Received: 8 April 2021

Revised: 25 August 2021

Accepted: 1 September 2021

DOI: 10.1111/cas.15130

ORIGINAL ARTICLE

(T HA IR (A1 WILEY

Overexpression of ARHGAP30 suppresses growth of cervical
cancer cells by downregulating ribosome biogenesis

AijiaWu! | Lan Lin?

| XiaoLi' | QinyangXu! | WeiXu! | Xiaolu Zhu® |

Yincheng Teng! | Xiao-MeiYang? | Zhihong Ai

'Department of Obstetrics and Gynecology,
Shanghai Jiao Tong University Affiliated
Sixth People's Hospital, Shanghai, China

2State Key Laboratory of Oncogenes and
Related Genes, Shanghai Cancer Institute,
Ren Ji Hospital, School of Medicine,
Shanghai Jiao Tong University, Shanghai,
China

Correspondence

Xiao-Mei Yang, State Key Laboratory of
Oncogenes and Related Genes, Shanghai
Cancer Institute, Ren Ji Hospital, School of
Medicine, Shanghai Jiao Tong University,
800 Dongchuan Road, Shanghai 200240,
China.

Email: xmyang@shsci.org

Zhihong Ai, Department of Obstetrics and
Gynecology, Shanghai Jiao Tong University
Affiliated Sixth People's Hospital, No.600
Yishan Road, Shanghai 200233, China.
Email: ai_zhihong@126.com

Funding information
Natural Science Foundation of Shanghai
(grant/award number: 17ZR1421400)

Abstract

We aimed to identify whether Rho GTPase activating proteins (RhoGAPs) were
downregulated in cervical cancers and might be targeted to reduce the growth of
cervical cancer using the GEO database and immunohistochemical analysis to iden-
tified changes in transcription and protein levels. We analyzed their proliferation,
clone formation ability, and their growth as subcutaneous tumors in mice. To detect
ARHGAP3O0 localization in cells, immunofluorescence assays were conducted. Mass
spectrometry combined with immunoprecipitation experiments were used to identify
binding proteins. Protein interactions were validated with co-immunoprecipitation
assays. Western-blot and g-PCR were applied to analyze candidate binding proteins
that were associated with ribosome biogenesis. Puromycin incorporation assay was
used to detect the global protein synthesis rate. We identified that ARHGAP30 was
the only downregulated RhoGAP and was related to the survival of cervical cancer
patients. Overexpression of ARHGAP3O0 in cervical cancer cells inhibited cell prolif-
eration and migration. ARHGAP30 immunoprecipitated proteins were enriched in
the ribosome biogenesis process. ARHGAP30 was located in the nucleous and inter-
acted with nucleolin (NCL). Overexpression of ARHGAP3O0 inhibited rRNA synthesis
and global protein synthesis. ARHGAP30 overexpression induced the ubiquitination
of NCL and decreased its protein level in Hela cells. The function of ARHGAP30
on cervical cancer cell ribosome biogenesis and proliferation was independent of its
RhoGAP activity as assessed with a RhoGAP-deficient plasmid of ARHGAP30R®>?A,
Overall, the findings revealed that ARHGAP30 was frequently downregulated and
associated with shorter survival of cervical cancer patients. ARHGAP30 may sup-
press growth of cervical cancer by reducing ribosome biogenesis and protein synthe-

sis through promoting ubiquitination of NCL.
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1 | INTRODUCTION

Cervical cancer is the most common gynecological tumor world-
wide. The latest data from the International Agency for Research
on Cancer reported 570 000 cervical cancer cases diagnosed and
311 000 deaths in 2018.* Some patients have bad prognosis and low
quality of life when diagnosed as advanced-stage or high-grade his-
tology. In advanced-stage patients, external-beam radiation therapy,
chemotherapy, and brachytherapy were recommended. Cisplatin
was the most active single agent, but its reported response rate only
reached 20%-30%. Data from 411 studies found that overall survival
(OS) with cisplatin alone in metastatic patients was 6.5-9 months.?
It is therefore meaningful to study the pathogenic mechanisms of
cervical cancer and seek new prognostic markers and targets for
cervical treatment.

