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� The prognostic miR-532-5p inhibited
epithelial-mesenchymal transition
and lymphangiogenesis by regulating
lipid droplets accumulation.

� miR-532-5p-correlated ceRNA
network in which LINC01410 directly
bound to miR-532-5p effectively
functioned as a sponge for miR-532-
5p to disinhibit its target gene-FASN.

� Combined therapy with miR-532-5p
and FASN inhibitor-orlistat blocked
lymph node metastasis and tumor
growth.
g r a p h i c a l a b s t r a c t

The prognostic miR-532-5p inhibited epithelial-mesenchymal transition and lymphangiogenesis by reg-
ulating lipid droplets accumulation. Mechanistically, a miR-532-5p-correlated ceRNA network in which
LINC01410 directly bound to miR-532-5p effectively functioned as a sponge for miR-532-5p to disinhibit
its target gene-FASN. Combined therapy with miR-532-5p and FASN inhibitor-orlistat blocked lymph
node metastasis and tumor growth.
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Introduction: The prognosis for cervical cancer (CC) patients with lymph node metastasis (LNM) is extre-
mely poor. Lipid droplets (LDs) have a pivotal role in promoting tumor metastasis. The crosstalk mech-
anism between LDs and LNM modulated in CC remains largely unknown.
Objectives: This study aimed to construct a miRNA-dependent progonostic model for CC patients and
investigate whether miR-532-5p has a biological impact on LNM by regualting LDs accumulation.
Methods: LASSO-Cox regression was applied to establish a prognostic prediction model. miR-532-5p had
the lowest P-value in RNA expression (P < 0.001) and prognostic prediction (P < 0.0001) and was selected
for further study. The functional role of the prognostic miR-532-5p-correlated competing endogenous
RNA (ceRNA) network was investigated to clarify the crosstalk between LDs and LNM. The underlying
mechanism was determined using site-directed mutagenesis, dual luciferase reporter assays, RNA
immunoprecipitation assays, and rescue experiments. A xenograft LNM model was established to evalu-
ate the effect of miR-532-5p and orlistat combination therapy on tumor growth and LNM.
Results: A novel 5-miRNAs prognostic signature was constructed to better predict the prognosis of CC
patient. Further study demonstrated that miR-532-5p inhibited epithelial-mesenchymal transition and
lymphangiogenesis by regulating LDs accumulation. Interestingly, we also found that LDs accumulation
promoted cell metastasis in vitro. Mechanistically, we demonstrated a miR-532-5p-correlated ceRNA
network in which LINC01410 was bound directly to miR-532-5p and effectively functioned as miR-
532-5p sponge to disinhibit its target gene-fatty acid synthase (FASN). Combined therapy with miR-
532-5p and FASN inhibitor-orlistat further inhibited tumor growth and LNM in vivo.
Conclusion: Our findings highlight a LD accumulation-dependent mechanism of miR-532-5p-modulated
LNM and support treatment with miR-532-5p/orlistat as novel strategy for treating patients with LNM in
CC.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction in cancer progression [18–20]. We have characterized LNMICC as
Cervical cancer (CC) is among the top four cancers affecting
women worldwide.[1]. Metastasis, especially lymph node metasta-
sis (LNM), is frequent in CC patients, even in disease after early
stage and is the leading causes of CC-associated mortality [2].
The 5-year survival rate of CC patients without LNM is 80–90%,
while in those with LNM, it is reduced to 50–65% [3,4]. To improve
the prognosis of CC patients with LNM, exploration of molecular
mechanisms and effective targets to prevent LNM are urgently
needed.

Metabolic reprogramming has been recognized as a hallmark of
cancer metastasis [5]. Although theWarburg effect is the best char-
acterized metabolic phenotype of tumor, growing evidence indi-
cates that the metabolic phenotype of carcinogenesis is not
consistent with those in cancer metastasis [6,7]. Lipid metabolic
abnormalities may confers a selective metastatic advantage for
cancer cells and fatty acid (FA) metabolism reprogramming is
involved in modulating tumor metastasis [8,9]. Lipid droplets
(LDs), the main storage site of intracellular lipids, are multifunc-
tional dynamic organelles. Studies have shown that LDs are com-
posed of a neutral lipid core surrounded by a monolayer of
phospholipids with a diverse array of associated proteins involved
in lipid metabolism [10,11]. LDs are not only the main building
blocks of membrane biosynthesis but also critical central regula-
tors of inflammatory and metastatic pathways [12,13]. However,
the relative contribution of LD accumulation to nodal metastasis
in CC remains incompletely understood.

Noncoding RNAs (ncRNAs) have been defined as the new cen-
tral dogma of cancer biology [14,15]. With rapid advancement of
research on the mechanisms of ncRNA interactions in tumor pro-
gression, it has become increasingly difficult to view ncRNA func-
tions in isolation. The ‘‘competing endogenous RNA” (ceRNA)
hypothesis provides an exciting novel aspect of RNA biology
[16,17]. According to this hypothesis, ceRNAs are gene-regulatory
ncRNAs that harbor miRNA response elements (MREs) [17]. Indeed,
numerous studies have demonstrated the value of ceRNA network
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an lncRNA that promotes metastasis in CC through the reprogram-
ming of fatty acid metabolism [9]. Unfortunately, it is still unclear
whether and how the ceRNA network is involved in modulating
the crosstalk between LD accumulation and nodal metastasis in CC.

Here, we report that miR-532-5p is downregulated in CC
patients with LNM based on the TCGA (The Cancer Genome Atlas)
database for the first time. miR-532-5p suppressed epithelial-
mesenchymal transition (EMT) signaling pathway by targeting
fatty acid synthase (FASN). We also demonstrate that miR-532-
5p specifically inhibits LNM by modulating LD accumulation and
metabolism. Importantly, we verified that LINC01410 acted in a
ceRNA-dependent manner to positively regulate FASN expression
through sponging miR-532-5p. Moreover, our results suggest that
LINC01410/miR-532-5p/FASN ceRNA network is a prognostic mar-
ker for poor survival and correlates positively to LNM. Collectively,
these findings may provide a novel avenue for exploring the mech-
anism of LNM and highlight the potential clinical utility of the
ceRNA network as a promising therapeutic target in CC.

