
FUNCTION , 2025, 6(2): zqaf009 

https://doi.org/10.1093/function/zqaf009 
Advance Access Publication Date: 7 Mar c h 2025 
Original Resear c h 

RESEAR  C  H  ARTICLE  

LncRNA GAS5 Regulates Myometrial Cell Contractions 

in an m6A-Dependent Manner 

Yue Sun 

1 , † , Min Zhang 

1 , † , Tianjun Wang 

1 , † , Shiyun Huang 

1 , Qing Zuo 

1 , 
Lanhua Liu 

2 , Runrun Feng 

1 , Yufei Han 

1 , Cen Cao 

1 , Haiyan Sun 

1 , Yihan Lu 

1 , 
Xinxin Zhu 

1 , Yuping Tang 

3 , Shuang Wu 

4 , Guoqiang Ping 

5 , * , Lizhou Sun 

1 , * , 
Zhiping Ge 

1 , * , Ziyan Jiang 

1 , 2 , * 
1 Department of Obstetrics, First Affiliated Hospital of Nanjing Medical University, Nanjing 210029, Jiangsu, 
China, 2 Department of Obstetrics, People’s Hospital of Taixing, Taizhou 225400, Jiangsu, China, 3 Department 
of Obstetrics, Dongtai People’s Hospital, Yancheng 224000, Jiangsu, China, 4 Department of Obstetrics, Baoying 

People’s Hospital, Yangzhou 225000, Jiangsu, China, 5 Department of Pathology, First Affiliated Hospital of 
Nanjing Medical Uni v ersity, Nanjing 210029, Jiangsu, China 

∗Addr ess corr espondence to Z.J. (e-mail: ziyanjiang@njm u.edu.cn ), Z.G . ( gzp88142@163.com ), L.S . ( sunlizhou@njmu.edu.cn ), G .P. ( ping9986521@126.com ) 

† Yue Sun, Min Zhang, and Tianjun Wang contributed equally to the work. 

Abstract 

LncRNAs are engaged in signaling pathways in human physiological and pathological states. However, LncRNAs mediate 
the onset of human labor still remains unknown. RNA sequencing of lower segment myometrium (in labor vs. not in labor) 
w as anal yzed. N6-Methyladenosine (m6A) complexes wer e detected by RIP and meRIP in human m y ometrial cells. Plasmid 

and siRNA transfection was performed, and contraction ability was assessed. RNA pulldown, silver staining, protein mass 
spectr ometr y, and RIP were used to identify binding proteins. FISH and immunofluorescence costaining were applied to 

assess the coexpression. GAS5 was upregulated in human myometrium after labor onset. METTL3 and IGF2BP1 maintained 

GAS5 RNA stability based on actinomycin assay, thus strengthening the contraction of myometrial cells. RIP and meRIP 
r ev ealed the binding sites of GAS5 with METTL3 and IGF2BP1, r especti v el y. Furthermor e, GAS5 binds TPM4 in cytoplasm of 
m y ometrium cells and transports TPM4 to the contraction filaments. m6A RNA modifications were also noted in the mouse 
m y ometrium after labor onset. These findings highlighted the critical role of m6A modification in GAS5, providing a new 

method to explore RNA epigenetic regulatory patterns in human parturition. 
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ntroduction 

he mechanisms inv olv ed in human parturition ar e highl y com-
lex and inv olv e the mother, fetus, and placenta. The uterus
ndergoes extensi v e structural r emodeling and r emains quies-
ent over the course of pregnancy. However, at a certain point,
he labor onset signal is triggered, and uterine contractions are
nitiated. Inflammatory and endocrine pathways are generally
cknowledged to mediate the “labor onset signal”—triggering
vent, causing uterine contractility and cervical dilation. 1 When
his event is triggered too early or too late, it may result in
reterm birth or delayed birth. 

The proposed mechanism responsible for parturition in the
uman uterus inv olv es “functional” pr ogester one withdraw al
nd is mediated by decreased progesterone activity associated
ith alterations in the expression of progesterone receptors

PRs) and the ratios of PRA/PRB 

2 or PRC/PRB. 3 Functional proges-
er one withdraw al inv olv es cr osstalk with inflammator y medi-
tors in human parturition. 4 Contraction-associated proteins 
CAPs) in the uterus, including oxytocin r ece ptor (OXTR), con-
exin 43 (Cx43), and cyclooxygenase 2 (Cox2), are the final effec-

ors of PR and inflammatory mediators. 5 

Long noncoding RNAs (lncRNAs) are transcripts longer than
00 nucleotides that were previously considered to be “noise”
n gene transcription. 6 A lar ge bod y of evidence has demon-
tr ated that lncRN As ar e enga ged in signaling pathw ays in
uman physiological and pathological states. LncRNAs execute 
olecular functions as ar c hetypes of decoys, signals, guides,

nd scaffolds. 7 LncRNAs were reported to have critical roles
n the development of pregnancy-associated diseases, such as
reeclampsia, 8 , 9 fetal growth restriction, 10 , 11 and gestational 
iabetes mellitus. 12 , 13 Luo et al. hav e r e ported the differ ential
xpression in m y ometrium during human parturition; however,
he role of lncRNAs during human parturition has not been
 e ported. 14 

In the current study, long non-coding RN A (lncRN A) growth
rrest-specific 5 (GAS5) was identified to exhibit upregulation
n the lower segment myometrium of individuals in labor com-
ared to those not in labor, as determined by RNA sequencing. 