In cervical cancers, the activities of Racl and RhoA were fre-
quently elevated and upregulated and were related to patients'
worse prognosis.3'4 RhoA and Rac1 are important members of small
GTPase. Rho GTPase activating proteins (RhoGAPs) belong to the
RAS superfamily and control critical biological processes in cancer
tumorigenesis and tumor metastasis. RnoGAPs elevated the intrinsic
activity of RhoGTPase and accelerated hydrolysis of GTP to GDP.
Recent studies found that RhoGAPs were frequently downregulated
in some human cancers.

In this study, using the GEO database, we compared the gene
expression profiles in cervical cancer microarray datasets and found
ARHGAP30 was significantly downregulated in cervical cancers.
ARHGAP30 is a RhoGAP specific for the activity of Racl and RhoA.
A previous study suggested ARHGAP30 was a Wrch-1-interacting
protein that regulated actin dynamics and cell adhesion.® Wang et al®
found that ARHGAP30 promoted p53 acetylation and functional ac-
tivation in colorectal cancer. ARHGAP30 was also found to inhibit
the Wnt/p-catenin pathway in lung cancer and pancreatic cancer to
suppress their progression.”® To date, the function and underlying
molecular mechanism of ARHGAP3O0 in cervical cancer progression
remains unclear.

Ribosomes are essential for protein production in all living cells.
Ribosome synthesis increases in cancer cells to cope with anincrease
in protein synthesis and sustained unrestricted growth.” Ribosome
biogenesis occurs in the nucleolus during the interphase and nucle-
olin (NCL) is one of the most abundant nucleolar proteins known to
play a critical role in the process of ribosome biogenesis.10 NCL in-
teracts transiently with rRNA and pre-ribosomal particles. Previous
studies suggested that NCL functions as multiprotein complexes
during ribosome biogenesis and maturation.’® In addition, NCL
might also be involved in several pre-mRNA processing pathways
such as pre-mRNA splicing, transport, or stability.!* NCL works as an
activator of human papillomavirus type 18 oncogene transcription,
directly linked to cervical carcinogenesis.12 Immunostaining tests
showed that the expression level of NCL was significantly higher in
invasive cervical squamous cell carcinoma than in normal cervical

epithelia tissues.'®

Here we found that ARHGAP3O0 overexpression suppressed the
proliferation of cervical cancer cells in vitro and in vivo, inhibited cell
migration, and promoted cell apoptosis. ARHGAP30 was accumu-
lated in the nucleolus and colocalized with NCL. Mass spectrometry
and co-immunoprecipitation experiments showed that ARHGAP30
interacted with NCL. Furthermore, we found that ARHGAP3O0 pro-
moted the ubiquitination of NCL and facilitated NCL degradation,
accompanied by decreased global protein synthesis. Our study illus-
trated a tumor-suppressing role of ARHGAP3O0 in cervical carcino-
genesis that acted through counteracting nucleolar NCL to suppress

ribosome biogenesis.

2 | MATERIAL AND METHODS
2.1 | Patients and cervical cancer biopsy specimens

Twenty patients with pathologically confirmed cervical cancer were
enrolled and underwent surgery at Shanghai Sixth People's Hospital
affiliated to the Shanghai JiaoTong University School of Medicine
between January 2016 and December 2018. IRB approval was
obtained for using these samples. Both cervical cancer and paired
normal tissues (taken at least 5 cm away from the tumor and con-
firmed to be normal by histological examinations) were analyzed for
ARHGAP3O0 protein expression by immunohistochemical staining.

2.2 | Cell culture

The human cervical cancer cell lines Hela and C33A were all pre-
served in Shanghai Sixth People's Hospital, School of Medicine,
Shanghai Jiao Tong University. All cell lines were cultured in DMEM

medium (Hyclone) supplemented with 10% fetal bovine serum (Bl).