Materials and methods

Ethics statement

The study was in accordance with the Ethics Committee of Pek-
ing University Third Hospital and Helsinki declaration. Informed
consent was obtained from each patient. All specimens were han-
dled based on the legal and ethical standards. All animal experi-
ments were approved by the Animal Ethical and Welfare
Committee of Peking University. (Approval no. S2019142)

Clinical specimens

For total RNA isolation, all freshly frozen CC samples (n = 20)
were obtained from Peking University Third Hospital. Normal uter-
ine cervical tissues were obtained from hysterectomy specimens of
5 nonmalignant pathology patients and used used as control. All
specimens were frozen immediately at �80 �C.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Cell lines

The HeLa, SiHa and MS751 cells were purchased from American
Type Culture Collection. Human lymphatic endothelial cells
(HLECs) were obtained from ScienCell Research Laboratories
(Carlsbad, USA). The cells were cultured at 37 �C containing 5%
CO2 according to the guidelines.

RNA extraction, qRT-PCR, in situ hybridization (ISH) and Western blot
analysis

Total RNA was extracted using TRIzol reagent (TaKaRa, Japan).
QRT-PCR was conducted on ABI 7500 Real-Time PCR system
(Thermo Scientific) using SYBR Premix Ex Taq (TaKaRa). For the
detection of miRNA and U6, RNA samples were reverse-
transcribed (RT) into complementary DNA using PrimeScrip RT
Reagent Kit (TaKaRa, Japan) by specific stem loop RT primers.
The results were calculated using 2–DDCT method. The ISH probe
of LINC01410 was synthesized by TaKaRa Biotech Co. Primer
sequences are listed in Supplementary Table 1. ISH and Western
blot analysis were carried out using routine procedures as
described in the Supplementary Methods and Supplementary
Table 2.

Cytosolic and nuclear RNA fractionation

SiHa and HeLa cells were used to perform cytosolic and nuclear
RNA extraction with the PARIS Kit (Invitrogen) following the man-
ufacturer’s instructions. HOTAIR and U6 and GAPDH and b-actin
acted as cytoplasmic and nuclear RNAs controls, respectively.

Cell transfection

For transient transfection assays, miRNA mimics, miRNA inhibi-
tors and LINC01410 siRNA synthesized by GeneCreate (Wuhan,
China) were transfected into CC cells using Lipofectamine RNAi-
MAX Reagent (Invitrogen, USA). The transfection of FASN and
LINC01410 plasmid synthesized by GeneCreate (Wuhan, China)
was performed with X-tremeGENE HP DNA Transfection Reagent
(Roche, Mannheim, Germany). The detailed description is provided
in the Supplementary Methods and Supplementary Table 1.

Cell proliferation assays, transwell invasion assays and endothelial cell
tube formation assay

For the cell proliferation assays, an MTT (Sigma-Aldrich) solu-
tion was added to each well containing an appropriate number
of cells after transfection. The absorbance value was measured at
490 nm to evaluate cell viability. For transwell assays, the cells
were seeded onto the upper chamber, while the lower chamber
was filled with medium containing 10% bovine serum albumin.
The cells that migrated on the lower surface were fixed, stained,
and counted. For tube formation assay, HLECs were treated with
the conditioned mediums from the cervical cancer cells for incuba-
tion 6 h. Tube structures was quantified according to the total tube
length or the number of branch nodes using ImageJ software (NIH,
Boston, MA, USA).

Quantification of LD accumulation

For cell LD quantification, the lipophilic fluorescence dye BOD-
IPY 493/503 (Invitrogen) and Oil Red O (Sigma-Aldrich, USA) stain-
ing were employed to monitor LD accumulation in CC cells/tissues.
Cells grown on coverslips were washed in Phosphate Buffered Sal-
ine (PBS), fixed with 4% paraformaldehyde, and stained with BOD-
IPY 493/503 (1 mg/ml). After nuclei were counterstained with
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Hoechst (10 lg/ml), confocal analysis was performed with an
Olympus FV-1000 confocal microscope (Tokyo, Japan), and LD
numbers per cell were evaluated with ImageJ software. The Oil
Red O staining procedure for cryosections was performed. In brief,
frozen sections were fixed in formalin, rinsed with 60% isopropanol
and stained with Oil Red O working solution (5:1 Oil Red O in 60%
triethyl-phosphate (w/v)).
Quantification of triglycerides and phospholipids

The quantification of triglycerides (TGs) and phospholipids
(PLs) were performed using EnzyChromTM Triglyceride and Phos-
pholipid Assay Kits (BioAssay Systems), respectively, based on the
manufacturer’s instructions.
Dual luciferase assay

The luciferase assay was performed as previously described [9].
The targeting mutant LINC01410 and FASN were synthesized into
the vector by GeneCreate (Wuhan, China), and the resulting con-
structs were named pmirGLO-LINC01410-Mut and pmirGLO-FASN-
mut, respectively. A mixture of Renilla luciferase reporter vectors,
luciferase reporter vectors (pmirGLO-LINC01410-wt, pmirGLO-
LINC01410-mut, pmirGLO-FASN-wt, or pmirGLO-FASN-mut) and
other transfection components (miRNA-Ctrl or miR-532-5p mim-
ics) were transfected into cells for 48 h. Firefly and Renilla lucifer-
ase activities were detected using Dual Luciferase Reporter Assay
kit (Promega).
RNA immunoprecipitation (RIP) assay

RIP experiments were performed with Magna RIPTM RNA-
Binding Protein Immunoprecipitation Kit (Millipore, USA). Briefly,
cell lysates in RIP lysis buffer were conjugated with 6 mg of anti-
AGO2 antibody or normal anti-IgG. Then, RNA-protein complexes
were precleared with protein G Dynabeads. Subsequently, the
retrieved RNA was assayed by qPCR.
Hematoxylin-eosin (HE) staining

