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Abstract. Mantle cell lymphoma (MCL) is an aggressive lymphoid malignancy with a poor
prognosis. Ubiquitin-specific peptidase 9, X-linked (USP9X), has been associated with multiple
physiological pathways and regulates various cellular activities. In this study, we explored the role
of USP9X in MCL in vitro and in vivo. USP9X was verified to be increased in peripheral blood
mononuclear cells (PBMCs) of MCL patients and MCL cells. Moreover, CCND1 and SOX11 were
also upregulated in PBMCs of MCL patients. The positive correlation between USP9X and
CCND1, USP9X and SOX11, and CCND1 and SOX11 were identified.

Further, USP9X overexpression and knockdown were performed in MCL cells. We proved that
USPIX overexpression promoted proliferation and cell cycle and suppressed cell apoptosis in
MCL cells. Upregulation of angiogenesis and cell migration were induced by USP9X
overexpression in MCL cells. However, the USP9X knockdown showed opposite effects. In
addition, USP9X was discovered to decrease Cyclin D1 (CCND1)-mediated SOX11 expression in
MCL cells. We demonstrated that SOX11 overexpression reversed USP9X knockdown-mediated
angiogenesis in MCL cells. Besides, tumor formation was inhibited by USP9X knockdown in mice
in vivo. In conclusion, these results revealed that USP9X promoted tumor angiogenesis in MCL
via increasing CCND1- mediated SOX11.
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Introduction. Mantle cell lymphoma (MCL) is a
relatively rare subtype of highly aggressive B-cell
lymphoma with approximately 7% of the non-Hodgkin
lymphoma incidence rate.* Pathologically, it is featured
by the chromosomal translocation t (11;14) (q13; g32).2
MCL has a poor prognosis compared with other types of
non-Hodgkin lymphoma, with a median survival time of
only 3-5 years.® When most patients are diagnosed with
stage I11-1V, tumor infiltration usually occurs in lymph

nodes, bone marrow, spleen, peripheral blood, and
digestive tract.*® In MCL, tumor cells can shape their
microenvironment and activate a complex network of
chemokines to promote tumor progression. For example,
tumor stroma can increase endothelial cell proliferation
and microvascular formation and enhance the
aggressiveness of MCL.® Although a series of novel
treatment approaches are applied to the improvement of
survival rates of MCL patients,” about half of patients
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still suffer from recurrent MCL within 10 years.® Thus,
treatment targets of MCL are necessary to be further
explored.

Ubiquitin-specific peptidase 9, X-linked (USP9X),
acts as a member of the USP family to be involved in
multiple physiological pathways and regulate a variety
of cellular activities.>** For example, USP9X was highly
expressed in pancreatic cancer, promoting epithelial
mesenchymal transformation and inhibiting cell
apoptosis.’21® Moreover, USP9X was associated with
regulating tumor microenvironment and angiogenesis in
breast cancer.** Additionally, it has been reported that
USP9X expression was high in human invasive B-cell
lymphoma samples and enhanced the chemoresistance of
invasive B-cell lymphoma.®® However, the underlying
mechanism function of USP9X in MCL is still unclear.

CCND1, as a cell cycle regulatory protein, is located
in chromosome 1113 and directly regulated by p53.16-18
Its upregulation was closely related to more advanced
tumors and tumor metastasis.*®?° Furthermore, CCND1
participated in regulating the malignant progression of
MCL.2* USP9X was proved to upregulate the expression
of cell cycle-related protein CCND1,?? suggesting that
USP9X might function in MCL through CCNDL.

Here, this study aims to investigate the effects of
USP9X on the development of MCL. In addition, we
confirmed the specific mechanism of USP9X on MCL
through CCND1 in MCL, which provides a potential
therapeutic target for MCL.

