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AUP1 transcriptionally activated by KDMSB
reprograms lipid metabolism to promote the
malignant progression of cervical cancer
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Abstract. Cervical cancer is one of the reproductive malignan-
cies threatening women's lives worldwide. In the present study,
it was aimed to explore the role and mechanism of ancient
ubiquitous protein 1 (AUP1) in cervical cancer. Through bioin-
formatics analysis, AUP1 expression in cervical cancer tissues
and the correlation between AUP1 and the prognosis of patients
were analyzed. AUPI1 expression in several cervical cancer
cell lines was detected. Following the co-transfection of short
hairpin RNA specific to AUP1 with or without lysine demeth-
ylase 5B (KDMS5B) overexpression plasmids in SiHa cells,
the proliferation and apoptosis of SiHa cells were detected.
Additionally, wound healing and Transwell assays were used to
detect SiHa cell migration and invasion. Cellular lipid droplets
level was detected using the Oil red O staining. Meantime,
the levels of triglyceride, cholesterol, oxygen consumption
rates and expression of lipid metabolism-related proteins were
detected to assess the lipid metabolism in SiHa cells. Then, the
luciferase reporter assay and ChIP assay were used to verify
the binding between KDM5B and AUPI. Finally, the effects of
AUPI and KDM5B on the growth and lipid metabolism in SiHa
tumor-bearing mice were measured. AUP1 was significantly
upregulated in cervical cancer tissues and cells. AUPI inter-
ference inhibited the malignant biological behaviors and lipid
metabolism reprogramming of SiHa cells, which was blocked
by KDM5B overexpression. Moreover, KDM5B could tran-
scriptionally activate AUP1 and upregulate AUP1 expression.
Furthermore, AUPI knockdown transcriptionally regulated by
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KDMS5B limited the tumor growth and suppressed the lipid
metabolism reprogramming in vivo. Collectively, AUPI could
be transcriptionally activated by KDMS5B to reprogram lipid
metabolism, thereby promoting the progression of cervical
cancer. These findings reveal possible therapeutic strategies in
targeting metabolic pathways.

Introduction

Cervical cancer, a prevalent gynecologic cancer, is the fourth
leading cause of cancer-related death in women worldwide (1).
According to American Cancer Society, there were 604,000
new cases of cervical cancer, and 342,000 women succumbed
to cervical cancer in 2020 (2). In China, the incidence and
mortality of patients with cervical cancer have gradually
increased since 2000, making cervical cancer a public health
issue of great concern (3). The persistent high-risk human
papillomavirus (HPV) infection has been recognized as a
leading cause of cervical cancer (4). Although widespread
vaccination and screening have recently decreased the inci-
dence of cervical cancer, they are not effective in women
with precancerous lesions or cervical cancer (5). Hence, it is
particularly necessary to uncover the underlying pathogenesis
of cervical cancer and find novel targeted therapies for patients
with cervical cancer.

It is well known that changes in cellular energy metabolism
in the tumor microenvironment contributes to tumorigenicity
and tumor progression (6). In recent years, lipid metabolism,
which is a crucial part of tumor energy metabolism, has
been recognized to play a significant role in the occurrence
and metastasis of tumor cells (7,8). Cancer cells support the
rapid proliferation, migration and invasion of tumor cells
through activating lipid metabolism (9). Therefore, inhibition
of abnormal lipid metabolic processes in cancer cells may be
an important strategy for cancer therapy (7). Of note, lipid
metabolism has been considered as a new therapeutic target
for cervical cancer, and an increasing number of researchers
have analyzed the potential link between lipid metabolism
reprogramming and the molecular mechanism of cervical
cancer pathogenesis (10-12).
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Ancient ubiquitous protein 1 (AUP1) located on human
chromosome 2p13 is initially found to be a protein that contains
410 amino acids (13). It is noted that AUPI plays a significant
role in lipid droplet degradation through interaction with the
Ubiquitin Conjugating Enzyme E2 G2 (UBE2G2) to ligase
the ubiquitin, then proceed to the lipophagy pathway (14). As
reported, AUPI can directly interfere with tumor progres-
sion by regulating a series of complex lipid metabolic
cascades (15). For instance, AUP1 knockdown markedly
decreases the contents of intracellular triglyceride (TG) and
cholesterol (CHOL) (15). AUPI can induce lipid accumulation
in cancer cells by facilitating the de novo synthesis of fatty
acids (15). The HumanTFDB database was used to predict
the upstream transcription factors that could transcriptionally
regulate AUP1 expression, and found that lysine demethylase
5B (KDM5B) could bind to the promotor region of AUPI.
KDMS5B, which catalyzes the demethylation of histone 3 lysine
4, is important for embryonic stem cell differentiation (16). It
is addressed that KDMS5B is also overexpressed, amplified, or
mutated in numerous cancer types (17). As a new regulator
involved in lipid metabolism reprogramming, KDM5B facili-
ties the proliferation and migration of breast cancer cells via
AMPK-mediated lipid metabolism reprogramming (18).
Importantly, KDMS5B is significantly upregulated in cervical
cancer, and KDM5B knockdown suppresses the growth of
cervical cancer cells (19). Accordingly, it was hypothesized that
AUPI transcriptionally activated by KDM5B reprogramed
lipid metabolism to accelerate the malignant progression of
cervical cancer.

In the present study, AUP1 expression in cervical cancer
tissues and the correlation between AUP1 expression and
prognosis of patients with cervical cancer were analyzed
using bioinformatic tools. The effects of AUPI silencing
on the malignant biological behaviors and lipid metabolism
of cervical cancer cells and transplantation tumor model
were explored. Further experiments investigated the regula-
tion between AUP1 and KDMS5B. The current findings may
reveal a novel mechanism by which AUPI contributes to
tumorigenesis in cervical cancer.

