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ABSTRACT

Cholangiocarcinoma (CCA) has been well known as the second most common primary tumor of hepatobiliary
system. PSMC2 (proteasome 26S subunit ATPase 2) is a key member of the 19S regulatory subunit of 26S
proteasome, responsible for catalyzing the unfolding and translocation of substrates into the 20S proteasome,
whose role in CCA is totally unknown. In this study, the results of immunohistochemistry analysis showed the
upregulation of PSMC2 in CCA tissues compared with normal tissues, which was statistically analyzed to be
associated with CCA tumor grade. Subsequently, the loss-of-function study suggested that knockdown of
PSMC2 significantly suppressed cell proliferation, cell migration, promoted cell apoptosis and arrested cell cycle
distribution in vitro. The decreased tumorigenicity of CCA cells with PSMC2 knockdown was confirmed in vivo
by using mice xenograft model. In PSMC2 knockdown cells, pro-apoptotic protein Caspase3 was upregulated;
anti-apoptotic proteins such as Bcl-2 and IGF-Il were downregulated; among EMT markers, E-cadherin was
upregulated while N-cadherin and Vimentin were downregulated, by which may PSMC2 regulates cell apoptosis
and migration. Furthermore, through RNA-seq and verification by qPCR, western blotting and co-IP assays,
CDK1 was identified as the potential downstream of PSMC2 mediated regulation of CCA. PSMC2 and CDK1
showed mutual regulation effects on expression level of each other. Knockdown of PSMC2 could aggregate the
influence of CDK1 knockdown on cellular functions of CCA cells. In summary, our findings suggested that PSMC2
possesses oncogene-like functions in the development and progression of CCA through regulating CDK1, which
may be used as an effective therapeutic target in CCA treatment.

INTRODUCTION tumor of hepatobiliary system, the high invasion of

CCA makes it possible to infiltrate or metastasize in the
Cholangiocarcinoma (CCA) is a kind of highly early stage, which leads to a continuous increasing
malignant tumor originated from bile duct epithelial morbidity and mortality in recent years, and the extreme
cells, accounting for about 3% of digestive system poor prognosis of patients [3]. Although the current
tumors [1-3]. As the second most common primary research has revealed some potential risk factors closely
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related to the incidence of CCA, such as papillomatosis
of the bile duct, cirrhosis, viral hepatitis, choledochal
cyst, chronic hepatolithiasis and so on, the research on
the molecular mechanism of CCA is still very
insufficient [4]. Up to now, surgical resection is still the
preferred choice for the treatment of CCA, and radical
surgical resection (including liver transplantation) is the
only effective method for curing CCA [2, 4, 5]. In
recent years, the proposal of the concept of targeted
drugs and the emergence of a large number of
molecular targeted drugs have brought a revolution to
the treatment of malignant tumors, which has been
playing a brilliant role in the treatment of a variety of
tumors [5-7]. However, due to the obscure
understanding of the molecular mechanism of CCA,
there is no specific targeted drug for CCA in clinical use
[8-10]. Therefore, seeking the key regulatory factors in
the occurrence and development of CCA and utilizing
them as the target of CCA treatment can lay a solid
foundation for changing the treatment mode and
efficiency of CCA in the future.

The degradation of cellular proteins mediated by the
ubiquitin-26S proteasome pathway is a complex and
rigorous process in eukaryotic cells. This highly
selective protein degradation pathway plays an
important role in the regulation of cell cycle progression
[11], apoptosis [12], metabolic regulation [13], signal
transduction [14] and so on. As far as current
knowledge is concerned, 26S proteasome is a multiple-
subunit protein complex composed of the 20S
degradation complex (CP) and the 19S regulatory
complex (RP) [15]. Also, PSMC2 (proteasome 26S
subunit ATPase 2), as an essential member of the 19S
regulatory subunit, is mainly engaged in catalyzing
substrates and transporting them into CP for
degradation including various types of cellular proteins,
such as the cell cycle protein, cell apoptosis protein,
signal transcription and DNA repair protein [16].
What’s more, altered regulation of these cellular
proteins is linked to the development and progression of
cancer [17]. Based on the pivotal roles played by 26S
proteasome in biological processes, there has been an
increasing interest in the potential of 26S proteasome as
a promising target for various cancer targeted therapies
[16]. For example, the previous research reported that
PSMC2 depletion in tumor cells could control tumor
growth, thereby PSMC2 was considered as a potential
gene for the treatment of multiple cancers [17]. In
addition, the results from another report demonstrated
that the higher expression of PSMC2 correlated with
poorer survival rate of patients with CRC. The silencing
of PSMC2 had a significant effect on colorectal cancer
cells including suppressing cell proliferation and
migration, and inducing cell apoptosis [18]. Despite that
PSMC2 is identified as a newly discovered cancer-

related gene, little is concerning the expressional
correlation and functional importance of PSMC2 in
CCA.

