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PSMC2/ITGA6 axis plays critical role in the development and
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Hepatocellular carcinoma (HCC) is a type of malignant tumor with sixth highest incidence and causes the third most cancer-related
deaths in the world, whose treatment is limited by the unclear molecular mechanism. Currently, the correlation between PSMC2
and HCC is still unclear. Herein, we found that the expression of PSMC2 in HCC tissues was significantly higher than normal tissues.
We also discovered the significant association between PSMC2 expression and tumor infiltrate as well as tumor stage. Further
investigations indicated that PSMC2 knockdown contributed to impaired proliferation, colony formation, migration, and enhanced
cell apoptosis in HCC cells. Moreover, PSMC2 could also suppress tumorigenicity of HCC cells in vivo. Gene microarray analysis
followed by ingenuity pathway analysis was performed for exploring downstream of PSMC2 and identified ITGA6 as a potential
target. Furthermore, our study revealed that ITGA6 knockdown exhibited similar inhibitory effects with PSMC2 on HCC cells in vitro.
More importantly, our results proved the direct interaction and showed the mutual regulation between PSMC2 and ITGA6, and that
PSMC2 knockdown could significantly aggravate the inhibition of HCC by ITGA6 depletion. Based on these intriguing results, this is
the first time ever that PSMC2 is pinpointed as a tumor promotor to interfere HCC development and progression via interacting
with ITGA6 directly.
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INTRODUCTION
As the malignant tumor with sixth highest incidence and the
third leading cause of cancer-related death in the world,
hepatocellular carcinoma (HCC) has been paid more and more
attention in clinical and basic medical research [1, 2]. Now, the
treatment options for HCC patients include surgical treatment,
local ablation, transcatheter arterial chemoembolization, radio-
therapy, and systemic therapy [3–5]. However, due to the occult
and rapid development of HCC, most patients have progressed
to intermediate and advanced stage when diagnosed, which
seriously disturbed the effects of HCC treatment, ultimately
leading to a shorter survival rate and poor prognosis of HCC
patients [6]. In the past few decades, the concept of molecular
targeted drug brought an exciting and evolutionary progress to
cancer treatment [7]. However, because of the insufficient
understanding of the molecular mechanism of HCC, only two
molecular targeted drugs (Sorafenib and Lenvatinib) have been
approved by FDA as first-line therapy for HCC patients, whose
therapeutic efficiency was seriously limited by the decrease of
drug tolerance and the emergence of drug resistance in patients
with HCC [8, 9]. Although a variety of HCC targeting drugs are in
clinical trials and show some advantages, it is of significant
urgency to deepen the understanding of molecular mechanism
of HCC and identify more effective targets [10].

The ubiquitin/26S proteasome pathway is an efficient protein
degradation pathway, mainly responsible for the selective
degradation of proteins in eukaryotic cells [11]. As far as current
knowledge is concerned, the 26S proteasome is a multi-catalytic
enzyme complex, which is abundantly expressed in the nucleus
and cytoplasm of all eukaryotic cells [12]. In addition, one of the
outstanding functions of the 26S proteasome is to participate in
the regulation of the expression levels of various proteins that play
a central role in cell processes, such as cell cycle progress, signal
transcription, DNA repair, metabolic regulation, and cell apoptosis
[13]. Altered regulation of these cellular events is linked to the
development and progression of cancer. Therefore, much work
has focused on the proteasome as a promising target for the
treatment of numerous cancers [14]. Proteasome 26S subunit
ATPase 2 (PSMC2) located in 7q22.1-q22.3 of the genome is an
indispensable member of the 19S regulatory subunit of 26S
proteasome and engaged in catalyzing substrates and transport-
ing them into the 20S proteasome [15]. Reviewing previous
research, the author demonstrated that PSMC2 knockdown in
tumor cells could inhibit tumor development and that PSMC2 was
identified as a potential gene related to certain human tumors. In
addition, He et al. reported that the higher PSMC2 expression was
associated with poorer survival rate of colorectal cancer patients
and that PSMC2 silencing in colorectal cancer cells suppressed cell
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proliferation and migration, and induced cell apoptosis [16].
Despite that PSMC2 is considered to be a newly discovered gene
closely related to human cancer, its expressional characteristics
and functional value in HCC is pending to be explored.
In this study, immunohistochemical staining was performed on

clinical specimens to show the differential expression of PSMC2 in
HCC and normal tissues. The statistical analysis of the association
between PSMC2 expression and tumor characteristics of HCC
patients was also employed to clarify the effects of PSMC2 on HCC
development and progression. Lentivirus expressing PSMC2-
targeting shRNA was used for silencing PSMC2 in HCC cells, thus
investigating its regulatory ability in cell proliferation, colony
formation, and cell apoptosis in vitro or in vivo. Moreover, the
potential mechanism for PSMC2 to promote HCC was further
explored by RNA sequencing and verified by rescue experiments.
To the best of our knowledge, this study is the first attempt to
illustrate the potential oncogenic activity of PSMC2 in HCC.

RESULTS
PSMC2 were upregulated in HCC tissues and expressed in HCC
cells
Immunohistochemistry (IHC) analysis was used to evaluate the
role of PSMC2 in HCC and to visualize the role of PSMC2
expression in HCC and normal tissues. The expression levels of
PSMC2 were significantly upregulated in HCC tissues (Fig. 1A)
compared with normal ones. The significant elevation in PSMC2
expression levels in HCC was also demonstrated by quantifying its
expression in 108 and 10 HCC and normal tissues, respectively
(P < 0.001, Table 1). We also identified significantly higher
expression levels of PSMC2 in HCC patients with higher levels of
T infiltrate and more advanced tumor stages (Fig. 1A). This was
also verified by correlating the PSMC2 expression levels and the
clinical characteristics of tumors in HCC patients (P < 0.05, Table 2)
and by Pearson correlation analysis (Supplementary Table S3). The
higher expression levels of PSMC2 in more serious cases of HCC

suggested that this protein plays a key role in the development of
HCC. With the exception of HCC tissues, qPCR detection also
revealed the generally higher levels of PSMC2 in a number of HCC
cell lines, including HCCLM3, SK-HEP-1, BEL-7404, SNU423, and
Hep3B2.1–7 than normal cell line HL-7702 (Fig. 1B). Of these,
based on our preliminary experiments that are not shown in this
study, we selected SK-HEP-1 and BEL-7404 cell lines for
subsequent investigations.