N6-methyladenosine (m6A) is the most abundant internal
odification of RN A in eukary otic cells. The m6A modifica-

ion affects multiple aspects of RNA metabolism, ranging from
uclear export, RNA processing, and RN A tr anslation to decay. 15 

6A is installed by m6A methyltr ansfer ases (METTL3/14,
TAP, etc., termed “writers”), r emov ed b y demeth ylases (FTO,

LKBH3/5, termed “erasers”), and recognized by m6A-binding
roteins (YTHDC1/2, YTHDF1/2/3, IGF2BP1/2/3, etc., termed
readers”). 16 Recent studies have reported that several lncRNAs,
ncluding MALAT1, MEG3, XIST, GAS5, and KCNK15-AS1, are sub-
ect to m6A modification. 17 Here , w e found that GAS5 RNA sta-
ility w as incr eased by m6A modification and enhanced uterine
uscle cell contraction, which triggers human parturition. 

aterials and Methods 

amples 

yometrium was obtained from consenting women undergo-
ng cesar ean deli v eries fr om patients during J an uar y 2022 to
une 2022 in the Department of Gynecology and Obstetrics of
he People’s Hospital of Jiangsu Province, China. Clinical char-
cteristics are listed in Table 1 . Samples were classified into 2
roups: not in labor (NIL, n = 13) and in labor (IL, n = 11). In labor
as defined as women who had the presence of contractions
f sufficient strength and frequency to effect progressive efface-
ent and cervix dilation; not in la bor w as defined as women
ith no regular contractions, who underwent cesarean deliver-

es because of macrosomia and breech position. Uterine smooth
uscle (2.0 × 0.5 × 0.5 cm 

3 ) was cut from the site of incision
t the lower edges of the uterus during cesarean section. Sam-
les were then washed 3 times with ice-cold sterile phosphate-
uffered saline (PBS) and then divided into 2 pieces: one was
tored in liquid nitrogen for RNA and protein extraction, and one
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Table 1. Clinical Characteristics of the Not in Labor (NIL) and In Labor (IL) Patients. 

IL NIL t P -value 

Age (years) 32 ± 2.9 32 ± 2.0 0 .144 .887 
BMI (Kg/m2) 26.4 ± 1.49 26.5 ± 1.31 − 0 .221 .827 
Pre gnant w eeks 39.2 ± 0.43 39.1 ± 0.48 0 .483 .633 
Birth weight (g) 3476.7 ± 258.34 3426.7 ± 339.57 0 .454 .653 
Placental weight (g) 548.0 ± 27.4 542.7 ± 34.0 0 .473 .640 

Ta b le 1 Clinical c har acteristics of the NIL and IL patients, including maternal age, gestational week, BMI, and weight of placenta and ba by. Ther e wer e no significant 
differences in these c har acteristics betw een the groups. All IL patients underw ent normal la bor prior to deli v er y. 
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as fixed in formaldehyde solution (4%) for immunohistochem- 
cal analysis. In some cases, similarly sized muscles were stored 

n cold PBS and used for in vitro cultures of m y ometrial cells. 
ll experiments were approved by the Ethics Board of the First 
ffiliated Hospital of Nanjing Medical Uni v ersity. 

uman Myometrial Cell Culture 

terine samples were obtained from women undergoing an 

lecti v e term cesarean section delivery ( ≥39 weeks of gestation). 
hese women had no signs of infection or any pregnancy com- 
lications, and they were defined as not in labor on the basis 
f a quiescent uterus, intact membranes, and a closed cervix. 
fter deli v er y of the placenta, samples of m y ometrium (1 cm 

3 )
er e excised fr om the upper incisional margin of the lower 
terine segment and were immediately washed in ice-cold PBS. 
yometrium was carefully minced into small pieces of about 1 
m 

3 , subsequently incubated with gentle agitation for 2 h at 
7 ◦C, with collagenase IA (C9891, Sigma-Aldrich) and collage- 
ase XI (C7657, Sigma-Aldrich) each at 0.5 mg/mL in Dulbecco’s 
odified Eagle medium (DMEM)/F-12 media (A4192001, Gibco) 

upplemented with BSA (sh30087.02, HyClone) at 1 mg/mL. The 
ispersed cells were separated from nondigested tissue by filtra- 
ion through a cell strainer (70 μm, 431 751, Corning) and then 

ollected by centrifugation of the filtrate at 3000 rpm for 5 min 

t room temper ature . The cells were suspended in DMEM/F-12 
edia supplemented with 10% fetal bovine serum (10270-106, 
ibco) and 1% penicillin/str e ptomycin/amphoterin B (15 240 062, 
ibco) in a humidified atmosphere (5% CO2 in air). Culture 
edium was changed every 48-72 h. Experiments were per- 

ormed using cells between passages 2 and 5. 

ell Transfection 

he siRNA interference sequences of GAS5, METTL3, IGF2BP1, 
nd TPM4 are listed in Table S1 . The full length of the 
uman GAS5 (NR 002578.3), METTL3 (NM 019852.5), IGF2BP1 

NM 001160423.2), and TPM4 (NM 00329.3) were cloned into the 
cDNA3.1( + ) v ector (Invitr ogen # V80020). Lipofectamine 2000 