In this study, the expression pattern of PSMC2 in CCA
was revealed through immunohistochemistry analysis,
showing that: 1) expression of PSMC2 in CCA tissues
is observable higher than normal tissues; 2) CCA tissues
with advanced malignant grade tend to express higher
PSMC2 level. More evidence proving the promotion of
CCA by PSMC2 was provided by the subsequent
functional investigations, which exhibited that
knockdown of PSMC2 could disturb the proliferation
and migration ability of CCA cells while facilitating cell
apoptosis by regulating apoptosis or epithelial-
mesenchymal transition (EMT) related proteins.
Moreover, the inhibited tumorigenicity of CCA cells by
PSMC2 knockdown was also manifested in vitro by
colony formation assay and in vivo by mice xenograft
model. The exploration of downstream mechanism
further recognized the involvement of CDK1, which is a
critical regulatory factor in cell cycle, in PSMC2-
induced promotion of CCA. These results indicated the
essential role of PSMC2 in the development of CCA,
which may act as an effective therapeutic target in the
treatment of CCA.

RESULTS

PSMC2 was upregulated in CCA tissues and
expressed in CCA cells

IHC was used to map the expression of PSMC2 in
tissues from patients with CCA in comparison with
tissues from normal controls. These analyses clearly
demonstrated that the expression levels of PSMC2
were upregulated in CCA (Figure 1A). Statistical
analyses of 74 CCA tissues and 5 normal tissues
showed that the expression levels of PSMC2 were
significantly higher in the CCA tissues (P < 0.001,
Table 1). We also performed correlation analysis to
investigate the relationship between the expression
levels of PSMC2 and specific clinical characteristics.
These analyses showed the expression levels of
PSMC2 were significantly upregulated in patients
suffering from advanced tumor grades (P < 0.05,
Figure 1A and Table 2). These findings were further
validated by Spearman’s rank correlation analysis
(Supplementary Table 4). Our analyses demonstrated
clear that more serious cases of CCA exhibited higher
levels of PSMC2, thus suggesting that PSMC2 may be
associated with the progression of CCA. We also
determined the endogenous expression of PSMC2 in
several CCA cell lines, including HUCCT1, QBC939,
RBE, and HCCC-9810. Our analyses showed that
QBC939 and HCCC-9810 cells exhibited high
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expression levels of PSMC2 expression and were
therefore selected to construct a cell model of PSMC2
knockdown for subsequent research (Figure 1B).

The depletion of PSMC?2 inhibited the development
of CCA in vitro

We constructed a cell model of PSMC2 deficiency by
transfecting a lentivirus that was specifically designed
to silence PSMC2. Our intention was to use this model
to investigate CCA and the mechanisms that underlie
the progression of this disease. Over 80% of the cells
tested emitted fluorescence, thus indicating that
transfection had been successful (Supplementary Figure
1). gPCR and western blotting were also used to
demonstrate that the expression levels of PSMC2 had

A

Normal

Tumor

been downregulated at the mRNA level (P < 0.001 for
HCCC-9810 cells, P < 0.01 for QBC939 cells) and at
the protein level (Figure 2A). These data confirmed that
the cellular model of PSMC2 knockdown had been
successfully created in both HCCC-9810 and QBC939
cells. Furthermore, MTT assays demonstrated that cells
in which PSMC2 had been depleted (shPSMC2) grew
significantly more slowly than those without PSMC2
depletion (shCtrl) (P < 0.001, Figure 2B).

Flow cytometry demonstrated that cell proliferation was
influenced by cell apoptosis in CCA cells, either with or
without the knockdown of PSMC2. Cells that were
deficient in PSMC2 showed a significantly greater
proportion of apoptotic cells than the shCtrl group (P <
0.001, Figure 2C). Cell cycle analyses further showed
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Figure 1. PSMC2 was upregulated in CCA tissues and abundantly expressed in CCA cells. (A) The expression level of PSMC2 was
detected by IHC analysis in CCA tissues and normal tissues (scale bar = 50 um). (B) The endogenous expression of PSMC2 in CCA cell lines
including HUCCT1, QBC939, RBE and HCCC-9810 was evaluated by qPCR. Data was shown as mean + SD. *P < 0.05, **P <0.01, ***P < 0.001.
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Table 1. Expression patterns of PSMC2 in cholangiocarcinoma
tissues and normal tissues revealed in immunohistochemistry

analysis.
. Tumor tissue Normal tissue
PSMC2 expression
Cases percentage Cases percentage
Low 39 52.7% 5 100%
High 35 47.3% 0 -
P <0.001.

