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A B S T R A C T

Objective: To evaluate the inhibition effects and mechanism of bortezomib in a subcutaneous H22 mouse he-
patocarcinoma model.
Methods: A subcutaneous xenograft model was constructed by subcutaneous injection of H22 cells in mice. The
xenograft mice was randomly divided into bortezomib and control groups (n= 8 each). The bortezomib group
was injected with 0.5mg/kg bortezomib in saline via tail vein once every four days for a total of 4 times. The
control group was intravenously given an equal volume of saline. The tumor size was measured every four days.
At day 19, subcutaneous xenografts were obtained and the expression of apoptosis-related proteins in tumor was
detected by immunochemical staining.
Results: The tumor volume of H22 xenografts in bortezomib group was significantly smaller than that in control
group on day 19 (p= 0.004). The tumor volume/mouse weight ratio in bortezomib group was significantly
lower compared with control group on day 13, 16 and 19 (all p < 0.05). The bortezomib group exhibited
significantly higher expression of pro-apoptotic protein TNF-α (p= 0.032), and lower expression of anti-
apoptotic protein XIAP, Stat3, and Survivin (p= 0.024, 0.016, and 0.039, respectively).
Conclusion: Bortezomib effectively inhibited the growth of H22 xenografts without affecting the mouse weight.
The anti-tumor effects of bortezomib is associated with its stimulation on tumor cell apoptosis.

1. Introduction

Hepatocellular carcinoma (HCC) is a highly malignant tumor and is
insensitive to most conventional chemotherapeutics [1]. Molecular
targeted therapy is often the only treatment method in advanced HCC
[2]. In recent years, molecular targeted therapy has attracted increas-
ingly more attention for its good efficacy and safety in the treatment of
advanced tumors. Tumor cell apoptosis involves a series of protein
degradation processes, in which non-lysosome pathway is one of the
main pathways in eukaryotic cells. Ubiquitin-proteasome pathway
(UPP) is a process by which proteasome degrades the ubiquitin-mod-
ified proteins. Recent studies have found that UPP pathway is widely
involved in cell cycle and cell apoptosis regulation. Abnormal activa-
tion of UPP is associated with tumor progression, drug resistance and
immune escape [3,4]. Therefore, UPP pathway is often used as a mo-
lecular target for tumor treatment [5–7]. Bortezomib is the first re-
versible proteasome inhibitor approved by the FDA in 2003 for clinical
use in the treatment of recurrent and refractory multiple myeloma [8].
It inhibits the activity of 26S proteasome and prevents I-kappa B serine
phosphorylation and ubiquitination, thereby curbing the translocation
of nuclear factor NF-kappa B into the nucleus for gene transcription,

restraining cell proliferation and ultimately causing tumor cell apop-
tosis [9].
Clinical studies have shown that bortezomib could significantly in-

hibit the growth of adult T lymphocytic leukemia cells, and induce the
apoptosis of chronic B lymphocytic leukemia cells, chronic myeloid
leukemia cells as well as primary exudative lymphoma cells [10,11]. In
recent years, there are several ongoing preclinical experiments using
bortezomib in a variety of tumors, including non-small cell lung cancer,
androgen-independent prostate cancer, kidney cancer, ovarian cancer,
breast cancer, pancreatic cancer, and nasopharyngeal cancer [8,12].
However, researches on the efficacy and safety of bortezomib in liver
cancer are rarely reported.
In our preliminary study, we found that bortezomib significantly

inhibited the proliferation, migration and invasion of human liver
cancer cells and induced apoptosis of these cells [13]. H22 is a mouse-
derived liver cancer cell line that is widely used in liver cancer re-
searches. In this study, we constructed H22 subcutaneous xenografts
and evaluated the efficacy and safety of bortezomib in treating the liver
cancer tumor.
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2. Materials and methods

2.1. Cells and experimental animals

H22 hepatocarcinoma cells were obtained from the Department of
Molecular Biology, Tongji Medical College, Huazhong University of
Science and Technology. Six-week-old female KM mice weighting ap-
proximately 22 g were purchased from Hubei Experimental Animal
Research Center (SCXK (E) 2008-0005). The animal experiments were
approved by the Research Ethics Committee at the Huazhong
University of Science and Technology and performed in strict ac-
cordance with the institutional and national regulations for the use of
animals in research.