Materials and Methods

Clinical sample. All specimens were obtained from 50
treatment-naive MCL patients and 20 healthy volunteers.
Informed consent was gained from all volunteers. This
study was approved by the World Medical Association
Declaration of Helsinki and Yuebei people’s Hospital.
Ficoll gradient centrifugation acquired peripheral blood
mononuclear cells (PBMCs) of all volunteers, then
PBMCs were purified through anti-CD19 magnetic
beads. Finally, the samples exhibited at least 90%
CD19+ cells identified by flow cytometry (BD
Biosciences).

Cell culture and transfection. MCL cells (Z-138, Mino,
REC-1, Jeko-1, and JVM2) were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum
(FBS) under 5% CO; at 37°C. Z-138 and Jeko-1 cells
were transiently transfected with USP9X overexpression
or knockdown via Lipofectamine 2000 (Life
Technologies Corp., USA) for 24 h. Moreover, Z-138
and Jeko-1 cells were transiently transfected with
USP9X overexpression and CCND1 knockdown, or
USP9X knockdown and CCND1 overexpression.
Additionally, Z-138 and Jeko-1 cells were transiently
transfected with USP9X knockdown and SOX11
overexpression.

Plasmids. For USP9X, CCND1, or SOX11
overexpression, human USP9X, CCND1, or SOX11
cDNA was cloned into the wvector pcDNAS3.0,
respectively. USP9X or CCND1 knockdowns were
purchased from JTSBIO (Wuhan, China). The USP9X or
CCND1 shRNA target sequences and scrambled
sequences were inserted into the expression SiRNA
vector-pRNAH1.1 vector.

Quantitative real-time PCR (qRT-PCR). Total RNA
from peripheral blood mononuclear cells of MCL
patients or MCL cells was extracted using TRIzol
(Takara, Dalian, China). Then, cDNA was synthesized
through universal cDNA synthesis kit 1l (Applied
Biosystems, Foster City, CA, USA). Relative expression
of USP9X was detected and calculated using the 274A¢T
method. Primers were used for this study as follows:

USPOX-F, 5’-CAATGGATAGATCGCTTTATA-3’;
USPOX-R, 5’-CTTCTTGCCATGGCCTTAAAT-3".
CCND1-F, 5-AGGAAGTTGTGCCAATTTTG-3’;
CCND1-R, 5’-AGCAGATGGCCATGCCTTCT-3".
SOX11-F, 5’-AGCAAGAAATGCGGCAAGC-3’;
SOX11-R, 5-ATCCAGAAACACGCACTTGAC-3’;
B-actin-F, 5’-CTACAATGAGCTGCGTGTG-3%;

B-actin-R, 5’-TGGGGTGTTGAAGGTCTC-3".

Western blotting. Samples were lysed with RIPA lysis
buffer. Proteins were extracted and subjected to SDS-
polyacrylamide gels. Membranes were blocked with 5%
skimmed milk and then incubated with primary
antibodies, such as USP9X (1:1000), CDK4 (1:1000),
CDK®6 (1:1500), P21 (1:1000), PCNA (1:1000), Bcl-2
(1:1000), Bax (1:1000), Cleaved caspase 3 (1:1000),
ANGPT2 (1:1500), FGF1 (1:1000), PDGFA (1:1000),
VEGF (1:2000), CCND1 (1:1000), SOX11 [EPR8192]
(1:1000) and p-actin (1:3000) (all from Abcam,
Cambridge, MA, USA) at 4°C overnight. The
corresponding HRP-conjugated secondary antibody was
used to cover membranes. Bands were visualized using
enhanced chemiluminescence substrate (Takara, Dalian,
China).

Cell viability assay. The cell viability was measured
through a Cell Counting Kit-8 (CCK-8, Beyotime,
Shanghai, China). Cells were seeded into 96 plates, and
cell viability was examined at different periods (0, 24, 48,
72h). The OD value was detected using an MRX Il
microplate reader at 450 nm.

BrdU assay. Cells were fixed with 4% paraformaldehyde
and then cut into 5 pm sections. Sections were
deparaffinized and rehydrated and stained with BrdU.
The images were captured under a light microscope.

