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Clusterin suppresses invasion and metastasis
of testicular seminoma by upregulating COL15a1
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Seminoma is the most common subtype of testicular germ cell
tumor, with an increasing incidence worldwide. Clusterin
(CLU) expression was found to be downregulated in testicular
seminoma in our previous study. We now expanded the sam-
ple size, and further indicated that CLU expression correlates
with tumor stage. Tcam-2 cell line was used to investigate the
CLU function in testicular seminoma, and CLU was found to
inhibit the proliferation and metastasis abilities. Besides,
extracellular matrix protein COL15a1 was demonstrated as
the downstream of CLU to affect the epithelial-mesenchymal
transition (EMT) process via competitively binding to DDR1
with COL1A1 and inhibiting the phosphorylation of PYK2.
MEF2A was found to interact with CLU and bind to the pro-
moter of COL15a1 and so upregulate its expression. This is
the first study using testicular xenografts in situ to simulate
testicular seminoma metastatic and proliferative capacities.
In conclusion, CLU acts as a tumor suppressor to inhibit
the metastasis of testicular seminoma by interacting with
MEF2A to upregulate COL15a1 and blocking the EMT
process.

INTRODUCTION
Testicular germ cell tumor (TGCT), which is mostly emerged in
developed countries, has a low but increasing incidence.1 However,
it is also the commonest solid tumor in men aged 15–44 years, pre-
dominantly manifesting as seminoma in 60% of patients.2 In the
United States, 9,610 new cases are estimated in 2020, sharply
increased from the 8,430 cases in 2015.3 Despite its increase in inci-
dence, TGCT has seen a mortality greatly decreased by modern sur-
gery combined with radiotherapy or chemotherapy.4,5 The cure rate
of stage I disease approaches 100% in developed countries.6 About
30% of patients are diagnosed with metastatic disease.7 Even as
TGCT metastasizes, the cure rates for poor-, intermediate-, and
good-risk disease are approximately 48%,8 70%,9 and 80%,7,10 respec-
tively. However, chemotherapy resistance or TGCT relapse makes
some patients highly untreatable. The largest study showed an overall
relapse rate of 16.8% in unselected patients.11 Hence, it is of great ur-
gency to discover specific therapeutic targets.
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Clusterin (CLU), widely present in cerebrospinal fluid, milk, blood,
urine, and semen,10,12 plays an important role in many pathophys-
iological processes, such as carcinogenesis, atherosclerosis, neuro-
degeneration, and tissue damage.12 Besides, recent studies have
revealed that CLU is upregulated in most stressed conditions and
related to numerous tumor-associated signaling networks, such as
epithelial-mesenchymal transition (EMT), metastasis, tumor pro-
gression, therapy resistance, and programmed cell death.13 On the
contrary, there were also some studies showing that the expression
of CLU in tumors of different genetic origins is lower than in cor-
responding normal tissues.14,15 In non-small cell lung cancer, CLU
was found to be less expressed in tumor tissues than in normal tis-
sues. Regarding the mechanism, CLU was reported to block the for-
mation of TRAF6/TAB2/TAK1 complex via inhibiting TGFBR1
and thus inhibiting activation of the TAK1-NF-kB axis.16 These
findings lead us to speculate that CLU may function in seminoma
progression.

In our previous study, CLU was demonstrated to be downregulated
in testicular seminoma.17,18 In this study, we report that CLU is a
potent and clinically relevant tumor-suppressive gene in testicular
seminoma. CLU inhibits seminoma’s metastasis and proliferation
in vivo and in vitro. Mechanistically, CLU upregulates the expres-
sion of collagen type XV alpha 1 (COL15a1) via interacting with
myocyte enhancer factor 2A (MEF2A), which can bind to the pro-
moter of COL15a1, and thus COL15a1 competitively binds to the
discoidin domain receptor tyrosine kinase 1(DDR1) with collagen I
(COL1A1) to block the phosphorylation of proline-rich tyrosine
kinase 2 (PYK2) and inhibit the EMT process. Our finding is
expected to present a novel potential therapeutic target for
seminoma.
The Author(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. CLU was significantly downregulated in seminoma according to database and clinical tissues

(A) Data downloaded from Oncomine were redrawn by GraphPad software. (B) qRT-PCR analyses were performed with 38 seminoma tissues and 12 normal testes to

explore the mRNA expression of CLU. (C) Western blot analyses were performed with 10 pairs of seminoma tumor tissues and adjacent normal tissues to explore the protein

expression of CLU. (D) IHC analyses were further used to identify the expression difference. Scale bar: 100 mm. (E) Representative stains of seminoma tissues by IHC, 1

(negative), 2 (weak brown), 3 (moderate brown), 4 (strong brown). Data are represented as mean ± SD. Scale bar: 100 mm, ****p < 0.0001.
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RESULTS
CLU is lowly expressed in TGCT