In brief, the formalin-fixed paraffin-embedded sections were
dipped in hematoxylin for 5 min, covered with 0.1% HCl and 0.1%
NH4OH, and washed with running tap water. Then, the sections
were stained with eosin. The stained sections were imaged and
analyzed under microscope (Olympus, Tokyo).
Xenograft model

Xenograft models have been previously described using female
BALB/c nude mice (age 4–5 weeks, n = 40) [9]. For subcutaneous
xenograft tumor model, 1 � 107 cells/150 ml transfected with len-
tivirus containing miR-532-5p or control vector were injected sub-
cutaneously into nude mice. After injection, tumor growth was
measured in mice three times per week for 30 days. Tumor volume
was calculated by a following formula: length � width2 � 0.52. For
xenograft LNM model, 1 � 107 cells/50 ml were directly injected
into the foot pads of mice. The lymph nodes from the popliteal
fossa or other sites were removed and fixed for HE staining. The
metastatic foci was counted and diagnosed by pathologists. For
experiments with orlistat (an FASN inhibitor), when tumor sizes
reached approximately 150–200 mm3, the mice were intraperi-
toneally injected with orlistat (240 mg/kg/d) or equal volume of
vehicle (33% ethanol in PBS) for 3 weeks.
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Bioinformatics analysis

OncomiR or OncoLnc was used to retrieve miRNAs associated
with CC prognosis [21,22]. miRWalk2.0 containing DIANAmT, miR-
anda, miRDB, miRWalk, RNAhybrid and PICTAR4 was used to pre-
dict potential miR-532-5p targets [23]. The predicted genes were
used to perform functional enrichment studies using gene set
enrichment analysis (GSEA) to reveal the biological function of
miR-532-5p [24]. Reference gene collection is c2.cp.v7.2.symbols.
gmt (curated). We randomly assign the original phenotype labels
to samples, reorder all genes according to the difference in expres-
sion (using an appropriate metric, signal-to-noise ratio, SNR). We
then measure the extent of association by a non-parametric, run-
ning sum statistic termed the enrichment score (ES) and record
the maximum ES (MES) over all gene sets in the actual data from
affected individuals. The entire above procedure is repeated 1000
times, using permuted diagnostic assignments and creating a his-
togram of the maximum ES.We used the RNAhybrid bioinformatics
prediction tool to find the minimum free energy (mfe) structure of
the hybridization of miR-532-5p and FASN or LINC01410 [25]. Dif-
ferential expression and correlation analysis of the LINC01410/
FASN/PLIN2 were analyzed by Gene Expression Profiling Interac-
tive Analysis (GEPIA) database which including TCGA and GTEx
samples [26]. The immunohistochemistry (IHC) analysis of FASN
and PLIN2 was obtained from The Human Protein Atlas database
[27–29].
Statistical analysis

All statistical analyses were performed with SPSS software (ver-
sion 13.0) and Prism 5.0 (GraphPad software). Student’s t-test or
one-way ANOVA was used for comparisons. The data are presented
as the mean ± SD of at least three independent experiments. Least
absolute shrinkage and selection operator (LASSO)-Cox regression
were applied to build miRNA prognostic model. The optimal cutoff
values for overall survival (OS) and disease free survival (DFS) was
determined by the ‘‘sur_cutpoint” function of the ‘‘survminer” R
package. It automatically calculated the segmentation point with
the minimum P value, which is the threshold value of high-risk
group and low-risk group. Multiple statistical packages were used
in R software (version 4.0.4, R Core Team, 2021) to download TCGA
data (including FIGO stage, lymph node status, OS and DFS, Supple-
mentary Table 3) and generate forest plots, survival curves and the
time-dependent receiver operating characteristic (ROC) curve.
P < 0.05 were considered significant.
Results

Establishment of the prognostic miRNAs score model and expression
study of candidate miRNAs

To identify miRNAs associated with prognosis, we obtained the
expression profiles of miRNAs based on correlation between miR-
NAs and pathologic nodal metastasis or distant metastasis status,
clinical stage, expression differences in different survival states
and the significance threshold P < 0.01 using OncomiR and
OncoLnc. The entire workflow is presented in Supplementary
Fig. S1. Subsequently, these miRNAs were analyzed in a Lasso
regression model (Supplementary Fig. S2A-B) and finally, 5 candi-
date prognostic miRNAs signature were identified, namely, miR-
142-3p, miR-532-5p, miR-378a-5p, miR-150-3p, and miR-361-3p
(Fig. 1A and Supplementary Fig. S2C). Next, the Risk Score of each
sample was calculated based on the LASSO regression co-efficiency
through the following formula:
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Risk score ¼
Xn

i¼1

Coef i � Xi

Coefi is the risk coefficient of prognostic miRNAs calculated by
the LASSO model and Xi is the expression value. we calculated a
prognostic risk score with the following formula: Risk Score = [m
iR-142-3p*(�0.00002696198)] + [miR-532-5p*(�0.0001861752)]
+ [miR-378a-5p*(�0.0003280755)] + [miR-150-3p*(�0.03612045
)] + [miR-361-3p*(�0.0000827455)] (Supplementary Table 4).
The patients were divided into two groups according to median
value. The Kaplan-Meier (KM) analysis showed that patients (stage
I–IV) in the high-risk group had worse OS than patients in the low-
risk group (Fig. 1B-C and Supplementary Fig. S2D-F). The difference
was more significant than that with the single miRNA index. Then,
all patients with early-stage (I–IIA) disease were further evaluated
by the risk score. Similar significant predictive power of the 5-
miRNAs signature was found in both OS and DFS (Fig. 1D-E and
Supplementary Fig. S2G-I). Subsequently, the accuracy of the
five-miRNAs signature was validated using the testing set from
our patients corhorts. We found that the high-risk group resulted
in poor OS and DFS (Supplementary Fig. S2J). The time-
dependent ROC curve analysis of risk model demonstrated its
promising predictive value for CC survival (Fig. 1F-G). Significantly,
the 5-year OS was 31.944% in high risk group versus 88.783% in
low risk group in stage I-IIA (Supplementary Table 4).