Cell cycle analysis. Cells were collected and
resuspended through pre-cooled 75% ethanol. Then,
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500ul PBS containing 20ul RNAseA was added to cells
for 30 min. Finally, cells were stained with P1 (50 ug/mL)
for 25 minutes. Flow cytometry was used for cell cycle
analysis.

Cell apoptosis assay. Cells were collected and
resuspended with 100 pL of binding buffer. Then, cells
were stained with Annexin V-FITC and PI for 15 min.
Finally, cell apoptosis was analyzed through a flow
cytometer.

Transwell assay. For cell invasion analysis, Transwell
chambers were added with Matrigel. For cell migration
analysis, Transwell chambers were not added with
Matrigel. Briefly, 4x10° cells were collected and
resuspended with an FBS-free medium. Then, 200 pL of
suspension was added to the top chamber and 500 uL of
medium supplemented with 10% FBS was added to that
lower. The cells were incubated for 48 h at 37°C, and
cells were fixed and stained with 0.1% crystal violet. The
images were observed under a microscope.

Animals. BALB/c nude mice (~4-5 weeks old) were
divided into two groups (n=6/group): shNC; shUSP9X-
2#. Then, 1 x 108 Z-138 cells with USP9X knockdown
(shUSP9X-2#) and control cells (ShNC) were
subcutaneously injected into mice. Tumor growth was
monitored for 30 days. Last, tumor tissues were collected
and photographed when mice were sacrificed. According
to Guide for the Care and Use of Laboratory Animals and
(Yuebei people’s Hospital), all experiments were
conducted in.

Tube formation assay. Matrigel (50 microliters) was
plated in 96-well plates. Human umbilical vein
endothelial cells (HUVECs) were grown on Matrigel
with different treatments and then incubated at 37°C for
four h. Finally, tube formation was observed using
microscopy and the branch points were calculated.

Immunohistochemistry and microvessel density (MVD)
analysis. Tissues were fixed with 4% paraformaldehyde,
and then paraffin embedding was conducted. Paraffin-
embedded tissues were cut into 5-um-thick slides. After
blocking with 1% BSA, the samples were incubated with
primary antibodies, including TUNEL (1:1000), Ki67
(1:1500), USP9X (1:1000), CCND1 (1:1000), SOX11
(1:1000), and CD31 (1:1000) (all from Abcam,
Cambridge, MA, USA) for 60 min at 37°C and then
covered with goat anti-mouse secondary antibody for 50
min. Cell nuclei were stained with DAPI. Images were
acquired under microscopy. Additionally, CD31-
positive MVD areas were calculated as the sum of areas
of MVD (um?) evaluated divided by the total size of the
core analyzed (um?) as previously described.?

Statistical analysis. Experimental statistical analyses
were performed using

Measurement data were presented as mean = SD.
Two groups were compared with unpaired t-tests, and
comparisons among multiple groups were conducted
using ANOVA by Turkey. P less than 0.5 was considered
a statistical significance.

Results.

USP9X was increased in PBMCs of MCL patients. The
expression of USP9X, CCND1 and SOX11 in PBMCs of
MCL patients was measured by gRT-PCR and western
blotting. The results showed that USP9X, CCND1, and
SOX11 mRNA levels and protein levels were high in
peripheral blood mononuclear cells of MCL patients
compared to the normal sample (Figure 1A, B).
Moreover, a positive correlation between USP9X and
CCND1, USP9X and SOX11, and CCND1 and SOX11
was proved by gRT-PCR, respectively (Figure 1C).
Additionally, gRT-PCR and western blotting
demonstrated that USP9X expression was enhanced in
MCL cell lines (Z-138, Mino, REC-1, Jeko-1, or JVM2)
(Figure 1E). These findings suggested that USP9X was
increased in PBMCs of MCL patients and MCL cells.