The data downloaded from Oncomine were grouped and are shown
in Figure 1A. The expression of CLU was lower in TGCT than in
normal testis, and the lowest in seminoma compared with other sub-
types of TGCT especially normal testis (p < 0.0001). To further verify
the expression difference, we collected seminoma tissues and normal
testes to perform polymerase chain reaction analysis, and seminoma
tissues and adjacent non-tumor tissues to perform western blot and
immunohistochemistry (IHC) analysis. As shown in Figures 1B,
1C, and 1D, CLU expression was lower in seminoma tissues than
in normal testicular or adjacent non-tumor tissues. For the analysis
of correlation between CLU expression and clinicopathological fea-
tures, including age, tumor-node-metastasis (TNM) stage, and tumor
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1337
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Table 1. Correlations between CLU expression and clinicopathological

features in 50 seminoma patients

Characteristics Case CLU expression p value

Low High

All cases 50 37 13

Age (years) 0.770

<30 19 15 4

R30 31 22 9

TNM 0.036a

T1 33 28 5

T2–4 17 9 8

Tumor size (cm) 0.139

%4 28 23 5

>4 22 14 8

ap < 0.05.
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size, we graded the CLU expression in 50 pieces of seminoma tissue
according to the IHC staining. As shown in Table 1, lower expression
of CLU was significantly associated with TNM stage (p = 0.036), but
not with age (p = 0.770) and tumor size (p = 0.139).

CLU weakens the proliferation ability in vitro and in vivo

Because CLU expression was decreased in seminoma samples, we first
tested whether CLU had an effect on the proliferation of seminoma
cells. Knockdown and overexpression of CLU in Tcam-2 cells were
respectively confirmed by PCR and western blot assays (Figure 2A).
According to the cell counting kit-8 (CCK-8) assay, we found that
CLU-overexpression cells (oeCLU) retarded proliferation compared
with the negative control (oe-NC) group. Meanwhile, decreased
expression of CLU (shCLU-1 and -2) accelerated cell proliferation
(Figure 2B). Additionally, colony numbers of CLU-overexpressing
cells were significantly lower than those of the oe-NC group (p <
0.05; Figure 2C). Knocking down CLU significantly enhanced colony
formation compared with that in the sh-NC group (p < 0.001,
Figure 2C).

To explore the effects of CLU on tumorigenesis and tumor progres-
sion in vivo, xenograft models were successfully established with
nude mice (Figures 2D, 2F, and 2G). Mice that received subcutaneous
injection of shCLU cells developed tumors with significantly larger
volume and weight than those injected with negative control (NC)
cells after 5 weeks. On the contrary, the tumors weremarkedly smaller
and lighter in oeCLU group compared with those in the NC group.
The IHC staining of these tumors showed that more positive expres-
sion of Ki-67 could be observed in the shCLU group (Figure 2E).

Given the essential role of CLU in cell proliferation, we performed
flow cytometry assays to evaluate the cell cycle distribution and cell
apoptosis in cells with CLU overexpression and knockdown. As
shown in Figure 2H, the knockdown of CLU increased the percentage
of cells in G2+S phase, thereby inducing cell cycle arrest at G2+S
1338 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
phase and enhancing cell division. However, for CLU-overexpression
cells, the cell cycle was arrested at G1 phase.

These findings suggest that CLU weakened the proliferation in vitro
and in vivo via arresting cell cycle at G1 phase.

CLU inhibits invasive, migrative, and wound healing abilities of

Tcam-2 cells

The results of global seminoma patients’ follow-up showed that the
5-year overall survival (OS) of non-pulmonary visceral metastases or
mediastinal primary metastases was 72%, but, for non-metastatic
TGCT, the OS rose to 93%.19 Therefore, to explore the relationship be-
tween CLU expression and Tcam-2 cells’ metastatic ability, we per-
formedwound healing and transwell assays. TheCLU-knockdown cells
showed stronger healing ability than NC cells (Figure 3A; p < 0.05). On
the contrary, elevated CLU expression retarded the wound healing (p <
0.001). For invasive and migrative abilities, transwell experiments were
performed with or without Matrigel, respectively. As shown in Fig-
ure 3B, both shCLU-1 and shCLU-2 cells exhibited obvious enhanced
migrative and invasive capabilities (p < 0.01). However, for CLU over-
expression, these abilities reduced significantly (p < 0.01).

These results revealed that CLU could inhibit the invasion andmigra-
tion of Tcam-2 cells.

CLU affects extracellular matrix organization

Given that CLU exhibited a lower expression in seminoma tissue and
inhibited the proliferation, invasion, and migration abilities of Tcam-
2 cells, we subsequently performed RNA sequencing (RNA-seq) with
CLU overexpression and NC cells. Gene Ontology (GO) analysis
showed that extracellular matrix (ECM) organization was signifi-
cantly enriched (Figure 4A). To further verify the RNA-seq results,
we conducted gene set enrichment analysis (GSEA) analysis based
on data from The Cancer Genome Atlas (TCGA) (Figure 4B). The
enrichment results were basically consistent with RNA-seq results,
and the ECM was also the top enriched pathway. Venn diagram (Fig-
ure 4C) showed three significantly upregulated genes (VCAN,
COL15a1, COL7a1, p < 0.05, fold-change [FC] R1.5) screened out
by overlapping ECM gene lists of GO (21 genes) and GSEA analyses
(115 genes). Furthermore, Spearman’s correlation analysis was per-
formed in the database: Gene Expression Profiling Interactive Anal-
ysis (GEPIA) to calculate the correlation between ECM genes
(VCAN, COL7A1, and COL15a1) and CLU (Figure 4D) based on
TGCT samples. qRT-PCR assays were performed to verify the data-
base results with our 50 seminoma tissues and cell lines, respectively
(Figures 4E and 4F; VCAN, R = 0.6691; COL15a1, R = 0.7125;
COL7A1, R = 0.6297). These ECM genes’ mRNA expression was
also increased in oeCLU cells.