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

Features No. of patients PSMC2 expre§5|0n P value
Low High

All patients 74 39 35

Age (years) 0.488
<60 37 21 16
>60 37 18 19

Gender 0.797
Male 39 20 19
Female 35 19 16

Grade <0.001
1 10 9 1
2 38 25 13
3 22 1 21

lymphatic metastasis (N) 0.750
NO 58 30 28
N1 16 9 7

T Infiltrate 0.891
Tl 6 5 1
T2 34 15 19
T3 31 18 13
T4 3 1 2

that the downregulation of PSMC2 in HCCC-9810 and
QBC939 cells was associated with significant cell cycle
arrest in the G2 phase (P < 0.001, Figure 2D). Next, we
used an antibody array to investigate the effect of
PSMC2 on apoptosis-related proteins. This array was
designed to help us identify the specific mechanisms
underlying the ability of PSMC2 to regulate cellular
apoptosis. The antibody array demonstrated that
PSMC2 knockdown led to an upregulation in the
expression levels of BID and caspase 3, and a
downregulation in the levels of Bcl-2, CD40, clAP-2,
HSP27, IGF-II, Survivin, and sTNF-R1 (Figure 2E). In
addition, wound-healing assays were used to investigate
the mobility of HCCC-9810 and QBC939 cells in
control and shPSMC2 groups. We observed a
significant reduction of cell mobility in the sShPSMC2
groups for both cell lines (P < 0.001, Figure 2F). Data

further suggested that these effects were caused by the
upregulation of E-cadherin and the downregulation of
both  N-cadherin and Vimentin (Figure 2G).
Collectively, our findings suggest that PSMC2 may play
a key functional role in the development of CCA by
regulating cellular migration, colony formation, and
apoptosis.

PSMC2 regulates CCA by targeting CDK1

Prior to this study, we knew very little about how
PSMC2 was associated with the regulation of CCA. In
the present study, we used 3 v 3 RNA-seq to identify
differentially expressed genes (DEGs) between HCCC-
9810 cells in the shPSMC2 group and the shCtrl group.
We identified 1106 DEGs that were upregulated, and
1261 DEGs that were downregulated, in the shPSMC2
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Figure 2. PSMC2 knockdown inhibited CCA development in vitro. (A) Cell models with or without PSMC2 knockdown were
constructed by transfecting shPSMC2 or shCtrl. The knockdown efficiency of PSMC2 in HCCC-9810 and QBC939 cells was assessed by qPCR
and western blotting. (B) MTT assay was employed to show the effects of PSMC2 on cell proliferation of HCCC-9810 and QBC939 cells. (C, D)
Flow cytometry was performed to detect cell apoptosis (C) and cell cycle distribution (D) of HCCC-9810 and QBC939 cells with or without
PSMC2 knockdown. (E) Human Apoptosis Antibody Array was utilized to analyze the regulatory ability of PSMC2 on expression of apoptosis-
related proteins in HCCC-9810 cells. (F) Wound-healing assay was performed to distinguish cell migration of HCCC-9810 and QBC939 cells
with or without PSMC2 knockdown. (G) WB was used to detect the expression of EMT related proteins in CCA cell models. The representative
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cells when compared with the shCtrl cells canonical signaling pathways or IPA disease and

(Supplementary Figure 2A and Figure 3A), when using function (Supplementary Figure 2B, 2C). Based on IPA

a |Fold Change| > 1.3 and an FDR < 0.05 (the P value analysis, and the bioinformatic analysis of a PSMC2

after Benjamini-Hochberg analysis) as threshold interaction network, we identified several DEGs that

criteria. Next, we used IPA analysis to investigate how showed maximal levels of fold-change; these findings

the changes in the 2367 DEGs might influence were then verified by gPCR and western blotting in
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Figure 3. The exploration and verification of downstream underlying PSMC2 induced regulation of CCA. (A) A PrimeView
Human Gene Expression Array was performed to identify the differentially expressed genes (DEGs) between shPSMC2 and shCtrl groups of
HCCC-9810 cells. (B) A PSMC2-induced interaction network was established based on IPA analysis. gPCR (C) and western blotting (D) were
used to detect the expression of several selected DEGs in HCCC-9810 cells with or without PSMC2 knockdown. (E) The expression of CDK1 in
CCA tissues and normal tissues was evaluated by IHC analysis (scale bar = 50 um in 200 magnification, scale bar = 20 um in 400
magnification). (F) The mRNA expression of PSMC2 in CCA cell lines was detected by qPCR. The representative images were selected from at
least 3 independent experiments. Data was shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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HCCC-9810 cells. The most promising candidate
target for PSMC2 was CDK1, a core component in the
pathway that regulates cyclin and the cell cycle
(Supplementary Figures 2B, 3) (Figure 3B-3D).
CDK1 expression levels exhibited a similar profile to
those of PSMC2 that expression levels were
significantly higher in CCA tissues than in normal
control tissues (Figure 3E). gPCR also confirmed the
significant upregulation of CDK1 levels in CCA cells
(Figure 3F). Collectively, these findings demonstrated
that CDK1 may represent a potential target of PSMC2
in the regulation of CCA, although this now needs to
be validated in vitro.