2.3 | Overexpression of ARHGAP30

Plasmid overexpressing ARHGAP30-Flag was constructed by
linking the full length human ARHGAP30 cDNA with the pLenti-
CMV-MCS-3FLAG-PGK-Puro overexpressing
ARHGAP30-EGFP-Flag to monitor the localization of ARHGAP30
was constructed by linking full-length human ARHGAP30 cDNA
with pSLenti-CMV-EGFP-3FLAG vector (OBiO Technology).
RhoGAP-deficient ARHGAP30 plasmid was constructed by linking
ARHGAP30R*A mutant cDNA with pSLenti-CMV-EGFP-3FLAG vec-

tor (OBiO Technology). Lentivirus was produced by co-transfecting

vector. Plasmid

lentiviral plasmid and package plasmids into 293T cells. Cells were
infected by lentivirus for 48 h and then selected by 2 ug/mL puro-
mycin for 48 h. Cells overexpressing ARHGAP30-Flag were used for
CCKS8, colony formation, cell apoptosis assays, Transwell, affinity
capture, and mass spectrometry. Cells overexpressing ARHGAP30-

EGFP-Flag were used in the analysis of subcellular localization of
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ARHGAP30 by immunofluorescence and also in the puromycin in-
corporation assay.

2.4 | Cell proliferation, colony formation, and cell
apoptosis assays

The cell proliferation was determined using CCK-8 (Dojindo
Laboratories) assay. Cell viability was monitored by measuring
absorbance at 450 nm using a Power Wave XS microplate reader
(Infinite M100 pro, TECAN). The experiment was performed in
quintuplicate and repeated twice. Colony formation was per-
formed to evaluate anchorage-independent growth. After 21 days,
colonies were fixed with 4% PFA, stained with crystal violet and
counted by microscopy. For cell apoptosis, cells were serum-free
starved for 24 h and then collected and stained with 50 mg/mL pro-
pidium iodide and Annexin V-fluorescein isothiocyanate (Dojindo
Laboratories) following the manufacturer’s instructions. The per-
centage of Annexin V (+) and propidium iodide (+) cells was ana-
lyzed by flow cytometry.

2.5 | Transwell assay

The migration assays were performed using a Transwell chamber
(Millipore). Cells were seeded into the upper chamber with serum-
free medium (5-8 x 104 cells), and the bottom of the chamber con-
tained the DMEM medium with 10% FBS. After 24 h, cells migrating
through the pore were fixed and stained with crystal violet, and im-
ages were acquired at the same magnitude. Results were based on
four independent experiments (Student's t test).

2.6 | Immunohistochemistry

Immunohistochemistry (IHC) was performed as previously re-
ported.®* Immunohistochemical staining results were scored with-
out prior knowledge of details. Protein staining was scored as two
groups: positive and negative (no appreciable staining in tumor cells).

The final result was satisfied with chi-square test.

2.7 | Animal studies

Animal experiments were approved by the Laboratory Animal
Center of Shanghai Jiao Tong University. All animals received hu-
mane care according to the criteria outlined in the Guide for the
Care and Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National Institutes of
Health. Female BALB/c nude mice (6 weeks old, 15-18 g) received
single subcutaneous flank injection of 8 x 10° Lenti-vector or Lenti-
ARHGAP30 HELA cells (n = 5 per group) in 150 uL PBS. Five weeks
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after injection, the mice were sacrificed and the tumors were har-
vested. The tumor volume was evaluated using the following for-
mula: V = (length) x (width) x (1/2 width).

2.8 | g-PCR

Cervical cancer cells were harvested and lysed in TRIzol (Invitrogen).
Reverse transcription was performed as described.!* ARHGAP30
primers:  5-GGAGGAGTATGGAGTGGTGGATGG-3'
5'-AGGTCTGGCTTCCGCTCTGAC-3' (reverse).

(forward),

2.9 | Western blot assay

Western blot analysis was performed as described.* The anti-
bodies used were anti-ARHGAP30 Ab (Abcam), DYKDDDDK Tag
Polyclonal Antibody (Proteintech Group), Flag-Tag Monoclonal
Antibody NCL Polyclonal Antibody
(Proteintech Group), anti-p-actin Ab (Abways Technology), anti-

(Abways Technology),
Ubiquitin antibody (P4D1; Santa Cruz Biotechnology), Lamin
B1 Antibody (Abways Technology), and alpha Tubulin Antibody
(Abways Technology).