USP9X promoted proliferation and cell cycle in MCL
cells. The effect of USP9X on proliferation and cell cycle
was detected in MCL cells by inducing either the USP9X
overexpression either knockdown. Western blotting
showed that USP9X overexpression increased USP9X
protein level, and USP9X knockdown decreased USP9X
protein level in Z-138 and Jeko-1 (Figure 2A). CCK-8
assay revealed that cell proliferation was promoted by
USP9X overexpression, whereas it was inhibited by
USP9X knockdown in Z-138 and Jeko-1 (Figure 2B).
Accordingly, USP9X overexpression elevated BrdU
positive cells and USP9X knockdown reduced BrdU
positive cells (Figure 2C). Further, flow cytometry
demonstrated that USP9X overexpression inhibited the
G1 stage and promoted the S stage, whereas USP9X
knockdown exerted opposite effects (Figure 2D).
Furthermore, western blotting verified that USP9X
overexpression increased CDK4, CDK6, and PCNA
protein levels and decreased P21 protein level. However,
USP9X knockdown reversed these protein levels
(Figure 2E). These results indicated that USP9X
promoted proliferation and cell cycle in MCL cells.

USP9X inhibited cell apoptosis in MCL cells. The effect
of USP9X on cell apoptosis was explored in MCL cells.
The results from flow cytometry was proved that USP9X
overexpression suppressed cell apoptosis, and USP9X
knockdown enhanced cell apoptosis in MCL cells (Z-138
and Jeko-1) (Figure 3A). Western blotting demonstrated
that USP9X overexpression upregulated Bcl-2 protein
levels and downregulated Bax and Cleaved caspase 3
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Figure 1 USP9X was increased in PBMCs of MCL patients. (A) USP9X CCND1 and SOX11 mRNA levels were examined using qRT-
PCR in peripheral blood mononuclear cells of MCL patients. Normal, n=20. MCL, n=50. (B) Western blotting was used to detect USP9X,
CCND1, SOX11 and B-actin protein levels in peripheral blood mononuclear cells of MCL patients. Normal, n=20. MCL, n=50. (C) The
correlation between USP9X and CCND1, USP9X and SOX11, CCND1 and SOX11 were analyzed using gRT-PCR in peripheral blood
mononuclear cells of MCL patients. (E) USP9X mRNA level was analyzed using qRT-PCR, and USP9X and B-actin protein levels were
detected through western blotting in MCL cell lines. n=3. **, p<0.01. ***, p<0.001.

protein levels. Conversely, USP9X knockdown showed
opposite effects on these protein levels (Figure 3B). The
data implied that USP9X inhibited cell apoptosis in MCL
cells.

USP9X contributed to angiogenesis and promoted cell
migration in MCL cells. The role of USP9X in
angiogenesis and cell migration was investigated. We
found that tube formation was increased in HUVECs
treated by USP9X overexpression-positive cell medium
(CM), and it was decreased in HUVECs exposed to
USP9X knockdown-positive CM (Figure 4A). Western
blotting verified that USP9X overexpression elevated
ANGPT2, FGF1, PDGFA, and VEGF protein levels,
whereas USP9X knockdown repressed these protein
levels in MCL cells (Z-138 and Jeko-1) (Figure 4B). In
addition, cell migration and invasion were promoted by
USP9X overexpression. However, USP9X knockdown
inhibited cell migration and invasion in Z-138 and Jeko-
1 (Figure 4C, D). BrdU revealed that USP9X

knockdown decreased cell proliferation. CCND1
overexpression increased USP9X knockdown-caused
cell proliferation and CCND1 T286A further promoted
cell proliferation (Supplement Figure 1A). Flow
cytometry proved that the cell cycle inhibited by USP9X
knockdown was enhanced by CCND1 overexpression. In
addition, CCND1 T286A further promoted the cell cycle
(Supplement Figure 1B). These results indicated that
USP9X contributed to angiogenesis and enabled cells to
migrate in MCL tissue.