Invitrogen, Carlsbad, California, USA) was used for cell siRNA 

ransfection, and the X-Tremegene HP DNA transfection r ea gent 
Roc he , Mannheim, Germany) was used for cell plasmid trans- 
ection. During transfection, 50%–70% of cells in the six-well 
late should be transfected. Six hours after the siRN A tr ansfec- 
ion, the cells r equir ed a medium c hange , but not for the plasmid
r ansfection. RN A was collected 24 h after cell transfection, and 

r otein w as collected 48 h after cell transfection. 

otal RNA Extraction and m6A-qRT-PCR 

he total RNA was extracted from human primary m y ome- 
rial cells using the Trizol r ea gent (Invitr ogen, Carlsbad, 
alifornia, USA). 100 μg of the total RNA was digested by DNase 
Takara, Shiga, Japan) in a 150 μl reaction system at 37 ◦C for
0 min. Then the total RNA was extracted again using the Tri- 
ol r ea gent, follow ed by RN A fr agmentation using fr agmenta-
ion r ea gents (Invitr ogen, Carlsbad, California, USA) at 71 ◦C for
 min. A termination buffer was added immediately. The frag- 
ented RNA was extracted using the Trizol r ea gent and dis- 

olved in 200 μl of diethyl pyrocarbonate (DEPC) water. A volume 
f 160 μl of fragmented RNA was diluted with the MeRIP buffer 

150 m m KCl, 25 m m Tris, 5 mM EDT A, 0.5% T riton X-100, 0.5 m m
TT, RNAase inhibitor (1:1000) (ABclonal, Wuhan, China) and 

rotease inhibitor (1:100) (Invitrogen, Carlsbad, California, USA) 
nd divided into 2 tubes that were incubated with the anti-m6A 

ntibody (ABclonal, Wuhan, China) or the control IgG antibody 
ith protein A/G conjugated magnetic beads (MCE, Monmouth 

unction, NJ, USA) in 900 μL of the RNA binding protein immuno- 
r ecipitation (RIP) l ysis buffer at 4 ◦C for 4 h. In total, 20 μL of frag-
ented RNA was collected. The bound RN As w er e imm unopr e-

ipitated with beads. The beads were washed with the RIP buffer 
nd treated with 10 μL of 10% sodium dodecyl sulfate (SDS), 
0 μL of proteinase K (Takara, Shiga, Japan), and 130 μL of the
eRIP buffer for 30 min at 55 ◦C. Then the treated liquid was

ransferred to new tubes. In each tube, 1 mL of the Trizol r ea gent
nd c hloroform w ere added in turn. After centrifugation, the 
pper water phase was collected. A 1/10 volume of 3 M sodium 

cetate and an equal volume of isopropyl alcohol and glycogen 

ith a final concentration of 100 ug/mL were added. The sam- 
les were stored at −80 ◦C overnight and then centrifuged at 
2 000 × g at 4 ◦C for 15 min. They were then washed with 75%
thanol. Finally, the precipitation was dissolved with DEPC water 
nd analyzed using 2-step quantitative RT-PCR (Takara, Shiga, 
apan). 

uantitati v e Real-Time PCR 

he plasmids of GAS5, METTL3, IGF2BP1, and TPM4 were 
xtracted from Esc heric hia coli using the Endo free Plasmids Mini 
it II (50) Kit (OMEGA, Norcross, GA, USA). The total RNA was 
xtracted from the myometrium cells or uterine samples using 
he Trizol r ea gent (Invitr ogen, Carlsbad, California, USA), and 

he cDNA w as r ev ersed transcribed using the PrimeScript RT 

eagent Kit (Takara, Shiga, Japan) according to the manufac- 
ur er’s pr otocol. Quantitati v e Real-Time PCR (qRT-PCR) was per- 
ormed in triplicate in the Step One Plus TM real-time PCR 

nstrument (Applied Biosystems by Thermo Fisher Scientific, 
ingapor e). GAPDH serv ed as the internal r efer ence gene. The
rimers are listed in Table S2 . 

estern Blotting 

r oteins wer e extracted fr om human uterine smooth m uscle 
nd human primary m y ometrial cells. Protein quantification 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
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as performed using BCA protein detection kit (23 229; Thermo
isher Scientific). The protein was separated and transferred to
itr ocellulose membranes (Millipor e, Billerica, MA, USA). Fol-

owed by incubation with 5% milk and then incubated at 4 ◦C
ith primary antibodies overnight. Detailed antibody informa-

ion is listed in Ta b le S3. 

mm unohistoc hemistry 

issue samples from NIL and IL groups were fixed and then cut
nto 4 μm sections for the imm unohistochemistr y staining. The
xed paraffin-embedded sections were rehydrated in a graded
eries of decreasing alcohol concentrations. Sections were incu-
ated in 3% hydrogen peroxide for 30 min to block endoge-
ous peroxidase and 2% normal goat serum for 1 h at room

emperature to reduce nonspecific binding. Then slides were
ncubated overnight at 4 ◦C with primary antibodies. Detailed
ntibody information is listed in Ta b le S3 . Secondary antibody
ilution on top for 2 h at r oom temperatur e. DAB chr omogen
olution was added so as to cover the entire tissue section and
ncubated for 10 min. The sections were rinsed in PBS, and then
he slides w ere dr ained. The stained tissues were covered with
 coverslip of an appropriate size and visualized under a micro-
cope. 

ontraction Assay 

y ometrium cells w er e harv ested and r esuspended in the
esired medium at 2-5 × 106 cells/mL. Pr e par e the colla gen

attice by minxing the cell suspension and cold collagen gel
orking solution according to the protocol (Cell Biolabs, San
iego, USA). A volume of 0.5 mL of the cell-collagen mixture
er well was added in a 24-well plate, incubated for 1 h at
7 ◦C. After colla gen pol ymerization, 1.0 mL of culture medium
as added atop each collag en g el lattice. Cultures were incu-
ated for 2 days, and then the gel would be released with
 sterile spatula. The gel size was measured by a ruler, and
he gel area was quantified. Each experiment w as anal yzed in
riplicate. 