We then explored the protein level expression of these ECM genes
with CLU expression changed. For COL15a1 and COL7a1, lower pro-
tein expression can be found in CLU-knockdown cells and higher
expression in CLU-overexpression cells (p < 0.05). However, the
same results cannot be observed in the expression of VCAN. We
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speculated that the post-translational modification of VCAN had
made the difference in its protein and transcription levels.

EMT is significantly activated in CLU-knockdown cells

After reviewing literature, we know that ECM genes participate exten-
sively in the EMT process. High levels of COLXV could suppress
endogenous levels of N-Cadherin (N-Cad) and inhibit EMT progres-
sion in pancreatic adenocarcinoma cells.20 Loss of Col VII was found
to increase EMT in squamous cell carcinoma.21 Hence, we hypothe-
sized that EMT induced by COL15a1 or COL7A1 absence could dam-
age CLU-knockdown cells and lead to metastasis. The signals of
EMT-related markers (including E-cad, N-cad, Vimentin, b-catenin,
and MMP3) were detected with western blot assay. As shown in
Figure 5A, E-cad was lowly expressed in CLU-knockdown cells but
highly expressed in CLU-overexpression cells. Conversely, N-cad, Vi-
mentin, b-catenin, and MMP3 showed higher expression in CLU-
knockdown and lower expression in CLU-overexpression cells.

Given that the ECM genes played an essential role in CLU-regulated
EMT, we further performed a three-dimensional (3D) spheroid inva-
sion experiment to simulate cancer cell invasion in vivo (Figure 5B).
Cultured in the same manner, NC cells were more invasive at 72 h
compared with those at 24 h after the addition ofMatrigel. CLU-over-
expression cells showed no obvious invasion having been cultured for
3 days. However, for CLU-knockdown cells, the invasion capacity was
significantly augmented.

COL15a1 but not COL7a1 acts downstream of CLU to affect the

invasion ability

To find out which ECM gene is the key regulator of the signal axis by
which CLU affects the EMT process, COL15a1- and COL7a1-knock-
down cells were established, respectively. Transwell and western blot
assays were performed next. As shown in Figure 6A, the knockdown
of COL15a1 (shCOL15a1) could significantly rescue the inhibition of
cells’ invasive ability (p < 0.001). Meanwhile, E-cad expression was
decreased. Vimentin andN-cad expressions were increased in oeCLU+
shCOL15a1 cells compared with cells overexpressed CLU only (p <
0.0001). However, the knockdown of COL7a1(shCOL7a1) cannot
recover the invasive ability, and the invasion-related proteins (N-cad
and Vimentin) had no tendency to increase (Figures 6C and 6D).

COL15a1 was reported to compete with COL1a1 to interact directly
with DDR1 and so inhibit the phosphorylation of PYK2 (pPYK2).20

Along with the phosphorylation of FAK (pFAK), pPYK2 can promote
cells’ scattering and metastasis, which happen to the advantage of
expression of COL1a1.22 Therefore, we used collagen I (COL I) to
coat pretreated cells. For non-coat and COL I coat groups, the knock-
down of COL15a1 could accelerate the scattering of oeCLU cells signif-
Figure 2. CLU curbed Tcam-2 cells proliferation in vitro and in vivo through ar

(A) Stable CLU-knockdown and -overexpression cell lines were established successfully

performed after 1–4 days seeding, and higher OD values indicate higher cell viability. (C) C

software. (D) Xenografts inmice in vivo and their ki-67 staining (E), volumes (F), andweigh

the percentage of cells in G1 or G2+S phase. Data are represented as mean ± SD. *p
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icantly (Figure 6E). For the oeCLU + shCOL15a1 group, the cells ap-
peared to be more dispersed when coated with COL I. Besides, for
protein expression, in non-coat and COL I coat groups, pPYK2 expres-
sion in shCOL15a1 cells was both higher than that in just CLU-over-
expression cells (Figure 6F; p < 0.0001). In the same transfected cells,
COL I coat could increase the expression of both pPYK2 and pFAK.
Moreover, COL I coat could also increase the N-cad expression.

To verify the above results in vivo, we conducted testicular xenografts in
situ (Figure 6H). Compared with NC group (group 1), oeCLU group
mice (group 2) presented fewer metastatic foci (Figure 6G; p < 0.01)
and smaller tumor volumes (p < 0.0001). In addition, the knockdown
ofCOL15a1 after overexpressingCLU (group4) could increase themet-
astatic focus compared with mice injected into cells just overexpressing
CLU (group 2, p < 0.01). However, shCOL15a1 could not affect the tu-
mor proliferation ability. Hematoxylin-eosin (H&E) staining was
further performed to validate the cells’ growth status in testes. Different
from the group 1 testes, the Tcam-2 cells were sparser in group 2 testes.
Moreover, IHC staining of group 4 (oeCLU + shCOL15a1) pulmonary
metastasis tissues showed higher staining of Vimentin and N-cad than
E-cad (Figure 6I). On the contrary, higher E-cad staining was observed
in testis of group 2mice. The in vivo study revealed that the overexpres-
sion ofCLUcould inhibit the invasionandproliferation ability ofTcam-
2 cells in testis. Meanwhile, the knockdown of COL15a1 could rescue
the inhibition of invasion, driving cells to metastasis to lymph nodes
and pulmonary tissues, increasing N-cad and Vimentin expressions.

