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TPX2 promotes ovarian tumorigenesis by interacting with
Lamin A/C and affecting its stability
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Abstract
Objective: Ovarian cancer (OC) is one of the fatal gynecologic malignancies.
However, there are no effective prognostic or therapeutic indicators for OC.

Medical College, Fudan University,

Shanghai, China Herein, we aim to reveal the potential function of targeting protein for Xklp2

(TPX2) in OC progression.

Methods: Imnmunohistochemical and bioinformatic analyses were used to evalu-
ate the level of TPX2 in OC samples. Effects of TPX2 on cell proliferation, cell
apoptosis and ROS production were evaluated in vivo and in vitro. Mass spec-
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trometry, Co-IP and immunofluorescence assays were performed to identify and
verify protein-protein interactions.

Results: Our data showed that pathological overexpression (OE) of the TPX2 in
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OC could manifest a poor prognosis. Functional studies demonstrated that TPX2
silencing led to the suppression of cell proliferation in vitro and in vivo through
an increase in reactive oxygen species (ROS) level and apoptosis, while TPX2 OE
exhibited the opposite effect. Furthermore, by mass spectrometric analysis, we
identified a novel interacting partner, Lamin A/C, for TPX2. Mechanistically,
TPX2 regulated Lamin A/C's stability by modulating the level of phospho-Lamin
A/C (Ser 22).

Conclusion: Our findings thus suggest that TPX2 may be a promising therapeu-
tic target for OC.
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1 | INTRODUCTION deaths.! Among all OC subtypes, epithelial OC alone ac-
counts for 90% of cases. Because of the difficulty in the early
detection of OC, most patients progress to the advanced
stage by the time they are diagnosed. So far, combination
chemotherapy (platinum-taxane) and cytoreductive sur-

gery have remained the conventional treatment options

Ovarian cancer (OC) accounts for the fifth highest rate of
cancer-related death among women worldwide. American
Cancer Society data indicate an estimation of 19,880 cases
to be diagnosed with OC in 2022, with 12,810 estimated
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for OC.2 However, most patients ultimately acquire che-
moresistance within a few years, despite their initial re-
sponses to the therapy.’ Moreover, there are no approved
immune therapies for OC,* warranting an urgent need for
developing precision therapies for OC.

The targeting protein for Xklp2 (TPX2), a microtubule-
associated factor, functions in the mitotic spindle as-
sembly process during cell division.” Abnormal TPX2
expression can lead to spindle abnormalities and aberrant
centrosome amplification. Additionally, TPX2 OE has
been detected in several cancers, including breast cancer,
liver cancer, gastric cancer, pancreatic cancer, and blad-
der cancer, strongly linking to a poor cancer prognosis.®*°
Although TPX2 is observed to be overexpressed in oc,!
the precise mechanisms underlying its functions require
further investigation.

Here, we aimed to delineate the oncogenic role of TPX2
in OC tumorigenesis and its possible utilization as a po-
tential biomarker through a series of functional and
bioinformatic analyses. We confirmed that TPX2 was an
etiopathological factor in OC onset and associated with
poor prognosis. TPX2 accelerated tumor growth via sup-
pressing apoptosis and ROS production in OC cells by
modulating Lamin A/C's stability.

2 | MATERIALS AND METHODS

2.1 | Cell culture and patient samples
A2780, SKOV3, and HEK-293T cell lines were maintained
either in RPMI-1640 or DMEM medium, added with 1%
penicillin-streptomycin (P/S), and 10% of fetal bovine
serum. Cells were cultured at 37°C in a humidified in-
cubator with 5% CO,. A total of 108 primary OC samples
and normal ovarian tissues were collected at the Fudan
University Shanghai Cancer Center. Informed consent
was signed by all eligible participants.

