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Abstract

Background Ubiquitin-specific protease 22 (USP22) is described as a key subunit of the Spt-Ada-Gen5 acetyl transferase
complex, which plays an important role in the prognosis and resistance to chemotherapy drugs in hepatocellular carcinoma
(HCC). Silent information regulator 1 (SIRT1) is a member of the sirtuin family that is deubiquitinated by USP22. How-
ever, it is still unknown whether USP22 and SIRT1 co-expression is associated with disease progression and 5-Fluorouracil
(5-FU) resistance in HCC.

Methods 141 patients who received hepatectomy at our hospital from January 2010 to December 2014 were enrolled in this
study. The expression of USP22 and SIRT1 was detected by immunohistochemical staining. Clinicopathological features,
including age, gender, tumor number, tumor size, tumor differentiation, tumor stage, alpha-fetoprotein and microscopic
vascular invasion, were assessed. Further experiments confirmed the role of SIRT1 in 5-FU drug resistance in vivo.
Results Immunohistochemical staining showed that the high expression of USP22 and SIRT1 was frequently observed in
HCC tissues relative to normal liver tissues. Overexpression of USP22 is associated with microscopic vascular invasion
(MVI). Further analysis showed that the co-expression of USP22 and SIRT1 was more effective in predicting the prognosis
of HCC. The SIRT1 inhibitor EX-527 dramatically inhibited the expression of Cyclin B1 and resistance-associated protein
3 (MRP3) to reduce 5-FU drug resistance in vivo.

Conclusion These findings suggest that the co-expression of USP22 and SIRT1 is significantly associated with unfavorable
HCC progression. The inhibition of SIRT1 in vivo could be valuable in improving 5-FU drug sensitivity and inhibiting tumor
cell proliferation and inducing apoptosis.
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Introduction

Liver cancer is the sixth most common cancer and ranks as
the fourth leading cause of cancer-related death. Hepatocel-
lular carcinoma (HCC) accounts for the majority of primary
liver tumors [1]. Despite therapeutic advances, the overall
survival rate is low due to frequent recurrence and poor
responses to both traditional chemotherapy and molecular
targeted therapy [2—4]. Therefore, it is urgent to identify
target molecules that regulate the biological characteristics
of HCC. USP22 is an important subunit of the SAGA (tran-
scriptional cofactor complex), which removes ubiquitin from
target proteins to regulate the transcription of downstream
genes [5]. In humans, USP22 expression is associated with
tumor recurrence, metastasis and poor survival in various
cancers [6, 7]. Our group first demonstrated that knockdown
of USP22 induces cell cycle arrest and inhibits cell growth
in the HCC cell line HepG?2 [8].

Silent information regulator 1 (SIRT1), a member of
the sirtuin family of nicotinamide adenine dinucleotide
(NAD +)-dependent class III histone deacetylases, con-
trols a variety of biologic processes ranging from metabolic
homeostasis, neurodegenerative diseases, aging and cancer
[9]. Studies have demonstrated that SIRT1 localizes pre-
dominantly to the nucleus, and its expression is increased in
colorectal [10], ovarian [11] and lung cancers [12]. Xiong
et al. [13] demonstrated that SIRT1 is overexpressed in
HCC and plays an oncogenic role in HCC by enhancing
cell proliferation and resistance to chemotherapy. Interest-
ingly, SIRT1 was also identified as a mediator of acetylation
of USP22 and the SAGA coactivator complex [9]. USP22
may decrease levels of p53 through SIRT1 stabilization to
suppress cell apoptosis during DNA damage and during
embryonic development [14]. In our previous study, USP22
bound to SIRT1 and subsequently activated the AKT path-
way, increasing the expression of MRP1 to induce 5-FU
resistance in HCC cells [15].

In the current study, we demonstrate, for the first time,
that there is a correlation between USP22 and SIRT1 expres-
sion and that co-expression of USP22 and SIRT1 may be
more effective in predicting prognosis of HCC. However,
due to the lack of inhibitors of USP22, we speculate that
inhibition of SIRT1 can also inhibit tumor progression
and drug resistance. Therefore, we used the SIRT1 inhibi-
tor, EX-527, to analyze whether it can affect 5-FU drug
sensitivity.