CLU upregulates COL15a1 via transcription factor MEF2A

We first used the database: Jaspar to predict the potential transcrip-
tion factors (TFs) that can bind to the promoter of COL15a1, and
the MEF family members MEF2A and MEF2D were found. We
then performed chromatin immunoprecipitation (ChIP) assay in pre-
treated Tcam-2 cells (Figure 7A). The results revealed that MEF2A
could bind to the COL15a1 promoter located on the �124 to �110
nt (Jaspar: MA0052.4). Besides, cells that overexpressed CLU showed
an increased fold enrichment of targeted regions (p < 0.001). Lucif-
erase reporter assays indicated that MEF2A knockdown significantly
diminished the luciferase activity of MEF2A. Consistently, COL15a1
mRNA level was also relatively altered (Figure 7B), downregulated in
shMEF2A groups and upregulated in oeCLU group. However, knock-
down of MEF2A after overexpression of CLU would counteract the
effect of CLU overexpression on COL15a1 expression, leaving no sig-
nificant difference between them and the NC group.

We then constructed the mutated promoter region of COL15a1 to
perform luciferase reporter assays (Figure 7C). In the wild-type
(WT) group, shCLU and shMEF2A can both decrease luciferase ac-
tivity. In oeCLU + shMEF2A cell line, the luciferase activity showed
resting cell cycle in G1 phase

. (B) The optical density (OD) values detected in the CCK-8 proliferation assay were

olony formation was photographed 2weeks after seeding and quantified by ImageJ

ts (G). (H) Flow cytometric cell cycle analysis of shCLU, oeCLU, and NC cells showed

< 0.05, ***p < 0.001, ****p < 0.0001. Scale bar: 100 mm.



Figure 3. CLU knockdown enhanced the invasion, migration, and wound healing of Tcam-2 cells

(A) Photographs at 0 and 12 h after scratching. (B) Transwell assays of CLU-knockdown and -overexpression cells. The migration assays were performed without Matrigel

and photographed 12 h after seeding. The invasion assays were performed with Matrigel and photographed 48 h after seeding. Data are represented as mean ± SD. Scale

bar: 20 mm. *p < 0.05, **p < 0.01, ***p < 0.001.
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no significant difference with the NC group. However, the mutation
of COL15a1’s promoter displayed no statistical luciferase activity dif-
ference among NC, shCLU, shMEF2A, and oeCLU + shMEF2A
groups. This means that the transcriptional regulation of MEF2A
on COL15a1 required the participation of CLU.

Taken together, abnormal CLU in seminoma could modulate ME-
F2A’s translational activity and promote its enrichments at the pro-
moter sites of COL15a1, thus increasing COL15a1’s expression.
To further verify the interaction between CLU and MEF2A, we per-
formed immunoprecipitation assay with total protein, nucleus pro-
tein, and cytoplasm protein respectively. We found that the protein
blot of MEF2A can be detected in the protein complexes pulled
down by CLU antibody, which were performed with total protein
and nucleus protein. However, this phenomenon did not occur in
cytoplasm protein samples. Hence, CLU could directly interact with
MEF2A in the nucleus of Tcam-2 cells (Figure 7D). Furthermore,
we identified that CLU was primarily distributed in the whole-cell
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1341
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chamber, while MEF2A conservatively localized in cell nucleus
(Figure 7E).

If COL15a1 expression is regulated by CLU, given the lowly expres-
sion of CLU in TGCT, we then analyzed COL15a1 expression in
TGCT patients with the database: UALCAN23 (http://ualcan.path.
uab.edu/). As expected, COL15a1 is also lowly expressed in seminoma
significantly (Figure 7F). Collectively, we speculated that CLU could
bind to the effector domain of MEF2A to regulate its activity and
so promote COL15a1 expression (Figure 7G).

DISCUSSION
As described above, it is easy to manage early-stage testicular semi-
noma with an almost 100% cure rate under surgery combined or
not with radiotherapy and chemotherapy.6 However, there are also
30% of patients withmetastatic disease, including relapsed and refrac-
tory patients who will not benefit from the first-line cisplatin-based
chemotherapy.19,24 Due to the lack of novel targeted therapies, no
alternative treatment options are available for testicular seminoma
patients not being cured by current treatment strategies, highlighting
the need for investigating novel molecular targeted therapies that
could block the metastasis process of tumor cells.

The important role of ECM in regulating cell migration, proliferation,
and apoptosis has been highlighted in recent years.25 It is now known
that the ECM not only carries on continuous active remodeling but
also induces biophysical and biochemical signals to affect cell migra-
tion and adhesion.26 As the most significant ECM component,
collagen determines the main functional properties of matrix.
Changes in the degradation or deposition of collagen can result in
the loss of ECM homeostasis and so affect cancer progression.27,28