To validate the above analysis in terms of miRNA expression, we
measured the expression levels of the 5 selected miRNAs. As
shown in Fig. 1H, the 5 miRNAs expression in the candidate prog-
nostic signature was markedly decreased in CC tissues compared
to normal controls. miR-532-5p had the lowest P-value in RNA
expression (P < 0.001) and prognostic prediction (P < 0.0001) and
was selected for further study. The qPCR data showed that miR-
532-5p expression was significantly lower in primary CC tumors
with LNM than without LNM (Fig. 1I). Meanwhile, miR-532-5p
expression in HeLa and SiHa cells which derived from primary sites
were significantly higher than those in MS751 cells which derived
from lymph node metastatic sites (Fig. 1J).

miR-532-5p suppresses CC cell metastasis, lymphangiogenesis and
EMT in vitro

According to the correlation of expression level between miR-
532-5p and mRNAs, The result of GSEA indicates that miR-532-
5p maybe participate in the metastasis and arachidonic acid meta-
bolism (Supplementary Fig. S3A). Therefore, to further explore the
potential inhibitory effects of miR-532-5p on LNM, we chose SiHa
and HeLa cell lines to perform gain-of-function and loss-of-
function experiments. The efficiencies of interference and overex-
pression reagents were detected by qRT-PCR (Supplementary
Fig. S3B).

First, we investigated whether miR-532-5p inhibits CC cell pro-
liferation since primary tumor size has been positively correlated
with LNM in various solid tumors [30,31]. Cell proliferation assays
(with MTT) revealed that miR-532-5p overexpression significantly
led to decreased proliferation (P < 0.01, Fig. 2A). Next, transwell
assays indicated that miR-532-5p overexpression significantly hin-
dered CC cells invasion (P < 0.01, Fig. 2B). Conversely, inhibition of
miR-532-5p led to enhanced cell invasive and migratory behaviors
(Supplementary Fig. S3C). Furthermore, lymphangiogenesis is a
crucial factor for tumor LNM [32]. The D2-40-marked lymph ves-
sels density in CC tissues with lowmiR-532-5p expression was sig-
nificantly higher compared with that of tumors with high miR-
532-5p expression (P < 0.001, Fig. 2C). Meanwhile, the culture
supernatants of CC cells with ectopic miR-532-5p expression sig-
nificantly inhibited HLEC tube formation compared with those of
the corresponding control cells (Fig. 2D).



Fig. 1. Identification of a prognostic miRNA signature in CC. (A) KM analyses of OS and DFS for 5 candidate prognostic miRNAs in CC patients (stage I–IIA). (B-C) KM analyses
in CC patients based on the risk score of 5 candidate prognostic miRNAs. (D-E) Kaplan-Meier analyses in CC patients (stage I–IIA) based on the risk score of 5 candidate
prognostic miRNAs. (F-G) ROC curve for 1, 3, and 5 year survival prediction by the prognostic miRNA score model (H) Relative mRNA expression of 5 candidate prognostic
miRNAs. (I) miR-532-5p expression was significantly downregulated in the primary site of CC with LNM compared with that without LNM. (J) miR-532-5p expression in three
CC cell lines with different metastatic potentials.
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In addition, cancer cells that undergo EMT have been verified to
acquire an enhanced capacity to disseminate through the lym-
phatic system [33]. miR-532-5p overexpression resulted in signif-
icant downregulation of vimentin and N-cadherin, and
upregulation of E-cadherin (Fig. 2E).
173
miR-532-5p inhibits LD accumulation and modulates fatty acid
metabolism in CC cells

As described in Supplementary Fig. S3A, miR-532-5p was inver-
sely associated with the arachidonic acid metabolism. LDs are par-



Fig. 2. miR-532-5p inhibits CC cell metastasis and lymphangiogenesis via EMT and reduces intracellular LD accumulation and metabolic reprogramming. (A) miR-532-5p
mimics significantly decreased cell proliferation compared with that of miR-Ctrl cells, as indicated by the MTT assay. (B) The effects of miR-532-5p on the cell invasion
abilities (scale bars, 500 mm). (C) D2-40 staining for lymph vessel in CC tissues (representative image, n = 10, 200�). (D) The effects of miR-532-5p on the tube formation of
HLECs (scale bars, 100 mm). (E) The protein levels of EMT markers. (F) The LDs staining with BODIPY 493/503 (Scale bars, 25 mm). (G) The cellular content of PLs and TGs. (H)
The protein levels of key lipid metabolic enzymes. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

C. Shang, Y. Li, T. He et al. Journal of Advanced Research 37 (2022) 169–184
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ticularly active sites for the metabolism of arachidonic acid [34].
Therefore, we further explored whether miR-532-5p regulates LD
accumulation. Our data indicated that miR-532-5p overexpression
strongly decreased, while silencing miR-532-5p increased, the
number of LDs in CC cells (P < 0.01, Fig. 2F and Supplementary
Fig. S3D).

To evaluate the effects of miR-532-5p on FA metabolism, we
first measured the intracellular TGs and PLs levels in CC cell lines.
Our data indicated that miR-532-5p mimics significantly reduced
intracellular TAG and PLs levels, whereas miR-532-5p knockdown
had opposite effects (P < 0.01, Fig. 2G and Supplementary Fig. S3E-
F). Consistent with the above results, Oil Red O staining in CC tis-
sues indicated that miR-532-5p significantly negatively correlated
with LD accumulation (Supplementary Fig. S3G). Next, the key
enzymes involved in FA oxidation and de novo FA synthesis,
including carnitine palmitoyltransferase-1A (CPT1A), acyl-CoA oxi-
dase 1 (ACOX1), acetyl-CoA carboxylase 1 (ACC1), FASN and per-
ilipin 2 (PLIN2), were examined. Consequently, miR-532-5p
mimics significant downregulated PLIN2, ACC1 and FASN, and
upregulated CPT1A and ACOX1 in CC cells compared with the con-
trols (Fig. 2H).
Identification of FASN as direct target of miR-532-5p