The in vitro development of HCC was inhibited by the
depletion of PSMC2
Next, we transfected HCC cells with lentivirus to knockdown
PSMC2 and investigate the effects of its absence in HCC. We
observed fluorescence signals in >80% of cells, thus demonstrat-
ing that the transfection had been successful (Supplementary Fig.
S1A). We selected the shRNA with the best efficiency to
knockdown PSMC2 by qPCR screening and used this shRNA for
subsequent experiments (Supplementary Fig. S1B). qPCR and
western blotting revealed the significant downregulation of
PSMC2 at the mRNA and protein levels (Fig. 2A, B), respectively.
This confirmed the successful knockdown of PSMC2 in both SK-
HEP-1 and BEL-7404 cell lines. MTT assays clearly demonstrated
that HCC cells in which PSMC2 had been knocked down
(shPSMC2) exhibited significantly slower proliferation rates than
those with relatively higher levels of PSMC2 expression (shCtrl)

Fig. 1 PSMC2 was upregulated in HCC tissues and expressed in HCC cells. A The PSMC2 expression was evaluated by IHC analysis in HCC
tissues and normal tissues (scale bar = 50 μm). B The mRNA expression of PSMC2 in normal cell line HL-7702 and HCC cell lines including
HCCLM3, SK-HEP-1, BEL-7404, SNU423, and Hep3B2.1-7 was determined by qPCR. The representative images were selected from at least three
independent experiments. Data were shown as mean ± SD. **P < 0.01, ***P < 0.001.

Table 1. Expression patterns of PSMC2 in HCC tissues and normal
tissues revealed in immunohistochemistry analysis.

PSMC2 expression Tumor tissue Normal tissue

Cases Percentage Cases Percentage

Low 50 46.3 10 100

High 58 53.7 0 –

P < 0.001.
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(P < 0.001, Fig. 2C). The ability of HCC cells to successfully form
colonies was also seriously reduced following the knockdown of
PSMC2 knockdown (P < 0.001, Fig. 2D). Next, we investigated the
extent of cell apoptosis in HCC cells with or without PSMC2
depletion by flow cytometry. We also found that the proliferation
of HCC cells was inhibited since more apoptotic cells were
detected in the shPSMC2 group compared to the shCtrl group
(P < 0.001, Fig. 2E). We also carried out a human antibody array
analysis in order to identify differential protein expression levels
associated with cell apoptosis that might be mediated by PSMC2
and attempted to identify the regulatory mechanisms involved.
The absence of PSMC2 absence led to the impaired expression of
several proteins, including containing Bcl-2, Bcl-w, clAP-2, HSP27,
IGF-II, Survivin, sTNF-R1, sTNF-R2, TNF-α, and XIAP (Fig. 2F).
Moreover, the elevated expression of Caspase-3 and Caspase-7 in
shPSMC2 cells also proved the promoted cell apoptosis by PSMC2
knockdown (Supplementary Fig. S2). Notably, we also validated
the suppression of cell growth, and the enhancement of cell
apoptosis, in cells in which PSMC2 had been knocked down by
carrying out additional experiments in a third cell line, HCCLM3
(Supplementary Fig. S3). Our experiments suggested that PSMC2
may play a critical role in the development of HCC development
by exerting effects on cell apoptosis, colony formation, and
apoptosis.

HCC may be regulated by PSMC2 by targeting ITGA6
Our previous results indicated that PSMC2 was involved in the
development of HCC. Next, we attempted to investigate the
potential mechanisms underlying this effect. We used 3 v 3 (shCtrl
vs shPSMC2) gene microarray analysis to distinguish differentially
expressed genes (DEGs) between SK-HEP-1 cells with or without
PSMC2 deficiency. Using specific thresholds (|fold change| ≥ 2.0
and FDR < 0.05 (P values obtained via Benjamini–Hochberg
analysis), we identified 621 upregulated DEGs cells from the
shPSMC2 group when compared to cells from the shCtrl group; we
also identified 709 downregulated DEGs in cells from the shPSMC2

group (Supplementary Fig. S4A and Fig. 3A). Ingenuity pathway
analysis (IPA) was performed to show the enrichment of the 1330
DEGs in the canonical signaling pathway as well as IPA disease
and function. Notably, the protein ubiquitination pathway was the
most enriched signaling pathway; cancer was the most enriched
candidate with regards to IPA disease and function (Supplemen-
tary Fig. S4B, C). On the basis of our bioinformatics analysis and
the IPA analysis, we created a PSMC2-related interaction network
(Fig. 3B) and several DEGs were selected for validation by qPCR
and western blotting (Fig. 3C, D). Of these, ITGA6, a member of
one of the most enriched CDK5 signaling pathways, was also
significantly downregulated in SK-HEP-1 cells in the absence of
PSMC2; this suggested that ITGA6 may represent a potential target
for PSMC2 (Supplementary Fig. S4D and Fig. 3B, D). Indeed, in a
manner that was similar to PSMC2, ITGA6 was significantly
upregulated in HCC tissues and HCC cell lines when compared
to normal tissues and normal cell line, respectively (Fig. 3E, F). Data
collected from TCGA database also indicated a positive correlation
between PSMC2 and ITGA6 in HCC tissues (Supplementary Fig.
S4E). Furthermore, we found the upregulation of ITGA6 in HCC
tissues in comparison with normal tissues (GSE121248 dataset of
GEO database), and the significant correlation between high
ITGA6 expression and poor prognosis of HCC patients (TCGA
database) (Supplementary Fig. S5A, B). More importantly, co-IP
results provided evidence to support the fact that ITGA6 can
interact directly with PSMC2; ITGA6 was detected in a complex
precipitated by anti-PSMC2-Flag and vice versa (Fig. 3G). Further
western blotting indicated the downregulation of ITGA6 in
shPSMC2 HCC cells (Supplementary Fig. S5C). Collectively, our
data showed that ITGA6 represents a promising target that might
play a role in regulating the development of HCC via PSMC2.