As a non-fibrillar collagen, collagen XV is found in the basement
membrane (BM) zone of testicular tissue cells.29 After it was first pro-
posed in 2003 that collagen XV might be a tumor suppressor,30 many
studies have been performed to prove this point. Collagen XV func-
tioned as a dose-dependent suppressor of tumorigenicity in an in vivo
model system, using cervical carcinoma cells.31 Besides, loss of
collagen XV precedes invasion and metastasis of aggressive breast tu-
mors, melanomas, and colon carcinomas suggest this protein may
have an essential role in stabilizing the ECM and so preventing distal
metastasis.32–34 In our present study, COL15a1 was proved as the
downstream gene of CLU to affect the EMT process. The knockdown
of COL15a1 after overexpressing CLU could rescue the inhibition of
Tcam-2 cells’ invasion ability and lead to the increasing expression of
N-cad and Vimentin. The subsequent in vivo study confirmed this
point. The group 4 mice (oeCLU + shCOL15a1) showed a higher
probability of metastasis to lymph node or lung than mice in group
Figure 4. The expression of ECM-associated COL15A1 and COL7A1 was signi

(A) Themost enrichedGO terms based on the RNA-seq data of oeCLU and oe-NC group

organization was also significantly enriched in samples with higher CLU expression. (C

overlapped. COL15a1, COL7A1, and VCAN were screened out. (D) The co-expression

verification of co-expression relationship with 50 seminoma tissues. (F and G) mRNA an

Data are represented as mean ± SD. *p < 0.05.
2 (oeCLU + con). Besides, COL15a1 was reported to inhibit EMT
via interacting directly with DDR1 and blocking the phosphorylation
of PYK2 in pancreatic adenocarcinoma cells. This interaction could
be seized by COL I when its expression takes advantage and so in-
duces the phosphorylation of PYK2.20 Hence, we designed the
collagen I coat experiment to investigate whether this phenomenon
exists in testicular tumor cells. Interestingly, the overexpressing of
CLU (similarly to overexpressing COL15a1) could inhibit the cell
scattering, and the phosphorylation level of PYK2 could be elevated
with the knockdown of COL15a1. On the contrary, the COL I coat
(similarly to overexpressed COL1A1) could promote Tcam-2 cells’
scattering significantly. In the group of cells with knocked down
COL151 and coated with COL I, the cells were most dispersed. These
results disclose the mechanism that the function of upregulating of
COL15a1 in inhibiting the EMT process, which is induced by CLU.

Most eukaryotic TFs are thought to act by recruiting cofactors,
including coactivators and corepressors, which have been identified
as mediators of TF effector activity.35 They commonly contain do-
mains involved in nucleosome remodeling, chromatin binding,
and/or covalent modification of histones or other proteins.36 De-
pending on the interaction with coactivators or corepressors part-
ners, MEF2 TFs were reported to support both pro-oncogenic and
tumor-suppressive activities.37 In our study, we found that MEF2A
had the potential to bind to the promoter of COL15a1. Further
ChIP assay revealed that MEF2A could significantly enriched in
the �124 to �110 nt of COL15a1’s promoter. Besides, with the over-
expression of CLU, more enriched signal could be detected. The
luciferase reporter assay further confirmed that MEF2A acted as
an upstream TF of COL15a1 and played a regulatory role in the
expression of COL15A1. This regulation could be influenced by
CLU directly. MEF2A was next found to interact with CLU by
immunoprecipitation and immunofluorescence (IF) assays. These
results suggested that CLU may bind to the effector domain of
MEF2A to mediate its activity and so regulate the expression of
COL15a1.

Testicular xenograft in situ has not been reported before. This is the
first study using this xenograft technique to evaluate the metastatic
and proliferative activity of pretreated tumor cells in testis.
Comparing with xenograft in a subcutaneous, orthotopic tumor
model can better simulate the conditions of human tumor growth,
especially metastasis. In humans, testicular tumors are mainly lymph
node metastases, which are common in internal iliac, common iliac,
paraaortic, and mediastinal lymph nodes. Distant metastasis is com-
mon in lung.7 In our orthotopic tumor model, metastasis occurred in
the lung, medial iliac, mediastinal, and inguinal lymph nodes. It is
ficantly changed with CLU knockdown or overexpression

s. (B) Data downloaded from TCGAwere submitted toGSEA and extracellular matrix

) 21 and 115 upregulated ECM-associated genes from GO and GSEA terms were

of CLU with COL15a1, COL7A1, and VCAN based on the database: GEPIA. (E) The

d protein expression of COL15a1, COL7A1, and VCAN in pretreated Tcam-2 cells.
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Figure 5. EMT pathway was significantly inhibited in CLU-overexpression cells

(A) Western analysis of EMT markers (E-cad, N-cad, Vimentin, b-catenin, and MMP3) in CLU-knockdown and -overexpression cells. (B) 3D spheroid invasion of oeCLU,

shCLU, and NC cells 24 h and 72 h after Matrigel addition. The aggressive cells are marked with red arrow. Data are represented as mean ± SD. Scale bar: 100 mm. ****p <

0.0001.
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highly consistent with human testicular tumor metastasis status and
has great significance for the study of testicular tumors.

Conclusions

This is the first study to discover the functional role of CLU-
MEF2A-COL15a1-EMT axis in the invasion and migration of semi-
noma cells. Briefly, CLU interacts with the effector domain of
MEF2A to regulate its activity. MEF2A can bind to the promoter
of COL15a1 to mediate its expression. COL15a1 is demonstrated
to combine with DDR1 and so inhibit the phosphorylation of
PYK2, which was reported to be the inducing factors of EMT pheno-
type. Besides, the testicular xenograft model in situ was first per-
formed to study the testicular seminoma’s metastasis status in
1344 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
nude mice. We provide a more solid and effective model for the
study of testicular tumor. Collectively, CLU may serve as a potential
therapeutic target in seminoma treatment.