Materials and methods

Bioinformatics analysis. AUPI expression in normal cervical
tissues (Normal; n=3) and tissues of patients with primary
cervical squamous cell carcinoma (CESC; n=305) was
analyzed using UALCAN database (https://ualcan.path.uab.
edu/) (20). The association between AUPI expression and
the prognosis of patients with cervical cancer was detected
using Kaplan-Meier Plotter database (http:/www.kmplot.
com/) (21). HumanTFDB database (http://bioinfo.life.hust.
edu.cn/HumanTFDB#!/) was used to predict the upstream
transcription factors that could transcriptionally activate
AUPI1 (22).

Cell culture. The human immortalized cervical epithelial
cell line (H8) was supplied from BLUEFBIO (cat.
no. BEN607200572; http://www.bluefcell.com/sy). Four human
cervical cancer cells lines [SiHa (cat. no. BNCC337881), Caski
(cat.no. BNCC354385), HeLa (cat. no. BNCC342189) and C33A
(cat.no. BNCC354329) cells)] were obtained from BeNa Culture

Collection. Cells were incubated in Dulbecco's Modified Eagle's
Medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum (FBS; HyClone; Cytiva) in
a humidified atmosphere with 5% CO, at 37°C.

Transfection. To silence AUPI or overexpress KDMS5B, short
hairpin RNA (shRNA) specific to AUP1 (sh-AUPI-1, 5'-CGC
TTCAGTTCCTGGCCATTT-3";sh-AUP1-2,5'-CTCAGAGAG
TCAAGGAAGTTT-3'), KDM5B (sh-KDM5B-1, 5'-GTCTGT
CCTTGCACATATTAC-3'; sh-KDM5B-2, 5-GTTCCTGTC
CTCCTTACAAAT-3"), the negative control (sh-NC, 5'-GAG
CGATTCTCCTGCAGCATG-3"), KDM5B overexpressing
plasmid (oe-KDMS5B) and the empty vector plasmid (oe-NC)
were designed and synthesized by Shanghai GenePharma
Co., Ltd. These recombinants (50 nmol/l) were transfected
into SiHa cells (3x10° cells/well) using Lipofectamine 3000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h
at 37°C according to the manufacturer's protocol. After
transfection for 48 h, SiHa cells were harvested for follow-up
experiments. The transfection efficiencies were analyzed
using reverse transcription-quantitative PCR (RT-qPCR) and
western immunoblot analysis.

Test for cell viability. Cell Counting Kit-8 (CCK-8; Beyotime
Institute of Biotechnology) assay was used to detect SiHa cell
viability after transfection. The transfected SiHa cells were
seeded into 96-well plates (2x10* cells/well). After cell incuba-
tion for 24,48 and 72 h at 37°C, 10 ul CCK-8 buffer was added
to each well and cells were incubated for additional 4 h. The
absorbance was recorded at 450 nm using a microplate reader
(Bio-Rad Laboratories, Inc.).

Measurement of colony formation. After transfection, SiHa
cells (500 cells/well) were plated onto 6-well plate and
incubated for 2 weeks at 37°C with 5% CO,. Colonies were
fixed with 4% paraformaldehyde for 20 min at room tempera-
ture and stained with 1% crystal violet for 15 min at room
temperature. The colony formation (>50 cells) was observed
and the images were obtained using a light microscope
(Olympus Corporation).

5-ethynyl-2'-deoxyuridine (EdU) staining. The proliferation
of SiHa cells after transfection was assessed using an EDU kit
(Beyotime Institute of Biotechnology). SiHa cells were cultured
in a 12-well plate at 37°C with 5% CO, until 80% confluence
was achieved. Cells were stained with EdU solution for 3 h at
37°C and nuclei were labeled with 4',6-diamidino-2-phenylin-
dole (DAPI; 5 mg/ml, 1:1,000) for 10 min at room temperature.
The cell proliferation was detected using a fluorescence
microscope (Olympus Corporation).

Apoptosis assessment. An Annexin V-FITC Apoptosis
Detection Kit (Beyotime Institute of Biotechnology) was used
to detect the apoptosis of SiHa cells. SiHa cells (2x10° cells)
were resuspended in Annexin-binding buffer. After that, SiHa
cells were stained with 5 ul Annexin V-FITC and 10 ul PI for
15 min at room temperature. Cell apoptosis was analyzed with
a flow cytometer (BD FACS Caliber; BD Biosciences) and the
percentage of apoptotic cells was calculated with FlowJo V7
software (Tree Star, Inc.).
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Wound scratch healing assay. The transfected SiHa cells were
seeded in the 6-well plates and cultured at 37°C with 5% CO,.
‘When the cells were cultured to 90% confluence, a wound was
created using a 20-ul pipette tip through the cell monolayer.
Afterwards, cells were washed with PBS for three times and
maintained in serum-starved DMEM for 24 h at 37°C. The
images of wounds were recorded at 0 and 24 h by a light
microscope (Olympus Corporation). The wound healing ratio
was determined by ImagelJ software. The migration rate was
calculated based on the formula: (Wound width at O h-wound
width at 24 h)/wound width at 0 h x100%.