The knockdown of PSMC2 aggravated the inhibition of HCC
by depleting ITGA6
Next, we established a SK-HEP-1 cell model transfected with
shITGA6, or both shPSMC2 and shITGA6, in order to investigate
their combined effects on HCC. First, we evaluated transfection
efficiency using a method that was described previously and then
used qPCR to identify the most effective shRNA for silencing ITGA6
(Supplementary Fig. S6). Figure 4A, B demonstrates the mutual
regulation between PSMC2 and ITGA6: (1) the depletion of PSMC2
downregulated ITGA6 while ITGA6 deficiency led to the down-
regulation of PSMC2; (2) PSMC2 was downregulated in the
shITGA6 group but showed greater levels of downregulation in
the shPSMC2+shITGA6 group; (3) the severity of ITGA6 down-
regulation was higher in the shPSMC2+shITGA6 group than in the
shITGA6 group (Fig. 4A, B). Subsequent analysis revealed the
strong inhibitory effects of ITGA6 knockdown on cell proliferation
and colony formation, and clear stimulative effects on cellular
apoptosis (P < 0.001, Fig. 4C–E and Supplementary Fig. S7); similar
effects were evident for PSMC2. Moreover, as shown in Fig. 4F, G,
wound-healing and Transwell assays suggested that the depletion
of ITGA6 significantly restrained the ability of SK-HEP-1 cells to
migrate (P < 0.05 for wound-healing assays, P < 0.001 for Transwell
assays). Furthermore, we demonstrated that the additional
knockdown of PSMC2 in cells in which ITGA6 had already been
knocked down, could aggravate the effects on all the observed
cellular functions, including cell proliferation, colony formation,
apoptosis, and migration (P < 0.001, Fig. 4C–G and Supplementary
Fig. S7). Collectively, these data indicated the role of the PSMC2/
ITGA6 axis in HCC development.

PSMC2 suppressed tumor growth in vivo
For in vivo study, we successfully established a mouse xenograft
model by injecting HCCLM3 cells transfected with either shPSMC2
or shCtrl. The analysis of in vivo fluorescence imaging indicated
that the shPSMC2 group exhibited markedly weaker signals and a
lesser extent of tumor burden (P < 0.001, Fig. 5A, B). As shown in

Table 2. Relationship between PSMC2 expression and tumor
characteristics in patients with HCC.

Features No. of patients PSMC2 expression P value

Low High

All patients 108 50 58

Age (years) 0.117

<51 52 20 32

≥51 56 30 26

Gender 0.024

Male 84 34 50

Female 24 16 8

Grade 0.198

I 15 4 11

II 73 36 37

III 14 7 7

Stage 0.031

I 6 5 1

II 46 24 22

III 56 21 35

T Infiltrate 0.012

T1 6 5 1

T2 48 26 22

T3 48 17 31

T4 6 2 4
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Fig. 2 PSMC2 knockdown inhibited HCC development in vitro. A, B Cells transfected with shPSMC2 or shCtrl were employed to build the
cell model. The knockdown efficiency of PSMC2 in BEL-7404 and SK-HEP-1 cells was estimated by qPCR (A) and western blotting (B). Herein,
the GAPDH blot was shared with Supplementary Figs S2 and S5C. C MTT assay was utilized to indicate proliferation ability of BEL-7404 and
SK-HEP-1 cells influenced by PSMC2. D Plate clone formation assay was applied to investigate the colony formation ability of BEL-7404 and SK-
HEP-1 cells with or without knocking down PSMC2. E Flow cytometry was performed to detect the effects of PSMC2 on cell apoptosis of BEL-
7404 and SK-HEP-1 cells. F The role of PSMC2 in apoptosis-related protein expression in SK-HEP-1 cells was analyzed by Human Apoptosis
Antibody Array. Data were shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3 The exploration and verification of downstream underlying PSMC2-mediated regulation in HCC. A A PrimeView Human Gene
Expression Array was conducted to distinguish the differentially expressed genes (DEGs) of SK-HEP-1 cells with or without silencing PSMC2.
B A PSMC2-induced interaction network was established based on IPA analysis. Line: interaction; arrow: regulation; full line: direct regulation;
dotted line: indirect regulation; green: downregulation; blue: predicted inhibition; white: with state of downstream molecule. The expression
of several selected DEGs in SK-HEP-1 cells with or without PSMC2 knockdown was detected via qPCR (C) and western blotting (D). E The ITGA6
expression in HCC tissues and normal tissues was evaluated by IHC analysis (scale bar = 100 μm). F The mRNA expression of PSMC2 in normal
cell line HL-7702 and HCC cell lines including HCCLM3, SK-HEP-1, BEL-7404, SNU423, and Hep3B2.1-7 was detected by qPCR. G A co-IP assay
was performed to show the direct interaction between PSMC2 and ITGA6. The representative images were selected from at least three
independent experiments. Data were shown as mean ± SD. *P < 0.05, **P < 0.01.
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Fig. 5C, D, both tumor volume and weight were significantly lower
in the shPSMC2 group, thus indicating that the absence of PSMC2
led to an inhibition in tumor growth (P < 0.001).