MATERIALS AND METHODS
Online analysis

The CLU expression data in different subtypes of TGCT were down-
loaded from the database: Oncomine (https://www.oncomine.org/).
Seven subtypes were submitted to Korkola’s human male germ cell
tumors study (GSE3218): embryonal carcinoma (n = 15), teratoma
(n = 16), choriocarcinoma (n = 2), mixed germ cell tumor (n =
44), seminoma (n = 13), yolk sac tumor (n = 10), and normal testis
(n = 6).

https://www.oncomine.org/


Figure 6. COL15a1 competitively binds to the DDR1 with collagen I to block the phosphorylation of PYK2 and so inhibit the EMT process

(A) Tcam-2 cells (EV) and Tcam-2 cells with high level of CLU (oeCLU) were transfected with NC and shCOL15a1 lentivirus. The invasion abilities of pretreated cells were

determined by the transwell assay. (B) The expression of indicated proteins was detected by western blot. (C) COL7a1 was also downregulated as above methods, and the

transwell assayswere followedsubsequently. (D)Westernblot assayswere performed todetect the indicatedproteins level. (E) Pretreated cellswere coatedor non-coatedwith

collagen I. The cell aggregation indicated their scattering ability. (F) The downstreammarkers of collagen I (pPYK2, pFAK) and collagen XV (pPYK2) were detected by western

blot. (G) In vivo imaging of testicular xenografts in situ injected with four groups of pretreated cells. Metastasis occurred in the lung,medial iliac, mediastinal, and inguinal lymph

nodes. The number of metastatic foci and the tumor volumes were recorded. (H) Photographs and H&E staining of testicular xenografts in situ. (I) The protein markers of EMT

(E-cad, N-cad, and Vimentin) in group 2 primary tumor and group 4 pulmonary metastasis were detected by IHC. Data are represented as mean ± SD. Scale bar: 20 mm.
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Figure 7. CLU interacted with MEF2A to upregulate COL15a1

(A) Jaspar database was used to estimate the potential TFs that could bind to the promoter of COL15a1, and ChIP assay was performed to prove this in oeCLU and NC

groups. (B) Luciferase reporter assay was performed in shMEF2A cells to detect the luciferase activity. The mRNA expression of COL15a1 was then explored with qRT-PCR

in shMEF2A, oeCLU, and oeCLU + shMEF2A groups. (C) Themutated promoter of COL15a1 was constructed. The luciferase activity of MEF2Awas then detected inWT and

(legend continued on next page)
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Fragments per kilobase of transcript per million fragments mapped
(FPKM)-standardized RNA-seq data from the TGCT cohort were
downloaded from the database: TCGA. Subsequently, GSEA was per-
formed. The C5 (c5.all.v7.1.symbols.gmt) from the Molecular Signa-
tures Database (MSigDB) was used as the reference sequences. The
patients were classified into high-CLU and low-CLU group. The
gene set permutation was repeated 1,000 times. p value < 0.05 was
set to screen the significant signaling.

The databases: Jaspar (http://jaspar.genereg.net/) and UCSC (http://
genome.ucsc.edu/) were used to estimate the potential TFs. The rela-
tive profile score threshold was set as 95%.

Sample collection

TGCT samples were collected from 50 patients (average age 34 ± 4
years, range 2143 years) from 2011 to 2020 in The First Affiliated
Hospital of Nanjing Medical University. They received orchiectomy
and were diagnosed with testicular seminoma by postoperative pa-
thology. Normal testes were collected from 12 patients (average age
70.5 ± 1.9 years, range 65–81 years) receiving surgical castration to
control prostate cancer progression. Pathology confirmed that the
cancer did not invade the testis. Samples for IHC analysis were fixed
with formalin. Samples for protein and RNA extraction were freshly
frozen in liquid nitrogen and stored at�80�C. The design and proto-
col of this study were approved by the ethics committee of The First
Affiliated Hospital of Nanjing Medical University. Informed consent
was obtained from all participants.

RNA extraction, qRT-PCR, and ChIP assay

Total RNA was extracted from testis tissues and cell lines using TRIzol
reagent (Invitrogen, Carlsbad, CA). The total RNA was reverse tran-
scribed into cDNA using HiScript II (Vazyme, Shanghai, China).
qRT-PCR was performed using SYBR Green I (Vazyme, Shanghai,
China) on an ABI 7900 system (Applied Biosystems, Carlsbad, CA)
and the primers were as listed: CLU (forward, CCAATCAGGGAA
GTAAGTACGTC; reverse, CTTGCGCTCTTCGTTTGTTTT); COL
15a1 (forward, GGATCATCCTCTACTACACGGAG; reverse, CCT
GCATTGCCCATGAAGATT); COL7A1 (forward, ACCCAGTACC
GCATCATTGTG; reverse, TCAGGCTGGAACTTCAGTGTG); VC
AN (forward, GTAACCCATGCGCTACATAAAGT; reverse, GGCA
AAGTAGGCATCGTTGAAA); b-actin (forward, GAAGATCAA-
GATCATTGCTCCT; reverse, TACTCCTGCTTGCTGATCCA).