NA Binding Protein Immunoprecipitation 

he m y ometrium cells w er e w ashed with ice-cold PBS and l ysed
n the RIP Lysis buffer (150 mM KCl, 25 mM Tris, 5 mM EDTA,
.5% Triton X-100, 0.5 mM DTT, protease inhibitor (1:100), and
NAase inhibitor (1:1000) on ice for 30 min. The cell lysates
ere centrifuged at 12 000 × g at 4 ◦C for 15 min. A total of 10%
f the supernatant was collected, and the remaining super-
atant was incubated with antibodies at 4 ◦C for 4 h. Bound RNAs
er e imm unopr ecipitated with beads. The beads wer e w ashed
ith RIP buffer and treated with 10 μL of 10% SDS, 10 μL of
roteinase K (Takara, Shiga, Japan), and 130 μL of the MeRIP
uffer for 30 min at 55 ◦C. RNA in the imm unopr ecipitation (IP)
r input gr oup w as r ecov er ed with the Trizol r ea gent (Invitr o-
en, Carlsbad, California, USA) according to the man ufactur er’s
nstructions and analyzed by quantitative RT-PCR. The enrich-

ent ratio was calculated as a ratio of its amount in the IP
o that in the input. Detailed antibody information is listed in
a b le S3 . 

NA Stability Assays 

y ometrium cells w ere seeded in six-w ell plates overnight,
nd METTL3, IGF2BP1 plasmids, and siRN A tr ansfections w ere
pplied, r especti v el y. Tw enty-four hours later, the cells w ere
reated with actinomycin D (5 μg/mL, HY-17559, MedChemEx-
ress) at 0, 3, 6, and 9 h. The total RNA was then isolated by
rizol (Invitrogen, USA) and analyzed by qRT-PCR. The mRNA
xpression for each group at the indicated time was calculated
nd normalized by GAPDH. The mRNA half-li v es time w as esti-
ated according to the linear r egr ession anal ysis. 

ilver Staining and Mass Spectrometry 

fter 10% SDS-PAGE, the gel was maintained in a clean plastic
5-cm dish. Silver staining was performed by strictly following
he man ufactur er’s pr otocol (Pierce R © Silv er Stain for Mass Spec-
r ometr y, 24 600, USA). When the band w as visib le, the devel-
per working solution was immediately replaced with stop solu-
ion, and the gel bands were excised for further mass spectrome-
r y (MS) anal ysis (Shanghai Applied Pr otein Technology Co., Ltd)
n a Q Exacti v e mass spectr ometer (Pr oxeon Biosystems, now
hermo Fisher Scientific). 

luorescence In Situ Hybridization and Subcellular 
r actiona tion 

y3-la beled GAS5 pr obes wer e obtained fr om RiboBio
Guangzhou, China). RNA Fluorescence in Situ Hybridization
FISH) was performed using a fluorescent in situ hybridization
it (Ribo Bio Tech). Fixed primary myometrium cells were per-
eabilized in PBS containing 0.5% Triton X-100 at 4 ◦C for 5 min.

ells were washed with PBS 3 times for 5 min and prehybridized
t 37 ◦C for 30 min. Subsequently, a Cy3-labeled GAS5 probe was
sed in the hybridization solution at 37 ◦C overnight in the dark.
ells were rinsed thrice in 4 × SSC with 0.1% Tween-20 for 5 min
t 42 ◦C in the next day, followed by washing once for 5 min at
2 ◦C in 2 × SSC and then washed once for 5 min at 42 ◦C. GAS5
r obes wer e obtained fr om RiboBio (Guangzhou, China). RNA
ISH was performed using a fluorescent in situ hybridization kit
RiboBio Tec h). F ixed primary m y ometrium and analyzed with
AS AF Lite (Leica, Solms, Germany). Cytoplasmic and nuclear
N A w er e se parated and purified using the P ARIS Kit (Life T ech-
ologies, Carlsbad, CA, USA) according to the man ufactur ers’

nstructions. 

ice Model of in Labor and Not in Labor 

ll animal care and pr ocedur es wer e conducted in accordance
ith the standards of the Administrati v e Regulations on La b-
ratory Animals approved by the State Council of the People’s
e pub lic of China. The animal experiments were approved by
he Ethics Committee of Experimental Animal Welfare of the
anjing Medical Uni v ersity. In this experiment, female CD-1
ice aged 8 weeks were purchased from the Vitonlievera exper-

ment and maintained in the condition without pathogens.
emale mice were mated overnight with males (1:1), and the day
f v a ginal plug detection w as designated as the gestational day

GD) 0.5 of pregnancy. The average time of term delivery in our
acility was GD 19–20 (GD, 19.5). Our criteria for labor were the
eli v er y of at least 1 pup, and the pregnant mouse was sacrificed.
ice that did not deli v er at term wer e sacrificed 24 h postterm

GD20.5). We recorded the maternal weight gain, litter size, and
he fetal and placental weight. Maternal m y ometrium and pla-
enta were collected for further analysis. 