Mechanistic screening
Finally, we used western blotting to detect the expression levels of
several well-known key molecules in the cancer-associated
signaling pathway so that we could investigate the regulatory
mechanisms that link PSMC and /ITGA6 with HCC. As indicated by
Fig. 5E, the levels of Akt phosphorylation, and the expression
levels of CDK6, TLR4, and PIK3CA, were significantly down-
regulated by the knockdown of PSMC2, thus indicating the
potential involvement of PSMC2 in the regulation of HCC.

DISCUSSION
To our best knowledge, the 26S proteasome includes the 20S core
catalytic subunit and 19S regulatory subunit, which is one of the
multimeric ubiquitin-mediated proteasomes [11, 17]. Accumulat-
ing studies provided evidence that proteasome inhibitors played a
critical role in anti-tumor with the help of the endoplasmic
reticulum stress caused by 26S proteasome inhibition [18]. On the
other hand, in view of the multiple important roles played by 26S

proteasome in the biological processes, the basic research on 26S
proteasome has attracted widespread attention, especially in the
prospective prevention and treatment of malignant tumors [14].
PSMC2 is ranked as the top among 56 candidate genes in the
Copy number alterations Yielding Cancer Liabilities Owing to
Partial losS (CYCLOPS) genes, indicating the essential importance
of PSMC2 in cancer cell viability [19]. At the same time,
considerable research efforts have identified the important role
of PSMC2 in some human cancers. For instance, the results from
Song et al. described that the upregulated PSMC2 had a
promotion effect on the development and progression of
osteosarcoma via regulating osteosarcoma cell phenotype includ-
ing cell proliferation, apoptosis, and migration as well as colony
formation [20]. Furthermore, another report further provided a
deeper understanding of the relationship between PSMC2 and
osteosarcoma based on the result that miR-630 promoted
osteosarcoma cell proliferation, migration, and invasion by
targeting PSMC2 [21]. Nevertheless, the relationship between
PSMC2 and HCC has not been reported and still remains unknown.
This is the first report presented ever to identify PSMC2′s value

in HCC development and progression. First, the measurement of
PSMC2 expression in clinical specimens established the linkage
between high expression of PSMC2 and more serious HCC (more

Fig. 4 Knockdown of PSMC2 deepens the effects on HCC cells by ITGA6 knockdown. A, B The expression of PSMC2 and ITGA6 in SK-HEP-1
cells transfected with shCtrl, shITGA6 and simultaneous shPSMC2 and shITGA6 were detected by qPCR (A) and western blotting (B). Cell
models were adopted in the detection of cell proliferation by Celigo cell counting assay (C), colony formation (D), cell apoptosis (E), and cell
migration by wound-healing assay (F) and Transwell assay (G). The representative images were selected from at least three independent
experiments. Data were shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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serious T infiltrate and more advanced tumor stage). Through
comparing the difference of cell functions of HCC cells with or
without PSMC2 knockdown, it was revealed that cells with
relatively low expression of PSMC2 exhibited slower cell prolifera-
tion rate, weaker ability to form colonies, and were inclined to
apoptosis. All the results of in vitro studies suggested the
oncogene-like properties of PSMC2 in HCC. Consistently, cells
with PSMC2 knockdown showed weaker tumorigenicity and the
formed tumors also grew relatively slower in vivo. Moreover, we
further found that apoptosis-related proteins consisting of Bcl-2,
Bcl-w, clAP-2, HSP27, IGF-II, Survivin, sTNF-R1, sTNF-R2, TNF-α, and
XIAP, were significantly downregulated in HCC cells with PSMC2
knockdown, which contributed to the regulation of PSMC2 in cell
proliferation and apoptosis,.
The potential downstream of PSMC2 was screened through

RNA-seq in this study. As a member in one of the most DEGs
enriched signaling pathways, ITGA6 (alias integrin α6) was
demonstrated to have direct interaction with PSMC2 and
recognized as a potential key factor in the PSMC2-induced
regulation of HCC. Integrin is a kind of transmembrane
glycoprotein, which can combine with extracellular matrix to
regulate the adhesion between cell and matrix or cell and cell.
Accumulating evidence has illustrated that integrin expression in
different stages of tumor development is also regulated to varying
degrees, endowing it the potential as target for cancer diagnosis
and treatment [22, 23]. ITGA6 contains 1130 amino acids, which
can form α6β1 or α6β4 dimer by binding with β1 or β4 subunits,
and can bind with extracellular matrix laminin [24]. At present,
there are few research studies on the biological function of ITGA6,
among which tumor-related research studies are mainly focused
on breast cancer. Cariati et al. found that the abnormal expression
of ITGA6 could promote the occurrence and development of
breast cancer, which may be a potential target of anti-cancer
therapy [25]. Further study reported by Brooks et al. identified
ITGA6 as a downstream target of HIF-1α that participated in the
HIF-1α-induced stemness and metastasis of breast cancer [26].

Moreover, ITGA6 could mediate radiation resistance of breast
cancer through activating Akt/ERK signaling pathway [27]. On the
other hand, Laudato et al. demonstrated that ITGA6, together with
ITGB1, was target of miR-30e-5p in colorectal cancer [28]. Zhang
et al. provided evidence that the tight association existed between
ITGA6 overexpression and human gallbladder carcinoma with
invasive, metastatic, and poor prognostic features [29]. Despite
that the α6β4 dimer was previously revealed to be involved in
HCC [30], the expression pattern, biological behavior, and
molecular mechanism of ITGA6 in HCC are still unclear. Over-
expression of ITGA6 in HCC tissues and cell lines was observed in
this study, depletion of which inhibited HCC cell proliferation,
colony formation, and migration, and induced cell apoptosis
simultaneously. More importantly, PSMC2 deficiency led to the
downregulation of ITGA6, and vice versa, indicating the interac-
tion between PSMC2 and ITGA6. Furthermore, simultaneous
knockdown of PSMC2 and ITGA6 suppressed cell proliferation
and migration, adding to the inhibitory effects of mere ITGA6
knockdown.
It is well known that Akt signaling pathway possesses critical