Transwell assay. After cell transfection, Transwell chambers
(8-pum pores; Corning, Inc.) pre-coated with Matrigel (BD
Biosciences) overnight at 37°C were used to detect the
invasion of SiHa cells. SiHa cells (1x10° cells) suspended
in serum-free DMEM were added to the upper chambers.
DMEM with 10% FBS was added into the lower chamber as
a chemoattractant. After incubating for 48 h in the incubator,
SiHa cells were fixed with 4% paraformaldehyde for 10 min
at room temperature and stained with crystal violet for
15 min at room temperature. A light microscope (Olympus
Corporation) was used for observation and then the number
of invasive cells was calculated using ImageJ 1.8.0 software
(National Institutes of Health).

Detection of TG and CHOL contents. The transfected SiHa
cells were lysed with ice-cold RIPA buffer and centrifuged
(600 x g) for 10 min at 4°C to obtain supernatant. The contents
of TG (cat. no. A110-1-1) and CHOL (cat. no. A111-1-1) in the
supernatant were analyzed according to the manufacturer's
protocol using the commercial kits (Nanjing Jiancheng
Bioengineering Institute). The absorbance at 500 nm was
detected under a microplate reader (Bio-Rad Laboratories, Inc.).

Assessment of oxygen consumption rates (OCR). Through
Seahorse XF Cell Mito Stress Test Kit in the Seahorse XFe96
analyzer (Seahorse Bioscience), OCR (pmol/min) was calcu-
lated according to the manufacturer's protocol. The data were
analyzed using Seahorse XF-96 Wave software.

Luciferase reporter assay. By using HumanTFDB database,
KDMS5B was predicted to have the putative binding site on
AUPI1 promoter. Cells were co-transfected with pGL3-basic
vectors (Promega Corporation) containing the wild-type (WT)
or mutant (MUT) AUPI promoter sequence, oe-KDM5B
and oe-NC using Lipofectamine 3000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). After transfection for 48 h, the
Dual Luciferase Reporter Gene Assay Kit (Beyotime Institute
of Biotechnology) was used to analyze the luciferase activity.
Luciferase activity was normalized to Renilla luciferase.

Chromatin immunoprecipitation (ChIP) assay. ChIP assay
was performed using the ChIP kit (Absin). SiHa cells were
collected with ice-cold RIPA buffer (Beyotime Institute
of Biotechnology) and cross-linked with 1% formaldehyde
for 10 min at room temperature. Chromatin cross-linking
was stopped by glycine. The 100 pl lysates were incubated
with anti-KDM5B (5 pg; cat. no. 153278S; Cell Signaling
Technology, Inc.) or anti-IgG (1.5 ug; cat. no. 30000-0-AP;
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Proteintech Group, Inc.) antibody for 2 h at 4°C. Protein A
agarose was supplemented to precipitate the endogenous
DNA-protein complex. Subsequent to transient centrifugation
at 6,500 x g for 1 min at 4°C, the supernatant was discarded
and the non-specific complexes were washed. The purified
DNA fragments were subjected to PCR analysis.

Tumorigenicity assays in nude mice. A total of 20 female
BALB/c nude mice (6 weeks, 18-20 g; Hangzhou Ziyuan
Laboratory Animal Technology Co., Ltd.) were maintained in
a standardized SPF environment with 12/12-h light-dark cycle,
21-23°C and a relative humidity of 60-65%, with ad libitum
access to food and water. A total of 1x107 SiHa cells transfected
with sh-AUP1, sh-AUP1 + oe-NC or sh-AUP1 + oe-KDM5B
were resuspended in 200 ul PBS and subcutaneously injected
into the right flank of BALB/c nude mice. Tumor volume
calculated as (width)* length/2 was monitored every two days
from day 6 after injection. On the 24th day, all mice were
sacrificed by intraperitoneal injection of pentobarbital sodium
(150 mg/kg), and tumor tissues were collected and images
were captured. All animal studies were approved by the
Laboratory Animal Ethics Committee of The First Affiliated
Hospital of Zhejiang Chinese Medical University (approval
no. HB2005007; Hangzhou, China).

Immunofluorescence staining. The tumorous tissue samples
collected from SiHa tumor-bearing mice were fixed in 4%
paraformaldehyde for 24 h at room temperature and then
embedded in paraffin. The paraffin-embedded tissue sections
(5 pm thick) were conventionally dewaxed with xylene and
rehydrated with gradient ethanol. The sections were permeabi-
lized with 0.1% Triton X-100, and then blocked by 5% bovine
serum albumin (BSA; Beyotime Institute of Biotechnology)
for 1 h at room temperature. Sections were incubated with
anti-Ki67 primary antibody (2 ug/ml; cat. no. ab16667; Abcam)
at 4°C overnight. After washing with PBS for three times, the
sections were incubated with fluorescence-labeled secondary
antibody (1:1,000; cat. no. 8890S; Cell Signaling Technology,
Inc.) for 1 h at 37°C. Nuclei were counterstained with DAPI
(5 mg/ml, 1:1,000) for 15 min at room temperature in the
dark. Images were captured using a fluorescence microscope
(Olympus Corporation).

TUNEL staining. The tumorous tissue samples collected from
SiHa tumor-bearing mice were fixed in 4% paraformaldehyde
for 24 h at room temperature and then embedded in paraffin.
The paraffin-embedded tissue sections (5-um thick) were
dewaxed. The endogenous peroxidase activity in sections
were blocked with 3% H,0,. The sections were incubated with
TUNEL reaction mixture (50 ul) for 1 h at room temperature.
The nuclei were counterstained with DAPI (5 mg/ml, 1:1,000)
for 15 min at room temperature. A total of three random
fields of view were captured with a fluorescence microscope
(Olympus Corporation) and the percentage of TUNEL-positive
cells was calculated.

