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Abstract

To study the effects of the unfolded protein response (UPR) activation and autophagy inhibition on sorafenib
inducing apoptosis of hepatocellular carcinoma (HCC) cells. We activated UPR of the HepG2 cells by dithiothreitol (DTT)
and tunicamycin (Tun). 3-methyladenine was used to inhibit autophagy of HepG2 cells. The proliferation, apoptosis
and adhesion ability of HCC cells were tested by MTT assay and flow cytometry, respectively. The invasion and
migration abilities of cells were detected by Trans well assay. Moreover, we established HCC orthotopic transplantation
tumor model of nude mice. The activation of UPR can inhibit the sorafenib-induced apoptosis of HCC cells. Inhibiting
autophagy significantly enhanced the sorafenib-induced apoptosis of HCC cells. Activating the UPR can enhance the
sorafenib resistance of HCC cells. On the contrary, inhibiting autophagy causes opposite effects.
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Introduction

Liver cancer is one of the most common malignancies worldwide.
In China, the incidence of liver cancer ranks fifth among all malignant
tumors and the fatality rate ranks second. Statistics show that about
half of the newly diagnosed cases of liver cancer worldwide come from
China [1]. According to the relevant prediction of the World Health
Organization (WHO), the number of deaths due to liver cancer can
reach millions in 2030 [2,3]. Hepatocellular carcinoma (HCC) is the
major histological subtype of liver cancer, which is imperceptible
at the early stage of the disease, develops rapidly, tends to recur and
metastasize, is aggressive and has a poor prognosis, thus the overall
survival rate of patients is low [4]. With the continuous development
of medical technology, the diagnosis and treatment of liver cancer have
been continuously improved [5,6]. For early stage patients, first-line
treatment includes hepatectomy, ablation and liver transplantation,
and the survival rate after treatment can reach 50%. For patients with
advanced disease, other therapeutic strategies such as trans catheter
arterial chemoembolization (TACE) are used [7]. However, to date,
radical treatment of HCC remains a troublesome problem [6]. With
the advent of molecular targeted therapies, researchers have invested
more and more attention in the study of the mechanism of tumor
progression as an attempt to find better, safe, and effective tumor
therapeutic targets [8,9].

In 2006, sorafenib was approved by the Food and Drug
Administration (FDA) for the treatment of advanced renal cell
carcinoma, and in 2007 for the treatment of advanced HCC, which is
currently the only molecular targeted drug for advanced HCC [10, 11].
Sorafenib is a small molecule compounds as well as an oral multiple
kinase inhibitors that works mainly by inhibiting the proliferation of
tumor cells, inhibiting angiogenesis, and promoting the apoptosis of
tumor cells. Sorafenib can inhibit the proliferation of tumor cells by
inhibiting the kinase activity of Rafl, B-Raf and Ras/Raf/MEK/ERK
signaling pathways; it can inhibit tumor angiogenesis by inhibiting
hepatic cytokine receptor (c-kit), Fms-like tyrosine kinase 3 (flt3)
and vascular endothelial growth factor receptor (VEGFR2, VEGFR3);
sorafenib can also induce apoptosis by reducing the phosphorylation
level of eIF4E and the expression level of Mcl-1 in tumor cells [12].

Although it has been widely used in the treatment of HCC and is also
of great significance to improve the survival time of patients, most
patients suffer from recurrence or even death of HCC due to the
development of drug resistance [13-16]. Therefore, in-depth study of
the influencing factors of sorafenib efficacy or the mechanism of drug
resistance is particularly important to improve its efficacy.

Unfolded protein response (UPR) [17] and autophagy [18] are 2
kinds of cell protection mechanism, both of which plays a role in the
development of drug resistance [19]. In this study, we examined the
effects of UPR activation and autophagy inhibition on the cell apoptosis
induced by sorafenib treatment.