USP9X downregulated CCND1-mediated SOX11
expression in MCL cells. We observed how USP9X
could affect CCND1-mediated SOX11 expression in
MCL cells. Western blotting demonstrated that USP9X
overexpression elevated USP9X, CCND1, and SOX11
protein levels, whereas USP9X knockdown reduced
these protein levels in Z-138 and Jeko-1 (Figure 5A).
Furthermore, USP9X overexpression increased USP9X,

CCND1, and SOX11 protein levels, and WP1130, a
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Figure 2. USP9X promoted proliferation and cell cycle in MCL cells. USP9X overexpression or knockdown were conducted, then (A)
USP9X and B-actin protein levels were detected using western blotting in Z-138 and Jeko-1. (B) Cell proliferation was examined through
CCK-8in Z-138 and Jeko-1. (C) BrdU assay was used to measure cell proliferation in Z-138 and Jeko-1. (D) Flow cytometry was carried out
to measure cell cycle in Z-138 and Jeko-1. (E) Western blotting was conducted to detect CDK4, CDK6, P21, PCNA and B-actin protein levels
in Z-138 and Jeko-1. n=3. *, p<0.05. **, p<0.01. *** p<0.001. &, p<0.05. &&, p<0.01. &&&, p<0.001. * vs Control. & vs shNC.

partially selective deubiquitinases (DUB) inhibitor,
decreased USP9X, CCND1, and SOX11 protein levels.
However, USP9X overexpression could promote
WP1130-mediated these protein levels (Figure 5B).
Further, western blotting also showed that CCND1

knockdown inhibited USP9X overexpression-mediated
CCND1 and SOX11 protein levels, and CCND1
overexpression promoted USP9X knockdown-mediated
CCND1 and SOX11 protein levels (Figure 5C). These
findings suggested that USP9X downregulated CCND1-
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Figure 3. USP9X inhibited cell apoptosis in MCL cells. USP9X overexpression or knockdown were performed. Subsequently, (A) Cell
apoptosis was detected using flow cytometry in Z-138 and Jeko-1. (B) Bcl-2, Bax, Cleaved caspase 3 and B-actin protein levels were analyzed
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mediated SOX11 expression in MCL cells. mediated angiogenesis in  MCL cells. SOX11
overexpression was induced in MCL cells with USP9X
SOX11 overexpression reversed USP9X knockdown- knockdown to explore whether SOX11 can regulate
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Figure 4. USP9X contributed to angiogenesis and promoted cell migrate in MCL cells. HUVECs were treated with USP9X overexpression
or knockdown-positive cell medium (CM), then (A) Tube branch points were observed and analyzed using tube formation assay. USP9X
overexpression or knockdown were performed in Z-138 and Jeko-1, then (B) ANGPT2, FGF1, PDGFA, VEGF and B-actin protein levels were
detected via western blotting. (C, D) Cell migration and invasion were measured Transwell migration assay. n=3. *, p<0.05. **, p<0.01. ***,
p<0.001. &, p<0.05. &&, p<0.01. &&&, p<0.001. * vs Control. & vs shNC.

USP9X knockdown-mediated angiogenesis in MCL
cells. Western blotting verified that SOX11 protein level
was inhibited in USP9X knockdown MCL cells and
enhanced in SOX11 overexpression MCL cells. USP9X
protein level was repressed in USP9X knockdown MCL
cells, whereas SOX11 overexpression did not affect
USP9X protein level in MCL cells. However, SOX11
overexpression in USP9X knockdown MCL cells
suppressed SOX11 overexpression-mediated USP9X
and SOX11 protein levels (Figure 6A). Compared to the
USP9X knockdown group, tube formation was enhanced
in HUVECs treated with SOX11 overexpression and
USP9X knockdown positive CM (Figure 6B). Western
blotting demonstrated that USP9X knockdown
decreased USP9X protein level, and SOX11
overexpression showed no effect on USP9X protein level