functions in a variety of biological processes and diseases
including cancer [31–33]. In our study, it was found that the
phosphorylation level of Akt was clearly downregulated in
PSMC2 knockdown cells, indicating the activating Akt signaling
by PSMC2 in HCC. Toll-like receptor is a type I transmembrane
receptor discovered in recent years. Among the 11 TLRs found,
TLR4 is expressed in many kinds of tumor cells, which promotes
the development of tumors, especially inflammation-related
ones through different signaling pathways, and plays an
important role in cancer pain and tumor immune escape [34–
36]. Herein, the downregulated expression of TLR4 was observed
in PSMC2-deficient HCC cells, which was also in agreement with
previous reports [37]. Despite of the above findings, it is still
unclear and requires further investigations to delineate the
mechanism during the regulation of PSMC2 in HCC development
and metastasis.

Fig. 5 PSMC2 knockdown inhibited HCC development in vivo. A In vivo imaging was utilized to estimate the tumor burden in mice of
shPSMC2 and shCtrl groups at day 27 post tumor-inoculation. B The total fluorescence intensity was analyzed to represent tumor burden in
mice of shPSMC2 and shCtrl groups. C Tumor volume of mice at 14 days post injection was measured and calculated at indicated time
intervals. Inset: photo of the removed tumors was taken at day 27 post tumor-inoculation. D Removed tumors were photographed and
weighed. E The expression of Akt, p-Akt, CDK6, TLR4, and PIK3CA was determined by western blotting in SK-HEP-1 cells with different
expression level of PSMC2. Data were shown as mean ± SD. ***P < 0.001.
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In summary, PSMC2 was found to be an important regulator in
the development and progression of HCC. The expression of
PSMC2 is relatively higher in HCC tissues than normal tissues,
which was also related to the severity of HCC. In vitro and in vivo
studies verified that HCC development could be restrained when
endogenous PSMC2 was knocked down. Moreover, we also
revealed that PSMC2 may execute its regulatory effects on HCC
through interacting ITGA6. Altogether, PSMC2 may be a potential
therapeutic target of HCC, whose regulatory mechanism needs to
be elucidated in the future.

MATERIAL AND METHODS
Clinical tissue sections and cell culture
HCC tissue and normal tissue sections were obtained from Xi’an Alenabio.
Co., Ltd (Shanxi, China). HCC cell lines (SK-HEP-1, BEL-7404, HCCLM3,
Hep3B2.1-7, and SNU423) were purchased from BeNa Technology
(Hangzhou, Zhejiang, China) and cultured in 90% RPMI-1640 (#
31800022, GIBCO, Rockville, MD, USA) supplemented with 10% fetal
bovine serum (FBS) (#10099-141, GIBCO, Rockville, MD, USA) and were
cultured at 37 °C in a humidified incubator with 5% CO2, and maintained
fresh medium every 3 days.

Immunohistochemistry (IHC)
HCC and normal tissue sections were used for IHC analysis to evaluate
PSMC2 expression in different tissues. In brief, after baked at 60 °C for 1 h,
the chip was dehydrated by xylene and ethanol solutions (100%, 95%,
90%, and 70%). Then antigen retrieval was conducted using citric acid
buffer. Next, the chip was blocked, and added with the primary antibody
for incubation at 4 °C overnight. After that, washed by PBS, the chip
continued to be incubated with the second antibody for 2 h at room
temperature (information of antibodies shown in Supplementary Table S1).
The last procedure was performed to stain the chip with DAB and
hematoxylin, photograph, and analyze it via ImageScope and CaseViewer
software. IHC scores were calculated based on staining percentage and
staining degree. Typically, staining percentage scores were judged as 1
(1–24%), 2 (25–49%), 3 (50–74%), 4 (75–100%). Staining intensity were
scored as 0 (signalless color), 1 (brown), 2 (light yellow), 3 (dark brown).
This study was approved by Ethical Committee of the First Affiliated
Hospital, Zhengzhou University.

Construction and package of lentiviral victors
Short hairpin RNAs for PSMC2 (target sequence: 5′-GCCAGGGAGATTGGA-
TAGAAA-3′) and ITGA6 (target sequences: 5′-AACCAGCAAGGCAGATGGAAT-
3′; 5′-AACCATCACAGTAACTCCTAA-3′; 5′-GAGCCCAAATATACTCAAGAA-3′)
were designed by Shanghai Biosciences, Co., Ltd (Shanghai, China),
respectively. These RNAs were further cloned into the BR-V-108 plasmid
using digestion of the restriction enzymes Age I (#R3552L) and EcoRI
(#R3101L) (NEB, Beijing, China) to construct complete plasmids. Sequences
in the recombinant plasmids were verified with PCR. Plasmids were
extracted using EndoFree Maxi Plasmid Kit (#Y5-12381, Qiagen, Nether-
lands, Hilden, Germany), the quality of which was assessed via Thermo
Nanodrop 2000 (Waltham, MA, USA) under the guidance of manufacturer’s
manuals. Qualified plasmid was used for packaging.

Cell transfection
HCC cell lines (SK-HEP-1, HCCLM3, and BEL-7404) were incubated with
lentiviral vectors (4 × 108 TU/mL), ENI.S and Polybrene (Sigma-Aldrich, St
Louis, MO, USA) in 6-well plates. After cultured at 37 °C with a 5% CO2 for
72 h, the fluorescence was observed under microscope with magnification
of ×100 and ×200.

qRT-PCR
TRIzol reagent (Sigma, St. Louis, MO, USA) was used to extract RNA from
cells. Nanodrop 2000/2000C spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used to estimate RNA quality according to the
manufacturer’s instructions. Then cDNA was reversely transcribed from
RNA using Promega M-MLV kit (Heidelberg, Germany). Afterwards, SYBR
Green mastermixs Kit (Vazyme, Nangjing, Jiangsu, China) was employed in
qRT-PCR analysis. At last, 2−ΔΔCt method was referred to quantitate the
gene expression level. GAPDH was set as an internal control. All primer

sequences of human PSMC2 during this assay are displayed in
Supplementary Table S2.