Materials and Methods

Cell culture

HepG2 hepatoma cell line was cultured with DMEM medium
(containing 10% fetal bovine serum, 100 U/mL penicillin and 100 pg/
mL streptomycin) in an incubator at 37°C and 5% CO, with saturated
humidity, and the medium was changed every 2 days. Autophagy of
cells was inhibited with 3-MA at a concentration of 2 mmol/L, and the
UPR was induced with 1.25 mmol/L DTT and 1 pg/mL Tun. The cells
were divided into 6 groups: the control group without treatment (Con);
the 3-MA group treated with 3-MA; the UTR group treated with
DTT and Tun; the Sora group treated with indicated concentration
of sorafenib; the UPR+Sora group treated with both UPR induction
and sorafenib treatment; the 3-MA+Sora group treated with 3-MA
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and sorafenib. Cells in each group were treated for 12 h followed by
relevant assays.

MTT assay

Cells in logarithmic growth phase were adjusted to 5 x 104/mL,
and were seeded (100 pL in each well) in a 96-well plate and cultured
in a cell incubator at 5% CO, and 37°C for 12 h. After the cells adhered,
the culture medium in each well was discarded, and 100 pL of sorafenib
at different experimental concentrations was added, respectively. The
control group was added with an equal volume of DMEM culture
medium (containing 10% fetal bovine serum), with 6 duplicate wells
in each group. Only DMEM culture medium was added to the zero
adjustment group without cells. After culture for 24 h, 48 h and
72 h, 20 pL MTT solutions was added to each well, the culture was
continued for 4 h, after that, the liquid in the wells was discarded, 150
uL DMSO solution was added to each well, and the plate was shaken
on a shaker at low speed for 10 min. The absorbance value was detected
at the wavelength of 490 nm of microplate reader. Cell survival rate
was calculated by the formula: [(OD value of experimental group -
OD value of zeroing group)/(OD value of control group - OD value of
zeroing group)] x 100%.

Cell adhesion assay

96-well culture plates were first coated with 20 uL of Matrigel
gel (2 pg/50 uL) per well, incubated overnight at 37°C in a 5% CO,
incubator, and incubated with 2% bovine serum albumin for 1 h until
use. They were divided into 6 groups of cells as mentioned before,
with 6 duplicate wells in each group; the above cells were seeded in the
treated 96-well plate at 5 x 104 cells/well, respectively, incubated for
120 min and then the non-adhered cells in the wells were discarded.
After rinsing twice with PBS solution, 20 pL of 5 g/L MTT solution
was added, cultured for 4 h and then 150 puL of DMSO was successively
added, and the absorbance value was detected at a wavelength of 490
nm on a microplate reader. Calculation of adhesion rate in each group
= (mean OD value of treatment group/mean OD value of control group
cells) x 100%.

Cell apoptosis assay

HepG2 cells in the logarithmic growth phase, were seeded in 6-well
plates at a density of 5 x 105/mL. After the cells adhered, they were
grouped as mentioned before. After culture in the cell incubator for
48 h, 1 mL of suspended and adherent cells was collected with a flow
tube, centrifuged and washed once with ice-cold PBS. The cells were
resuspended with 500 uL of Binding Buffer, added with 5 pL AnnexinV-
FITC and 10 pL P, reacted at room temperature for 15 min in the dark,
and detected by flow cytometry within 1h.

Transwell assay

The cell density of the 6 groups of cells was adjusted to 2 x 105/
mL with serum-free medium, 100 pL was added to the upper chamber
of the transwell, and 500 pL of culture medium containing 10% FBS
was added to the lower chamber of the 24-well plate. After 24 h of
routine incubation in a cell incubator, cells in the upper chamber were
gently rinsed with PBS, and then the cells in the upper chamber were
gently wiped off with a cotton swab, fixed with 95% alcohol for 10 min,
and stained with 0.1% crystal violet for 15 min. Under an inverted
microscope, 5 fields were randomly selected (x100) for observing the
number of cells penetrating the insert.

For detecting cell invasion, 70 pL of Matrigel (1:3 dilution)
was evenly coated on a transwell upper chamber polycarbon lipid

membrane (membrane pore size 8 um) and placed in a cell incubator
at 37 and 5% CO, overnight to solidify the matrigel. The rest steps were
equivalent to the cell migration assay described above.