Materials and Methods
Patient Samples

Specimens were obtained from 141 patients with HCC
who were surgically treated at our hospital (First Affiliated
Hospital, Zhejiang University School of Medicine, Zheji-
ang, China) between 2010 and 2014. Informed consent was
obtained from the patients, and the study was approved by
the ethics committee of the First Affiliated Hospital of Zhe-
jiang University. For the normal liver tissue, all cases were
selected and tissue was collected at a distance of >3 cm from
the tumor lesions. These patients were diagnosed with HCC
either before or after the surgery. The diagnosis was con-
firmed by histopathological examination according to the
criteria of the World Health Organization (WHO). Immu-
nohistochemical scoring and clinical pathological data were
analyzed. Immunohistochemical scoring was determined
by the consensus of two pathologists who were blinded
to the clinicopathological information associated with the
specimens. The clinical and pathological data characteris-
tics of these patients, including gender, age, tumor stage,
tumor size, tumor number, tumor differentiation, serum
a-fetoprotein (AFP) and MVI, were assessed. The mean
follow-up period was 40.2 months (range, 1-79 months).
All patients were followed up with through March 2017.

Reagents and Antibodies

5-Fluorouracil (2,4-dihydroxy-5-fluoropyrimidine, 5-FU)
and the SIRT1 inhibitor EX-527 were purchased from
Selleck Chemicals (Houston, TX, USA). EX-527 inhibited
SIRT1 in a concentration-dependent manner with an IC50 of
38 nM, but it has much lower potency against SIRT2 (IC50,
19.6 pM) or SIRT3 (IC50, 48.7 pM) [16], and therefore,
only SIRT1 expression was detected in this study. The fol-
lowing antibodies were used in immunohistochemical stain-
ing: USP22, SIRT1, MRP3 and Cyclin B1; all the antibodies
were from Abcam (Cambridge, MA, USA).

Immunohistochemical Staining

For the tumor samples from HCC patients, a tissue micro-
array was created from the 141 HCC samples. After histo-
pathological examination, each sample was exercised in one
core with a 2.0-mm diameter on one tissue array. According
to the manufacturer’s protocols for the HistostainTM-Plus
kit, immunohistochemical staining was conducted. Primary
antibodies were incubated at 4 °C overnight. Protein expres-
sion levels were semiquantitatively scored by assessing
the intensity of staining (0 points; pale/no yellow, 1 point;
mild staining, 2 points; moderate staining, 3 points; strong
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staining) and the percentage of positively stained cells of
the total cells in each field (0,<1%; 1,<25%, 2, 25-50%; 3,
50-69%; and 4, >70%). Protein expression was expressed
as the multiplied score, which was calculated as intensity
score X percentage for positive cells X 100%. Finally, samples
were grouped as low expression (scores 0-3) or high expres-
sion (scores 4—12).

In Vivo Assay

To investigate whether modified SIRT1 level is related
to 5-FU drug sensitivity in nude mice bearing tumor cell
xenografts, we used five-week-old male athymic nude mice
obtained from the Animal Facility of Zhejiang University,
this study was approved by the Medical Ethics Committee
of the First Affiliated Hospital of Zhejiang University. The
mice were housed in a temperature-controlled animal facility
and were provided with sterilized food and water. Briefly,
5-9 x 10% BEL-7402-FU cells, which exhibit high expres-
sion of USP22, were injected subcutaneously into the right
flank of each nude mouse. Mice with tumors were rand-
omized into four groups (5 mice per group): (A) Vehicles,
DMSO; (B) 5-FU, 30 mg/kg; (C) EX-527, 10 mg/kg and (D)
5-FU, 30 mg/kg + EX-527, 10 mg/kg. The treatment groups
received intraperitoneal injection three times per week for
3 weeks. Body weight and subcutaneous tumor size were
measured every other day. The tumor volume was detected
and calculated using the following formula

Volume = 1/2(length x width?).
TUNEL Assay

The amount of DNA fragmentation was assessed in paraf-
fin-embedded xenograft sections with a thickness of 4 uM.
Apoptotic cells were visualized using a commercially avail-
able kit (In Situ Cell Death Detection Kit, fluorescein,
Roche, Indianapolis, IN, USA) according to the manufac-
turer’s procedures. Positive TUNEL staining was observed
under a fluorescence microscope (TE2000U, Nikon, Tokyo,
Japan). TUNEL-positive apoptotic cells versus total cells
were counted in at least five randomly chosen microscopic
fields (magnification 200x).

Statistical Analysis

SPSS 22.0 statistical software and GraphPad Prism software
version 6.0 (GraphPad Software, Inc.) were used for statisti-
cal analysis. P values for differences between groups were
determined by 4 tests. The overall survival (OS) time was
calculated from the day of surgery to the date of mortality or
the last follow-up. Survival curves were calculated according
to the Kaplan—Meier method. All statistical analyses were
performed using paired two-sided t test or one-way analysis
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of variance (ANOVA). P <0.05 was considered a statisti-
cally significant difference.