Western blotting and co-immunoprecipitation
Total protein was collected after lysing cells in ice-cold RIPA buffer
(Millipore, Temecula, CA, USA), and the protein concentration was
determined by BCA Protein Assay Kit (#23225, Pierce, Logan, UT, USA).
Protein (20 μg per lane) was separated by 10% SDS-PAGE (Invitrogen,
Carlsbad, CA, USA) and then was transferred onto PVDF membranes at
4 °C. After blocking with 5% degreased milk TBST solution, these
membranes were incubated at 4 °C overnight with related primary
antibodies, washed by TBST, and added with second antibody for 2 h at
room temperature subsequently. After the visualization of proteins using
ECL-PLUS Kit (#RPN2232, Amersham, Chicago, IL, USA), the target protein
density was evaluated via software. Antibodies used in WB assay are
shown in Supplementary Table S1.
Before performing co-immunoprecipitation, SK-HEP-1 cells were over-

expressed with Flag-labeled PSMC2. Immunocomplexes were collected
from whole cell lysate through the immunoprecipitation by anti-Flag or
anti-ITGA6 antibody, followed by the western blotting analysis by both
anti-Flag and anti-ITGA6 antibodies.

MTT assay
Lentivirus transfected SK-HEP-1, BEL-7404, and HCCLM3 cells were seeded
into a 96-well plate at a density of 2000 cells/well. OD490 were detected
24, 48, 72, 96, and 120 h post cell seeding. Four hour before each detection
point, living cells were colored with 20 μL MTT solution (5 mg/mL, # JT343,
GenView, El Monte, CA, USA). and DMSO (#130701, Shanghai Shiyi, China)
was the solvent of formazan. OD490 were detected via a microplate reader
(Tecan, Männedorf, Zürich, Switzerland).

Cell apoptosis assay
Lentivirus transfected SK-HEP-1, BEL-7404, and HCCLM3 cells were
inoculated in a 6-well plate. Cells were collected in binding buffer, and
incubated with Annexin V-APC (eBioscience, San Diego, CA, USA) at room
temperature for 15min in dark. Finally, FACSCalibur (BD Biosciences, San
Jose, CA, USA) was used to analyze apoptotic cells.

Colony formation assay
Target sequence lentivirus transfected SK-HEP-1 and BEL-7404 cells were
collected 5 days post transfection. Each experimental group cells were
digested with trypsin (#T0458-50G, Shenggong, Shanghai, China), resus-
pended to be seeded in a 6-well plate (350 cells/mL) and further cultured
for 8 days. After fixed using 4% paraformaldehyde (SIGMA, St Louis, MO,
USA) and stained with GIEMSA (Shanghai Dingguo, China), all colonies
were photographed with a digital camera and colony number was
counted.

Celigo cell counting assay
Seventy-two hours after the transfection, SK-HEP-1 cells were collected and
seeded into a 96-well plate with 3000 cells per well. Cells were further
cultured in RPMI-1640 medium containing 10% FBS. Cells were pictured
and counted automatically using Celigo image cytometer (Nexcelom
Bioscience, Lawrence, MA, USA) at 1, 2, 3, 4, and 5 days post tranfection.
According to the data collected, cell proliferation curve was drawn and fold
change value was calculated.

Wound-healing assay
LV-shCtrl, LV-shITGA6, and LV-(shITGA6+shPSMC2) transfected SK-HEP-1
cells were seeded into a 96-well dish at a density of 4 × 104 cells per well
with three replicates. Twenty-four hours later, the medium was replaced
with low concentration serum medium, and a 96-wounding replicator (VP
scientific, San Diego, CA, USA) was employed to make line wounds. Cell
monolayers were washed with serum-free medium, and added with 0.5%
FBS medium. Cell images were captured via fluorescence microscope at 0
and 48 h after making wounds. Migration area was calculated using
ArrayScan VT1 Cellomics (Thermo Fisher Scientific, Waltham, MA, USA).

Transwell assay
LV-shCtrl, LV-shITGA6, and LV-(shITGA6+ shPSMC2) transfected SK-HEP-1
cells were resuspended with serum-free medium and seeded into upper
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chamber of a 24-well Transwell migration insert (#3422, Corning, NY, USA)
with 5 × 105 cell/well, and three wells for each group with 100 μL serum-
free medium per well. The lower chamber was added with medium (30%
FBS) for 16 h incubation at 37 °C. Migrated cells were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet. After that, cell
graphs were taken by a microscope to analyze and calculate the
migration rates.

Human apoptosis antibody array analysis
LV-shCtrl and LV-shPSMC2-transfected high metastasis HCC cells (HCCLM3)
were collected to extract total proteins and the proteins’ concentration
was measured via a BCA Protein Assay Kit (Pierce, Logan, UT, USA). Human
Apoptosis Antibody Array (Abcam, Cambridge, MA, USA) was adopted
according to the manufacturer’s instructions, and spots on the array
membrane were imaged by a camera.

RNA sequencing
Total RNA samples from stable shPSMC2 expressing- SK-HEP-1 cells and
control cells were separated using Trizol instructed by the manufacturer’s
manuals. RNA quality was determined by Thermo NanoDrop 2000
(Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Palo Alto, CA, USA).
IVT was detected via 3′IVT Plus kit (Affymetrix, Santa Clara, CA, USA)
according to the manufacturer’s instructions. GeneChip Hybridization
Wash and Stain Kit was used and the effects were analyzed using
GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA, USA). Raw data’s
quality was assessed and filtered with R studio. |Fold Change| > 2.0 and
FDR < 0.05 (P values obtained via Benjamini–Hochberg analysis) were used
for significant difference genes screening criteria. IPA was performed and
|Z score| > 2 is considered statistically significant.