Orthotopic xenograft model

30 animals were equally and randomly divided into 6 groups
with 5 animals in each group. After intraperitoneal injection of 1%
pentobarbital sodium for anesthesia, a transverse incision about 1 cm
in length was made in the left upper quadrant of the rat to fully expose
the left lobe of the liver. 150 uL (concentration of 1 x 107/mL) of HepG2
cells in each experimental group was injected into the liver (generally
the left lobe of the liver). The hemostasis was performed by pressing
with a sterile cotton swab, and the abdomen was closed layer by layer
with 4-0 atraumatic suture. The mice had normal diet after operation,
and no antibiotics were applied. After inoculation, the survival status
and mental status were observed daily, and 4 weeks later, exploratory
laparotomy was performed one by one to macroscopically observe the
presence or absence of orthotopic tumor formation in the liver and
calculate the tumor volume. Animal study was approved by Medical
Ethic Committee of the Second Affiliated Hospital of Harbin Medical
University (sydwgzr2021-192).

Tumor volume = (longest tumor diameter) x (shortest tumor
diameter)?/ 2

Statistical analysis

SPSS 19.0 statistical software was used for analysis. The data were
expressed as mean * standard deviation. The t-test and analysis of
variance were used for comparison. P < 0.05 indicated statistically
significant difference.

Results

The effects of UPR activation or autophagy suppression on
sorafenib-induced inhibition of HCC cell proliferation

First of all, the effects of sorafenib treatment on HCC cell
proliferation were evaluated. The results of MTT assay showed that
sorafenib, with different concentrations, inhibited the cell viability of
HepG2 cells in a time-dependent manner. The IC50 was 11.19 + 1.31
pumol/L at 24 h, 9.70 + 1.48 p mol/L at 48h, and 8.17 + 1.37 umol/L
at 72h (Figure 1A). Based on these results, 10 pmol/L sorafenib was
selected as the experimental concentration for subsequent study. Then,
a combined treatment of sorafenib and UPR activation (DTT+Tun) or
autophagy suppression (3-MA) was carried out to assess the altered
therapeutic efficiency of sorafenib. As shown in Figure 1B, UPR
activation exerted no significant inhibitory effects on HepG2 cell
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Figure 1: The effects of UPR activation or autophagy suppression on sorafenib-
induced inhibition of HCC cell proliferation. (A) MTT assay was performed to
detect the viability of HepG2 cells after the treatment of different concentrations of
sorafenib for indicated time. (B) MTT assay was used to detect the viability of HepG2
cells after the treatment of 3-MA, UPR (DTT+Tun), Sorafenib, 3-MA+sorafenib or
UPR+sorafenib for indicated time.
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proliferation, but significantly inhibited sorafenib-induced HepG2
cell death, while 3-MA combined with sorafenib group had a more
significant inhibitory effect on HepG2 cells than sorafenib group.
Collectively, activation of the UPR effectively protected HCC cells
from sorafenib, and inhibition of autophagy by 3-MA enhanced the
therapeutic efficiency of sorafenib.

The effects of UPR activation or autophagy suppression on
sorafenib-induced change of HCC cell adhesion

Next, HepG2 cells treated with sorafenib, 3-MA, UPR (DTT+Tun),
sorafenib+3-MA or sorafenib+UPR were subjected to the detection
of cell adhesion. As shown in Figure 2, sorafenib treatment could
significantly reduce the adhesion of HepG2 cells; UPR activation
could enhance the adhesion of HepG2 cells and attenuate the effects
of sorafenib; the inhibition of autophagy restrained the adhesion of
HepG2 cells, which was further strengthened by the combination of
sorafenib.