2.2 | Immunohistochemical
(IHC) analysis

IHC analysis for TPX2 and Lamin A/C was performed
on the tissue microarray using anti-TPX2 (CST, #12245),
and anti-Lamin A/C (CST, #13448) antibodies, followed
by a secondary antibody (Long Island Antibody, #D-3004)
staining. The expressions of TPX2 and Lamin A/C in OC
samples were measured based on an IHC scoring system
(intensity: 0 = negative, 1 = weak, 2 = moderate, and
3 = strong; extensity: 0 = denotes <5% of positive cells;
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1 =5%-25%, 2 = 26%-50%, 3 = 51%-75%, and 4 = denotes
>75%). The final score was a product of the intensity score
and the extensity score.

2.3 | Lentiviruses and siRNA
transfection

TPX2-OE and vector plasmid were purchased from
Genecham (China). Lentiviral was generated from
HEK293T cells, following the manufacturer's protocol.
Then, A2780 and SKOV3 cells were transduced with
lentiviral particles, along with 8 pg/mL of polybrene
for 24h. Cells were then selected in the puromycin-
containing medium for 3days. TPX2-knockdown (KD)
cells were also established by lentivirus infection. The
lentivirus was from Genecham (China). Antisense RNA
against Lamin A/C (siLMNA) and negative control siRNA
(Sangon Biotech) were transfected in OC lines using
lipofectamine-2000 (Invitrogen) reagent. Table S1 en-
lists the shRNA and siRNA sequences used in this study.

2.4 | Western blotting (WB) analysis

RIPA lysis buffer (Beyotime, #P0013C) with 1X protease
inhibitors was used for cell lysate preparation. Protein
concentrations were estimated by the BCA method
(YEASEN, #20201ES76) and resolved by running on
SDS-PAGE. Proteins were subsequently transferred
onto PVDF membranes for WB analysis. After blocking
in 5% of non-fat milk (Sangon Biotech, #A600669), blots
were probed with anti-GAPDH (Proteintech, #10494-1-
AP, 1:3000), anti-TPX2 (CST, #12245, 1:500), anti-Bcl2
(CST, #15071, 1:1000), anti-Bax (CST, #5023, 1:1000),
anti-Lamin A/C (CST, #4777, 1:1000), and anti-phospho-
Lamin A/C (CST, #13448, 1:1000) antibodies overnight
at 4°C, followed by incubation with HRP-conjugated
Goat anti-Rabbit IgG (Proteintech, #SA00001-2, 1:3000),
or Goat anti-Mouse IgG (Proteintech, #SA00001-1,
1:3000) secondary antibody for 2 h at room temperature
(RT).

2.5 | Colony-forming assay

A total of 1000 OC cells/well were plated in six-well plates
and cultured for about 10-14 days, followed by being fixed
in 4% paraformaldehyde (PFA) and stained with crys-
tal violet. The number of visible colonies was counted
manually.
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2.6 | EdU assay

A2780 and SKOV3 cells were seeded at 2x10° cells/well
in six-well plates and treated with 50 uM of EAU solution
for 2 h at 37°C, followed by 4% PFA fixation for 30 min
and reaction quenching by 2 mg/mL of glycine solution.
Cells were permeabilized with a buffer containing 0.5%
of Triton X-100 for 10 min at RT. Cells were then stained
with 1x EdU solution, washed with the permeabilization
buffer, and analyzed by flow cytometry.

2.7 | Apoptosis assay

A2780 and SKOV3 cells were plated at 3x 10° cells/well in
six-well plates, incubated with 7-AAD and PE Annexin V
(BD Biosciences, #559763), and subjected to flow cytom-
etry for analysis.

2.8 | ROS assay

A2780 and SKOV3 cells were seeded at 3x10° cells/well
in six-well plates and treated with 5 pM of DCFH-DA for
30min at 37 °C, and ROS levels were quantified by flow
cytometry.

2.9 | Co-immunoprecipitation (Co-IP)
Cells were lysed in IP lysis buffer (Beyotime, #P0013J)
with protease inhibitors. Lysates were incubated with
either target antibodies or normal IgG overnight at 4°C,
followed by incubating with protein-A/G agarose beads
(SCBT, #sc¢-2003) at 4°C for 2 h. After washing with lysis
buffer, beads were incubated with SDS loading buffer at
the boiling condition for 10 min for WB.