To investigate the potential targets of miR-532-5p, we searched
the comprehensive database of predicted and validated miRNA-
target interactions, named miRWalk2.0. Interestingly, FASN as
the only metabolic gene among all candidate genes tested [35],
was predicted to be potential direct target of miR-532-5p
(Fig. 3A). As mentioned above, it was already confirmed that FASN
protein levels dramatically decreased upon miR-532-5p overex-
pression (Fig. 2H). Then, we investigated whether miR-532-5p reg-
ulates FASN expression at the posttranscriptional level. As
anticipated, miR-532-5p knockdown significantly increased FASN
expression, while FASN expression was significantly inhibited after
miR-532-5p overexpression (P < 0.05, Fig. 3B). Furthermore, miR-
532-5p expression had a high inverse correlation coefficient with
FASN expression (R = �0.8053, P < 0.0001, Fig. 3C).

To confirm whether miR-532-5p suppresses FASN expression
through binding to seed sequences in the FASN 30-untranslated
region (UTR), RNAhybrid was used to predict their interaction
binding sites. The mfe of two predicted hybridizations were
�26.1 and �25.9 kcal/mol (Fig. 3D, Supplementary Fig. S4A). Fur-
thermore, the binding sequences were within the range of authen-
tic miRNA-target pairs and conserved across species (Fig. 3E,
Supplementary Fig. S4B). Next, the predicted seed sequence bind-
ing sites were verified by luciferase assay. Unfortunately, for seed
sequence binding site-1, miR-532-5p overexpression did not result
in any reduction in luciferase activity compared to that in control
cells (Supplementary Fig. S4C). Subsequently, for seed sequence
binding site-2, miR-532-5p mimics significantly reduced the luci-
ferase activity of the wild-type FASN reporter but not the activity
of the mutated reporter (P < 0.001, Fig. 3F), indicating that binding
site-2 strongly contributes to the miR-532-5p/FASN mRNA
interaction.

We next investigated the FASN expression and its correlation
with LNM in CC tissues to further determine whether miR-532-
5p was truly inversely correlated with FASN. We discovered that
FASN mRNA levels were markedly higher in CC tissues compared
to normal tissues in TCGA dataset (P < 0.05, Fig. 3G) and our center
(P < 0.001, Fig. 3H). By IHC analyses, we found that FASN was also
higher in CC tissues and mainly located in the cell membrane and
cytoplasm based on HPA database. Furthermore, FASN was signif-
icantly upregulated in patients with LNM compared to those with-
out LNM (P < 0.001, Fig. 3I). The above results strongly indicate that
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miR-532-5p downregulates FASN at both transcript and protein
levels by directly binding to its 30-UTR.

miR-532-5p inhibits LNM through FASN-associated LD accumulation
in vitro

To confirm that FASN-associated LD accumulation was involved
in the antimetastatic effects of miR-532-5p, we first explored the
biological function of LDs in CC cells. The perilipin family are the
major LD-associated proteins. Among them, PLIN2 as a LD marker,
is universally expressed in nearly all tissues [36]. PLIN2 were rela-
tively higher in CC tissues than normal tissues by IHC analysis
based on HPA database. We next explored the potential roles of
LDs in CC cell metastasis. We efficiently decreased PLIN2 levels
in SiHa and HeLa cells with a PLIN2 siRNA (Supplementary
Fig. S5A) and found that upon LD deprivation by PLIN2 siRNA treat-
ment, SiHa and HeLa cells exhibited reduced invasiveness capabil-
ity (P < 0.01, Fig. 4A). Furthermore, a positive correlation was
observed between PLIN2 and FASN expression (P = 0.0015,
Fig. 4B and Supplementary Fig. S5B).

To further assess the crosstalk between LNM and LD accumula-
tion, we explored whether FASN played an important role in miR-
532-5p-induced LNM in vitro. First, we explored the role of FASN
on LD accumulation using rescue assays. As expected, FASN over-
expression dramatically reversed the effects of LD deprivation
induced by ectopic miR-532-5p (Fig. 4C and Supplementary
Fig. S5C). Moreover, increased ACOX1 and CPT1A protein expres-
sion and downregulation of FASN, ACC1, and PLIN2 induced by
miR-532-5p overexpression were rescued by FASN treatment
(Fig. 4D).

Next, the tube formation assay showed that the total lengths of
tubules was significantly longer in the HLEC co-cultured with con-
ditional medium of SiHa or Hela cells by cotransfecting with FASN
overexpression plasmid and miR-532-5p mimics than those with
the medium from the only miR-532-5p mimics group (Fig. 4E).
Similarly, the effects of overexpressing miR-532-5p on SiHa and
HeLa cell migration and invasion were partially reversed by over-
expressing FASN (Fig. 4F). Moreover, miR-532-5p mimics and FASN
plasmid cotransfection partly increased vimentin and N-cadherin
compared the controls, while the E-cadherin showed the opposite
response (Fig. 4G).

LINC01410 acts as ceRNA to sponge miR-532-5p

miRNA activity can be affected by the miRNA sponge tran-
scripts, the so-called ceRNA in humans, and accumulating studys
show that lncRNAs act as sponge for miRNAs [17]. Thus, lncRNAs
having competitive binding site with miR-532-5p were predicted
by LncBase Experimental v.2 online tool. The top 5 lncRNAs were
selected to examine their expression level in CC (Supplementary
Table 5). Interestingly, only LINC01410 was found to be upregu-
lated in CC and validated by qRT-PCR (P < 0.001, Fig. 5A). In addi-
tion, the coding potential assessment tool (CPAT) was used to
access the coding potential of LINC01410. Indeed, LINC01410 had
a low coding probability, which lacks typical protein-coding ORF
(Supplementary Table 6). Given that the molecular function of
lncRNAs largely depends on their subcellular location [37], we per-
formed cell nuclear/cytoplasm fractionation and found that
LINC01410 predominantly localized in the cytoplasm (Fig. 5B). Fur-
thermore, LINC01410 was also negatively associated with miR-
532-5p (R = �0.6242, P < 0.01, Fig. 5C).