The effects of UPR activation or autophagy suppression on
sorafenib-induced change of HCC cell apoptosis

The cell apoptosis upon treatment of different conditions was
further examined by flow cytometry. After 48 h of treatment, HepG2
cell apoptosis was 4.3 + 1.1% in the negative control group, 3.2 + 0.9% in
the UPR group, increased to 8.7 + 0.7% in the 3-MA group, significantly
elevated to 48.9 + 4.8% in the sorafenib group with dominant early
apoptosis. Notably, the sorafenib-induced cell apoptosis could be
distinctly alleviated by the activation of UPR (UPR+Sora group) and
further aggravated by the inhibition of autophagy (3-MA+Sora group)
(Figure 3).

The effects of UPR activation or autophagy suppression on
sorafenib-induced change of HCC cell migration and invasion

Metastasis is one of the most annoying features of malignant
tumors which cause poor prognosis and even the death of patients.
Therefore, cell migration and invasion abilities of HepG2 cells in
various experimental groups were assessed by transwell assay. As shown
in Figure 4 and 5, similar pattern could be observed in both detection
of cell migration and invasion, which means the enhancement of cell
migration/invasion by UPR, the inhibition of cell migration/invasion
by 3-MA and sorafenib to different extents, the alleviation of sorafenib-
derived change by UPR and the combined enhancement with 3-MA
and sorafenib.
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Figure 2: The effects of UPR activation or autophagy suppression on sorafenib-
induced change of HCC cell adhesion. Cell adhesion was detected by cell
adhesion assay after the treatment of cells with 3-MA, UPR (DTT+Tun), Sorafenib,
3-MA+sorafenib or UPR+sorafenib.
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Figure 3: The effects of UPR activation or autophagy suppression on sorafenib-
induced change of HCC cell apoptosis. Cell apoptosis was evaluated by flow
cytometry after the treatment of cells with 3-MA, UPR (DTT+Tun), Sorafenib,
3-MA+sorafenib or UPR+sorafenib for 48 h.
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Figure 4: The effects of UPR activation or autophagy suppression on sorafenib-
induced change of HCC cell migration. Cell migration ability was evaluated by
transwell assay after the treatment of cells with 3-MA, UPR (DTT+Tun), Sorafenib,
3-MA+sorafenib or UPR+sorafenib for 48 h.

The effects of UPR activation or autophagy suppression on
sorafenib-induced change of HCC tumor growth in vivo

For verifying the above results in vivo, a total of 30 nude mice were
inoculated with 100% tumor survival rate and tumor formation rate. It
could be observed that the tumor shape was mostly nodular, the sizes
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Figure 5: The effects of UPR activation or autophagy suppression on sorafenib-
induced change of HCC cell invasion. Cell invasion ability was evaluated by
transwell assay after the treatment of cells with 3-MA, UPR (DTT+Tun), Sorafenib,
3-MA+sorafenib or UPR+sorafenib for 48 h.

were 0.3 cm X 0.2 cm ~ 1.1 cm X 0.9 cm, and the section of tumor tissue
was grayish white or grayish yellow. The tumors from largest to smallest
were: UPR group, control group, 3-MA group, UPR+Sora group, Sora
group and 3-MA+Sora group. It can be seen that activation of the
UPR can promote tumor development, 3-MA or sorafenib treatment
can inhibit tumor growth, the combination of sorafenib and 3-MA
manifested the strongest inhibitory effect on tumor growth (Figure 6).

Discussion

Currently, surgery is still the first choice and the most effective
method for the treatment of HCC. However, HCC tumors of most
patients have been developed into the middle or advanced stage
when found because the early symptoms and signs are not obvious
[20]. Therefore, the surgical effect is unsatisfactory and adjuvant
chemotherapy drugs are in urgent need. For a long time, because
HCC showed a high resistance too conventional chemotherapeutic
drugs, conventional chemotherapeutic drugs have a poor therapeutic
efficiency on HCC. In order to further improve the condition of patients
with HCC, researchers have been studying the molecular mechanism
of HCC, hoping to discover and develop more effective methods and
drugs for the treatment of HCC [8].