2.10 | Affinity capture and mass spectrometry

Protein A/G magnetic beads (Bimake) were incubated with 2 pg of
anti-Flag antibody or equivalent 1gG for 15 min. Hela cells overex-
pressing ARHGAP30-Flag were lysed with cell lysis Buffer (Sangon
Biotech) and centrifuged. Supernatants were then incubated with
anti-Flag antibody bound magnetic beads (Bimake) for 45 min. Bound
proteins were eluted from the magnetic beads and were subjected to
SDS-PAGE. Gels were stained with Coomassie Blue, and the electro-
phoresis lanes were dissected and subjected to mass spectrometry
analysis (Q Exactive HF-X Hybrid Quadrupole-Orbitrap MS, Thermo
Scientific).

2.11 | Immunofluorescence

Cells transfected with vector and ARHGAP30-EGFP were inocu-
lated in an eight-well u-Chamber (Ibidi). Cells were then fixed with
4% paraformaldehyde at room temperature for 15 min and perme-
abilized with 0.1% Triton X-100 for 5 min. The cells were blocked
with 1% bovine serum albumin at room temperature for 1 h, then
incubated with primary antibodies against NCL Polyclonal Antibody
(Proteintech Group), NPM Antibody (Abcam) and with species-
matched secondary antibodies conjugated with Alexa Fluor-594.
The nucleus was stained with DAPI (D9542, Sigma-Aldrich) for 8 min
at room temperature and the immunofluorescence images were ac-

quired with confocal microscopy (Carl Zeiss).
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2.12 | Puromycin incorporation assay

Puromycin is an aminonucleoside antibiotic, derived from the
Streptomyces alboniger bacterium, that causes premature chain
termination during translation taking place in the ribosome. Part
of the molecule resembles the 3' end of the aminoacylated tRNA,
making it useful for protein translation analysis.*>* Cultured vec-
tor cells and ARHGAP30 overexpression cells were treated with
10 pmol/L for 20 min during the growth phase (40%-50% conflu-
ence), Newly synthesized proteins were labelled by puromycin.
After cell counting, cells were lysed with RIPA lysis with 1 mmol/L
PMSF and Protease inhibitor cocktail. Total proteins were sepa-
rated by 10% SDS-PAGE gel and detected by an antipuromycin
monoclonal antibody (Kerafast).

2.13 | Ubiquitination assay

pCMV-V5-Ub plasmid (OBiO Technology) was transfected to indi-
cated cells to induce Ub overexpression. Cells were treated with or
without 5 umol/L MG132 for 12 h before they were collected and
lysed. Immunoprecipitation of NCL protein was performed using
anti-NCL antibody bound protein A/G magnetic beads. Bound pro-
teins were subjected to SDS-PAGE electrophoresis and blotted with
the anti-ubiquitin antibody (Santa Cruz Biotechnology).

3 | RESULTS

3.1 | ARHGAP30 was downregulated in cervical
cancer tissues and related to poor prognosis

To unveil the differentially expressed RhoGAPs genes in cervical
cancers, we compared gene expression profiles across two analy-
ses containing microarray datasets via the GEO database (GSE6791
and GSE7410). Nineteen RhoGAPs genes in GSE6791 and 13
genes in GSE7410 were downregulated compared to their nor-
mal counterparts, with nine overlapped genes (Figure 1A,B). Low
ARHGAP30 mRNA expression was correlated with poor overall
survival (OS:HR:0.44, P = .014) analyzed in the Kaplan-Meier plot-
ter database while other RhoGAPs were not (Figures 1D and S1).
Low ARHGAP30 mRNA expression was also correlated with poor
progression-free survival (PFS: HR: 0.29, P = .045). We analyzed
ARHGAP30 expression in cervical datasets of GSE7410 containing
40 tumor and five normal samples, and GSE6791 containing 20 tu-
mors and eight normal tissues. Both datasets showed that the mRNA
ARHGAP30 level was significantly lower in cervical tumor tissues
(P = .03 for GSE7410 and P < .01 for GSE6791; Figure 1C). To con-
firm the decreased expression of ARHGAP3O0 in cervical cancers, we
performed IHC staining using a cervical cancer microarray contain-
ing 10 cancers and 10 normal tissues, and the results showed that
ARHGAP30 was significantly downregulated in cervical cancers
(P =.006; Figure 1E).