miRNAs binding to their target genes results in posttranscrip-
tional repression in an AGO2-dependent manner [38]. To deter-
mine whether LINC01410 is a binding platform for miR-532-5p
to regulate FASN, we conducted RIP analysis. LINC01410, miR-
532-5p and FASN were all detected in Ago2 immunoprecipitates



Fig. 3. FASN is a direct target of miR-532-5p. (A) Prediction of candidates using a comprehensive database of miRNA-target interactions, named miRWalk2.0. (B) FASN
expression in cells transfected with miR-532-5p mimics and inhibitor. (C) Correlation analysis between FASN and miR-532-5p. (D) The predicted target sequence of miR-532-
5p in the 30-UTR of FASN. (E) All nucleotides of the seed sequence of the binding site are conserved in several species, including humans, chimps, rats and mice. (F) Luciferase
activity in CC cells cotransfected with the pmirGLO-FASN-wt or pmirGLO-FASN-mut reporter plasmid and miR-532-5p mimics. (G) FASN was higher in CC tissues than in
normal tissues from TCGA database. (H) qRT-PCR analysis of FASN. (I) FASN was significantly upregulated in the primary site of CC with LNM compared to that without LNM.
*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. 4. miR-532-5p inhibits LNM through FASN-associated LD accumulation in vitro. (A) Transwell assays showed the effects of PLIN2 on the cell invasion abilities (scale bars,
500 mm). (B) Pearson correlation between FASN and PLIN2 expression in CC tissues (n = 20 tissues). (C) LD accumulation staining with BODIPY 493/503. Scale bars, 25 mm. (D)
The protein levels of key lipid metabolic enzymes in CC cells. (E) The effects of miR-532-5p and FASN on the tube formation of HLECs (scale bars, 100 mm). (F) Transwell assays
showed the effects of miR-532-5p and FASN on the cell invasion abilities (scale bars, 500 mm). (G) The expression of EMT markers in CC cells *, P < 0.05; **, P < 0.01; ***,
P < 0.001.
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(P < 0.001, Fig. 5D). In addition, the direct targeting sequence
between LINC01410 and miR-532-5p was confirmed by dual luci-
ferase assay (mfe = �28.3 kcal/mol, Fig. 5E). We constructed two
luciferase reporters to monitor miR-532-5p activity by inserting
either a perfect LINC01410 sequence or a mutant sequence into
the 30-UTR of Renilla luciferase (Fig. 5F). Cotransfection of the luci-
ferase reporter with the pmirGLO-LINC01410-wt vector substan-
tially reduced the luciferase activity in miR-532-5p mimics
group. Furthermore, these inhibitory effects were abrogated by
site-directed mutagenesis of LINC01410 (Fig. 5G). Moreover, miR-
532-5p upregulation was caused by siRNA-mediated LINC01410
knockdown (P < 0.01, Fig. 5H), while FASN expression was inhib-
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ited (Fig. 5I). In addition, LINC01410 was positively associated with
FASN in CC tissues based on TCGA database (Fig. 5J).

Knockdown of LINC01410 inhibits tumor cell migration and LD
accumulation

To further explore the role of LINC01410, we first evaluated the
expression of LINC01410. We found that LINC01410 expression at
the primary site of CCs with LNM was higher than those without
LNM or normal controls via ISH analyses (Fig. 6A). Additionally, a
similar result was verified in other tissues based on qRT-PCR anal-
ysis (Fig. 5B and 6B). Next, we knocked down LINC01410 in CC cells



Fig. 5. LINC01410 acts as a miRNA sponge for miR-532-5p. (A) The LINC01410 mRNA expression level (B) Nuclear/cytoplasmic fractionation assay showing the nuclear
localization of LINC01410 in CC cells. (C) Correlation analysis between LINC01410 and miR-532-5p (D) miR-532-5p, LINC01410 and FASN were retrieved by the AGO2
antibody in SiHa and HeLa cells. (E) The potential binding sites between miR-532-5p and LINC01410. (F) Schematic of pmirGLO-LINC01410 reporter constructs. (G) Luciferase
activity in CC cells cotransfected with the pmirGLO-LINC01410-wt or -mut reporter plasmid and miR-532-5p mimics. (H) miR-532-5p detection after LINC01410 knockdown.
(I) The effects of si-LINC01410 on the protein levels of FASN in SiHa and HeLa cells. (J) Pearson correlation between LINC01410 and FASN *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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(Supplementary Fig. S5D). Transwell assays indicated that
LINC01410 siRNA significantly decreased the cell invasion and
migration abilities (Fig. 6C). Moreover, we found that LINC01410
knockdown inhibited LD accumulation, as indicated by BODIPY
staining (P < 0.001, Fig. 6D). Furthermore, the intracellular TAG
and PLs levels were markedly reduced by LINC01410 knockdown
(Fig. 6E-F). In addition, LINC01410 was positively associated with
PLIN2 in CC tissues (P = 0.0037, Fig. 6G and Supplementary
Fig. S5E).
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miR-532-5p mimics reverse the metastasis- and LD-promoting effects
of LINC01410 in vitro

To assess whether LINC01410 induced CC cell migration and LD
accumulation through the miR-532-5p/FASN axis, we ectopically
expressed miR-532-5p in LINC01410-overexpressing SiHa and
HeLa cells. The abnormal FASN expression induced by LINC01410
overexpression was reversed by miR-532-5p mimics (Fig. 6H).
Moreover, LINC01410 expression was downregulated by miR-