in MCL cells. However, SOX11 overexpression
repressed SOX11 overexpression-mediated USP9X
protein levels. Additionally, SOX11 overexpression
elevated ANGPT2, FGF1, PDGFA, and VEGF protein
levels in USP9X knockdown MCL cells (Figure 6C).
Further, tube formation was inhibited in HUVECs
treated with USP9X knockdown, whereas CCND1
overexpression  enhanced this tube formation
(Supplement Figure 2A). USP9X knockdown repressed
ANGPT2, FGF1, PDGFA and VEGF protein levels.
However, CCND1 overexpression showed opposite
effects on these protein levels (Supplement Figure 2B).
These results indicated that SOX11 overexpression or
CCND1 reversed USP9X  knockdown-mediated
angiogenesis in MCL cells.

www.mjhid.org Mediterr J Hematol Infect Dis 2022; 14; e2022048

Pag.7/14


http://www.mjhid.org/

& o

-F
A S Sk P > Sk P Control Control
P I S SN I S N
¢ &S S e e
. - L — & — .
USPOX s R === e— G o= %15 shUSP9X-2# 5 15 shUSP9X-2#
. [} R - [}
B-actin - G—r e e HD NN Ty o b T T » s2e
2104 % 210 T T
CONDT e QD == = — s @B === = 5 g T
- -4 . . T T = T T
SOX|| s GEND = D -~ - S GHES WES - 3 '9530‘57 . 0.
o 1 T 22 sss ° % & ase
facin WD - G- G GE TP W W o e BB . a 0.0l : :
2:138 Jeko-1 USP9X CCND1  SOX11 USP9X CCND1  SOX11
N N 7138
Q"'(b Q,\\Q’ Control Control
N O v
N =) & ) N =)
& L < & L NK USP9X+WP1130 USPOX+WP1130
S ¥ & §F &Sy ¢ B 10 ik
> 1. Py > 1.
USPOX # & g N e G o — L 2
o Y xw
e o T
COND1 + + il b — g — £ 06 ! 10 -
[ s [}
SOX11 e - — — D S — < 0.4 1 £05] A & . she
So02_ e e T 2 «N WR.. B :
Precn (e CEED G D GEmS Gy I SN Eg E . r £ 0.0 r — T
7138 Jeko-1 USP9X CCND1  SOX11 USP9X CCND1  SOX11
z-138
N N
o o
S @ OC’V\ S @ C,O\A
O Q' )Q(x &x O QO %x X
o I LA A N
C I GO Gt NC+ShNC shUSPOX-2#+NC
F L LY ¥ L SL Y TP USP9X+shNC 1 shUSPOX-2#+CCND1
A M S M D AR A I MY USP9X+shCCND1
USPOX wmmm D GEED ww—n =t s @D GEED cw  — T1s 15
[ e Q e
CCND1 s D G ww SHES G QU SHS = S—— T © 1
=1.0 P 21.0 _— T
facn CEED GEP GEP GED GNP GEP NP GEP @IS @S ° | £ k- i)
& a5 5 o ess ss - L w
SOXIT e WD W = - - e B e s e 50017 . 1T i 5%l N il 2
5 Z -l T P -
B-actin NS GHED SHND GNP GNP TN G SR SRR WS O 00— : . & 0.0 — . .
7450 ibko USP9X CCND1  SOX11 USP9X CCND1  SOX11
: = z-138

Figure 5. USP9X downregulated CCND1-mediated SOX11 expression in MCL cells. USP9X overexpression or knockdown were carried
out in Z-138 and Jeko-1, then (A) USP9X, CCND1, SOX11 and B-actin protein levels were detected through western blotting. USP9X
overexpression was conducted in Z-138 and Jeko-1 treated with WP1130 (a partially selective deubiquitinases (DUB) inhibitor), then (B)
Western blotting was performed to measure USP9X, CCND1, SOX11 and B-actin protein levels. USP9X overexpression and CCND1
knockdown, or USP9X knockdown and CCND1 overexpression were performed in Z-138 and Jeko-1, subsequently, (C) Western blotting was
used to examine USP9X, CCND1, SOX11 and B-actin protein levels. n=3. **, p<0.01. &&, p<0.01. &&&, p<0.001. $, p<0.05. $$, p<0.01.
$$$, p<0.001. * vs Control or NC+shNC. & vs shNC or USP9X or USP9X+shNC. $ vs WP1130 or shUSP9X-2#+NC.