Results

USP22 and SIRT1 Expression in HCC Tissues and Its
Correlation with Clinicopathological Parameters

Immunohistochemical analyses were performed to detect the
expression of USP22 and SIRT1 in tumoral and peri-tumoral
tissues. USP22 and SIRT1 were highly expressed in tumoral
tissues. By contrast, the expression of USP22 and SIRT1
was weaker in peri-tumoral tissues (;” test, P <0.03, Fig. 1a,
c¢). IHC staining showed that 92 out of the 141 HCC tissues
(65.2%) had high USP22 levels (staining score > 3, Fig. 1b),
all exhibiting positive expression in their nuclei. Similar to
USP22 expression, 76 (53.9%) samples showed high expres-
sion of SIRT1 (staining score >3, Fig. 1d) in their nuclei.
Next, we compared USP22 expression or SIRT1 expression
with clinicopathological features, including age, gender,
tumor size, tumor number, tumor differentiation, tumor
stage, AFP level and MVI in 141 HCC cases (Table 1).
Notably, high expression of USP22 was significantly cor-
related with MVI (;(2 test, P <0.05). SIRT1 expression was
also significantly correlated with tumor differentiation (3
test, P <0.001). Thus, high expression of USP22 and SIRT1
was frequently observed and well correlated with malignant
behavior in HCC cases.

Correlation Between USP22 and SIRT1 Expression
in HCC

We further explored the prognostic value of USP22 and
SIRT1 expression in patients with HCC. As shown in Fig. 2,
the overall survival of patients in the high USP22 group was
significantly worse than that of patients in the low USP22
group (P=0.000, Fig. 2a), with mean survival times of 37.4
and 69.6 months, respectively. However, no obvious overall
survival benefit was found in the SIRT1 group (P=0.283,
Fig. 2b). High expression of USP22 was significantly cor-
related with MVI, and the Kaplan—Meier result showed
that the overall survival of patients with MVI was poor
(P=0.0019, log-rank test, Fig. 2c) Next, we evaluated the
association of USP22 and SIRT1 expression patterns in HCC
samples with the prognosis of patients. These patients were
divided into three groups according to the expression pat-
terns of USP22: SIRT1: low expression of all two indicators
(USP22—SIRT1-group), high expression of only one indica-
tor (only USP22+ or SIRT1+ group) and high expression of
both indicators (USP22+ SIRT 1+ group). Survival analysis
showed that overall survival of patients with co-expression
of USP22 and SIRT1 was significantly shorter than overall
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Fig. 1 Immunohistochemical staining for USP22 and SIRT1 in normal tissues and HCC. a USP22 in paracancerous tissues. b USP22 in cancer
tissues. ¢ SIRT1 in paracancerous tissues. d SIRT1 in cancer tissues. Magnification, 400X

survival of those with low USP22 or SIRT1 expression and
those with low co-expression of both USP22 and SIRT1
(P=0.003, Fig. 2d). Multivariate analysis showed that dif-
ferent USP22 and SIRT1 expression patterns in HCC tis-
sues were an independent prognostic factor, especially in the
USP22+ SIRT 1+ group, where the overall survival was poor.
Tumor stage was also an independent prognostic factor for
HCC patients undergoing liver resection (P < 0.05, Table 2).
Thus, we demonstrated that USP22 expression was corre-
lated with the overall survival of patients in HCC, and the
survival of patients with co-expression of USP22 and SIRT1
was significantly shorter than that of the other groups.

Anti-tumor Activity of 5-FU Alone or in Combination
with SIRT1 Inhibitor EX-527 in HCC CDX Models

Previous research showed that USP22 overexpression
in BEL7402-FU cells was related to 5-FU drug resist-
ance [15]. We tested whether the inhibition of SIRT1 by
SIRT1 inhibitor EX-527 efficiently changed 5-FU-induced
drug resistance in BEL7402-FU cells. We evaluated the
anti-tumor activity of 5-FU alone or in combination with
SIRT1 inhibitor EX-527 in vivo. No significant differ-
ence between the 5-FU single-agent treatment and the
control group treated with DMSO (268.8 +65.94 mm? vs.
559.6 + 154.3 mm?, respectively, P> 0.05, Fig. 3a, b) was
observed. However, compared with the control group, a
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Table 1 Association of USP22