Oil red O staining. 2x10° SiHa cells were fixed with 4% para-
formaldehyde for 15 min at room temperature and then rinsed
in isopropanol. Subsequently, the cells were stained with Oil
Red O working solution for 30 min at room temperature.
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Figure 1. AUPI expression is significantly upregulated in cervical cancer tissues and cells. (A) AUP1 expression in normal cervical tissues (Normal; n=3)
and tissues of patients with primary CESC (n=305) was analyzed using UALCAN database. ““"P<0.001 vs. Normal group. (B) The association between AUP1
expression and the prognosis of patients with cervical cancer was analyzed using Kaplan-Meier Plotter database. (C) Reverse transcription-quantitative
PCR and (D) western immunoblot analysis were used to analyze AUPI expression in four cervical cancer cell lines (SiHa, Caski, HeLa and C33A cells) and

the human immortalized cervical epithelial cell line (H8 cells). “P<0.01 and *

squamous cell carcinoma.

For tumorous tissue, the tissue sections (5 gm thick) were
embedded with paraffin, dewaxed and stained by Oil Red O
dye liquor for 30 min at room temperature. After washing with
distilled water, the stained SiHa cells and tissue sections were
counter-stained by haematoxylin for 1 min at room tempera-
ture. The images were observed and captured under a light
microscope (Olympus Corporation).

RT-gPCR. Total RNA was isolated using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). The PrimeScript
RT reagent kit (Takara Bio, Inc.) was used to amplify the
synthesized cDNA according to the manufacturer's protocol.
Reactions were run on an ABI 7500 Real-Time PCR System
with the SYBR Green PCR Master Mix (Takara Bio, Inc.)
according to the manufacturer's protocol. The following ther-
mocycling conditions were used: Initial denaturation at 95°C
for 10 min; followed by 35 cycles of denaturation at 95°C for
15 sec, annealing at 60°C for 1 min and extension of 10 min
at 65°C. PCR data were analyzed using 2424 method (23).
Comparative threshold values were normalized to GAPDH.
The following primer pairs were used for qPCR: AUPI
forward, 5'-CTCAGCCAACAGCCCTAACA-3" and reverse,
5'-GGGTGCCATCCTGTTCCTTT-3'; KDM5B forward,
5'-CAGCCTGCGGTGATGGAG-3' and reverse, 5"TGGATG
AAAGCGAAGGGGTC-3"; GAPDH forward, 5'-AATGGG

“P<0.001 vs. H8 group. AUPI, ancient ubiquitous protein 1; CESC, cervical

CAGCCGTTAGGAAA-3" and reverse, 5-GCGCCCAAT
ACGACCAAATC-3.

Western immunoblot analysis. Cells or tumorous tissues
were lysed with ice-cold RIPA buffer (Beyotime Institute of
Biotechnology). Protein concentrations were estimated using
the Bradford assay. Separated by 10% SDS-PGE gels, equal
amounts of proteins (40 pg per lane) were then transferred
onto PVDF membranes. The membranes were blocked with
5% BSA for 1 h at room temperature, and then incubated with
primary antibodies at 4°C overnight. Then, the membrane
was incubated with the HRP-conjugated secondary anti-
body (1:10,000; cat. no. 7074P2; Cell Signaling Technology,
Inc.) at room temperature for 1 h. The protein bands were
visualized with the enhanced chemiluminescence and
the protein density was quantified using ImageJ software.
GAPDH or LaminB1 was used for the control loading.
Anti-AUPI1 (1:1,000; cat. no. 35055S), anti-proliferating
cell nuclear antigen (PCNA; 1:1,000; cat. no. 13110T),
anti-B-cell chronic lymphocytic leukemia/lymphoma-2
(Bcl-2; 1:1,000; cat. no. 3498T), anti-Bcl-2-associated X
protein (Bax; 1:1,000; cat. no. 2772T), anti-matrix metallo-
proteinases 2 (MMP2; 1:1,000; cat. no. 87809S), anti-MMP9
(1:1,000; cat. no. 13667T), anti-KDMS5B (1:1,000; cat.
no. 15327S), anti-LaminB1 (1:1,000; cat. no. 13435S) and
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Figure 2. AUPI interference inhibits the proliferation of cervical cancer cells. (A) Reverse transcription-quantitative PCR and (B) western immunoblot
analysis were used to examine AUPI expression in SiHa cells after transfection with sh-AUP1-1/2. (C) Cell Counting Kit-8 assay measured the viability of
SiHa cells. (D and E) Cell proliferation was assessed by colony formation assay. (F and G) EdU staining detected the proliferation of SiHa cells. ““P<0.001 vs.
sh-NC group. AUPI1, ancient ubiquitous protein 1; EdU, 5-ethynyl-2'-deoxyuridine; sh-, short hairpin; NC, negative control.

anti-GAPDH (1:1,000; cat. no. 2118T) antibodies were
acquired from Cell Signaling Technology, Inc. Anti-Ki67
(1:100) and anti-carnitine palmitoyltransferase IA (CPT1A;
1:1,000; cat. no. ab234111; Abcam) antibodies were also
used. Anti-StAR-related lipid transfer domain containing
5 (STARDS; 1:1,000; cat. no. 10487-1-AP), anti-AMP-acti-
vated protein kinase subunit alpha 2 (PRKAA2; 1:500; cat.
no. 18167-1-AP) and anti-monoglyceride lipase (MGLL;
1:500; cat. no. 14986-1-AP) antibodies were obtained from
Proteintech Group, Inc.

Statistical analysis. All experiments were repeated at least
three times independently. Data were expressed as the

mean + standard deviation (SD) and analyzed with GraphPad
8.0 software (GraphPad Software Inc.; Dotmatics). Differences
among multiple groups were analyzed by one-way ANOVA
followed by post-hoc Tukey's analysis. P<0.05 was considered
to indicate a statistically significant significance.