2.10 | Mass spectrometry (MS)

To characterize TPX2 interactomes, anti-TPX2 immu-
noprecipitated proteins were subjected to MS analysis
at Luming Biotech (China). Electrophoresis followed by
Coomassie blue dye staining confirmed the presence of
Lamin A/C in TPX2 IP eluates.

211 | Immunofluorescence (IF) staining
A2780 and SKOV3 cells were fixed with 4% PFA, perme-
abilized using 0.5% of Triton X-100, blocked with 3% of
BSA, and labeled with anti-TPX2 (CST, #12245, 1:100),

and anti-Lamin A/C (CST, #4777, 1:50). Next, slides were
washed thrice with PBS and labeled with fluorescent-
conjugated secondary antibodies for 2 h at RT in the dark,
and nuclei were counter-stained with DAPI. Images were
captured and analyzed on a confocal microscope Lecia
STELLARIS 5.

2.12 | Animal experiments

The protocol was approved by the Animal Experiments
Committee of Fudan University Shanghai Cancer Center.
A2780-derived xenograft model was created in BALB/c
nude female mice (4- to 6-week-old) by subcutaneous in-
jection. Tumor sizes were measured and analyzed.

2.13 | Statistical analysis

GraphPad Prism 8 was utilized for all statistical analy-
ses, and data were presented as mean +SD. Between the
groups, analyses were carried out either by Student's ¢-
test, ANOVA, or Wilcoxon test. The results with a P-value
of <0.05 were considered significant.

3 | RESULTS
3.1 | TPX2is overexpressed in OC and
predicts a poor prognosis

To explore the mechanistic role of TPX2 in OC pathogen-
esis, we analyzed TPX2 expression profiles in both GEO
and TCGA databases, which revealed its high expression
in OC cells compared to that in normal healthy epithe-
lial cells (Figure 1A-C). To further support this finding,
we assessed TPX2 levels in a cohort of primary OC tis-
sues by IHC analysis (Figure 1F), indicating elevated
TPX2 signals of OC cells than those in the normal tissues.
Furthermore, Kaplan-Meier survival curves showed that
patients having higher levels of TPX2 expressions exhib-
ited shorter overall survival (OS) and progression-free sur-
vival (PFS) compared to their low-expression counterparts
(Figure 1D,E). Thus, our findings demonstrate that TPX2
was overexpressed in OC and associated with poor prog-
nosis in OC patients.

3.2 | TPX2 accelerates tumor growth
both in vivo and in vitro

TPX2 levels were positively connected with tumor pro-
liferation signature (Figure 2A). To further explore the
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FIGURE 1 The targeting protein for Xklp2 (TPX2) is overexpressed in ovarian cancer (OC) and predicts a poor prognosis. (A-B) Protein
levels of TPX2 in OC tissues and normal tissues from the GEO database. (C) Comparison of TPX2 levels between OC and normal tissues in
TCGA database. The figure was retrieved from the GEPIA database. (D-E) Overall survival (OS) and progression-free survival (PFS) of OC
patients with high or low levels of TPX2. The images were from the Kaplan-Meier database. (F) Representative immunohistochemical (IHC)
staining images and IHC scores of TPX2 in OC and normal tissues. *p<0.05, **p<0.01, ***p<0.001.
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FIGURE 2 TPX2 accelerates tumor growth in vivo and in vitro. (A) Correlation of TPX2 level with tumor proliferation signature.
(B-C) Knockdown (KD) and overexpression (OE) of TPX2 in A2780 and SKOV3 cells. (D-E) Colony formation assays were performed in
A2780 and SKOV3 cells with TPX2-KD or TPX2-OE. (F-G) Cell proliferation ability was evaluated by EdU assay in A2780 and SKOV3
cells with TPX2-KD or TPX2-OE. (H) Images of TPX2 KD or the control xenografts formed from A2780 cells. (I) Volume of xenograft
tumors. *p<0.05, **p<0.01, ***p<0.001.