Mice xenograft model
Four-week-old, specific pathogen-free female BALB/c nude mice were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai,
China) and housed in an environmentally controlled condition (22 °C with
a 12 h light/dark cycle). All 20 mice were randomly divided into two
groups. Stably transfected shPSMC2 or shCtrl HCCLM3 (0.2 mL cell
suspensions with 2 × 107 cells) were subcutaneously injected into the
right back of each mouse. The measurement of mice weight, length (L) and
width (W) of each tumor was conducted two times per week. The volume
of tumors was estimated using volume= 3.14/6 × L ×W ×W. At 27 days
post cell injection, all mice were isoflurane gas anaesthetized to be taken
in vivo fluorescence imaging by the Perkin Elmer IVIS Spectrum (Waltham,
MA, USA). After mice were sacrificed, tumors were all removed for
weighing and photographing. All studies on mice performed in our study
were approved by Institutional Animal Care and Use Committee of the First
Affiliated Hospital, Zhengzhou University.

Statistical analysis
All assays were accomplished in triplicate. Data were presented as mean ±
SD. Significant difference between different groups were estimated by the
two-tailed Student’s t test or one-way ANOVA. The differences of PSMC2
expression patterns revealed in IHC were assessed using Sign test,
Mann–Whitney U analysis, and Spearman rank correlation analysis.
Statistical significance (P value) was obtained according to SPSS 22.0
(IBM, SPSS, Chicago, IL, USA), where P value < 0.05 manifested a statistically
significant difference. GraphPad Prism 6.01 (GraphPad Software, La Jolla,
CA, USA) was performed for graphing during the whole analysis.

REFERENCES
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2018;68:394–424.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin.
2019;69:7–34.

3. Grandhi MS, Kim AK, Ronnekleiv-Kelly SM, Kamel IR, Ghasebeh MA, Pawlik TM.
Hepatocellular carcinoma: from diagnosis to treatment. Surgical Oncol.
2016;25:74–85.

4. Lin J, Wu L, Bai X, Xie Y, Wang A, Zhang H, et al. Combination treatment including
targeted therapy for advanced hepatocellular carcinoma. Oncotarget.
2016;7:71036–51.

5. Galle PR, Tovoli F, Foerster F, Wörns MA, Cucchetti A, Bolondi L. The treatment of
intermediate stage tumours beyond TACE: from surgery to systemic therapy. J.
Hepatol. 2017;67:173–83.

6. Jordi B, Gores GJ, Vincenzo M. Hepatocellular carcinoma: clinical frontiers and
perspectives. Gut. 2014;63:844–55.

7. Kudo M. Targeted and immune therapies for hepatocellular carcinoma: predic-
tions for 2019 and beyond. World J Gastroentero. 2019;25:789–807.

8. Raoul J, Kudo M, Finn RS, Edeline J, Reig M, Galle PR. Systemic therapy for
intermediate and advanced hepatocellular carcinoma: sorafenib and beyond.
Cancer Treat Rev. 2018;68:16–24.

9. Kudo M, Finn RS, Qin S, Han KH, Ikeda K, Piscaglia F, et al. Lenvatinib versus
sorafenib in first-line treatment of patients with unresectable hepatocellular
carcinoma: a randomised phase 3 non-inferiority trial. Lancet. 2018;391:1163–73.

10. Noonan A, Pawlik T. Hepatocellular carcinoma: an update on investigational
drugs in phase I and II clinical trials. Expert Opin Investig Drugs. 2019;28:941–9.
https://doi.org/10.1080/13543784.2019.1677606.

11. Bard JAM, Goodall EA, Greene ER, Jonsson E, Dong KC, Martin A. Structure and
function of the 26S proteasome. Annu Rev Biochem. 2018;87:697–724.

12. ELFadl D, Hodgkinson VC, Long ED, Scaife L, Drew PJ, Lind MJ, et al. A pilot study
to investigate the role of the 26S proteasome in radiotherapy resistance and
loco-regional recurrence following breast conserving therapy for early breast
cancer. Breast. 2011;20:334–7.

13. Motegi A, Murakawa Y, Takeda S. The vital link between the ubiquitin-
proteasome pathway and DNA repair: Impact on cancer therapy. Cancer Lett.
2009;283:1–9.

14. Frankland-Searby S, Bhaumik SR. The 26S proteasome complex: an attractive
target for cancer therapy. Biochim Biophys Acta. 2012;1825:64–76.

15. Smith DM, Fraga H, Reis C, Kafri G, Goldberg AL. ATP binds to proteasomal
ATPases in pairs with distinct functional effects, implying an ordered reaction
cycle. Cell. 2011;144:526–38.

16. He J, Xing J, Yang X, Zhang C, Zhang Y, Wang H, et al. Silencing of proteasome
26S subunit ATPase 2 regulates colorectal cancer cell proliferation, apoptosis, and
migration. Chemotherapy. 2019;64:146–54.

17. Saeki Y. Ubiquitin recognition by the proteasome. J Biochem. 2017;161:113–24.
18. Dick LR, Fleming PE. Building on bortezomib: second-generation proteasome

inhibitors as anti-cancer therapy. Drug Discov Today. 2010;15:243–9.
19. Deepak N, Zack TI, Yin R, Strickland MR, Rebecca L, Schumacher SE, et al. Cancer

vulnerabilities unveiled by genomic loss. Cell. 2012;150:842–54.
20. Song M, Wang Y, Zhang Z, Wang S. PSMC2 is up-regulated in osteosarcoma and

regulates osteosarcoma cell proliferation, apoptosis and migration. Oncotarget.
2017;8:933–53.