The knockdown of PSMC2 aggravated the inhibition
of CCA progression induced by the depletion of
CDK1

Next, we transfected HCCC-9810 cells with shCDK1,
or both shPSMC2 and shCDK1, to investigate their
combined action in terms of CCA. First, we evaluated
the transfection efficiency as described earlier. In
brief, we identified the most effective shRNA for
silencing CDK1 by performing qPCR (Supplementary
Figure 4). As shown in Figure 4A, 4B, it was clear that
there was a relationship between the expression levels
of PSMC2 and CDK1. The depletion of PSMC2
downregulated the levels of CDK1 while a deficiency
in CDKL1 led to a downregulation of PSMC2. Our
analyses demonstrated that the knockdown of CDK1
exhibited significant effects on cell proliferation,
colony formation, and cellular apoptosis (P < 0.001,
Figure 4C-4E), as also seen with PSMC2. Cell
migration may be the main mechanism underlying
tumor metastasis and was also investigated. As shown
in Figure 4F, 4G, a reduction in CDK1 levels
significantly inhibited the cell migration ability of
HCCC-9810 cells, as determined by both wound-
healing and Transwell assays. We also demonstrated
that the additional knockdown of PSMC2 in CDK1
knockdown cells had deleterious effects on a range of
cellular functions, including colony formation, cell
proliferation, cell apoptosis, and migration (P < 0.001,
Figure 4C-4G). The combination of CDK1
overexpression and PSMC2 knockdown had no
significant effects on cell apoptosis and cell migration
in CCA cells (Supplementary Figure 5). Collectively,
these results indicated the crucial role of the
PSMC2/CDK1 axis in the development of CCA.

Identifying the mechanisms underlying the
suppressive effect of PSMC2 on tumor growth in
vivo

We successfully constructed mouse models by injecting
HUCCT1 cells (with or without PSMC2 knockdown).

Subsequently, in vivo bioluminescence imaging
demonstrated that the total bioluminescence intensity
was significantly weaker in the shPSMC2 group (P <
0.001, Figure 5A) and that the tumor burden was
significantly smaller. In addition, the solid tumors in the
shPSMC2 group had a reduced volume and smaller
weight, thus highlighting the suppressive effects of
PSMC?2 silencing on tumor growth (P < 0.001, Figure
5B-5D). Tumors removed from mice in the shPSMC2
group, also had a lower Ki67 index and exhibited lower
proliferative activity (Figure 5E).

DISCUSSION

The contribution of this work has been to confirm the
mechanistic roles of PSMC2 in the development and
progression of CCA. The behavior of the assessment of
PSMC2 expression in tissues specimens made us
conclude that compared with normal tissues, the
expression level of PSMC2 was much higher in CCA
tissues, especially in advanced-grade CCA tissues. One
of the more significant findings to emerge from this
study was that the cells with low-expression PSMC2
exhibited slower cell proliferation rate, weaker
migration ability and arrest of cell cycle in G2 phase,
and were prone to apoptosis. Taken together, these
results revealed the promoting effect of PSMC2 in
CCA. Consistently, the data from in vivo experiments
were in line with the results of in vitro studies,
indicating that PSMC2 knockdown exerted its tumor
suppressive function in CCA.

The ubiquitin-26S proteasome pathway, an ATP-
dependent non-lysosomal protein degradation pathway,
can efficiently and highly selectively degrade
intracellular proteins, especially short-lived functional
proteins and oncogene products. 26S proteasome is
composed of 20S core catalytic particles and a variety
of regulatory components such as 19S and PAZ28
regulatory particles. It is generally believed that 19S
particles are involved in promoting the degradation of
proteins by 20S particles through recognizing the
position of ubiquitinated protein substrates and
unfolding them [19, 20]. PSMC2 is an indispensable
component of 19S subunit, and can bind to ATP and
nucleotides. One of its outstanding features is the
involvement in the selective degradation of
intracellular proteins [21]. Nijhawan et al. reported that
PSMC?2 obtained the highest ranking among the top 56
candidate CYCLOPS genes based on the characteristics
of spliceosome, proteasome and ribosome components,
reflecting the essential importance of PSMC2 in cancer
cell proliferation or survival [16]. On the other hand,
considerable research efforts from Song et al.
demonstrated that the down-regulated PSMC2 had
inhibition effects on the development and progression
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of osteosarcoma via suppressing the abilities of cell from Li et al. revealed that miR-630 promoted