MENG ET AL.

biological functions of TPX2 in carcinogenesis, TPX2
was either knocked down or overexpressed in A2780
and SKOV3 cells via lentiviral transduction, and protein
levels were analyzed by WB (Figure 2B,C). TPX2 knock-
down (KD) reduced colony formation, whereas TPX2 OE
exhibited the reverse effect (Figure 2D,E). The EdU assay
showed that TPX2 depletion impaired the DNA synthesis
ability, which was consistent with TPX2's role in promot-
ing the proliferation of OC cells (Figure 2F,G). Next, we
examined whether TPX2 also could promote ovarian tu-
morigenesis in vivo by implanting A2780 cells into female
nude mice. Tumor sizes were less in the TPX2 KD group
compared to those in the control group (Figure 2H,I),
suggesting that TPX2 can accelerate tumorigenesis of OC
cells.

3.3 | TPX2 suppresses apoptosis and
reduces ROS levels in OC cells

Flow cytometry analysis of apoptosis indicated that
TPX2 KD significantly increased the apoptosis rate in OC
cells, while TPX2 OE had a reverse effect (Figure 3A,B).
Consistent with these results, there was an increase in
the Bax level, but the Bcl-2 level was decreased in the
TPX2 KD group (Figure 3E). Besides, we measured ROS
levels in TPX2 OE and KD cells using the DCFDA assay.
TPX2 KD elevated the ROS level, while its OE inhibited
ROS production (Figure 3C,D). These results suggest that
TPX2 can suppress apoptosis and reduce ROS production
in OC cells.

3.4 | TPX2interacts with Lamin A/C and
affects its stability

To further elucidate how TPX2 promotes OC pathogen-
esis, anti-TPX2 immunoprecipitated eluates from A2780
cells were subjected to the MS analysis for identification
of its interacting partners. Notably, Lamin A/C was found
to be the predominant one. Immunoprecipitated proteins
were stained with Coomassie blue dye to detect bands of
72-95kDa size in the experimental but not in the IgG con-
trol sample, which was speculated as a Lamin A/C pro-
tein band (Figure 4A). We also confirmed the interaction
between TPX2 with Lamin A/C by Co-IP and IF analysis
(Figure 4B,C). Lamin A/C were downregulated in OC
cells and lower levels of Lamin A/C exhibited shorter OS
(Figure 4D-F). Next, we explored whether the deregula-
tion of TPX2 reflected an alteration of Lamin A/C level
in OC, and found that TPX2 KD significantly elevated the
Lamin A/C level, whereas TPX2 OE decreased the Lamin
A/C level (Figure 4G,H). These results show that TPX2
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appears to interact with Lamin A/C and regulate levels of
Lamin A/C.

Previous studies have shown that elevated phosphor-
ylation level is a pathological hallmark of Lamin degra-
dation in cancer cells; hence, we compared the levels of
p-Lamin A/C (Ser22) in TPX2 KD and control cells, re-
vealing that TPX2 KD decreased the level of p-Lamin A/C
(Ser 22) in OC cells (Figure 4I).

3.5 | Lamin A/C inhibition partially
rescues apoptosis and ROS level in
TPX2-KD OC cells

To determine the role of Lamin A/C in TPX2-mediated
tumor progression, we then transfected A2780 and SKOV3
cells with siRNA targeting the LMNA gene that codes for
Lamin A/C (Figure 5A), and performed the apoptosis
and ROS assays by flow cytometry, demonstrating that
Lamin A/C silencing can partially rescue OC cells from
ROS production and apoptosis under TPX2 KD condition
(Figure 5B-D). These data further suggest that TPX2's
role in OC pathomechanism may depend on its crosstalk
with Lamin A/C in cancer cells.

4 | DISCUSSION

Here, we delineated the critical role of TPX2 in ovarian
carcinogenesis and uncovered potential disease mecha-
nisms. TPX2 was notably overexpressed and predicted a
poor prognosis in OC. Furthermore, we revealed a new
association of TPX2 with Lamin A/C and demonstrated
that TPX2 could mediate phosphorylation of Lamin A/C
at Ser22, conferring its stability.