USP9X knockdown inhibited tumor formation in mice.
The effect of USP9X knockdown on tumor formation
was explored in mice. Figure 7A and B shows that
USP9X knockdown suppressed tumor volume and
weight. IHC showed that USP9X knockdown increased
TUNEL expression and decreased Ki67, USP9X,
CCND1, and SOX11 expression in tumor tissues
(Figure 7C). Further, MVD revealed that USP9X
knockdown repressed CD31 protein level using IHC
(Figure 7D). The data suggested that USP9X
knockdown inhibited tumor formation in mice.

Discussion. Here, USP9X, CCND1, and SOX11 were
upregulated in PBMCs of MCL patients. USP9X level
was increased in MCL cells. The positive correlation
between USP9X and CCND1, USP9X and SOX11, and
CCND1 and SOX11 were demonstrated. USP9X was
identified to promote proliferation and cell cycle and
inhibited cell apoptosis in MCL cells. Moreover, we
found that USP9X contributed to angiogenesis and

downregulated CCND1-mediated SOX11 expression in
MCL cells. SOX11 overexpression was verified to
reverse USP9X knockdown-mediated angiogenesis in
MCL cells. In vivo, the results demonstrated that USP9X
knockdown suppressed tumor formation in mice.

Previous studies have revealed that USP9X could
target several cytosolic proteins and then be involved in
regulating multiple cellular activities, such as cell
apoptosis, cell growth, and migration.?*2® The physical
association of USP9X with centrosomes was dependent
on the cell cycle and mostly measured in S and G2
phases.?” Accordingly, our study demonstrated that
USP9X increased proliferation and cell cycle in MCL
cells. Furthermore, cell apoptosis was repressed by
USP9X in MCL cells, evidenced by the upregulation of
Bcl-2 protein level and downregulation of Bax and
Cleaved caspase 3 protein levels. In addition, USP9X
was also verified to contribute to angiogenesis and
enhanced cell migration in MCL cells. These findings
suggest that USP9X exerts a key role in MCL cells.

A recent study showed that the gain-of-function of

increased cell migration in MCL cells. Further, USP9X
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Figure 6. SOX11 overexpression reversed USP9X knockdown-mediated angiogenesis in MCL cells. USP9X knockdown and SOX11
overexpression were performed in Z-138 and Jeko-1. (A) Western blotting was performed to measure USP9X, SOX11 and B-actin protein
levels. HUVECSs were treated with USP9X knockdown and SOX11 overexpression-positive cell medium (CM), then (B) Tube formation assay
was used to observe tube branch points. USP9X knockdown and SOX11 overexpression were conducted in Z-138 and Jeko-1, then (C) USP9X,
ANGPT2, FGF1, PDGFA, VEGF and B-actin protein levels were examined using western blotting. n=3. *, p<0.05. **, p<0.01. *** p<0.001.
&&&, p<0.001. $, p<0.05. $$, p<0.01. * vs NC +shNC or NC+shNC CM. & vs shUSPIX-2#+NC or shUSP9X-2#+NC CM. $ vs SOX11+

SshNC or SOX11+ shNC CM.