tatistical Methods 

ach experiment was performed with at least 3 biological r e pli-
ates. Results are presented as the mean ± SD, comparisons

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
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Figure 1. Contraction-associated proteins (CAPs) in not in labor (NIL) and in labor (IL) m y ometrium. (A) PRA/PRB mRN A r atio , C APs mRNA (O TR, CX43, CO X-2) were 
significantly higher detected in IL ( n = 11) than in NIL ( n = 13) group by quantitati v e r eal-time PCR (qRT-PCR). (B) Imm unohistochemistr y showed str onger staining 
of these CAPs and pr ogester one r ece ptor (PR) in IL m y ometrium. (C) Western blotting also found increased expression of CAPs and PR in IL m y ometrium. ( ∗∗P < .01, 
∗P < .05). Bar, 200 μL. 

w
o
i
p

a
w  

I
8

ere made using 2-tailed Student’ t-test, or a one-way analysis 
f variance and Bonferroni multiple comparisons test, P < .05 

ndicated statistical significance. Statistical analyses were com- 
ared using an unpaired 2-tailed Student’s t-test or a one-way 
nal ysis of v ariance and Bonferr oni m ultiple comparisons test 
ith SPSS softw ar e (v ersion 25.0 for Windows, IBM Inc., Chica go,

L, USA), and the figures were generated using GraphPad Prism 

.0 and Adobe Illustrator. 
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Figure 2. LncRNA profiles in human not in labor (NIL) and in labor (IL) m y ometrium. LncRN A sequencing w as done in 2 gr oups: NIL ( n = 5) and IL ( n = 4). (A) The heat 
map in 2 groups. (B) The volcano plot of lncRN As upre gulated and downregulated in 2 groups: 205 lncRNAs were upregulated ( P < .05) and 291 lncRNAs ( P < .05) were 

downregulated. (C) 9 known upregulated lncRNAs were chosen: GAS5, PELAT ON , H19, SNHG16, LUC AT1, CYT OR, SOCS3-DT, MYG1-AS1, and LNCOG. Real-time PCR was 
done to validate the profile of these lncRNAs in NIL ( n = 13) and IL ( n = 11) m y ometrium. All the 9 lncRNAs were verified to be upregulated in IL myometrium. ∗P < .05. 
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Figure 3. GAS5 promotes contractions in primary m y ometrium cells. (A) Human primary m y ometrium cells were extracted and stained by α-SMA antibody. 100% of 
cells were α-SMA positive. (B) Transfection efficiency in primary myometrium cells with specific GAS5 siRNAs and GAS5 ov er expr ession plasmid. (C) 3D collagen gel 
matrix was tested in m y ometrium cells after GAS5 siRNAs and GAS5 plasmid transfected. (D) Pr ogester one r ece ptors (PRs) and contraction-associated pr oteins (CAPs) 
mRN A w ere detected by quantitati v e r eal-time PCR (qRT-PCR). (E) PRs and CAPs pr oteins wer e anal yzed by western blotting. The gray v alues wer e quantified with the 

anal ysis softw ar e. ∗P < .05. # P < .05. 
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APs in the NIL and IL Myometrium 

a b le 1 details the clinical features of patients in the NIL and 

L groups. No significant differences in maternal age, gesta- 
ional week, BMI, or weight of the placenta and baby were noted 

etween the 2 groups. The PRA/PRB mRNA ratio and OXTR, 
x43, and Cox2 mRNA levels wer e significantl y incr eased in 

he IL group ( Figure 1 A). PR, OXTR, Cx43, and Cox2 were also 
urther assessed by imm unohistochemistr y staining, exhibiting 
tronger staining in IL uterine muscle ( Figure 1 B). Profiles of 
hese pr oteins wer e also upr egulated in IL uterine muscle com-
ared with NIL muscles ( Figure 1 C). 

ncRNA Profiles in NIL and IL Myometrium 

NA sequencing was performed in the NIL ( n = 5) and IL ( n = 4)
 y ometrium. The heatmap is presented in Figure 2 A. Volcano 

lot of genes upregulated and downregulated in IL vs. NIL group: 
05 LncRNAs wer e upr egulated (fold change > 2, P < .05), and
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Figure 4. m6A RNA modification regulates GAS5 RNA stability and strengthens 
contraction ability of myometrium cells. (A) m6A imm unohistochemistr y stain- 
ing in not in labor (NIL) and in labor (IL) m y ometrium. (B) RIP analyze was done 

to detect the underlying upstream regulating m6A enzymes, including METTL3, 
METTL16, AKKBH5, FTO, YTHDC1, YTHDF1/2/3, and IGF2BP1/2. (C) METTL3 and 
IGF2BP1 mRN A w er e detected higher expr essed in IL m y ometrium than that 
in NIL m y ometrium by qRT-PCR. (D) METTL3 and IGF2BP1 immunohistoc hem- 

istry staining in NIL and IL m y ometrium. (E) Tr ansfection efficiency in primary 
m y ometrium cells with specific METTL3 siRNAs and its ov er expr ession plasmid. 
(F) 3D Collag en g el matrix was tested in m y ometrium cells after METTL3 siRN A#3 
and plasmid transfected. (G) Transfection efficiency in primary m y ometrium 

cells with specific IFG2BP1 siRNAs and its ov er expr ession plasmid. (H) 3D col- 
lag en g el matrix applied after IFG2BP1 siRNA#3 and plasmid transfected. (I-J) 
Actinomycin test was done to find the effect of METTL3 and IGF2BP1 on GAS5 
RNA stability. (K-M) MeRIP was done to find the specific conjugated sites of GAS5 