21. Li G, Yan X. Lower miR-630 expression predicts poor prognosis of osteosarcoma
and promotes cell proliferation, migration and invasion by targeting PSMC2. Eur
Rev Med Pharm. 2019;23:1915–25.

22. Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell. 2002;
110:673–87.

23. Mizejewski G. Role of integrins in cancer: survey of expression patterns. Proc Soc
Exp Biol Med. 1999;222:124–38.

24. Lee EC, Lotz MM, Steele GD, Mercurio AM. The integrin alpha 6 beta 4 is a laminin
receptor. J Cell Biol. 1992;117:671–8.

25. Massimiliano C, Ali N, Brown JP, Smalley MJ, Pinder SE, Carlos C, et al. Alpha-6
integrin is necessary for the tumourigenicity of a stem cell-like subpopulation
within the MCF7 breast cancer cell line. Int J Cancer. 2010;122:298–304.

26. Brooks DLP, Schwab LP, Krutilina R, Parke DN, Sethuraman A, Hoogewijs D, et al.
ITGA6 is directly regulated by hypoxia-inducible factors and enriches for cancer
stem cell activity and invasion in metastatic breast cancer models. Mol Cancer.
2016;15:26.

27. Hu T, Zhou R, Zhao Y, Wu G. Integrin α6/Akt/Erk signaling is essential for human
breast cancer resistance to radiotherapy. Sci Rep. 2016;6:33376.

28. Laudato S, Patil N, Abba ML, Leupold JH, Benner A, Gaiser T, et al. P53-induced
miR-30e-5p inhibits colorectal cancer invasion and metastasis by targeting ITGA6
and ITGB1. Int J Cancer. 2017;141:1879.

29. Zhang DH, Yang ZL, Zhou EX, Miao XY, Zou Q, Li JH, et al. Overexpression of Thy1
and ITGA6 is associated with invasion, metastasis and poor prognosis in human
gallbladder carcinoma. Oncol Lett. 2016;12:5136–44.

30. Carlo B, Concetta S, Paolo T, Luigi L, Amalia A, Salvatore A, et al. Laminin-5
stimulates hepatocellular carcinoma growth through a different function of
alpha6beta4 and alpha3beta1 integrins. Hepatology. 2010;46:1801–9.

31. Ye Y, Huang S, Wu Y. UNBS5162 and amonafide inhibits tumor progression in
human melanoma by the AKT/mTOR pathway. Cancer Manag Res.
2019;11:2339–48.

32. Wei C, Wang L, Zhu M, Deng X, Wang D, Zhang S, et al. TRIM44 activates the AKT/
mTOR signal pathway to induce melanoma progression by stabilizing TLR4. J Exp
Clin Cancer Res. 2019;38:137.

X. Duan et al.

9

Cell Death Discovery           (2021) 7:217 

https://doi.org/10.1080/13543784.2019.1677606


33. Wan G, Liu Y, Zhu J, Guo L, Li C, Yang Y, et al. SLFN5 suppresses cancer cell
migration and invasion by inhibiting MT1-MMP expression via AKT/GSK-3β/
β-catenin pathway. Cell Signal. 2019;59:1–12.

34. Sepehri Z, Kiani Z, Kohan F, Alavian SM, Ghavami S. Toll like receptor 4 and
hepatocellular carcinoma; a systematic review. Life Sci. 2017;179:80–7.

35. Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine.
2008;42:145–51.

36. Chen C, Kao C, Liu C. The cancer prevention, anti-inflammatory and anti-oxidation
of bioactive phytochemicals targeting the TLR4 signaling pathway. Int J Mol Sci.
2018;19:2729.

37. Yang J, Li M, Zheng QC. Emerging role of Toll-like receptor 4 in hepatocellular
carcinoma. J Hepatocell Carcinoma. 2015;2:11–17.

AUTHOR CONTRIBUTIONS
XD and XH made designs of this program. XD, H Li and MW performed all
experiments. JR, MW, and SJ conducted the data collection and analysis. XD, FL, and
PC produced the manuscript that was checked by H Lu, MW, and FL. All the authors
have confirmed the submission of this manuscript.

FUNDING INFORMATION
This work was financially supported by China Health Promotion Foundation (No.
XM_2018_011_0006_01) and National Natural Science Foundation of China (No.
U2004119).

ETHICS APPROVAL
All studies on mice performed in our study were approved by Institutional Animal
Care and Use Committee of the First Affiliated Hospital, Zhengzhou University.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-021-00585-y.

Correspondence and requests for materials should be addressed to X.H. or J.R.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

X. Duan et al.

10

Cell Death Discovery           (2021) 7:217 

https://doi.org/10.1038/s41420-021-00585-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	PSMC2/ITGA6 axis plays critical role in the development and progression of hepatocellular carcinoma
	Introduction
	Results
	PSMC2 were upregulated in HCC tissues and expressed in HCC cells
	The in�vitro development of HCC was inhibited by the depletion of PSMC2
	HCC may be regulated by PSMC2 by targeting ITGA6
	The knockdown of PSMC2 aggravated the inhibition of HCC by depleting ITGA6
	PSMC2�suppressed tumor growth in�vivo
	Mechanistic screening

	Discussion
	Material and methods
	Clinical tissue sections and cell culture
	Immunohistochemistry (IHC)
	Construction and package of lentiviral victors
	Cell transfection
	qRT-PCR
	Western blotting and co-immunoprecipitation
	MTT assay
	Cell apoptosis assay
	Colony formation assay
	Celigo cell counting assay
	Wound-healing assay
	Transwell assay
	Human apoptosis antibody array analysis
	RNA sequencing
	Mice xenograft model
	Statistical analysis

	Author contributions
	Funding information
	Ethics approval
	Competing interests
	ADDITIONAL INFORMATION