. Clinicopathological Cases USP22 expression, n SIRT1 expression, n
and SIRT1 expression and
clinicopathological data of High Low P* High Low P
patients with hepatocellular
carcinoma Paracancerous tissues 141 44 97 0.000 17 124 0.000
HCC 141 92 49 76 65
Age (years)
<50 33 19 14 0.290 17 16 0.476
>50 108 73 35 48 60
Sex
Man 124 78 46 0.114 55 69 0.262
Female 17 14 3 10 7
Tumor number
Single 135 87 48 0.342 60 75 0.062
Multifocality 6 5 1 5 1
Tumor differentiation
Well 5 2 3 0.467 0 5 0.000
Well/moderate, moderate 76 51 25 25 51
Poor 60 39 21 40 20
Tumor stage
I+10 94 59 33 0.177 44 50 0.811
r+1v 47 35 14 21 26
AFP (ng/ml)
<400 8 6 2 0.324 3 5 0.121
>400 53 30 23 35 18
Tumor size (5 cm)
<5 24 17 7 0.528 8 16 0.168
>5 117 75 42 57 60
MVI
Negative 105 62 43 0.008 46 59 0.352
Positive 36 30 6 19 17

o = 0.05, the two-tailed test level of significance

P <0.05 was considered a statistically significant difference

significantly stronger anti-tumor effect was observed
in the combined therapy group (559.6 + 154.3 mm? vs.
92.57 +24.53 mm®, respectively, P <0.05 Fig. 3a, b).
Tumor sizes and weights in the combination group of both
models were significantly decreased compared with those
values in the control group (Fig. 3c, d). All treatments
were well tolerated. These findings indicated that in high
expression of USP22 cells inhibited SIRT1 can improve
5-FU drug resistance.

Inhibition of SIRT1 Effectively Inhibits Tumor
Growth and Promotes Cell Apoptosis In Vivo

Immunohistochemical staining revealed a marked reduc-
tion in SIRT1, Cyclin B1, MRP3 and USP22, specifically
in xenografts treated with EX-527 in combination with 5-FU
(Fig. 4h, 1, p, t). To further analyze whether 5-FU sensiti-
zation was a result of increased apoptosis, we performed
TUNEL assays to assess the percentage of apoptotic tumor
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cells in different treatment groups. Compared with vehicle
controls, significantly greater TUNEL staining was found
in HCC xenografts treated with 5-FU in combination with
EX-527 (Fig. 5a, b). These results indicated that anti-SIRT1
therapy reverts resistance and enhances the efficacy of
5-FU in HCC xenografts with acquired 5-FU resistance by
increasing apoptosis.

Discussion

Ubiquitin-specific protease 22 (USP22) is a member of the
deubiquitinating enzyme family that can remove ubiquitin
from target proteins to regulate the transcription of down-
stream genes related to tumorigenicity and proliferation [17].
Here, we found that 65.2% of the 141 HCC cases showed
high expression of USP22 by immunohistochemistry. Nota-
bly, high expression of USP22 was significantly associated
with prognosis in HCC cases. These results were consistent
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Fig.2 Kaplan—Meier survival curves of postoperative HCC patients
stratified by USP22 and SIRT1 expression. a, b Overall survival
curves for HCC patients with regard to USP22 and SIRT1 level in

Table 2 Cox regression analysis of independent prognostic factors in
patients with HCC (n=141)

Variables P Hazard ratio = Hazard ratio
(95% CI)
Lower  Upper
Tumor size (<5cm, 0.304  1.492 0.695 3.203
>5cm)
Tumor stage 0.000  2.796 1.736 4.504
MVI 0.081 1.544 0.948 2.514
Group 0.009
USP22+ SIRT1-group 0.045  2.046 1.015 4.125
USP22+SIRT1+group  0.002  3.006 1.479 6.107

P <0.05 was considered a statistically significant difference

with the previous literature [18, 19]. Therefore, USP22 may
be a strong prognostic marker and may be a useful therapeu-
tic target for HCC.

As a key subunit of the Spt-Ada-Gcen) acetyl transferase
complex (SAGA), USP22 participates in the deubiquitina-
tion of NAD-dependent protein deacetylase SIRT1, and
USP22 has a pivotal role in antagonizing p53 and stabiliz-
ing SIRT1 to suppress cell apoptosis during conditions of
DNA damage and during embryonic development [9, 14].

1069
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tumoral tissues. ¢ The relation of MVI to survival is shown. d A sig-
nificant difference among the survival curves in different group of
HCC

SIRT1 is overexpressed in hepatocellular carcinoma (HCC)
and associated with tumorigenesis, metastasis, prognosis
and chemical resistance [20]. In this study, the immuno-
histochemistry results showed that USP22 and SIRT1 were
highly expressed in HCC tissue. Kaplan—Meier analysis
showed that high co-expression of USP22 and SIRT1 was
associated with shorter OS. Multivariate analysis showed
that groups based on the expression of USP22 and SIRT1
patterns in HCC tissues were independent prognostic factors
for HCC patients undergoing liver resection. This result is
also consistent with our previous finding that USP22 might
deubiquitinate SIRT1 in HCC cells [15]. In summary, the
USP22/SIRT1 axis may be a useful therapeutic target for
HCC. However, due to the lack of inhibitors of USP22, we
speculated that inhibition of SIRT1 can also inhibit tumor
progression and drug resistance.