Results

AUPI expression is significantly upregulated in cervical cancer
tissues and cells. UALCAN database was used to analyze AUP1
expression in normal cervical tissues and tissues of patients with
primary CESC. It was found that AUP1 was highly expressed in
cervical cancer tissues compared with normal cervical tissues
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Figure 3. AUPI interference facilitates the apoptosis of cervical cancer cells. (A and B) SiHa cell apoptosis was detected using flow cytometric analysis.
(C) Western immunoblot analysis measured Ki67, PCNA, Bcl-2 and Bax expression in SiHa cells. “P<0.01 and "“P<0.001 vs. sh-NC group. AUP1, ancient
ubiquitous protein 1; PCNA, proliferating cell nuclear antigen; sh-, short hairpin; NC, negative control.

(Fig. 1A). According to Kaplan-Meier Plotter database, higher
AUPI expression in patients with cervical cancer was associated
with poorer prognosis (Fig. 1B). The subsequent RT-qPCR and
western immunoblot analysis indicated that AUP1 was abnor-
mally upregulated in cervical cancer cells lines (SiHa, Caski,
HeLa and C33A cells) compared with the human immortalized
cervical epithelial cell line (H8) (Fig. 1C and D). Of note, SiHa
cells exhibited the highest AUP1 expression compared with the
other three cervical cancer cells lines. Hence, SiHa cells were
chosen for the following functional experiments. The present
data suggested the abnormally high expression of AUPI in
cervical cancer tissues and cells.

AUPI interference inhibits the malignant biological behaviors
of cervical cancer cells. To study the role of AUPI interfer-
ence in the malignant biological behaviors of cervical cancer
cells, sh-AUP1-1/2 was transfected into SiHa cells to knock
down AUPI expression. Compared with the sh-NC group,
AUPI1 expression was significantly decreased in sh-AUP1-1
and sh-AUPI1-2 groups (Fig. 2A and B). It was also found
that AUPI expression in sh-AUPI-1 group was lower than
that of sh-AUP1-2 group. Therefore, SiHa cells transfected

with sh-AUPI1-1 were selected for following experiments.
Cell proliferation was tested using CCK-8, colony formation
and EdU staining. As shown in Fig. 2C-G, AUPI interfer-
ence significantly inhibited the proliferation of SiHa cells,
reduced the colony formation and decreased EdU fluores-
cence intensity. In addition, AUP1 knockdown significantly
increased the percentage of apoptotic SiHa cells compared
with the sh-NC group (Fig. 3A and B). Ki67, PCNA and Bcl-2
expression was significantly downregulated while Bax expres-
sion was upregulated in AUPI-silenced SiHa cells (Fig. 3C).
Besides, MMPs are the main proteases involved in tumor cell
metastasis migration and invasion (24). Among them, MMP2
and MMPO9 are key enzymes that involved in the metastatic
process of cervical cancer (25,26). As exhibited in Fig. 4A-C,
AUPI deficiency significantly attenuated the migration and
invasion of SiHa cells, accompanied by decreased MMP2 and
MMP9 expression. Collectively, the aforementioned results
suggested that AUP1 interference suppressed the proliferation
and induced the apoptosis of cervical cancer cells.

AUPI interference inhibits the lipid metabolism reprogram-
ming of cervical cancer cells. The alteration of lipid metabolism
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Figure 4. AUPI interference inhibits the migration and invasion of cervical cancer cells. (A) Wound healing assay was used to detect the migration of SiHa
cells. (B) The invasion of SiHa cells was detected by Transwell assay. (C) Western immunoblot analysis was used to identify MMP2 and MMP9 expression in
SiHa cells. ““P<0.001 vs. sh-NC group. AUP1, ancient ubiquitous protein 1; MMP, matrix metalloproteinase; sh-, short hairpin; NC, negative control.

has been known as a crucial process in various cancers and
lipid metabolism has been considered as a new therapeutic
target for cervical cancer (12,27). The effect of AUPI inter-
ference on lipid metabolism was analyzed in the subsequent
assays. Results of Oil red O staining indicated that AUP1
interference significantly decreased lipid droplets, cellular
TG and CHOL contents in SiHa cells (Fig. SA-C). OCR is an
indicator of mitochondrial respiration (28). As demonstrated
in Fig. 5D, compared with the sh-NC group, sh-AUP1 signifi-
cantly inhibited the OCR of SiHa cells. The further western
immunoblot analysis detected the crucial enzymes involved in
the regulation of lipid metabolism (15,29,30) and demonstrated
that AUPI loss-of-function increased CPT1A, STARDS and
PRKAA2 expression while reduced MGLL expression in SiHa
cells (Fig. SE). These data confirmed that AUP1 interference
could inhibit the lipid metabolism reprogramming of cervical
cancer cells.