proliferation, migration and colony formation, arresting osteosarcoma cell proliferation, migration and invasion
the cell cycle in G2/M phase, as well as inducing cell by targeting PSMC2, which provided strong evidence
apoptosis [22]. More importantly, another research for the potential link between PSMC2 and
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Figure 4. Knockdown of PSMC2 deepens the effects on CCA cells by CDK1 knockdown. (A, B) The expression of PSMC2 and CDK1
in HCCC-9810 cells transfected with shCtrl, shCDK1 and simultaneous shPSMC2 and shCDK1 were detected by gPCR (A) and western blotting
(B). Cell models were subjected to the detection of cell proliferation by Celigo cell counting assay (C), colony formation (D), cell apoptosis (E),
cell migration by wound-healing assay (F) and Transwell assay (G). The representative images were selected from at least 3 independent
experiments. Data was shown as mean * SD. *P < 0.05, **P <0.01, ***P < 0.001.
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osteosarcoma [23]. Nevertheless, the interaction
between PSMC2 and CCA has not been investigated
thoroughly and little is known about the functional
roles of PSMC2 in CCA.

For mining the mechanism by which PSMC2 regulates
the cell apoptosis, a Human apoptosis antibody array
was utilized to visualize the differential expression of
apoptosis-related proteins in shCtrl and shPSMC2
groups. For example, the well-known anti-apoptotic
protein Bcl-2 and pro-apoptotic BID in Bcl-2 protein
family were found to be downregulated and
upregulated, respectively [24-26]. Caspase3, an
essential participator in cell apoptosis was also
indicated to be downregulated in shPSMC2 group of
CCA cells [27]. clAP-2, a member of IAP protein
family which possess stronger anti-apoptosis ability
than Bcl-2 family, has been reported to have critical
functions in a variety of malignancies and was also
found to be downregulated by PSMC2 knockdown [28,
29]. Moreover, accumulating evidence has suggested
the regulatory function of human cancers by Survivin
[30], which is a new member of anti-apoptotic protein
family and whose expression was found to be decreased
by PSMC2 knockdown in this work. Otherwise, several
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other factors that has been linked with apoptosis such as
CD40 and IGF-II were also detected and proved to be
involved. On the other hand, sufficient evidence has
been provided to illustrate the critical role of EMT,
which is key for development process, in metastasis of
tumors [31, 32]. It has been widely acknowledged that
downregulated expression of the epithelial cell marker
E-cadherin and upregulation of the stromal cell marker
N-cadherin are important features of EMT process [33].
Furthermore, Vimentin is an important EMT marker,
which has also been demonstrated to influence the
development and metastasis of tumors [33, 34]. In this
study, the altered expression levels of E-cadherin, N-
cadherin and Vimentin suggested that PSMC2 may
promote CCA cell migration through affecting EMT
process.

Cell cycle progression is the core event of all
proliferating cells, which is mainly driven by cyclin
dependent kinases (CDKs). CDK1 (also known as
Cdc2) is the only cyclin dependent kinase that regulates
the cell cycle process in lower organisms, and it plays a
role by binding with cyclin in mammals. Although the
related research of CDK1 is mainly driven by the
exploration of cell cycle regulation, a large number of
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Figure 5. PSMC2 knockdown inhibited CCA development in vivo. (A) In vivo imaging was performed to evaluate the tumor burden in
mice of shPSMC2 and shCtrl groups at day 67 post tumor-inoculation. The bioluminescence intensity was scanned and used as a
representation of tumor burden in mice of shPSMC2 and shCtrl groups. (B) 24 days post injection of HCCC-9810 cells with or without PSMC2
knockdown, the volume of tumors formed in mice was measured and calculated at indicated time intervals. (C, D) Mice were sacrificed at day
67 post injection, and the tumors were removed for collecting photos (C) and weighing (D). (E) After removing the tumors, the Ki67 index was
evaluated by IHC staining as a representative of tumor growth activity (scale bar = 100 um in 100 magnification, scale bar = 50 um in 200
magnification). Data was shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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studies in recent years have shown that CDK1 has a
high diversity of functions, especially the important role
in the survival of tumor cells [35]. For instance,
Ravindran Menon et al. expounded that overexpression
of CDK1 could promote the spheroid forming ability,
tumorigenic potential, and tumor-initiating capacity of
melanoma cells, which was further rationalized by the
CDK1-driven transcriptional activation of Sox2 but not
its role in cell cycle [36]. Moreover, CDK1 was recently
identified as the target of a competing endogenous RNA
(ceRNA) mechanism (IncRNA PVT1/miR-31) in the
facilitation of bladder cancer progression [37]. Besides,
the capability of regulating cell cycle of CDK1 in CCA
was also revealed to some extent [38]. Therefore, it may
be of guiding significance for tumor therapy to uncover
the multifaceted function and mechanism of CDK1 in
cells. In this study, CDK1 was proposed as the
downstream of PSMC2 in the regulation of CCA. The
upregulation of CDK1 in CCA was observed,
knockdown of which inhibited CCA development
through influencing  phenotypes including cell
proliferation, colony formation, cell migration and cell
apoptosis. More importantly, PSMC2 and CDK1
possessed positive mutual regulation ability to each
other. Furthermore, simultaneous knockdown of
PSMC2 and CDK1 exhibited stronger inhibition of
CCA than mere PSMC2 or CDK1 knockdown;
overexpression of CDK1 could partially alleviate
PSMC2-induced regulation of CCA.

