PI3K/AKT/mTOR
pathway. Oncol Res. 2017; 25:1543-53.
https://doi.org/10.3727/096504017X14886444100783
PMID:28276313

Chen KF, Chen HL, Tai WT, Feng WC, Hsu CH, Chen PJ,
Cheng AL. Activation of phosphatidylinositol 3-
kinase/Akt signaling pathway mediates acquired
resistance to sorafenib in hepatocellular carcinoma
cells. ) Pharmacol Exp Ther. 2011; 337:155-61.
https://doi.org/10.1124/jpet.110.175786
PMID:21205925

Zhai B, Sun XY. Mechanisms of resistance to sorafenib
and the corresponding strategies in hepatocellular
carcinoma. World J Hepatol. 2013; 5:345-52.
https://doi.org/10.4254/wjh.v5.i7.345

PMID:23898367

Morgensztern D, McLeod HL. PI13K/Akt/mTOR pathway
as a target for cancer therapy. Anticancer Drugs. 2005;
16:797-803.
https://doi.org/10.1097/01.cad.0000173476.67239.3b
PMID:16096426

Gedaly R, Angulo P, Hundley J, Daily MF, Chen C, Koch
A, Evers BM. PI-103 and sorafenib inhibit

24. Xu F, Si X, Wang J, Yang A, Qin T, Yang Y. Nectin-3 is a hepatocellular carcinoma cell proliferation by blocking
new biomarker that mediates the upregulation of ras/raf/MAPK  and  PI3K/AKT/mTOR  pathways.
MMP2 and MMP9 in ovarian cancer cells. Biomed Anticancer Res. 2010; 30:4951-58.

Pharmacother. 2019; 110:139-44. PMID:21187475
WWww.aging-us.com 18135 AGING


https://doi.org/10.1016/j.mce.2013.09.004
https://pubmed.ncbi.nlm.nih.gov/24035867
https://doi.org/10.1210/en.2016-1928
https://pubmed.ncbi.nlm.nih.gov/28379395
https://doi.org/10.1111/j.1749-6632.2011.06100.x
https://pubmed.ncbi.nlm.nih.gov/21793836
https://doi.org/10.1038/s12276-018-0197-8
https://pubmed.ncbi.nlm.nih.gov/30617282
https://doi.org/10.1210/jc.2011-3340
https://pubmed.ncbi.nlm.nih.gov/22442272
https://doi.org/10.1111/j.1476-5829.2011.00269.x
https://pubmed.ncbi.nlm.nih.gov/22235976
https://doi.org/10.7555/JBR.26.20110133
https://pubmed.ncbi.nlm.nih.gov/23554765
https://doi.org/10.1111/cyt.12550
https://pubmed.ncbi.nlm.nih.gov/29626374
https://doi.org/10.1016/j.biopha.2018.11.020
https://pubmed.ncbi.nlm.nih.gov/30469078
https://doi.org/10.3389/fendo.2018.00035
https://pubmed.ncbi.nlm.nih.gov/29487568
https://doi.org/10.4254/wjh.v10.i1.155
https://pubmed.ncbi.nlm.nih.gov/29399289
https://doi.org/10.18632/oncotarget.9168
https://pubmed.ncbi.nlm.nih.gov/27167344
https://doi.org/10.3727/096504017X14886444100783
https://pubmed.ncbi.nlm.nih.gov/28276313
https://doi.org/10.1124/jpet.110.175786
https://pubmed.ncbi.nlm.nih.gov/21205925
https://doi.org/10.4254/wjh.v5.i7.345
https://pubmed.ncbi.nlm.nih.gov/23898367
https://doi.org/10.1097/01.cad.0000173476.67239.3b
https://pubmed.ncbi.nlm.nih.gov/16096426
https://pubmed.ncbi.nlm.nih.gov/21187475

33.

34,

35.

36.

Huynh H, Ngo VC, Koong HN, Poon D, Choo SP, Thng
CH, Chow P, Ong HS, Chung A, Soo KC. Sorafenib and
rapamycin induce growth suppression in mouse
models of hepatocellular carcinoma. J Cell Mol Med.
2009; 13:2673-83.
https://doi.org/10.1111/j.1582-4934.2009.00692.x
PMID:19220580

Tang X, Zhou S, Tao X, Wang J, Wang F, Liang Y.
Targeted delivery of docetaxel via pi-pi stacking
stabilized dendritic polymeric micelles for enhanced
therapy of liver cancer. Mater Sci Eng C Mater Biol
Appl. 2017; 75:1042-48.
https://doi.org/10.1016/j.msec.2017.02.098
PMID:28415388

Zhang H, Wang Q, Liu J, Cao H. Inhibition of the
PI3K/Akt signaling pathway reverses sorafenib-derived
chemo-resistance in hepatocellular carcinoma. Oncol
Lett. 2018; 15:9377-84.
https://doi.org/10.3892/01.2018.8536
PMID:29928334

Huang XY, Ke AW, Shi GM, Zhang X, Zhang C, Shi YH,
Wang XY, Ding ZB, Xiao YS, Yan J, Qiu SJ, Fan J, Zhou J.
aB-crystallin  complexes with 14-3-37 to induce
epithelial-mesenchymal transition and resistance to
sorafenib in hepatocellular carcinoma. Hepatology.
2013; 57:2235-47.

https://doi.org/10.1002/hep.26255

PMID:23316005

37. Xul,ZhenglL, ChenJ, SunY, Lin H, Jin RA, Tang M, Liang

X, Cai X. Increasing AR by HIF-2a inhibitor (PT-2385)
overcomes the side-effects of sorafenib by suppressing
hepatocellular carcinoma invasion via alteration of
pSTAT3, pAKT and pERK signals. Cell Death Dis. 2017;
8:e3095.

https://doi.org/10.1038/cddis.2017.411

PMID:29022906

WWW.aging-us.com

18136

AGING


https://doi.org/10.1111/j.1582-4934.2009.00692.x
https://pubmed.ncbi.nlm.nih.gov/19220580
https://doi.org/10.1016/j.msec.2017.02.098
https://pubmed.ncbi.nlm.nih.gov/28415388
https://doi.org/10.3892/ol.2018.8536
https://pubmed.ncbi.nlm.nih.gov/29928334
https://doi.org/10.1002/hep.26255
https://pubmed.ncbi.nlm.nih.gov/23316005
https://doi.org/10.1038/cddis.2017.411
https://pubmed.ncbi.nlm.nih.gov/29022906