2.2. Determination of safe dosage

A total of 16 healthy KM mice were randomly divided into A and B
groups (n=8 each). In group A, each mouse was given 1mg/kg bor-
tezomib (LC Laboratories, Woburn, MA, USA) via tail vein injection
every 4 days for twice. Mice in group B was given 0.5 mg/kg borte-
zomib every 4 days for twice. The mice were monitored for 14 days.
Dead mice were subjected to anatomical examination.

2.3. Construction of subcutaneous xenograft model

A healthy KM mouse was intraperitoneally injected with 1×106

H22 cells. After a week, the mouse was sacrificed by cervical disloca-
tion and soaked in 75% ethanol. Ascites fluid was collected, diluted
with saline, and centrifuged at 1000 r/min for 5min. The supernatant
and red blood cells were removed. The H22 cells were rinsed 3 times
with saline and prepared into cell suspension. To construct a sub-
cutaneous xenograft model, 1× 105 H22 cells were subcutaneously
injected below the skin between the left hind limb and ventral ab-
domen. Palable tumor was clearly observed after 3 days and the tumor
formation rate was 100%.

2.4. Grouping and treatment

A total of mice with subcutaneous xenografts were randomly di-
vided into treatment and control group (n= 8). Starting from 3 days
after injection, the treatment group was administered with 0.5 mg/kg
bortezomib in saline via tail vein injection once every four days for a
total of 4 times. The control group was intravenously given an equal
volume of saline. The tumor size was measured every four days and
tumor volume was calculated as length * width * width * 0.52 (cm3),
and each mouse was weighted.

2.5. Immunochemical analyses

At day 19 after tumor cell injection, mice were sacrificed by cervical
dislocation and dissected. Subcutaneous xenografts were obtained, and
subjected to formalin fixation, paraffin embedding, and sectioning. The
expression of apoptosis-related proteins in tumor was detected by im-
munochemical staining. Briefly, the sections were deparaffinized in
xylene, rehydrated with serial ethanol (100, 90, and 80% ethanol), and
rinsed with running water. The sections were boiled in antigen retrieval
solution for 5min, and incubated in 3% hydrogen peroxide for 10min
to block the endogenous peroxidases. The sections were then blocked
with 5% bovine serum albumin (BSA) for 20min, and incubated with
appropriate primary antibody overnight at 4℃. The sections were
stained respectively with anti-XIAP (Santa Cruz Biotech., Dallas, TX,
USA, 1:500 dilution), Survivin (Santa Cruz Biotech., 1:500 dilution),
Stat3 (Cell Signaling Technology, Danvers, MA, USA, 1:500 dilution)
and TNF-α (GeneTex, Irvine, CA, USA, 1:500 dilution). The sections
were then rinsed and incubated with HRP-conjugated mouse anti-rabbit
IgG antibody (Santa Cruz Biotech.) at 37℃ for 20min followed by DAB

color development for 5min. The sections were further counterstained
with hematoxylin and examined using a Zeiss axiovert 40 c inverted
microscope. Yellow or brown-stained granules in cytoplasm and nuclei
were identified as positive expression. The optical density (OD) of six
randomly selected visual fields was quantified and the average optical
density (IOD/area) was analyzed using the Image-Pro Plus 5.0 software.
The experiment was repeated 3 times.

2.6. Western blot

Subcutaneous xenografts (150mg) were collected for total protein
extraction using RIPA lysis buffer (Beyotime, Shanghai, China). The
protein concentration was determined using BCA protein assay kit
(Beyotime). Protein samples were separated by 10% SDS-poly-
acrylamide gel electrophoresis (PAGE) and transferred to poly-
vinylidene difluoride membranes (Beyotime). After blocked with
blocking buffer (Beyotime), membranes were incubated with appro-
priate dilutions of primary antibodies overnight at 4 °C: XIAP, Survivin,
Stat3, TNF-α and β-actin (Santa Cruz Biotech.). The membranes were
then incubated with horseradish peroxidase-conjugated secondary an-
tibody at room temperature for 1 h. The bands were developed by
chemiluminescence using the ECL detection system (GE Healthcare).
The intensity of the bands was quantified using Image Lab software
(Bio-Rad, Redmond, WA, USA). β-actin was used as the internal re-
ference. The experiment was repeated 3 times.