The SIRT1 inhibitor EX-527 increased the acetyl-p53/
p53 ratio and FoxO1 acetylation levels, probably exac-
erbating its ability to induce apoptosis, and reduced the
expression of P-gp and MRP3 [21]. Thus, EX-527 could be
used during HCC treatment to favor the uptake of a chem-
otherapeutic agent in cells. Importantly, we observed that
the tumor sizes of subcutaneous xenografts was smaller
and tumor weights were decreased in the combined 5-FU
and EX-527 inhibition group in nude mice bearing tumor
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Fig.3 Mice (5 mice/group) were treated with DMSO, EX-527, 5-FU
alone or in combination. Subcutaneous injection of BEL-7402-FU
(5-FU-resistant cells with USP22 overexpression) in nude mice (a)
and ex vivo images of resected tumors (b). ¢ The xenograft tumor
volumes were measured. Each line represents the average tumor vol-

Bel7402-FU cell xenografts. However, there was no signif-
icant difference between the 5-FU single-agent treatment
group and the control group treated with DMSO. These
results indicate that inhibition of SIRT1 can also inhibit
tumor growth and reverse USP22 overexpression inducing
5-FU drug resistance in vivo. Interestingly, USP22 levels
are significantly upregulated in human brain glioma cells,
and it is associated with cell regulatory protein Cyclin B1
expression [22]. Cyclin B1 plays an important role in cell
cycle arrest at the G2/M phase and serves a crucial role
in the expansion of tumor cells in HCC [23]. Our results
demonstrated that Cyclin B1 expression was decreased
in the combined group. On the other hand, USP22 is
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ume (mm?) of each treatment group +SD. d Endpoint tumor weights
of xenografts. Each line represents the average tumor weight (g) of
each treatment group +SD. *P <0.05; **P <0.01; ***P=0.0018; NS
no significant difference

also a stem cell marker that is related to drug resistance
[24]. Drug resistance is also an important cause of tumor
recurrence and metastasis. Our previous study found that
downregulation of USP22 in BEL/FU cells decreases the
expression of MRP1, but not P-gp, to regulate 5-FU resist-
ance [15]. As a major multidrug resistance-associated
protein, MPR3 was also downregulated in the combined
group. Moreover, TUNEL assays also showed that the
percentage of apoptotic tumor cells was increased in the
combined group. In conclusion, these results indicate that
inhibition of SIRT1 may reverse 5-FU drug resistance by
inhibiting cell growth via the activation of the cell cycle
and induction of apoptosis. We will evaluate the clinical
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Control EX-527 + 5-FU

Fig.4 Subcutaneous injection of BEL-74025-FU-resistant cells in hepatocytes; m—p MRP3 immunohistochemical staining of resected
nude mice and ex vivo images of resected tumors. n=>5 per group. tumor sections; q—t USP22 immunohistochemical staining of resected

Representative images of a—d H&E of different groups; e-h SIRT1 tumor sections. Magnification, 400x
staining of tumor cells; i-1 Cyclin B1 positive staining of tumor
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Fig.5 Representative images of TUNEL-stained (green) sections
with DAPI counterstain (blue) for apoptotic cells on tumor tissues
harvested from the resected xenografts. Magnification: 200x. Tumor
apoptosis was quantified by counting the number of apoptotic cells.
Values were expressed as the mean+ SD. *P <0.05 compared to the

significance of USP22, Cyclin B1 and MRP3 expression in
HCC tissues for predicting the overall survival or chemo-
therapy response (Sorafenib or TACE treatment response)
in future studies.

Conclusion

Taken together, the present study found that USP22 and
SIRT1 were highly expressed in HCC specimens relative to
normal tissue and that expression of both USP22 and SIRT1
was significantly associated with unfavorable HCC charac-
teristics. Furthermore, the presence of the SIRT1 inhibitor
EX527 in vivo could also be of great value in identifying
therapeutic strategies directed to overcome drug resistance
by inhibiting tumor cell proliferation and inducing apoptosis.
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EX-527 + 5-FU

control group. EX-527 group, P=0.138, 5-FU group, P=0.0074.
Compared to the combined EX-527 and 5-FU group, the P value of
EX-527 group and 5-FU group less than 0.05. NS no significant dif-
ference
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