USP9X took part in increasing CCND1 and decreasing
CDKNI1A in breast cancer tissue and cells.?? CCND1
overexpression was an early and unifying oncogenic
event in MCL. Davis et al. discovered that CCND1
functioned in the cell cycle in colorectal cancer and
MCL.2! Chinen et al. revealed that transcript variants of
CCND1 were companied with chromosome 11q13
abnormalities in MCL.2® Our study proved that USP9X
overexpression promoted CCND1 expression in MCL
cells. USP9X knockdown decreased cell proliferation
and cycle. CCND1 overexpression increased USP9X
knockdown-caused cell proliferation and cycle,
suggesting that USP9X affects cell proliferation and
cycle through CCND1. However, compared with
CCND1 WT, CCND1 T286A further promoted the

USP9X knockdown-mediated cell proliferation and
cycle, indicating that USP9X regulates cell proliferation
and cycle by preventing degradation of CCND1 via the
removal of conjugated ubiquitin. Besides, we found that
USP9X overexpression also increased SOX11 protein
levels. Accumulating evidence has shown that SOX11
expression was regulated by CCND1 and STATS3 in
MCL.?° SOX11 has been identified to enhance tumor
angiogenesis through PDGFA in MCL.* The
relationship  between angiogenesis and SOX11
expression has been revealed, and SOX11 was
demonstrated to elevate an angiogenic phenotype in
primary MCL.3! Interestingly, our research verified that
CCND1 knockdown repressed USP9X overexpression-
mediated SOX11 protein level, suggesting that USP9X
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Figure 7. USP9X knockdown inhibited tumor formation in mice. Mice were subcutaneously injected with 1 x 108 Z-138 cells with USP9X
knockdown (shUSP9X-2#) and control cells (shNC). (A) Tumor tissues were photographed and tumor volume was calculated. (B) Tumor
weight was recorded and analyzed. (C) IHC was used to detect TUNEL, Ki67, USP9X, CCND1 and SOX11 expression in tumor tissues. (D)
CD31 protein level was examined using IHC. n=6. **, p<0.01. ***, p<0.001.

downregulated CCND1-mediated SOX11 expression in
MCL cells. USP9X overexpression could promote
WP1130-mediated USP9X, CCND1, and SOX11 protein
levels, indicating that USP9X exerts its function by
deubiquitinating Cyclin D1 and/or SOX11. Additionally,
SOX11 overexpression was also found to reverse
USP9X knockdown-mediated angiogenesis in MCL
cells. Further analysis showed that USP9X knockdown
could play a suppressive role in tumor formation in mice.
USP9X knockdown reduced tumor volume and weight,
inhibited TUNEL expression, and repressed Ki67,
USP9X, CCND1, and SOX11 expression in tumor
tissues. The data indicated that USP9X affected tumor
angiogenesis in MCL through regulation of CCND1-
mediated SOX11.

However, the mechanism of USP9X functions in
MCL needs to be further explored. Additionally, the
USP9X application in the clinical sample will be
evaluated. Thus, more experiments will be conducted in
the near future. In conclusion, we demonstrated that
USP9X contributed to tumor angiogenesis. Furthermore,
USP9X functioned in MCL through upregulating
CCND1- mediated SOX11, which provides a new target
for MCL patients.
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Supplement Figure 1. Cell proliferation and cycle were analyzed in MCL cells. USP9X knockdown was conducted in Z-138 treatfected
with CCND1 WT or CCND1 T286A. (A) BrdU assay was performed to detect cell proliferation. (B) Cell cycle was measured using flow
cytometry. n=3. *** p<0.001. &, p<0.05. &&, p<0.01. &&&, p<0.001. * vs Control. & vs sShUSPIX-2#.
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Supplement Figure 2. Angiogenesis was measured in MCL cells. USP9X knockdown and CCND1 overexpression were conducted in Z-
138. (A) Tube branch points were analyzed using tube formation assay. (B) Western blotting was performed to detect ANGPT2, FGF1, PDGFA,
VEGF and B-actin protein levels. n=3. *** p<0.001. &&, p<0.01. &&&, p<0.001. * vs NC+shNC. & vs shUSP9X-2#+NC.
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