3.2 | ARHGAP30 suppressed cervical cancer
growth and migration, and promoted apoptosis

To investigate the biological role of ARHGAP3O0 in cervical cancer,
Hela and C33A cells were infected with lenti-ARHGAP30 or lenti-
vector virus. Lentivirus-mediated overexpression of ARHGAP30
was validated by g-PCR and western blot (Figure 2A,B). Cell pro-
liferation and the colony formation ability of cervical cancer cells
were suppressed by overexpression of ARHGAP30 (Figure 2C,D).
In the nude mouse xenograft model, tumor weights and tumor vol-
umes in mice with injection of HELA-Vector cells were larger than
those in HELA-QOV group (Figure 2E). Transwell assays showed that
overexpression of ARHGAP30 led to fewer cells migrating through
the 8 um pore of the chamber, compared to the control group
(Figure 2F). Furthermore, we performed a serum-free induced cell
apoptosis assay. The results showed that the apoptotic rate was in-
creased by overexpression of ARHGAP3O (Figure 2G). These results
demonstrate a suppressing role of ARHGAP3O0 in cervical cancer
progression.

3.3 | ARHGAP30 was located in the nucleolus and
related to ribosome biogenesis

Next, by immunofluorescence staining, we found that ARHGAP30-
EGFP was located in both nucleus and cytoplasm of HELA and C33A
cells, and in the nucleolus ARHGAP30 was co-located with nucleolar
NPM (Figure 3A). The nucleolus is an important dynamic organelle
responsible for the ribosome RNA biogenesis and ribosomal subunits
assembly,17 but the role of ARHGAP3O0 in nucleolus formation and
ribosome biogenesis has not been discovered. Interestingly, when
we performed immunoprecipitation of ARHGAP30-3Xflag and sub-
sequent LC-MS analysis of co-precipitated proteins in ARHGAP30-
3Xflag overexpressing Hela cells, we identified 166 high score proteins
that formed complexes with ARHGAP30 (Table S1). These proteins
were mostly enriched in ribosome biogenesis-related processes and
were largely associated with nucleus and nucleolus apparatus by gene
ontology analysis and KEGG pathway analysis (Figure 3B,C). These re-
sults imply that ARHGAP30 may have a regulatory role of ribosome

biogenesis in the nucleolus of cervical cancer cells.

3.4 | ARHGAP30 suppressed cervical cancer growth
by reducing global protein synthesis

By semiquantitative g-PCR analysis, we found that pre-rRNA, 5.8s
rRNA, and 28s rRNA were significantly reduced by overexpression
of ARHGAP30, while 18s rRNA was not changed (Figure 3D). This
implies that ARHGAP3O is a negative regulator for rRNA transcrip-
tion and ribosome biogenesis, thus ARHGAP30 might have a sup-
pressing role in nascent protein synthesis in cervical cancer cells.
As puromycin resembled the 3' end of the aminoacylated tRNA, it

can be conjugated to the nascent peptide chains and detected by
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FIGURE 1 ARHGAP30 was
downregulated in cervical cancers and
correlated with patient prognosis. A,
Heatmap of Rho GTPase activating
proteins downregulated in GEO database
GSE6791 and GSE7410. We selected

adj P value <.05 as cut off. B, Venn

plot showing the overlap Rho GTPase
activating proteins downregulated
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immunoblot analysis with an antibody against puromycin (3RH11).
We treated ARHGAP30 overexpressing and control cervical can-
cer cells with puromycin (10 pg/mL) for 20 min and extracted cell
lysates for western blot analysis with an antipuromycin antibody.
The results showed that overexpression of ARHGAP3O0 led to re-
duced rates of global protein synthesis in both Hela and C33A cells
(Figure 3E). In cancer cells, the rates of protein biosynthesis were
tightly correlated with the rate of cell growth and proliferation.'®
These results therefore suggest that ARHGAP30 suppresses cervi-
cal cancer growth through downregulating ribosome biogenesis and
global protein synthesis.

3.5 | ARHGAP3O0 interacted with NCL and regulated
its nucleolus expression

Previous study revealed the interaction of ARHGAP30 and acetyl-
transferase p300, and the involvement of ARHGAP30 in p53 acety-
lation and activation.® Ko’ revealed acetylation of NCL by p300 and
ubiquitin-dependent degradation of deacetylated NCL. To address
possible interaction of ARHGAP30 with p300 in cervical cancer

cells, we performed co-immunoprecipitation experiments and found

Tumor Normal
(n=14) (n=18)

that p300 was not co-immunoprecipitated with ARHGAP30 in HELA
cells and C33A cells (Figure S2A).