KDMS5B transcriptionally activates AUPI and upregulates
AUPI expressionin cervical cancer cells. To study the potential

mechanism of AUPI in regulating the malignant biological
behaviors of cervical cancer cells, HumanTFDB database was
used to predict the upstream transcription factors that could
transcriptionally regulate AUP1 expression, and it was found
that KDM5B could bind to the promotor region of AUPI
(Fig. 6A). Compared with the HS cells, AUP1 expression was
significantly upregulated in SiHa cells (Fig. 6B and C). Then,
KDMS5B was overexpressed or silenced by transfection with
0e-KDM5B or sh-KDMS5B-1/2. As revealed in Fig. 6D and E,
transfection of oe-KDMS5B significantly increased KDM5B
expression and sh-KDM5B-1/2 significantly reduced KDM5B
expression. SiHa cells transfected with sh-KDM5B-1 were
chosen for follow-up experiments due to its improved trans-
fection efficiency. Luciferase reporter assay revealed that
oe-KDMS5B significantly increased the promotor activity of
AUP1 compared with the oe-NC group (Fig. 6F). Results of
ChIP assay also confirmed the binding of KDM5B to AUP1
promoter (Fig. 6G). Moreover, KDM5B overexpression signifi-
cantly upregulated AUP1 expression and KDMS5B knockdown
significantly downregulated AUP1 expression in SiHa cells
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Figure 5. AUPI interference inhibits the lipid metabolism reprogramming of cervical cancer cells. (A) Oil red O staining was used to detect lipid droplets in
SiHa cells. The contents of (B) TG and (C) CHOL in SiHa cells were analyzed using the corresponding kits. (D) OCR in SiHa cells was detected using the
Seahorse XF Cell Mito Stress Test Kit. (E) The expression of proteins related to lipid metabolism was detected using western immunoblot analysis. “P<0.01

Hhk

and ""P<0.001 vs. sh-NC group. AUPI, ancient ubiquitous protein 1; TG, triglyceride; CHOL, cholesterol; OCR, oxygen consumption rates; sh-, short hairpin;
NC, negative control; CPT1A, carnitine palmitoyltransferase IA; STARDS, StAR-related lipid transfer domain containing 5; MGLL, monoglyceride lipase.

(Fig. 6H and I). These results demonstrated that KDM5B
could transcriptionally activate AUP1 and upregulate AUP1
expression in cervical cancer cells.

KDMS5B overexpression blocks the inhibitory effects of AUPI
silencing on the malignant biological behaviors of cervical
cancer cells. The rescue experiments were conducted through

the co-transfection with sh-AUP1 and oe-KDMS5B into
SiHa cells. As depicted in Fig. 7A-E, KDMS5B overexpres-
sion significantly promoted the proliferation of SiHa cells
compared with the sh-AUP1 + oe-NC group. Additionally,
compared with the sh-AUP1 + oe-NC group, the apoptotic
percentage of SiHa cells was significantly decreased after the
transfection with sh-AUP1 and oe-KDMS5B (Fig. 7F and G).
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Figure 6. KDM5B could transcriptionally activate AUPI and upregulate AUP1 expression in cervical cancer cells. (A) The putative KDM5B-binding site
on the AUPI promoter was predicated by the HumanTFDB database. (B) RT-qPCR and (C) western immunoblot analysis were used to measure KDM5B
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cells after transfection with oe-KDMS5B or sh-KDM5B-1/2. ““P<0.001 vs. oe-NC group; “P<0.05 and *#P<0.001 vs. sh-NC group. The binding of KDM5B on
AUP1 promoter site was verified using (F) luciferase reporter assay and (G) chromatin immunoprecipitation assay. ““P<0.001 vs. 0oe-NC group or IgG group.
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Figure 7. KDM5B overexpression blocks the inhibitory effects of AUPI silencing on the proliferation and apoptosis of cervical cancer cells. (A) Cell Counting
Kit-8 assay was used to measure the viability of SiHa cells. (B and C) Cell proliferation was detected by colony formation assay. (D and E) EdU staining was
used to detect the proliferation of SiHa cells. (F and G) SiHa cell apoptosis was detected using flow cytometric analysis. (H) Western immunoblot analysis
was used to measure Ki67, PCNA, Bcl-2 and Bax expression in SiHa cells. ““P<0.001 vs. control group; “P<0.05 and ""P<0.001 vs. sh-AUP1 + oe-NC group.
KDMSB, lysine demethylase 5B; AUPI, ancient ubiquitous protein 1; dU, 5-ethynyl-2'-deoxyuridine; PCNA, proliferating cell nuclear antigen; sh-, short
hairpin; NC, negative control; oe-overexpressing.
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Figure 8. KDMS5B overexpression blocks the inhibitory effects of AUPI silencing on the migration and invasion of cervical cancer cells. (A) Wound healing
assay was used to detect the migration of SiHa cells. (B) The invasion of SiHa cells was identified using Transwell assay. (C) Western immunoblot analysis
was used to evaluate MMP2 and MMP9 expression in SiHa cells. ““P<0.001 vs. control group; “P<0.01 and **P<0.001 vs. sh-AUP1 + oe-NC group. KDM3B,
lysine demethylase 5B; AUPI, ancient ubiquitous protein 1; MMP, matrix metalloproteinase; sh-, short hairpin; NC, negative control; oe-overexpressing.

At the same time, KDM5B overexpression in AUP1-silenced
SiHa cells increased Ki67, PCNA and Bcl-2 expression
whereas decreased Bax expression (Fig. 7H). Concurrently,
the migration and invasion of SiHa cells co-transfected with
sh-AUP1 and oe-KDM5B were increased, accompanied
by upregulated MMP2 and MMP9 expression (Fig. 8A-C).
Collectively, KDM5B transcriptionally activated AUP1
to promote the malignant biological behaviors of cervical
cancer cells.

KDMS5B overexpression abolishes the impacts of AUPI
silencing on the lipid metabolism reprogramming of cervical
cancer cells. The lipid metabolism in SiHa cells was detected
following the co-transfection of oe-KDMS5B and sh-AUP1. As
shown in Fig. 9A-C, KDM5B upregulation led to increased
lipid droplets in SiHa cells in sh-AUP1 + oe-KDM5B group
compared with the sh-AUP1 + oe-NC group, accompanied
by the higher TG and CHOL contents. Meantime, the OCR
level in SiHa cells transfected with sh-AUP1 was increased

by KDMS5B overexpression (Fig. 9D). The results of western
immunoblot analysis indicated the downregulated CPTI1A,
STARDS, PRKAA2 expression and the upregulated MGLL
expression in SiHa cells co-transfected with sh-AUP1 and
oe-KDMS5B (Fig. 9E). These results demonstrated that
KDMS5B transcriptionally activated AUPI to reprogram the
lipid metabolism of cervical cancer cells.