In summary, our study revealed the essential role of
PSMC2 in the development and progression of CCA,
which may be executed through the interacting CDK1.
Therefore, PSMC2 may act as a tumor promotor in
CCA and could be used as a therapeutic target in the
treatment of CCA. Despite, this study was still limited
by the relatively small amounts of clinical specimens
and the ambiguous molecular mechanism, which would
be improved in our future work.

MATERIALS AND METHODS
Immunohistochemistry (IHC)

Paraffin-embedded cancer/normal tissues microarray
chip (Xi’an Alenabio Co., Ltd, China) was applied for
immunohistochemistry staining to identify PSMC2 and
CDK1. Antigen of the tissue slide chip was retrieved,
next slides were blocked by 3% H>O; and appropriate
serum, then PSMC2 and CDK1 antibodies were
incubated with the slides overnight at 4° C. After
washing, appropriate second antibody was added and
cultured at room temperature for 2 h. After staining,
tissues pictures were collected and viewed using
ImageScope software and CaseViewer. Antibodies used
were detailed in Supplementary Table 1.

Cell lines and lentiviral vector cell transfection

HCCC-9810, HUCCTL1, RBE, and QBC939 cells lines
(BeNa Technology, China) were cultured in an
incubator 37° C 5% CO- as cell protocols described.
shRNAs of human PSMC2 and CDK1 were designed
and lentivirus was produced in Shanghai Bioscienceres,
Co., Ltd. and Supplementary Table 2 showed the
detailed RNA sequences. Cells were transfected with
lentivirus and stable expression cells were collected
after three days and used for our study.

gRT-PCR

RNA was isolated using TRIzol (Sigma) and the quality
was evaluated by Thermo Nanodrop 2000/2000C
spectrophotometer. M-MLV RT kit (Promega) was used
to obtain ¢cDNA and SYBR Green Master Mix Kit
(Vazyme) was applied for gPCR to value target genes
expression levels wusing 2744Ct method. Primer
sequences were showed in Supplementary Table 3 with
GAPDH served as housekeeping gene.

Western blotting (WB) and human apoptosis
antibody array

Total protein was extracted using ice-cold RIPA buffer
(Millipore) for further electrophoresis. In every WB
analysis, equal amount protein was separated by SDS-
polyacrylamide gel electrophoresis (PAGE) (10%,
Invitrogen) and electro-transferred onto Poly-
(vinylidene  fluoride) = membranes.  Antibodies
(Supplementary Table 1) were used to identify the
target protein with corresponding second antibodies.
For human apoptosis protein detection, the array
membrane was blocked and then incubated with
protein samples overnight at 4° C and proceeded to
incubate with HRP linked streptavidin for another 1 h.
Signals were captured by ECL-plus™ WB system
(Amersham) and protein gray images were analyzed
by ImagelJ.

MTT and Celigo assay

Transfected HUCCTL cells were seeded into a plate
with 96 wells (2,000 cells per well). Cell viability and
growth was measured using MTT solution (GenView).
CD490 value were obtained to draw the cell growth
curve (five days) using a microplate reader (Tecan).
Live cells in five consecutive days were counted by
Celigo image cytometer (Nexcelom Bioscience).

Fluorescence activated cell sorting assay

Lentivirus transfected cells were collected for apoptosis
and cycle assay detecting. Annexin V-APC
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(eBioscience) staining was used for cell apoptosis, and
Pl (BD Biosciences) staining was used for cell cycle.
Cells were measured using FACS Calibur (BD
Biosciences).

Scratch assay

Transfected cells were grown to 90% confluence, and
scratches across monolayer were made by a VP
scientific wounding replicator. The migration distance
was recorded for consecutive two days post scratching
using ImageJ software.

Colony formation assay

Transfected HUCCTL cells were cultured in a plate with
six well in triplicate. After ten days growing, 4%
paraformaldehyde was added into each well for cells
fixing, next, clones were washed and stained with
Giemsa and fluorescence pictures was captured under
an Olympus microscope. The colonies number was
counted.