P300 was neither a prey of ARHGAP30 by analyzing ARHGAP30-
3Xflag bound proteins in the mass spectrometry dataset.
Interestingly, we found NCL was a noticeable prey of ARHGAP30.
NCL is one of the most abundant nucleolar proteins and is known
to interact transiently with rRNA and preribosomal particles. NCL
participated in modulating rDNA transcription, RNA metabolism,
and ribosome assembly and was critical in ribosome biogenesis and
maturation.*%20 Co-immunoprecipitation experiments using an anti-
Flag antibody or an anti-NCL antibody confirmed the interaction
between NCL and ARHGAP3O0 (Figure 4A). By semiquantitative anal-
ysis of the mRNA and protein level of NCL, we found overexpression
of ARHGAP3O clearly reduced the NCL protein level without affect-
ing its mRNA level (Figure 4B). Detection of NCL in nuclear/cytosol
fractionations showed that nuclear NCL was decreased by overex-
pression of ARHGAP30 (Figure 4C). Immunofluorescence of NCL
further confirmed that ARHGAP30-EGFP overexpressing in cervical
cancer cells reduced NCL expression in the nucleolus (Figure 4D).
Global proteomics and interactomic assay showed NCL interacted
with polymerase (RNA) 1,1
tion of pre-rRNA, 28S, and 5.8S rRNA. These results indicate that

which was responsible for transcrip-
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FIGURE 2 ARHGAP3O0 inhibited cervical cancer growth in vitro and in vivo. A, Upper panel: ARHGAP30 mRNA level in various cervical
cancer cell lines. Lower panel: ARHGAP3O0 protein level in various cervical cancer cell lines with ACTB detected as the internal control. B,
Validation of ARHGAP3O0 overexpression in cervical cancer cell lines using rt-PCR and Western blot analysis. Flag antibody was detected for
overexpression of ARHGAP30. C, Analysis of cervical cancer cell proliferation in vitro. Results are shown as the means + standard deviation
of the OD 450 value. D, Anchorage-independent colony formation analysis. Statistical analysis is shown in the lower panel. E, Subcutaneous
tumor growth in mice inoculated with Hela-OV or Hela-Vector cells. Each group of mice was randomly divided into two groups (n = 5 per
group). Upper, Photos of tumors; middle, growth curve of tumors; lower, statistical analysis of tumor weight growth over 5 weeks. Data
shown are the mean + standard deviation. P values were calculated by t test. F, Representative images for Transwell migration assays and
statistical analysis (lower panel). G, Apoptosis analysis of cells with or without ARHGAP30 overexpression. Pl, propidium iodide. Statistical

analysis is show in the right panel. *P < .05; **P < .01; ***P

<.001
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and C33A ARHGAP30-EGFP were cervical cancer cells overexpressed with ARHGAP30-EGFP fusion protein. Scale bar: 20 pm. B, KEGG
pathway enrichment of ARHGAP30 captured proteins in HELA-OV cells. KEGG, Kyoto Encyclopedia of Genes and Genomes. C, GO analysis
of ARHGAP3O0 captured proteins in HELA-OV cells. The y axis represents gene numbers, the x axis represents BP, MF, and CC terms. The
top eight gene ontology entries are listed. BP, biological process; MF, molecular function; CC, cellular component. D, Analysis of pre-rRNA,
288, 5.8S, and 18S rRNA level in Hela-OV, C33A-0V, and their paired control cancer cells, normalized to p-actin (ACTB). E, Western blot

of puromycin-labeled nascent proteins. Puromycin (10 pmol/L) was added to the medium of Hela and C33A cells 20 min before harvest.
Anti-Flag antibody was used to detect the exogenous expression of ARHGAP30-Flag. ACTB was detected as an internal control. Relative
quantification of the density of western blot bands is shown in the right panel

ARHGAP30 suppresses rRNA synthesis and proliferation of cervical

cancer cells through counteracting NCL.