RN A. IGF2BP1 enric hment was found to be at the 68-147 bp and 471-557 bp in the 
5 ′ untr anslated re gion (5 ′ UTR) of GAS5. Mettl3 enrichment was found to be at the 
68-147 bp in the 5 ′ untranslated region (5 ′ UTR). 
91 genes (fold change > 2, P < .05) were downregulated ( Figure
 B). They are listed in Ta b les S4 and S5 . Selection criteria: (1)
pre gulated LncRN A, (2) known LncRN A, (3) LncRN A expression

evel > 0 in eac h sample , (4) based on significance difference
nd fold change (top 20), exclude pseudogene and antisense
trand, (5) related with muscle activity. Finally, 9 known upreg-
lated lncRN As w er e selected for further anal ysis: GAS5, PELA-
 ON , H19, SNHG16, LUC AT1, CYT OR, SOCS3-DT, MYG1-AS1, and
NCOG ( Figure S2 ). Real-time PCR was performed to validate
he profile of these lncRNAs in the NIL ( n = 13) and IL ( n = 11)
 y ometrium. All 9 lncRNAs were verified to be upregulated in

he IL m y ometrium ( F igure 2 C). 

AS5 Promotes Contractions in Primary Myometrial 
ells 

uman primary m y ometrial cells were extracted and stained
ith an α-SMA antibody. A total of 100% of the cells were α-SMA
ositi v e ( Figur e 3 A). To clarify the effect of GAS5 on m y ometrial
ell contractions, 3 specific GAS5 siRNAs and GAS5 ov er expr es-
ion plasmids were transfected into human primary m y ome-
rial cells ( Figure 3 B). GAS5 siRNA #2 showed the best efficiency,
esulting in a 90% reduction. In contrast, GAS5 expression was
ignificantl y incr eased by 150-fold using the ov er expr ession
lasmid ( Figure 3 B). A 3D collagen gel matrix was applied to
easure the gel area. The results showed that GAS5 ov er ex-

r ession str engthened the contr action of m y ometrial cells and
hat GAS5 siRNA inhibited contraction ( Figure 3 C). The PRA/PRB
atio and OXTR, Cx43, and Cox2 mRN A levels w ere signifi-
antl y incr eased by GAS5 ov er expr ession and decr eased by GAS5
iRN A ( F igure 3 D). Western blotting results showed that PR,
XTR, Cx43, and Cox2 protein levels were also significantly ele-
ated by GAS5 overexpression and decreased by GAS5 siRNA
 Figure 3 E). 

6A RNA Modification Regulates GAS5 RNA Stability in
yometrial Cells 

6A imm unohistochemistr y staining was stronger in the IL
 y ometrium ( F igur e 4 A). RIP anal ysis w as performed to detect

he underlying upstream regulating m6A enzymes, includ-
ng METTL3, METTL16, AKKBH5, YTHDC1, YTHDF1/2/3, and
GF2BP1/2. The writer METTL3 and reader IGF2BP1 were the
op 2 significantly altered enzymes ( Figure 4 B). Furthermore,
ETTL3 and IGF2BP1 mRN A w ere noted to be more highly

xpressed in the IL m y ometrium than in the NIL m y ometrium
 Figure 4 C). And YTHDC2, YTHDC3, ALKBH3, ALKBH5, eIF3,
TO, IGF2BP2, IGF2BP3, METTL14, METTL16, WTAP, YTHDC1, and
C3H13 mRN A w ere also detected in IL and NIL m y ometrium
y qRT-PCR ( Figure S1 ). Both enzymes showed stronger stain-
ng in the IL m y ometrium ( F igure 4 D). To clarify the effect of

ETTL3 and IGF2BP1 on m y ometrium cell contractions, specific
iRNAs and plasmids were applied to transfect myometrium
ells ( Figure 4 E, G), and contraction gels were measured. METTL3
nd IGF2BP1 ov er expr ession str engthened the contraction of
 y ometrium cells, and their siRNAs inhibited cell contractions

 Figure 4 F, H). An actinomycin test was performed to deter-
ine the effect of METTL3 and IGF2BP1 on GAS5 RNA stabil-

ty. GAS5 RNA sta bility w as significantl y incr eased by METTL3
nd IGF2BP1 ( Figure 4 I, J). MeRIP was further performed to iden-
ify the specific sites of GAS5 RNA binding. IGF2BP1 enrich-

ent was noted at the 68-147 bp and 471-557 bp sites of
AS5. Mettl3 enrichment was noted at the 68-147 bp site
 Figure 4 K, L, M). 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
art/zqaf009_f4.eps
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Figure 5. GAS5 binds TPM4 in cytoplasm of m y ometrium cells. (A) Distribution of GAS5 in m y ometrium cells. Appr oximatel y 90% of GAS5 was distributed in the 
cytoplasm. (B) RNA pull-down and silver staining were done to find GAS5 related binding proteins. (C) Western blotting was done to find TPM4 in the pulldown protein 