2.7. Statistical analysis

Statistical analysis was performed using Prims5 statistical software.
All data were expressed as mean ± SD of 3 independent experiments.
Differences between the two groups were analyzed by student’s t tests.
p values smaller than 0.05 were considered statistically significant.

3. Results

3.1. Determination of safe dosage

According to previous studies, a 1mg/kg bi-week intravenous do-
sage of bortezomib was recommended for mouse. We therefore tested
the safety of bi-week 1mg/kg and 0.5mg/kg dosage. Results showed
that 5 mice in 1mg/kg group died by the end of safety experiment
whereas no mice in 0.5mg/kg died. The 5 dead mice were anatomically
examined and abdominal hemorrhage was observed in these mice.
Therefore, we decided to administrate mice a dose of 0.5mg/kg once
every four days for a total of 4 times in the current study.

3.2. Bortezomib inhibits the tumor growth

A subcutaneous xenograft model was established by subcutaneous
injection of 1× 105 H22 cells into 16 healthy mice (day 1). After 3
days, the tumor formation was observed in all 16 mice, resulting in a
tumor formation rate of 100%. The tumor volume was monitored on
day 4, 7, 10, 13, 16 and 19. It was found that the tumor volume in
control group was increased exponentially. In contrast, the tumor
growth in bortezomib group was effectively inhibited. By day 19, the
tumor volume in bortezomib group was significantly smaller compared
with control group (p= 0.004, Fig. 1).

3.3. Bortezomib did not affect the weight of mice

On day 19, mice were sacrificed and tumor samples were obtained.
In bortezomib group, one mouse died on day 12 due to unkown reason,
the tumor in 1 mouse disappeared, and the tumor in 1 mouse was not
isolated due to extensive infiltration. In control group, the tumor in 3
mice was not isolated due to extensive infiltration. As a result, 5 xe-
nografts were isolated from each group (Fig. 2). The tumor volume/
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mouse weight ratios in control group were 2.29 ± 0.94, 8.16 ± 5.28,
16.92 ± 12.38, 32.592 ± 28.93, 55.01 ± 51.05, respectively, and
2.31 ± 1.29, 1.09 ± 0.37, 0.53 ± 0.14, 0.40 ± 0.20, 0.34 ± 0.19,
respectively in bortezomib group. As shown in Fig. 2C, the average
tumor volume/mouse weight ratio in bortezomib group was sig-
nificantly lower than that in control group on day 13, 16 and 19 (all
p < 0.05).

3.4. Bortezomib stimulated pro-apoptotic protein expression and inhibited
anti-apoptotic protein expression

Immunochemical analyses of subcutaneous xenografts showed that
the bortezomib group exhibited significantly higher expression of pro-
apoptotic protein TNF-α (p= 0.032), and lower expression of anti-
apoptotic protein XIAP, Stat3, and Survivin (p= 0.024, 0.016, and
0.039, respectively) when compared with control group (Fig. 3 and
Table 1). Consistently, Western blot analyses of TNF-α, XIAP, Stat3, and
Survivin expression in bortezomib group also showed similar pattern of
change when compared with control group (Fig. 4), suggesting that
bortezomib might inhibit tumor growth via stimulating pro-apoptotic
protein expression and inhibiting anti-apoptotic protein expression.

4. Discussion

Molecular targeted therapy has recently become the biggest focus in
the field of liver cancer treatment [14]. Bortezomib is a dipeptidyl boric

acid compound that binds directly to proteasome 20S subunit and
blocks the activity of the enzyme, thus rapidly and reversibly impeding
the proteasome pathway [15,16]. Pre-clinical studies have shown that
malignant tumor cells are more sensitive to bortezomib than normal
cells [17–20], which makes it a highly potent molecular targeted drug.
In our preliminary study, we found that bortezomib significantly in-
hibited the proliferation, migration and invasion of human liver cancer
cells and induced apoptosis of these cells [13]. We therefore in-
vestigated the inhibitory effects of bortezomib in a subcutaneous tumor
model of H22 mouse hepatocarcinoma cells in this study, and found
that bortezomib effectively inhibited the growth of xenografts without
affecting the mouse weight. All together, these results suggested that
bortezomib inhibited the liver tumor growth. The conventional ad-
ministration of 1mg/kg bortezomib biweekly via tail vein injection was
found toxic as described in the literature. High-dose drug may cause
anorexia and emaciation, or even anemia, hemorrhage and death in
severe conditions, leading to high mortality rate. Safety test suggested
bi-week 0.5 mg/kg bortezomib did not cause death of mice. Therefore,
the dose of bortezomib in this study was reduced to 0.5 mg/kg.
Due to various environmental and genetic factors, normal cells loss