3.6 | ARHGAP30 promoted NCL ubiquitylation and
degradation

We next examined the stability of NCL by adding cycloheximide
(CHX) to inhibit protein synthesis. On treatment with CHX (25 pg/
mL CHX) for 8, 12, and 24 h, the protein level of NCL decreased
dramatically in ARHGAP30 overexpressing Hela cells, whereas it
was just slightly decreased in control Hela cells, suggesting that
ARHGAP30 promoted the degradation of NCL (Figure 5A,B).

Furthermore, we found that decreased NCL expression in

ARHGAP30-overexpressing cells could be recovered by adding a
proteasome inhibitor MG132 (1 pmol/L MG132; Figure 5C). These
results indicate that ARHGAP30 might promote NCL degradation
via the ubiquitin-proteasomal degradation pathway. Thus, we ex-
amined whether ARHGAP30 modulated the ubiquitination of NCL.
We overexpressed ubiquitin in both vector control and ARHGAP30
overexpressed Hela cells, followed by western blot to validate over-
expression efficiency (Figure 5D). Then we immunoprecipitated
NCL and detected its ubiquitination in these cells and found that
the ubiquitination of NCL was increased in ARHGAP30 overex-
pression cells compared to vector control (Figure 5E). These results
demonstrated that ARHGAP30 promoted NCL-ubiquitination me-
diated degradation to inhibit rRNA synthesis and cell proliferation
in cervical cancer cells.
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3.7 | Effects of ARHGAP3O0 on cervical cancer
ribosome biogenesis and growth were independent of
its RhoGAP activity

Since ARHGAP3O0 can function independently of RhoGAP activity,®
we next tested the effects of the RhoGAP-deficient R55A mutant
constructs on cervical cancer ribosome biogenesis and growth.
We constructed the RhoGAP-deficient plasmid of Flag-tagged
ARHGAP30R>* using pSLenti-CMV-EGFP-3FLAG vector. This mu-
tant or wild ARHGAP30 expressing plasmid was transfected to low-
ARHGAP30 expressing Hela and C33A cells. Then we performed
cell growth and cell apoptosis analysis, and we also detected the
global protein synthesis. As shown in Figure 6, RhoGAP-deficient
ARHGAP30R>*A had similar suppressive effects on cell proliferation
(Figure 6A), global protein synthesis (Figure 6B), and production of
pre-rRNA, 5.8S rRNA, and 28S rRNA (Figure 6D) as the wild-type
ARHGAP 30. Furthermore, co-immunoprecipitation experiments
using an anti-Flag antibody demonstrated that the R55A mutant
protein also interacted with NCL in cervical cancer cells (Figure 6C).
These results indicate that ARHGAP3O0 regulates ribosome biogen-
esis and proliferation independently of its RhoGAP activity in cervi-

cal cancer cells.

4 | DISCUSSION

Hyperactivation of ribosome biogenesis initiated by oncogenes

or the loss of tumor suppressor genes has critical roles in cancer

FIGURE 4 ARHGAP30 interacted
with NCL and overexpression of
ARHGAP30 reduced NCL expression. A,
Co-immunoprecipitation of ARHGAP30-
FLAG and NCL in ARHGAP30-FLAG
overexpressing HELA and C33A cells.

B, Expression of NCL in ARHGAP30-
FLAG overexpressing and control cells
(left panel). NCL mRNA analysis in
ARHGAP30-FLAG overexpressing HELA
and C33A and control cells, normalized
to ACTB levels (right panel). C, Cytoplasm
and nucleus distribution of NCL in
ARHGAP30-FLAG overexpress and
control cells. Left, Hela cells; right, C33A
cells. D, NCL expression decreased in cells
overexpressing ARHGAP30-EGFP. Scale
bar: 50 um
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initiation and progression.?! In this study, we found ARHGAP30 is
a nucleolus-located protein that was low-expressed in cervical can-
cers compared to normal cervix tissues and predicted poor progno-
sis of patients. This finding inspired us to investigate the biological
roles and molecular mechanisms of ARHGAP30 in cervical cancer
progression. Through a series of functional assays, we uncovered
a tumor-suppressing role of ARHGAP3O in cervical cancer both in
vitro and in vivo.