The ChIP Assay Kit (Beyotime biotechnology, Shanghai, China) was
used to perform ChIP assays according to the manufacturer’s proto-
cols. Briefly, cells were collected and purified for subsequent antibody
immunoprecipitation, antibodies against MEF2A and NC immuno-
globulin G (IgG) were used in the ChIP assays. ChIP DNA products
were amplified with specific primer of the COL15a1 promoter (50-TC
TAATAATAGA-30 and 50-TACTAAAAATACAAA-30).
mutant groups with cells transfected by shCLU, shMEF2A, oeCLU + shMEF2A, and NC

protein respectively to study the directly interaction between CLU and MEF2A. (E) Co-lo

COL15a1 expression in seminoma based on UALCAN database. (G) The mechanism
Western blotting

Cell lines and testis tissues were lysed with radioimmunoprecipitation
assay (RIPA) lysis buffer (Beyotime Biotechnology, Shanghai, China).
For immunoprecipitation assay, the proteins were extracted with nu-
clear and cytoplasmic protein extraction kit (Beyotime Biotechnology,
Shanghai, China). Proteinswere harvested and quantified using the bi-
cinchoninic acid (BCA) kit (Beyotime Biotechnology, Shanghai,
China), separated on a 10% gel using sodium dodecyl sulfate (SDS)-
PAGE, and transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Sigma-Aldrich, St Louis, MO). The membranes were blocked
in Tris-buffered saline (TBS) containing 5% non-fat milk for 2 h. After
incubation with primary antibody overnight at 4�C, the membranes
were washed three times with TBS containing 0.1% Tween 20 (TBS-
T). Subsequently, the membranes were incubated in a secondary anti-
body solution at room temperature for 2 h. After washing, the signals
were detected using the chemiluminescence system and analyzed with
Image Lab software. The primary antibodies used in this study: CLU
(sc-6419, Santa Cruz); COL15a1(ab150463, Abcam); Ki-67 (27309-
1-AP, Proteintech); COL7a1 (ab223639, Abcam); VCAN (ab19345,
Abcam); b-tubulin (2146, CST); GAPDH antibody (ab9485, Abcam):
Vimentin (5741, CST); N-Cadherin (13,116, CST); E-Cadherin
(14,472, CST); b-Catenin (8480, CST); MMP-3 (14,351, CST); FAK
(71,433, CST); Phospho-FAK (8556, CST); Pyk2 (3480, CST); Phos-
pho-PYK2 (3291, CST); and MEF2A (sc-17785, Santa Cruz).

Cell culture and lentiviral infection

Testicular seminoma-derived Tcam-2 cell line was obtained from
Department of Urology of Sir Run Run Shaw Hospital, Zhejiang Uni-
versity School of Medicine, and cultured in DMEM medium (Gibco,
Grand Island, NY) containing 10% fetal bovine serum (FBS) (Gibco,
Grand Island, NY) at 37�C with 5% CO2. Two different short hairpin
RNA (shRNA) sequences targeting different regions of CLU (shCLU-
1, shCLU-2), MEF2A (shMEF2A-1, shMEF2A-2), shCOL15a1,
shCOL7a1, and oeCLU were obtained from GenePharma (Shanghai,
China) along with the scramble control. Stable cell lines were gener-
ated by lentiviral infection of Tcam-2 cells overnight in media
(DMEM and 10% FBS and 4 mg/mL polybrene). After infection, the
cells were incubated in growth medium (DMEM and 10% FBS) and
selected with 4 mg/mL puromycin. The knockdown or overexpres-
sion efficiency of each lentivirus was evaluated by western blot and
qRT-PCR analysis, respectively. The cell lines with lentiviral transfec-
tion efficiency over 90% were frozen in liquid nitrogen and fresh cells
were thawed for subsequent experiments.

Collagen I scatter assays were performed as described previously22 us-
ing 50 mg/mL collagen I solution from rat tails (Corning).

RNA-seq and gene expression analysis

Total RNA was extracted from three oeCLU stable cell lines groups
and three corresponding control cell lines groups using TRIzol
. (D) Immunoprecipitation assay was performed with total, nucleus, and cytoplasm

calized IF staining displayed the distribution of CLU and MEF2A. (F) The analysis of

of CLU in inhibiting testicular seminoma metastasis.
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reagent (Invitrogen, United States). Primary RNA-seq was carried out
by Personal (Shanghai, China). Raw sequence data were mapped to
hg19 and expression values were determined as reads per kilo bases
per million reads (RPKM) using RSeQC (http://rseqc.sourceforge.
net/). GO analysis was performed for the RNA-seq data and the re-
sults were plotted in R 4.0.0.

Immunoprecipitation

CLU-overexpression cells were harvested in 500 mL of binding buffer
(PBS containing 1 mMNaVO3, 50 mMNaF, 10 mMNa+ -pyrophos-
phate, 1% Triton X-100, and pH7.4). Lysates were centrifuged at
30,000 � g for 20 min and subsequently incubated with 1 mg of
anti-CLU antibody overnight at 4�C. Then, 50 mL of protein G Se-
pharose 4B beads (Thermo Fisher Scientific, United States) was added
to the mixture and incubated for an additional 4 h to capture the im-
mune complexes. Beads were washed three times with binding buffer.
Proteins were released from the beads with 50 mL of SDS loading
buffer and subjected to immunoblotting.