RNA-sequencing

Following the manufacturer's instruction manual, total
RNA in transfected HCCC-9810 cells was extracted and
RNA concentration and quality was determined. Gene
expression profile detection was accomplished using
Affymetrix human GeneChip PrimeView gene
expression array. Welch t-test and Benjamini-Hochberg
FDR were used to assess raw data statistical
significance (JFold Change| > 1.3 and FDR < 0.05 as
significant). Next, significant data was used for
Ingenuity Pathway Analysis (IPA) (Qiagen) executing
(|Z - score| > 2 as significant).

Xenograft mouse model

Female BALB/c nude mice (Beijing Vital River
Laboratory Animal Technology Co., Ltd (Beijing,
China)) were grown for xenograft mouse model
experiments. 20 4-week-old mice were randomly
divided into shCtrl group and shPSMC2 group and were
injected subcutaneously with LV-shCtrl or LV-
shPSMC?2 transfected HUCCTL cells, then housed in a
12/12 day/night cycle environment at 24° C with 60%
humidity. The weight of mouse and the size of tumors
were monitored. All mice were anesthetized used 0.7%
Pentobarbital Sodium (10 pL/g) by intraperitoneal
injection 67 days after the injection. The Berthold
Technologies living imaging system was used to collect
the in vivo bioluminescence images. Then all mice were
sacrificed and tumors were harvested and the volumes
were measured using a Vernier caliper. Mice tumor
tissues were stained by Ki-67 staining assay. All animal

studies were approved by Ethics committee of Hunan
Provincial People’s Hospital.

Statistical analyses

Data in triplicate are expressed as mean + SD.
Statistical significance (calculated by SPSS 22.0 (IBM)
and Graphpad Software (GraphPad Prism 6.01)) was
assessed at P < 0.05 and analyzed using Student’s t test
or One-way ANOVA. Sign test was used to assess the
difference of PSMC2 expression in cholangiocarcinoma
tissues and  normal  tissues  revealed in
immunohistochemistry  assay.  Mann-Whitney U
analysis and Spearman rank correlation analysis was
used to analyze the relationships between PSMC2
expression and tumor characteristics.
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SUPPLEMENTARY MATERIALS

Supplementary Figures

HCCC-9810 QBC939

shCtrl

shPSMC2

Supplementary Figure 1. The transfection efficiencies of shPSMC2 and shCtrl in HCCC-9810 and QBC939 cells were evaluated
through observing the fluorescence of GFP on lentivirus vector.
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Supplementary Figure 2. (A) The volcano plot of gene expression profiling in HCCC-9810 cells with or without PSMC2 knockdown. Red

dots represented significantly upregulated DEGs. Green dots represented significantly downregulated DEGs. (B) The enrichment of the DEGs
in canonical signaling pathways was analyzed by IPA. (C) The enrichment of the DEGs in IPA disease and function was analyzed by IPA. Data

was shown as mean * SD. ¥*P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure 3. The histogram of cyclin and cell cycle regulation pathway.

www.aging-us.com

21340

AGING



shCitrl

* %%

* %

shCDK1

Relative mRNA level
(CDK1/GAPDH)

shCtrl shCDK1-1 shCDK1-2 shCDK1-3

shPSMC2
+shCDK1

Supplementary Figure 4. (A) The transfection efficiencies of shCtrl, shCDK1, shPSMC2+shCDK1 in HCCC-9810 cells were evaluated through
observing the fluorescence of GFP on lentivirus vector. (B) The knockdown efficiencies of 3 shRNAs designed for CDK1 knockdown were
evaluated by gPCR in HCCC-9810 cells. Data was shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure 5. (A) Flow cytometry was performed to detect the apoptosis of CCA cells with simultaneous CDK1 overexpression
and PSMC2 knockdown. (B) Wound-healing assay was carried out to assess cell migration of CCA cells with simultaneous CDK1
overexpression and PSMC2 knockdown. Data was shown as mean + SD.
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Supplementary Tables

Supplementary Table 1. Antibodies used in western blotting and IHC.

Primary antibodies Dilution in WB  Source species Company  Catalog No.
PSMC2 1:1000 Mouse Santa Cruz SC-166972
GAPDH 1:3000 Rabbit Bioworld AP0063
E-cadherin 1:1000 Rabbit CST 3195
N-cadherin 1:1000 Rabbit abcam ab18203
Vimentin 1:1000 Rabbit abcam ab92547
CCND1 1:2000 Rabbit CST 2978
CDK1 1:2000 Rabbit abcam ab133327
E2F1 1:1500 Rabbit abcam ab179445
HDAC?2 1:1000 Rabbit abcam ab32117
Cyclin B1 1:3000 Rabbit abcam ab32053
Primary antibodies Dilutionin IHC  Source species  Company  Catalog No.
PSMC2 1:50 Mouse SantaCruz ~ SC-166972
Ki67 1:200 Rabbit abcam ab16667
CDK1 1:100 Rabbit abcam ab133327
Secondary antibody Dilution Company  Catalog No.
HRP Goat Anti-Rabbit 19G (WB) 1:3000 Beyotime A0208
HRP Goat Anti-Mouse 1gG (WB) 1:3000 Beyotime A0216
HRP Goat Anti-Mouse IgG (IHC) 1:2000 abcam ab205719
HRP Goat Anti-Rabbit IgG (IHC) 1:400 abcam Ab6721

Supplementary Table 2. The target sequences and shRNA sequences.