Ribosome biogenesis occurred in the nucleolus during the in-
terphase.?? Ribosomal genes were transcribed by RNA polymerasel
to produce the 47S rRNA precursor, which was then processed to
generate the mature 18S, 5.8S, and 28S rRNA. The essential role of
increased ribosome biogenesis and protein synthesis was to sustain
tumor cell growth and proliferation. Our further mechanism inves-
tigations revealed a direct link of ARHGAP30 with nucleolar NCL
to modulate rRNA transcription and ribosome biogenesis. Ribosome
is a complex molecular machine responsible for protein synthesis
in living cells. The number of ribosomes was coordinated with the
activity of protein synthesis.?® Our data thus provided a novel func-
tional mechanism of ARHGAP3O in cervical cancer progression that
promoted the ubiquitination and degradation of NCL to negatively
regulate ribosome-based nascent protein synthesis. ARHGAP30
interacted and colocalized with NCL in the nucleolus and NCL
was a major rRNA binding protein of nucleolus associated to pre-
ribosomal particles. Previous study found NCL interacted with 40
ribosomal proteins,10 some of which were also found in ARHGAP30
immunoprecipitates in cervical cancer cells in our study. These

ARHGAP30-captured ribosomal proteins may directly interacted
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FIGURE 5 ARHGAP30 promoted
the ubiquitination of NCL. A, Western
blot of NCL in ARHGAP30-FLAG
overexpressing and control cells treated
with 25 pg/mL CHX for 4, 8, 12, and

24 h. B, NCL expression relative to
ACTB in A was quantified by image J.
Left panel represents the Hela-Vector
group and right panel represents the
Hela-OV group. C, Western blot of NCL
in Hela-QV cells treated with 25 pg/mL
CHX alone or co-treated with MG132
for the indicated time. D, Hela-Vector
and Hela-OV cells were transfected with
pCMV-V5-Ub plasmid and harvested for
western blot analysis of its expression.
E, Ubiquitination was detected using an
anti-UB antibody. Hela-Vector and Hela-
QV cells were transfected with pCMV-
V5-Ub. After 36 h, the cells were treated
with MG132 for 12 h, then lysates were
immunoprecipitated with a NCL antibody
and detected by western blot
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with ARHGAP3O0 or indirectly through interaction with NCL. The
details and biological functions of these possible interactions are
worthy of further investigations.

NCL was involved in the tumorigenesis by increasing rRNA syn-
thesis and ribosome assembly.24 We found ARHGAP3O0 interacted
with NCL and promoted ubiquitination of NCL. ARHGAP30 also re-
duced the level of pre-rRNA, 28S, and 5.8S in cervical cancer cells,
but how ARHGAP3O0 regulates the ubiquitination of NCL remains un-
resolved. A previous study found NCL ubiquitination was regulated
by CSA, a component of E3 ligase complex.?’> p250GAP, another
member of RhoGAPs, was reported as a novel interactor of the E3
ubiquitin ligase Cdh1-APC.?® These clues suggest that ARHGAP30
may possibly be involved in the NCL/E3 ligase complex machine.

Studies have reported that ribosomal biogenesis stress will acti-

327

vate p53“’ and NCL has been suggested to be associated with p53.

In our study, we found the function of ARHGAP30 on ribosome

biogenesis was similar in different cervical cancer cell lines with dif-
ferent p53 status (low p53 in Hela and mutant p53 in C33A). The
expression levels of p53 and acetylated p53 were not obviously
affected by ARHGAP3O0 overexpression in these cells (Figure S2B).
The transcription levels of p53 target genes PUMA, P21 and BAX
were not affected either (Figure S2B). Therefore, ARHGAP30 might
regulate NCL stability independently of p53 in cervical cancer cells.

Rho GTPases are well-known regulators of the actin cyto-
skeleton, which contribute to cell migration.28 ARHGAP30 is also
involved in actin dynamics.® In this study, we found ARHGAP30 in-
hibited the migration and promoted the apoptosis of cervical cancer
cells. Analysis of ARHGAP30 immunoprecipitated proteins resulted
in focal adhesion enriched gene sets (Table S1). One of these is
TRIP6, which is localized in focal adhesion plaques and associated
with the actin cytoskeleton.?’ A number of studies have verified

that TRIP6 acts as a mediator of cancer migration and invasion.%°
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