The endoplasmic reticulum is a model organelle with secretory
function, which plays an important role in maintaining the normal
physiological function of eukaryotic cells. The endoplasmic reticulum is
involved in many intracellular biochemical reactions, mainly including
protein synthesis and transport, modification and processing, lipid
secretion, detoxification, and maintenance of calcium homeostasis. It
should be noted that the ER can only process and transfer correctly
folded proteins to the Golgi. When adverse factors such as hypoxia,
nutritional deficiency, energy deficiency, oxidative stress, glycosylation
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Figure 6: The effects of UPR activation or autophagy suppression on sorafenib-
induced change of HCC tumor growth in vivo. Cells treated with 3-MA, UPR
(DTT+Tun), Sorafenib, 3-MA+sorafenib or UPR+sorafenib were used for
constructing orthotopic xenograft mice model for in vivo study. After sacrificing the
mice, the xenografts were obtained and the volume was compared among the
groups.

changes, calcium consumption, or DNA damage exist, they can cause
endoplasmic reticulum stress (ERS), which is a pathophysiological
response resulting from the accumulation of unfolded or misfolded
proteins in the endoplasmic reticulum [19, 20]. Meanwhile, related
cascades, such as the unfolded protein response (UPR) and ER-
associated protein degradation (ERAD) were also initiated along with
ERS [17]. Among them, UPR is the most important protective signaling
pathway in ERS response and plays an important role in metabolism,
oxidative stress and inflammatory response [21]. The UPR functions
through three ER transmembrane receptor-mediated proteins,
which are pancreatic endoplasmic reticulum kinase (PERK), inositol
requiring enzyme 1 alpha (IRE-1a), and activating transcription factor
6 (ATF6) [17]. These three transmembrane proteins all contain an ER
lumen domain and directly or indirectly sense misfolded proteins,
which cause respective transmembrane proteins to oligomerize
and phosphorylate themselves and switch to an activated state. The
function of the UPR has been extensively studied in diseases such as
atherosclerosis, heart disease, amyotrophic lateral sclerosis (ALS) and
cancer [22]. In tumors, the activation of UPR can assist tumor cells to
avoid the effects of hostile environments to some extent and ensure
their survival; it can also promote tumor cells to acquire drug resistance
through dormancy and immunosuppression [23-25]. Consistently, our
study showed that the activation of UPR could promote cell adhesion,
inhibit cell apoptosis, as well as enhance cell migration/invasion and
tumor growth in vivo. What’s more, UPR activation could partially
reverse the tumor inhibition induced by sorafenib treatment.

The complexity of autophagy and the diversity of their substrates
have led to the paradoxical role that autophagy plays in tumor
regulation. On the one hand, autophagy plays an anti-tumor role.
Autophagy regulates the energy balance, mitochondrial turnover,
substance metabolism and other functions of normal tissue cells,
maintains genome stability, and prevents mutations from leading
to canceration; moreover, autophagy is involved in the balance and
function of the immune system, so inhibition of autophagy may lead
to impairment of anti-tumor function. On the other hand, autophagy
plays an important role in promoting tumors. Because autophagy acts
as a self-renewal mechanism in the physiological state of cells and a
self-protection mechanism in the face of external stress, its nature of
protecting cells is not changed even in tumor cells [26-28]. In tumor
cells, autophagy can lead to the resistance of tumor cells to molecular
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targeted drugs, maintain the genomic stability of tumor cells to
prevent immunogenic death, and reduce the recognition ability of the
immune system to tumor cells [29, 30]. Inhibition of autophagy can
therefore disrupt the energy supply balance of tumor cells, inhibit the
metabolic function of mitochondria and produce ROS, and perturb the
intracellular nucleotide repertoire, which causes tumor cell damage
[31]. Indeed, we found that, the inhibition of autophagy by treatment
of 3-MA could reduce the malignant phenotypes of HCC cells and
aggravate the sorafenib-induced tumor suppression.

In summary, activation of UPR can enhance the drug resistance of
HCC cells and weaken the lethality of sorafenib; inhibition of autophagy
can enhance the effect of sorafenib and improve the sensitivity of HCC
cells to sorafenib. Therefore, we can get inspiration that the application
of UPR blockers and autophagy inhibitors can enhance the therapeutic
efficiency of sorafenib in HCC cells.
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