TPX2 has always been identified as a critical factor in
mitosis and spindle assembly. Recently, numerous studies
have shown that TPX2 mediates DNA damage response
and participates in tumorigenesis. TPX2 can promote
HCC cell proliferation by facilitating G2/M phase pro-
gression.® Another study has also shown that TPX2 silenc-
ing could exert antitumor effects by targeting the PI3K/
AKT signaling pathway.'? Furthermore, TPX2 is overex-
pressed in primary colorectal cancer tissues.'*'* However,
the mechanistic role of TPX2 in OC remains unclear to
date. We showed that abnormal OE of TPX2 could act as
an oncoprotein in OC by multiple molecular biology, and
bioinformatic analyses from GEO and TCGA datasets.
Considering the pro-cancer effect of TPX2, we further as-
sessed its clinical value. Our data showed that high TPX2
expression correlated with poor outcomes in OC patients.
Functionally, TPX2 KD resulted in an attenuated prolifer-
ation of OC cells, increasing the rate of apoptosis and ROS
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levels. Conversely, TPX2 OE promoted OC tumorigenic- relevant targets. We found Lamin A/C as a potential
ity in vitro. Collectively, TPX2 may be a potential driving  candidate in the TPX2 interactome. Lamins are clas-
force for OC carcinogenesis and an attractive target for  sified into two types: A-type and B-type Lamins.'’
future therapies. Lamin A and C, encoded by the LMNA gene, are A-type

To further elucidate the molecular mechanism of  Lamins.'® They are commonly researched together and
TPX2 action, MS analysis was performed to identify =~ known as Lamin A/C due to their extreme similarity."”
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FIGURE 5 Lamin A/C inhibition partially rescues apoptosis and ROS level in TPX2-downregulated OC cells. (A) TPX2-depleted A2780
and SKOV3 cells were transfected with siLMNA or its negative control for 48 h. Protein levels of TPX2 and Lamin A/C were evaluated by
western blotting. (B) TPX2-KD A2780 and SKOV3 cells were transfected with siLMNA or its negative control for 48 h. Cell apoptosis was
measured by flow cytometry. (C-D) TPX2-KD A2780 and SKOV3 cells were transfected with siLMNA or its negative control for 48h. ROS

levels were detected by flow cytometry. *p<0.05, **p<0.01, ***p<0.001.

Irregular expression of Lamin A/C disrupts a variety of
critical cellular functions, resulting in several devas-
tating diseases.'® Additionally, accumulating evidence
has stated that Lamin A/C is downregulated in many
carcinomas, including breast cancer,'®*' gastric carci-
noma,? colorectal carcinoma,'*?* cervical cancer,* and
0C.% Consistent with previous studies, our results of

IHC staining also indicated that Lamin A/C levels were
lower in OC, and the OS curve from the Kaplan-Meier
plot showed a better prognosis in the high Lamin A/C
expression group. Interestingly, we found that Lamin
A/C levels were upregulated in TPX2-KD OC cells.
Considering that Lamin A/C is frequently degraded
by phosphorylation,?® we examined the p-Lamin A/C
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levels in the TPX2 KD cells, revealing that the level of
phospho-Lamin A/C (Ser 22) was significantly reduced
in these cells. Functionally, siRNA-mediated silencing
of LMNA expression partially reversed the enhanced
apoptosis and ROS level caused by TPX2 KD in OC cells.

In summary, our work identified an important carcino-
genic role of TPX2 in OC. Mechanistically, we confirmed
that TPX2 interacted with Lamin A/C, modulating its sta-
bility by regulating the level of p-LaminA/C (Ser 22) in OC
cells. These results provided insight into TPX2-associated
pathomechanisms in OC pathogenesis. Furthermore,
TPX2 can be a promising biomarker for OC diagnosis and
prognosis.
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