Gene No. Target sequence (5'-3") SshRNA sequences (5'-3")
] . GCCAGGGAGATTGG ccggGCCAGGGAGATTGGATAGAAALtcaagaga
PSMC2 Human-PSMC2-1 ATAGAAA TTTCTATCCAATCTCCCTGGCttttg
aattcaaaaaGCCAGGGAGATTGGATAGAAALttcaagaga
) . TTCCATGGATCTGAA CcggTTCCATGGATCTGAAGAAATACtcgagTATTTCTTCAGA
CDK1 Human-CDK1-1 GAAATA TCCATGGAATTTTTg
aattcaaaaaTTCCATGGATCTGAAGAAATACtcgagTATTTCTTCA
GATCCATGGAA
) . AGACTAGAAAGTGA CcggAGACTAGAAAGTGAAGAGGAACtegagTTCCTCTTCACT
CDK1 Human-CDK1-2 AGAGGAA TTCTAGTCTTTTTTg
aattcaaaaaAGACTAGAAAGTGAAGAGGAACtcgagTTCCTCTTC
ACTTTCTAGTCT
) . ATGGAGTTGTGTATA CcggATGGAGTTGTGTATAAGGGTACtcgagTACCCTTATACA
CDK1 Human-CDK1-3 AGGGTA CAACTCCATTTTTTg

aattcaaaaaATGGAGTTGTGTATAAGGGTACtcgagTACCCTTAT
ACACAACTCCAT

WWWw.aging-us.com

21343

AGING



Supplementary Table 3. Primers used in qPCR.

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5°-3)
GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
PSMC2 CAGCACTCTGGGATTTGGCT TTTCTATCCACGCCCACTCTC
HDAC2 TCTATTCGAGCATCAGACAAGC GCCACATTTCTTCGACCTCCT
ALDH18A1 CAGGTGGCAGCTTTGGCTAT TGGGTCAGGAGGTGGAGAAT
HDAC9 GCTGGTGGAGTTCCCTTACAT AAAGGTGCAGACTGGGTTCG
ALDH1Al GTCAAACCAGCAGAGCAAACT TTCACTACTCCAGGAGGAAACC
MAP3K5 GTCGGGACTTGAGCAACCAA TCACTGAAAGAGCCCAGATACTG
ALDH1A3 GGTTAAAGAAGCTGCGTCCC GGTTGAAGAACACTCCCTGATG
MCM7 ATCACGGTGCTGGTAGAAGG CGCAGGATTGGCAAGAAA
BIRC5 TCTCAAGGACCACCGCATCT TTTGCATGGGGTCGTCATCT
NFIB CTTATCCAATCCCGACCAGA GACTAGATCCAGACGCCAGACT
BRCAl TGGCAACATACCATCTTCAACC TGTCAATTCTGGCTTCTCCCT
CCNA2 AGCCTGCGTTCACCATTCA GGGCATCTTCACGCTCTATTTT
CCNB2 AAGTTCCAGTTCAACCCACCA GCAGAGCAAGGCATCAGAAAA
SMC1A TCTTGCCTCTTGACTACCTGG TGGCTCATAGCGAATCACATC
CCND1 AGCTGTGCATCTACACCGAC GAAATCGTGCGGGGTCATTG
STAT3 GATTGACCAGCAGTATAGCCG GCAGTCTGTAGAAGGCGTGAT
CDC25A TGGAAGTACAAAGAGGAGGAAGAG GCCAGGGATAAAGACTGATGAAG
UBE2C AAGTTCCTCACGCCCTGCTAT TGGCTGGTGACCTGCTTTGA
CCNB1 AAACTTTGGTCTGGGTCGGC TGCTGCAATTTGAGAAGGAGG
E2F1 CACTTTCGGCCCTTTTGCTC GTGCTCTCACCGTCCTACAC
FOS CAGACTACGAGGCGTCATCC TCTGCGGGTGAGTGGTAGTA

Supplementary Table 4. Relationship between PSMC2
expression and tumor characteristics in patients with

cholangiocarcinoma analyzed by spearman

correlation analysis.

rank

Tumor characteristics

Index

Grade

Pearson correlation

0.624

Significance (two tailed) <0.001

70
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