Fig. 6. LINC01410 inhibited CC metastasis and LD accumulation by directly targeting miR-532-5p. (A) ISH analysis of LINC01410 in tissues. (B) The qRT-PCR analysis of
LINC01410 (n = 10 tissues/group). (C) Migrating ability of CC cells (scale bars, 500 mm). (D) LD accumulation staining with BODIPY 493/503 (Scale bars, 25 mm). The cellular
contents of TGs (E) and PLs (F). (G) Pearson correlation between LINC01410 and PLIN2 expression in CC tissues (n = 20 tissues). (H) Western blot analysis of FASN. (I-J)
LINC01410 expression in CC cells transfected with miR-532-5p mimics and inhibitor. (K) Transwell assays showed the effects of LINC01410 and miR-532-5p on the invasion
abilities of the indicated cells (scale bars, 500 mm). (L) LD accumulation staining with BODIPY 493/503. Scale bars, 25 mm. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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532-5p overexpression but increased after miR-532-5p inhibition
(Fig. 6I-J). Next, the Transwell assay results revealed that miR-
532-5p mimics counteracted the promoting effect of LINC01410
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on cell invasion and migration (Fig. 6K). In parallel, LD numbers
were significantly increased in cells overexpressing LINC01410,
and this effect was counteracted by miR-532 mimics (Fig. 6L).
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Targeting miR-532-5p versus miR-532-5p/orlistat combination
therapy in vivo

Finally, we explored the role of miR-532-5p and FASN on LNM
in CC xenografts using a humanized mouse tumor model. First,
miR-532-5p overexpression decreased tumor growth in subcuta-
neous xenograft model (Fig. 7A). Furthermore, tumors in the
Fig. 7. Combination therapy with miR-532-5p and orlistat has synergistic effects in viv
curves of mice and the average weight of tumors in different treatment groups are depic
lymph nodes from nude mice. (E) The LNM rate. (F) Mean tumor volume over time (n = 1
5p and FASN. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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miR-532-5p mimics group were of greater weight and volumes
than those in the controls (P < 0.01, Fig. 7B). In addition, more fat
vacuoles appeared in the foot pads of mice with LN-positive group
compared with those in the LN-negative group (Fig. 7C), which
indicated that LD accumulation may promote LNM in CC in vivo.

Orlistat, a FASN inhibitor, suppress the tumor growth and
metastasis of various human cancers [39,40,41]. Thus, we evalu-
o. (A) Representative images of dissected tumors. (B) Subcutaneous tumor growth
ted. (C) The enrichment of fat vacuoles. (D) Representative images of HE staining of
0). (G) KM analyses of OS and DFS in CC patients based on the risk score of miR-532-
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ated the therapeutic efficacy of the orlistat/miR-532-5p combina-
tion using the lymph node metastatic xenograft mouse model
(Fig. 7D). Mice that received miR-532-5p overexpression treatment
had lower incidence of LNM (Fig. 7E). Notably, the miR-532-5p/
orlistat combination therapy had more prominent LNM-
suppressing effects than either orlistat or miR-532-5p alone, cor-
roborating the additive effect of the combination therapy in vivo
(P < 0.05, Fig. 7E). Additionally, tumor weight and volumes were
smaller in the group that received miR-532-5p and orlistat treat-
ment than in the miR-532-5p only or orlistat only group
(P < 0.01, Fig. 7F).
Fig. 8. The prognostic value of the miR-532-5p-correlated ceRNA network. KM analyses
different stages. (G) ROC curve analyses based on miR-532-5p. (H) Schematic illustratio
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Next, we calculated a prognostic risk score with the following
formula: Risk Score = [miR-532-5p*(�0.0022)] + [FASN*(1.1879)]
based on the coefficient. The patients were divided into two groups
according to the median value. The KM analysis revealed that
patients with high-risk had poor OS and DFS (P = 0.0004, Fig. 7G).

Collectively, these results suggest that upregulation of miR-
532-5p combined with orlistat treatment had synergistic effects
on the inhibition of tumor LNM and increased survival compared
with the effects of upregulation of miR-532-5p in CC cells or orlis-
tat treatment alone.
of OS and DFS for PLIN2 (A-B), LINC01410 (C-D), and FASN (E-F) in CC patients at
n of the prognostic miR-532-5p-correlated ceRNA network.
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The prognostic value of hub genes associated with the miR-532-5p
signaling pathway

Asmentioned above, we evaluated the critical role and prognos-
tic value of miR-532-5p mRNA based on TCGA database. Next, we
aimed to determine whether the hub genes associated with the
miR-532-5p signaling pathway, including LINC01410, FASN and
PLIN2, are also potential prognostic biomarkers in CC. Both high
expression of LINC01410 (Fig. 8A-B, P = 0.042), PLIN2 (Fig. 8C-D,
P = 0.039) and FASN (Fig. 8E-F, P = 0.0004) mRNA were associated
with poor survival. Moreover, miR-532-5p was an independent
protective predictor of OS and had good survival prediction poten-
tial (AUC = 0.827) (Fig. 8G and Supplementary Fig. S6). In addition,
BMI (Body mass index), lymphovascular involvement and age were
also the independent risk predictors of OS (Supplementary
Table 7).
Discussion

LNM is a common occurrence in the natural progression of CC
and is the critical cause of disease deterioration and even death.
However, effective treatment modalities for these patients are still
lacking. In-depth analysis of the detailed mechanism of LNM from
multiple perspectives will provide preventive and therapeutic
strategies for patients. Herein, we preliminarily identified a novel
miRNA signature that affords an opportunity to improve the prog-
nosis of CC. We propose a miR-532-5p/FASN regulatory ceRNA net-
work to illustrate the crosstalk mechanism of LD accumulation in
regulating LNM in CC and explored the potential prognostic value
of the ceRNA network. Surprisingly, targeting miR-532-5p in com-
bination with orlistat therapy achieved better tumor and LNM con-
trol than either treatment alone. Our findings provide a potential
strategy for the treatment of LNM.

miRNAs usually act as tumor suppressor by targeting mRNAs
that encode oncoproteins and take part in molecular dysfunctions
in tumor [42]. In ovarian cancer, high miR-532-5p expression
results in better prognosis [43]. In contrast, miR-532-5p acts as a
tumor inducer to downregulate RUNX3 expression in malignant
melanoma [44]. However, whether miR-532-5p promoting or
inhibiting LNM in CC remains unknown. We first identified and
constructed a miRNA signature of CC using a prognostic risk score
model. miR-532-5p was downregulated in the primary tumors
with LNM and significantly negatively associated with LNM. Con-
sistent with the results obtained in ovarian cancer, miR-532-5p
was an independent prognostic factor of CC and achieved 82.7%
predictive accuracy. Moreover, miR-532-5p inhibited CC metasta-
sis and lymphangiogenesis, and reduced the rate of LNM in vivo.
These results provide strong evidence that miR-532-5p could serve
as a novel promising prognostic biomarker for CC and may con-
tribute to the clinical decision-making.