lysis. (D) RIP was conducted to find GAS5 inte gr ating TPM4. (E) Immunofluorescence staining for TPM4 (green) and FISH staining for GAS5 (red) and DAPI staining for 
n ucleus (b lue) wer e conducted in the same m y ometrium cell fixed slide , indicating the binding of GAS5 and TPM4 in cytoplasm of m y ometrium cells. ∗∗∗∗P < .0001. 
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AS5 Binding to Tropomyosin Alpha-4 (TPM4) in the 
ytoplasm of Myometrium Cells 

o investigate the downstream underlying mechanism of GAS5, 
e analyzed the cytoplasmic and nucleus distributions of GAS5 

n m y ometrial cells by qPCR. The results show ed that approx- 
mately 90% of GAS5 was distributed in the cytoplasm ( Figure 
 A). RNA pulldown and silver staining were performed to iden- 
ify GAS5-related binding proteins. We found missing bands 
etween 25 and 35 kDa in the GAS5 antisense lane ( Figure 5 B). 
he antisense and sense gels were further analyzed by protein 

S. TPM4 was not identified in the antisense gel; its molec- 
lar weight was 28 kD ( Figure 5 C). RIP was conducted to find 

AS5 binding to TPM4 ( Figure 5 D). Furthermore, immunofluores- 
ence staining for TPM4 (green), FISH staining for GAS5 (red), and 

API staining for the n ucleus (b lue) wer e conducted in the same 
 y ometrium slide sample ( Figure 5 E). We observed orange light 

n the merged slides ( Figure 5 E), demonstrating the coexpression 

f GAS5 and TPM4 in the cytoplasm and indicating the coexpres- 
ion of GAS5 and TPM4 in the cytoplasm of m y ometrial cells. 
PM4 Promotes Contractions in Primary Myometrium 

ells 

o clarify the effect of TPM4 on m y ometrial cell contractions, 3
pecific siRNAs and an ov er expr ession plasmid wer e transfected 

nto human primary m y ometrial cells. TPM4 siRNA #2 showed 

he best efficiency, yielding an 80% reduction in TPM4 expres- 
ion, whereas the TPM4 expression was significantly increased 

y 5-fold using the ov er expr ession plasmid ( Figur e 6 A). The 3D
ollag en g el matrix results sho wed that TPM4 o v er expr ession
trengthened the contraction of myometrium cells, and TPM4 
iRNA inhibited the contractions ( Figure 6 B). The PRA/PRB ratio 
nd CAP mRNA lev els wer e significantl y incr eased upon TPM4
v er expr ession, wher eas CAP mRNA lev els wer e decr eased by
PM4 siRN A ( F igure 6 C). Western b lotting r esults showed that
R and CAP pr otein lev els wer e also significantl y elev ated by
PM4 ov er expr ession and decr eased by TPM4 siRN A ( F igure 6 D).
he rescue experiment demonstrated that si-TPM4 can attenu- 
te the ability of GAS55 to promote uterine smooth muscle cell 
ontr action ( F igure 6 E). 

art/zqaf009_f5.eps


10 Function , 2025, Vol. 6, No. 2 

Figure 6. TPM4 promotes contractions in primary m y ometrium cells. (A) Tr ansfection efficiency in primary m y ometrium cells with specific TPM4 siRN As and its 
ov er expr ession plasmid. (B) 3D colla g en g el matrix applied after TPM4 siRNA#2 and plasmid transfected. (C) Pr ogester one r ece ptors (PRs) and contraction-associated 

proteins (CAPs) mRN A w ere detected by quantitative real-time PCR (qRT-PCR). (D) PRs and CAPs proteins were analyzed by western blotting. The gray values were 
quantified with the anal ysis softw ar e. (E) Rescue experiment was done by using GAS5 plasmid and TPM4 siRNA, and the contraction ability was significantly inhibited 
( Figure 6 E). ∗P < .05, # P < .05. 
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APs and m6A in the Myometrium of NIL and IL Mice 

her e ar e no differ ences in litter size , fetal w eight, placental
 eight, w eight of maternal mice in NIL and IL mice ( Figure S1 A).
6A, CAPs, and PR were detected by immunochemistry stain-

ng, demonstrating stronger staining in IL mouse uteri com-
ar ed with NIL contr ols ( Figur e 7 A). CAPs and PR mRNA and
6A enzymes (METTL3, METTL16, IGF2BP1, ALKBH5, ZC3H13,

nd YTHDC2) mRN A w er e also significantl y incr eased in the
L gr oup compar ed with the NIL contr ols ( Figur e 7 B). Other
RNA enzymes, including ALKBH3, METTL14, THDC1, YTHDF1,
THDF2, YTHDF3, VIRMA, FTO, WTAP, IGF2BP2, and IGF2BP3,
ere found to have no difference in both groups ( Figure S1 B). 

iscussion 

abor signaling initiation is a complex process in mam-
als involving m y ometrial activation, cervical ripening, and

art/zqaf009_f6.eps
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf009#supplementary-data
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Figure 7. Contraction-associated proteins (CAPs) and m6A in not in labor (NIL) and in labor (IL) mice m y ometrium. (A) CAPs, PR, and m6A imm unochemistr y staining 
in IL mice m y ometrium. (B) CAPs, PR, METTL3, METTL16, and IGF2BP1, ALKBH5, ZC3H13, and YTHDC2 mRN A w er e detected by quantitati v e r eal-time PCR (qRT-PCR) 
in NIL and IL mice m y ometrium. 

d
t
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a
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ilation. The transition of the myometrium from quiescence 
o the highly contractile state is thought to be controlled 

t the transcriptional and posttranscriptional levels, includ- 
ng mRNA and ncRNA regulation. 18 A variety of differentially 
xpressed coding genes between the myometrium not in labor 
nd in labor m y ometrium have been reported in previous stud- 
es. 19 , 20 LncRNAs have novel regulatory roles in the posttran- 
criptional modification of coding genes and may serve as 
otential prognostic and therapeutic markers in human dis- 
ases. 21 , 22 LncRNA sequencing was performed by Luo et al., 
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 ev ealing 69 upr e gulated lncRN As and 43 downre gulated lncR-
As in the IL myometrium, such as SNHG3/8/15, PGM5-AS1,
nd loc107985064. 14 However, the mechanistic role of lncR-
As in the regulation of myometrium contractions remains
nclear. 