AUPI knockdown transcriptionally regulated by KDM5B
interferes with the tumor growth and suppresses the lipid
metabolism reprogramming in vivo. The SiHa tumor-bearing
mice model was established to study the role of AUP1 and
KDMS5B in vivo. The appearance of mice and tumor is
demonstrated in Fig. 10A. The injection of SiHa cells with
sh-AUP1 significantly decreased the tumor size compared
with the control group (Fig. 10B). On the contrary, nude
mice injected with sh-AUP1 + oe-KDM5B-expressing SiHa
cells showed significantly increased tumor size. Western
immunoblot analysis indicated that AUP1 expression
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Figure 9. KDMS5B overexpression abolishes the impacts of AUPI silencing on the lipid metabolism reprogramming of cervical cancer cells. (A) Oil red O
staining was used to detect lipid droplets in SiHa cells. The contents of (B) TG and (C) CHOL in SiHa cells were analyzed using the corresponding Kits.
(D) OCR level in SiHa cells was detected using the Seahorse XF Cell Mito Stress Test Kit. (E) The expression of proteins related to lipid metabolism was
detected using western immunoblot analysis. ““P<0.001 vs. control group; “P<0.05 and "#P<0.001 vs. sh-AUP1 + 0e-NC group. KDM35B, lysine demethylase
5B; AUPI, ancient ubiquitous protein 1; TG, triglyceride; CHOL, cholesterol; OCR, oxygen consumption rates; sh-, short hairpin; NC, negative control;

oe-overexpressing.

in tumor tissues was significantly downregulated in the
sh-AUP1 group, which was restored by the further KDM5B
overexpression (Fig. 10C). Meanwhile, AUP1 knockdown
had no significant effect on KDM5B expression (Fig. 10C).
On the contrary, compared with the sh-AUP1 + oe-NC
group, KDM5B overexpression significantly elevated

KDMS5B expression in tumor tissues of SiHa tumor-bearing
mice. Besides, decreased Ki67 expression and increased
TUNEL-positive cells were found in the tumor tissues of
mice with AUPI1 knockdown, which were then reversed
by KDM5B overexpression (Fig. 10D and E). Moreover,
lipid droplets in tumor tissues were identified using oil
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Figure 10. AUP1 knockdown transcriptionally regulated by KDMS5B interferes with the tumor growth in vivo. (A) The images of SiHa tumor-bearing mice
and the dissected tumor. (B) The tumor volumes were recorded every two days from the 6th day after injection. (C) The expression of AUP1 and KDMS5B was
detected using western immunoblot analysis. (D) Ki67 expression in tumor tissues was detected by immunofluorescence staining. (E) Apoptosis was detected
using TUNEL staining. “P<0.001 vs. control group; “P<0.05 and **P<0.001 vs. sh-AUP1 + 0oe-NC group. AUP1, ancient ubiquitous protein 1; KDM5B, lysine
demethylase 5B; sh-, short hairpin; NC, negative control; oe-overexpressing.

red O staining. It could be observed that lipid droplets  (Fig. 11A and B). Compared with the sh-AUP1 + oe-NC
were decreased in the sh-AUPI group compared with the  group, KDMS5B overexpression promoted the lipid accu-
control group, accompanied by increased CPTIA, STARDS, mulation, which was also supported by downregulated
PRKAA?2 expression and decreased MGLL expression CPTI1A, STARDS, PRKAA?2 expression and upregulated
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Figure 11. AUPI knockdown transcriptionally regulated by KDMS5B suppresses the lipid metabolism reprogramming in vivo. (A) Oil red O staining was
used to detect the lipid accumulation in tumor tissues. (B) The expression of proteins related to lipid metabolism in tumor tissues was detected using western
immunoblot analysis. ““P<0.001 vs. control group; “P<0.05 and *#P<0.001 vs. sh-AUPI + 0e-NC group. AUPI, ancient ubiquitous protein 1; KDM5B, lysine
demethylase 5B; sh-, short hairpin; NC, negative control; oe-overexpressing; CPT1A, carnitine palmitoyltransferase IA; STARDS, StAR-related lipid transfer

domain containing 5; MGLL, monoglyceride lipase.

MGLL expression. Collectively, the aforementioned results
suggested that AUP1 knockdown transcriptionally regulated
by KDM5B interfered with the tumor growth and suppressed
the lipid metabolism reprogramming in vivo.

Discussion

The present study suggested the abnormally high expression
of AUPI in cervical cancer tissues and cells. AUP1 could be
transcriptionally activated by KDM5B to reprogram lipid
metabolism, thereby promoting the malignant progression of
cervical cancer. The present findings provided mechanistic
insights and more rationales for developing new cervical
cancer therapies.