Perceived as mere cytoplasmic inclusions of fat for a long time,
LDs have emerged as true organelles with key functions in energy
homeostasis and cancer aggressiveness [45]. However, no direct
links or full comprehensive mechanisms of intracellular LD accu-
mulation in LNM have been provided thus far. Our results showed
that miR-532-5p overexpression inhibited LD accumulation in CC
cells and modulated lipid metabolism reprogramming. Moreover,
we provide evidence that preventing the formation of LDs in cancer
cells with a PLIN2 siRNA decreased the ability of the cells to metas-
tasize. As evidenced by others [46], the formation of LDs in response
to TGF-b2 activation has emerged as a major player in the shift
toward a transitory invasive mesenchymal-like phenotype. Simi-
larly, our study also addresses this issue by integrating ncRNAs.
We previously reported that lncRNAs are involved in fatty acid
metabolism reprogramming to regulate the metastatic process
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[9]. Now, we show that miR-532-5p-induced FASN downregulation
inhibited both partial EMT and intracellular LD accumulation. These
findings open up a new field for the biological role of LDs in cancer.

An enormous number of studies have highlighted that cytoplas-
mic lncRNAs act as decoys for miRNAs to influence miRNA activity
and thus regulate mRNA stability or translation [47]. In our previ-
ous work, we also provided evidence to illustrate the potential role
of lnRNA in LNM [9]. In our study, we demonstrated that
LINC01410 performed their functions by directly binding to miR-
532-5p from the perspective of ceRNA. Importantly, no research
studies on the specific mechanism of miR-532-5p-correlated
ceRNA network in regulating LD metabolism have been conducted
to date. We observed that the abnormal LD accumulation and cell
metastasis induced by LINC01410 overexpression were reversed
after introduction of miR-532-5p mimics. Our study provides the
first evidence that miR-532-5p-correlated ceRNA network can
serve as a bridge to explore the crosstalk mechanism between LD
metabolism and LNM, which has not been elucidated in CC previ-
ously. However, it is important to note that miRNAs compete for
binding to several protein-coding genes or other ncRNAs by shar-
ing miRNA response elements. Given this phenomenon, to some
extent, it explains why the ceRNA can play only a partial role in
the functional recovery of miR-532-5p. Therefore, such a discovery
could open a new window to better understand the mechanisms of
LNM.

FASN, the key enzyme for neoplastic lipogenesis, plays key role
in tumor progression and survival. Accumulating evidence sug-
gests that early small-molecule FASN inhibitors can cause tumor
growth delay in vivo, making FASN an attractive target for cancer
therapy [40]. Our findings also suggested that patients with higher
FASN expression had poor prognosis. More importantly, we
observed that overexpression of FASN could partially restore the
metastasis and LD accumulation inhibited by miR-532-5p in CC
cells. Similarly, in prostate cancer, the highest FASN expression
was detected in hormone-independent bone metastases [49]. Thus,
there is sufficient evidence to show that FASN upregulationn and
FASN-catalyzed de novo fatty acid biogenesis accompanies the
metastatic process.

Another important finding was that the combined treatment of
tumor-bearing mice with miR-532-5p and orlistat dramatically
suppressed LNM and tumor growth in vivo. The low prognostic risk
score calculated with miR-532-5p and FASN showed a clear sur-
vival advantage for CC patients. These findings indicate that com-
bination therapy with miR-532-5p and orlistat is a potential
therapeutic option for CC, and highly promising results of
miRNA-based therapeutics in phase I/II clinical trials has been pro-
duced [50,51]. However, some obstacles remain to be overcome,
including difficulties in tumor site-specific delivery, off-target
effects, efficacious dose determination, and safety. Interestingly,
endogenous exosomes-mediated circulating miRNAs originating
from cancer cells may be a novel tool developed to deliver miRNA
therapeutics [52]. It is important to explore miR-532-5p in exo-
somes derived from CC cells and may provide a novel theoretical
basis for the future development of clinical applications.

In our study, we propose new ideas to explore prognostic risk
models from the perspective of a miR-532-5p-correlated ceRNA
network. As this article shows, LINC01410, FASN and PLIN2 were
all unfavorable prognostic factors in CC patients. The results on
LINC01410 are consistent with those of another study in CC tissues
[53]. However, in this ceRNA network, only miR-532-5p could
serve as an independent protective prognostic factor for both OS
and DFS. The complexity of the miR-532-5p-correlated ceRNA net-
work may explain this phenomenon. For example, RUNX3 and
NCF2 have also been identified to be targeted by miR-532-5p,
and LINC01410 could also sponge miR-124-3p [44,48,54]. In addi-
tion, the effects of sample size and technical factors should not be
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excluded. It is worth noting that BMI � 25 (kg/m2) was an indepen-
dent unfavorable prognostic indicator for OS. These findings are
consistent with our previous study in CC patients at our center
[9]. These findings lead us to believe that miR-532-5p-modulated
LD metabolism contributes to CC progression.

Conclusion

In summary, we established a 5-miRNAs prognostic signature in
CC to identify high- and low-risk patients. Our study demonstrated
that miR-532-5p may be a promising independent protective prog-
nostic biomarker for CC for the first time, and we identified miR-
532-5p-correlated ceRNA network in which miR-532-5p is directly
sponged by LINC01410, in turn inhibiting LNM by regulating FASN-
modulated LD accumulation and metabolic reprogramming
(Fig. 8H). As a result, combination therapy with miR-532-5p and
the FASN inhibitor orlistat may be a novel potential antimetastatic
therapeutic target in CC patients with LNM.
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