the apoptosis ability, which has been considered as one of the key
factors in the occurrence and development of cancer [21]. Stimulating
and restoring the apoptosis ability of tumor cells has become an ef-
fective way to cure cancer [22]. The immunohistochemical results in
our study showed that bortezomib had stimulating pro-apoptotic pro-
tein expression (TNF-α) and inhibiting anti-apoptotic protein expres-
sion (XIAP, Stat3, and Survivin), suggesting that bortezomib might
promote the apoptosis of tumor cells through regulating the expression
of apoptosis-related proteins, and thus inhibit the growth of sub-
cutaneous H22 xenografts. This action mechanisim is consistent with
the that of proteasome inhibitors. STAT3 is one of the most investigated
apoptosis-related proteins [23,24]. Over-expression of STAT3 has been
reported in tumor cells [25,26]. STAT3 phosphorylation (activation
state) in human HCC samples is close to 60%, suggesting that STAT3
activation may be associated with the malignant degree and prognosis
of HCC [27]. Nevertheless, the role and molecular mechanism of bor-
tezomib in liver cancer needs further in-depth investigation.
In summary, we constructed an H22 subcutaneous xenografts in a

mouse model and found that bortezomib effectively inhibited the
growth of xenografts without affecting the mouse weight. We also
found that bortezomib had significantly stimulated the expression of

Fig. 1. Comparison of tumor growth between the two groups. On day 4, 7, 10,
13, 16 and 19 days after subcutaneous injection of H22 cells in mice, the tumor
volume was measured as length * width * width * 0.52 (cm3). **, p < 0.01
compared with control group.

Fig. 2. Comparison of subcutaneous xenografts
between the group. On day 19 after sub-
cutaneous injection of H22 cells, 5 mice (A)
from each group were sacrificed. The borte-
zomib group had significantly smaller size of
xenografts (B) and lower tumor volume/mouse
weight ratio (C) compared with control group.
*, p < 0.05 and **, p < 0.01 compared with
control group.
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pro-apoptotic protein TNF-α, and inhibited the expression of anti-
apoptotic protein XIAP, Stat3, and Survivin, suggesting the anti-tumor
effects of the drug is associated with its stimulation on tumor cell
apoptosis. The current study has provided a theoretical basis for using
bortezomib in liver cancer treatment. However, clinical trials will be
needed to warrant the clinical application of the drug.

Data availability

Data will be available upon request.

Conflict of interests

None.

Fig. 3. Immunochemical analyses of apoptosis-related protein expression in subcutaneous xenografts. On day 19 since subcutaneous injection of H22 cells, sub-
cutaneous xenografts were isolated and subjected to immunochemical staining. The bortezomib group had significantly increased expression of pro-apoptotic protein
TNF-α, and decreased expression of anti-apoptotic protein XIAP, Stat3, and Survivin. *, p < 0.05 compared with control group.

Table 1
Immunichemical analyses of the expression of apoptosis-related proteins TNF-α, Xiap, Stat3 and Survivin.

Group n TNF-α(IOD/Area) Xiap(IOD/Area) Stat3(IOD/Area) Survivin(IOD/Area)

Control 8 0.019 ± 0.006 0.091 ± 0.009 0.067 ± 0.002 0.076 ± 0.009
Bortezomib 8 0.062 ± 0.012 0.026 ± 0.005 0.025 ± 0.008 0.012 ± 0.003

Fig. 4. Western blot analyses of apoptosis-related protein ex-
pression in subcutaneous xenografts. On day 19 since sub-
cutaneous injection of H22 cells, total protein was extracted
from subcutaneous xenografts and analyzed by Western blot.
The bortezomib group had significantly increased expression
of pro-apoptotic protein TNF-α, and decreased expression of
anti-apoptotic protein XIAP, Stat3, and Survivin. *, p < 0.05
compared with control group.
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