IHC and IF

IHC staining was performed as previously described.38 Immunoreac-
tive score of the Remmele and Stegner (IRS) system was performed by
two experienced pathologists to determine the protein expression
level. A final score >1 was considered as high CLU expression; other-
wise, it was considered as low CLU expression.

Tcam-2 cells were plated in chamber dishes 24 h prior to the exper-
iment. Cells on coverslips were washed three times in PBS, then fixed
with 4% paraformaldehyde for 15 min. After being permeabilized
with 0.5% Triton X-100 at room temperature for 20 min, cells were
washed three times in PBS and blocked with 2% BSA for 30 min.
Then, cells were incubated with the indicated primary and secondary
antibodies at 4�C overnight or at room temperature for 2 h, respec-
tively. The nuclei were stained with DAPI and slides were observed
using a fluorescence microscope (Nikon).

Wound healing assay

The cells were seeded into six-well plates (3 � 105 cells/well) and
cultured until confluence rose to 90%–100%. After being scratched
by a 10-mL pipette tip, the wells were washed twice with PBS to re-
move cell debris and residual serum. Subsequently, the cells were
cultured in DMEM without serum and incubated for an additional
12 h. The wound edges were photographed using DP-BSW software
(10� objective) 12 h after injury andmeasured using ImageJ software.

Transwell and 3D invasion assay

Cells (1� 105/200 mL) were plated on the upper chamber (8-mm pore
size) and coated with or without 50 mL of Matrigel (BD Biosciences)
in serum-free medium. DMEMwith 20% FBS was added to the lower
chambers as an attractant. After incubation at 37�C for 12 h for
migration and 48 h for invasion, the chambers were transformed in
4% paraformaldehyde for 30 min to fix the cells that had migrated
to the bottom of the membrane, and then stained with 2% crystal vi-
olet for 1 h. Non-migrating or non-invading cells were gently
1348 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
removed and cells having migrated toward the outer chamber were
counted in five representative (200�) fields.

For 3D invasion assay, the transfected Tcam-2 cells were collected
and seeded into ultra-low adhesion (ULA) 96-hole round base plate
at a density of 4� 103/200 mL and cultured for 4 days. After removing
100 mL of medium from each well using a cold pipette tip, 100 mL of
Matrigel matrix (Corning) diluted to 3 mg/mL was added to the hole
in the bottom of the well. The ULA 96-hole round base plate was
transferred to the incubator at 37�C to solidify the Matrigel. One
hour later, we added 100 mL of medium to each well. Cell masses
were imaged after 24 h and 72 h to compare invasive abilities. The in-
vasion percentage was calculated using the formula: invasion percent-
age = (72 h area � 24 h area)/24 h area.

Cell proliferation assay and colony formation assay

To evaluate the proliferative capacities of cells, the transfected Tcam-
2 cells were seeded into 96-well plates (2 � 103 cells per well). We
added CCK-8 system (Dojindo, Japan) into each well after 0, 1, 2,
3, and 4 days of culture according to the manufacturer’s instructions.
We read the absorbance of each well at 450 nm using a microplate
reader (Tecan, Switzerland) to determine the cells’ viability.

For colony formation assay, approximately 1 � 103 transfected cells
were seeded into six-well dishes and cultured in DMEMmedium con-
taining 10% FBS. Two weeks later, the colonies were fixed with para-
formaldehyde, stained with 0.1% crystal violet, and imaged and
counted.

Cell cycle assays

For cell cycle analysis, the transfected Tcam-2 cells were collected and
washed three times with cold PBS. After being fixed with 75% ethanol
overnight, the cells were treated with RNAse (KeyGEN BioTECH),
stained with 50 mg/mL propidium iodide, and incubated in the dark
for 30 min. Cell cycle was analyzed using flow cytometry (Beckman,
United States).

Luciferase reporter assays

The promoter of COL15a1 was constructed into pGL3-reporter
plasmid for luciferase reporter assay. Tcam-2 cells with NC or
shMEF2A were transiently transfected with COL15a1 luciferase re-
porter using X-tremeGENE transfection reagent (Sigma, United
States). Luciferase activity was measured using a ONE-Glo luciferase
assay system (Promega, United States) according to the manufac-
turer’s instructions.

Xenografts in mice

The Tcam-2 cells were stably transfected, collected, and mixed with
Matrigel 1:1. The cells were injected subcutaneously or into the testis
of nude mice (male, 4–6 weeks old, five mice per group). Tumor
length (L) and width (W) were monitored every week with calipers,
and the tumor volume (V) was calculated using the formula: V =
(L �W2)/2. Five weeks after injection, the nude mice were sacrificed
and the tumor masses were isolated for weight measuring within 4 h.

http://rseqc.sourceforge.net/
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The metastatic focus of testicular xenografts in situ were assessed by
In Vivo Imaging System. The suspicious metastatic foci were
confirmed by H&E staining. The samples were fixed and processed
as paraffin tissue sections. The animal studies complied with the insti-
tutional ethics guidelines and were approved by the animal manage-
ment committee of Nanjing Medical University.

Statistical analysis

All the analyses were performed with GraphPad Prism 6 or SPSS 16.0
software and p value <0.05 was considered to be statistically signifi-
cant. The Student’s t test or chi-square test was used to analyze the
difference between two groups. The correlations between genes
were analyzed using the Spearman’s correlation.
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