AUPI, a lipid droplet-localized type-III membrane
protein, was initially recognized and defined by Meisler et al
in 1996 (13). A recent study has reported that AUP1 expres-
sion is increased in glioblastoma tumor component and AUP1
expression is correlated with tumor grade (31). As one of

the lipid droplet-associated genes, AUPI has been regarded
as a diagnostic and prognostic biomarker in head and neck
squamous cell carcinoma (32). Importantly, Chen et al (15)
revealed the abnormally high AUPI expression in clinical
samples of patients with renal clear cell carcinoma, and
they also demonstrated that AUP1 deficiency could inhibit
the proliferation, migration and invasion of renal clear cell
carcinoma in vitro and in vivo. In terms of uveal melanoma,
AUPI interference restrains the proliferation and invasion
of uveal melanoma cells (33). In the present study, highly
expressed AUP1 was found in the cervical cancer tissues
and cell lines, and higher AUP1 expression in patients
with cervical cancer was associated with poorer prognosis,
which is consistent with previous studies on the significance
of AUPI expression in other tumors aforementioned. It is
already known that tumor cells have malignant charac-
teristics of infinite proliferation, migration, invasion and
apoptosis resistance in the process of malignant transforma-
tion (34-36). Functional experiments suggested that AUP1
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interference inhibited these malignant biological behaviors
of cervical cancer cells, suggesting the anti-cervical cancer
potential of AUP1 knockdown.

The metabolic system of cells plays a major regulatory
role in maintaining the rapid proliferation and strong activity
of tumor cells. In recent years, lipid metabolic disorders
have become increasingly important in terms of tumor cell
metabolism (37). Lipid metabolism is highly reprogrammed
in cancer cells to meet altered energy requirements caused
by elevated membrane structure formation during the
rapid proliferation, mainly manifested as increased lipid
production, lipid storage of intracellular lipid droplets
and changed expression of related genes (38). Targeting
altered lipid metabolism in cancer cells has been consid-
ered to be a promising strategy for cancer therapy (39). In
cervical cancer, Linc00657 promotes Skp2 expression to
facilitate the cancer progression by reprogramming fatty
acid metabolism (40). As a lipid metabolism regulator,
HSDL?2 modulates the proliferation, migration and invasion
of cervical cancer cells (40). It has been reported that the
decrease in lipid levels (TG and CHOL) significantly attenu-
ates the energy supply and biofilm synthesis to maintain cell
proliferation (41). There are a variety of enzymes involved
in the regulation of lipid metabolism in cancer cells. For
instance, CPT1A is a key rate-limiting enzyme for fatty
acid oxidation, and increased CPT1A expression can inhibit
lipid deposition (42). STARDS is a lipid transporter that
participates in the lipid transport between different cell
membranes (43). Insufficiency of STARDS displays not only
liver triglyceride accumulation but also dysregulation in
genes of the fatty acid synthesis pathway (44). As previously
reported, PRKAA?2 is a crucial energy-sensing enzyme that
can monitor cellular energy status, which can phosphorylate
and inactivate acetyl-CoA carboxylase, thereby inhibiting
the de novo synthesis of fatty acid (30). Besides, as a key
metabolic enzyme in lipid metabolism, MGLL is responsible
for the conversion of triglycerides into free fatty acids (45).
AUPI localizes to lipid droplets and AUP1 expression level
affects the accumulation of lipid droplets in cells (46). The
increased accumulation of lipid droplets is an important hall-
mark of neck squamous cell carcinoma, and AUP1 is found
to be a differentially expressed lipid droplet-associated gene
with diagnostic and prognostic potential in neck squamous
cell carcinoma (32). Particularly, AUP1 can directly inter-
fere with tumor progression by modulating lipid metabolism
and inducing lipid accumulation (15). In the present study,
AUPI1 interference inhibited the lipid metabolism repro-
gramming of cervical cancer cells, as evidenced by reduced
lipid droplets disposition, TG and CHOL contents and OCR
level, increased CPT1A, STARDS and PRKAA?2 expression
and decreased MGLL expression in SiHa cells.

KDMS5B was predicted to be one of the upstream tran-
scription factors that could transcriptionally regulate AUP1
expression, which was confirmed by luciferase reporter
assay and ChIP assay in the present study. As an oncogene,
KDMS5B is closely related to tumorigenesis and targeting
KDM5B has emerged as a promising strategy for cancer
treatment (47). KDMS5B expression has been observed to
be significantly increased in cervical cancer and the loss of
KDMS5B function suppresses the growth of cervical cancer
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cells (19). KDM5B is a new regulator involved in lipid
metabolism and KDMS5B participates in diabetic peripheral
neuropathy by regulating SIRT3-mediated mitochondrial
glycolipid metabolism (48). Moreover, Backe et al (49)
have highlighted the role of KDM5B in glucose meta-
bolic homeostasis. KDM5B has been found to promote
the malignant progression of breast cancer by regulating
lipid metabolism reprogramming, and KDM5B deficiency
can reregulate the levels of lipid metabolizing enzymes in
breast cancer cells (18). Consistent with the aforementioned
studies, KDM5B was highly expressed in SiHa cells, and
KDMS5B overexpression abolished the impacts of AUP1
downregulation on the malignant biological behaviors and
lipid metabolism reprogramming of cervical cancer cells,
which were further supported by the in vivo experiments
in SiHa tumor-bearing mice. These results together demon-
strated that AUPI transcriptionally activated by KDM5B
reprogramed lipid metabolism to accelerate the malignant
progression of cervical cancer.

However, the present study had a limitation. AUP1
expression was only evaluated in cervical cancer tissues
through bioinformatics tools. The analysis of clinical
cervical cancer tissue samples will be included in our future
investigation.

In conclusion, the present study was the first to reveal the
upregulation of AUPI expression in cervical cancer tissues and
cells. The functional analysis experiments proved that AUP1
could be transcriptionally activated by KDM5B to reprogram
lipid metabolism, thereby promoting the malignant progres-
sion of cervical cancer. The results of the present study may
provide mechanistic insights and reveal possible therapeutic
strategies in targeting metabolic pathways.
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