In the present study, lncRNA sequencing was also performed,
nd 9 identified lncRN As upre gulated in labor m y ometrium
 ere c hosen. GAS5 exhibited a bundant lev els in the la bor
 y ometrium. High expression of Caps is evidence of uterine

ontraction, so in the full text, we use it as a marker to detect
terine contraction. 5 When GAS5 was upregulated or downreg-
lated, the contractions of myometrium cells and CAPs were reg-
lated accordingly, confirming the role of GAS5 in uterine con-
ractions. GAS5 accumulates inside cells in response to cellular
r owth arr est and functions as a potent r e pr essor of the glu-
ocorticoid r ece ptor thr ough its RNA “glucocorticoid r esponse
lement (GRE).” 23 The pr ogester one r ece ptor also has the GRE
lement, so we intended to identify a r egulator y r elationship
etween GAS5 and PR. However, PR isoforms were not observed

n the MS results, and PR protein bands were not detected in
he RIP results. Instead, TPM4 was shown to bind with GAS5
n m y ometrial cells by MS and RIP. My ometrium contr action
nv olv es the interaction of the protein filaments myosin and
ctin. In muscles, projections on the m y osin filaments, whic h
re also called m y osin heads or cross-bridges, interact with the
earby actin filaments; m y osin filaments move the actin fila-
ents using a cyclic rowing action to produce muscular move-
ents. 24 GAS5 regulates complex intracellular signaling path-
 ays primaril y thr ough 3 modes of action, including signal,
ecoy, and guide; all of these pr ocesses ar e r elated. 25 In this
tudy, we found binding of GAS5 and TPM4 in the cytoplasm
f m y ometrial cells, whic h might be a new role of the GAS5
caffold. This is the first r e port of the mechanism of lncRNA
AS5 in human parturition. We also noted that CAP genes
lso exhibit changes concomitant with those of TPM4; however,
his does not imply that CAP genes are downstream of TPM4.
nd this needs to be further investigated. N6-methyladenosine

m6A) RNA methylation is the most pr ev alent posttranscrip-
ional modification mechanism in humans. m6A modifications
re noted in genes related to human 

26 and porcine 27 placental
evelopment. Taniguchi et al. suggested that m6A both at the
 

′ -UTR and in the vicinity of the stop codon in placental mRNA
layed important roles in fetal growth and preeclampsia. 26 In
ur resear c h, w e assessed the m6A profile in human IL and
IL m y ometrium, r ev ealing str onger staining in IL m y ometrium.
he “writer” METTL3 and the “reader” IGF2BP1 were confirmed

o bind with GAS5 by RIP and MeRIP-qPCR, r especti v el y. GAS5
 as r e ported to be negati v el y r egulated by the m6A r eader
THDF3 and inv olv ed in the pr ogr ession of color ectal cancer. 28 

n addition to being a “writer” and “reader,” the “eraser” FTO was
lso r e ported to r educe the m6A modification of GAS5 and pr o-
ote the EMT process and inflammatory response in the pro-

ess of renal interstitial fibrosis. 29 However, in the highly con-
ractile state of labor onset, METTL3 and IGF2BP1 exhibit dif-
erent GAS5 modifications compared with YTHDF3 and FTO.
hese factors exhibited a crucial role in maintaining the sta-
ility of GAS5. As a crucial methyltr ansfer ase in m6A modi-
cation, METTL3 regulates many lncRNAs, such as MALAT1, 30 

IST, 31 and SNHG1. 32 Studies have also reported that IGF2BP1
lays essential roles in the regulation of many lncRNAs, such
s LINC00483 33 and KB-1980E6.3. 34 Furthermore, in this study,
e also detected the binding site of GAS5, 68-147 bp in the 5 ′ -
TR of METTL3 and 68-147 bp and 471-557 bp in the 5’-UTR of
GF2BP1. (  
To study whether m6A modifications exist in mouse partu-
ition, w e gener ated a labor onset mouse model. Myometrium
as collected from mice in labor and those not in labor,

nd we compared the profiles of m6A, METTL3, IGF2BP1, and
APs in these tissues. The same trend noted in the human
 y ometrium was observed in mouse m y ometrium. How ever,
AS5 exhibits no homology between mice and humans, and

he mechanism of GAS5 could not be verified in mice. Despite
his limitation, we provide important clues for the m6A mod-
fication in the mechanism of parturition as well as crucial
opics for future resear c h, especially at the mouse model
evel. 

In conclusion, GAS5 was first found to exhibit increased
xpression in the m y ometrium of humans in labor based on
ncRNA sequencing and bioinformatics methods. Our study
 ev ealed a novel m6A modification of lncRNA GAS5, highlight-
ng the need for further study of lncRNAs in human parturition.
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