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BACKGROUND: Recurrent miscarriage (RM) affects 1%–3% of pregnancies. However, in almost 50% of cases, the cause is unknown. Increasing evi-
dence have shown that benzo(a)pyrene [B(a)P], a representative of polycyclic aromatic hydrocarbons (PAHs), is correlated with miscarriage.
However, the underlying mechanisms of B(a)P/benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE)-induced trophoblast cell dysfunctions and mis-
carriage remain largely unknown.

OBJECTIVE: The objective was to discover the role(s) of a novel lncRNA, lnc-HZ09, in the regulation of BPDE-inhibited migration and invasion of
trophoblast cells and the occurrence of miscarriage.

METHOD: Human trophoblast cells were treated with 0, 0.25, 0.5, 1:0, or 1:5 lM BPDE with or without corresponding lnc-HZ09 silencing or overex-
pression. Using these cells, we evaluated cell migration and invasion, the mRNA and protein levels of members of the PLD1/RAC1/CDC42 pathway,
the regulatory roles of lnc-HZ09 in PLD1 transcription and mRNA stability, and lnc-HZ09 transcription and stability. Human villous tissues were col-
lected from RM (n=15) group and their matched healthy control (HC, n=15) group. We evaluated the levels of BPDE-DNA adducts, lnc-HZ09, and
the mRNA and protein expression of members of the PLD1/RAC1/CDC42 pathway, and correlated their relative expression levels. We further con-
structed 0, 0.05 or 0:2 mg=kg B(a)P-induced mouse miscarriage model (each n=6), in which the mRNA and protein expression of members of the
Pld1/Rac1/Cdc42 pathway were measured.

RESULTS:We identified a novel lnc-HZ09. Human trophoblast cells treatedwith lnc-HZ09 exhibited less cell migration and invasion. In addition, the levels
of this lncRNAwere higher in villous tissues fromwomenwith recurrent miscarriage than those from healthy individuals. SP1-mediated PLD1mRNA lev-
els were lower, and HuR-mediated PLD1 mRNA stability was less in trophoblast cells overexpressing lnc-HZ09. However, trophoblast cells treated with
MSX1 had higher levels of lnc-HZ09, and METTL3-mediated m6A methylation on lnc-HZ09 resulted in greater lnc-HZ09 RNA stability. In BPDE-
treated human trophoblast cells and in RM villous tissues, MSX1-mediated lnc-HZ09 transcription and METTL3-mediated lnc-HZ09 stability were both
greater. In our mousemiscarriagemodel, B(a)P-treatedmice had lowermRNA and protein levels of members of the Pld1/Rac1/Cdc42 pathway.

DISCUSSION: These results suggest that in human trophoblast cells, BPDE exposure up-regulated lnc-HZ09 level, suppressed PLD1/RAC1/CDC42
pathway, and inhibited migration and invasion, providing new insights in understanding the causes and mechanisms of unexplained miscarriage.
https://doi.org/10.1289/EHP10477

Introduction
Miscarriage, one of the most common adverse pregnancy out-
comes, is defined as a termination of pregnancy due to fetus exclu-
sion prior to 22 wk of gestation or <500 g of fetal weight.1
Reportedly, there is an 11%–22% cumulative risk of miscarriages
in 5–20 wk of gestation, and the risk of miscarriage is higher in
early gestation (<14 wk) relative to that in the later period.2,3
Recurrentmiscarriage (RM) refers to two ormore consecutivemis-
carriageswith the same spouse, affecting 1%–3% of pregnancies.4,5
Many studies have indicated that various risk factors are associated
with miscarriage in the first trimester, such as chromosomal abnor-
malities, antiphospholipid syndrome, congenital structural abnor-
malities of the uterus, type I diabetes, and thyroid dysfunction.1,6,7
However, in approximately 50% of RMpatients, the clinical causes
of miscarriage are completely unknown, and those are collectively
classified as unexplained recurrent miscarriage.8,9 Therefore, it is
particularly urgent to explore the unknown causes to precisely pre-
vent and treatmiscarriage.

Polycyclic aromatic hydrocarbons (PAHs) are a typical class of
persistent organic pollutants, produced from incomplete pyrolysis
and/or combustion of domestic or industrial coal, cigarettes, fossil
fuel, wood, and food items.10 PAHs persist in the environment and
biota for long periods and exert toxic effects on organisms largely
through inhalation and diet.11 Increasing studies have reported that
many PAHs are associated with skin, lung, and bladder cancers.10

Recent studies also suggest that PAHs act as endocrine disrupters
and have adverse effects on reproductive health.12 B(a)P, a proto-
typical representative of PAHs, is metabolized to generate the ulti-
mate metabolite, benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide
(BPDE). In a small study of 29 women undergoing in vitro fertil-
ization, higher levels of B(a)P were measured in the follicular fluid
of women who self-reported exposure to mainstream smoke than
in those who self-reported no exposure to cigarette smoke
(1:32± 0:68 ng=mL vs. 0:03± 0:01 ng=mL).13 More B(a)P has
also been found out in follicular fluid of nonpregnant women than
those pregnant women in Lithuania during the period 1991–1995
(1:79± 0:03 ng=mL vs. 0:08±0:03 ng=mL).14 A case–control
study of miscarriage suggests that higher level of BPDE-DNA
adducts in maternal blood is associated with a higher miscarriage
risk.15 In mice, exposure to B(a)P in early pregnancy impairedmu-
rine uterine receptivity,16 suppressed embryo implantation,16 and
endometrial stromal cell decidualization.17 Therefore, it is impor-
tant to explore howB(a)P or BPDE affects miscarriage and specific
pathways involved.

As one of the most important components in the placenta,
human extravillous trophoblast (EVT) invades into the pregnant
uterus to establish a maternal–fetal interface.18 Their normal pro-
liferation, migration and invasion are essential for a successful
pregnancy.19 Dysfunctions of human trophoblast cells may lead to
impaired uterine spiral artery rebuilding and trophoblast-related
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adverse pregnancy outcomes, such as miscarriage.20 In our recent
work, we found that human trophoblast cell lines HTR-8/SVneo21
and Swan 7120,22 cells treated with BPDE had higher levels of apo-
ptosis and exhibited less proliferation, invasion, and migration.
Human villous explants treated with BPDE also exhibited less
migration and invasion.21 However, the underlyingmechanisms of
these results are still largely unknown.

The invasion andmigration ofmammalian cells are regulated by
many signaling pathways. Phospholipase D hydrolyze 1 (PLD1) is
involved in the regulation of various cellular biological processes,
such as cell growth, proliferation, migration, and intracellular pro-
tein transportation.22 In addition, RAC1 (Ras related C3 botulinum
toxin substrate 1) and CDC42 (cell division control protein 42) also
regulate the dynamics of cellmotility and proliferation.23Moreover,
it was reported that PLD1 could interact with RAC1 and CDC42 in
RBL-2H3 cells.24 Therefore, whether the PLD1/RAC1/CDC42
pathway might regulate migration and invasion of human tropho-
blast cells and villous tissues should be further explored.

LncRNAs are noncoding RNA molecules with more than 200
ribonucleotides in length,which have exhibited important regulatory
functions at both transcriptional and posttranscriptional levels.25

The expression of lncRNA is developmentally regulated, and
lncRNAs are also tissue-specific and/or cell-type–specific. Studies
suggest that trophoblast cell functions may be influenced by certain
lncRNAs, such as lncRNA EPB41L4A-AS1, which induces meta-
bolic reprogramming in trophoblast cells and placenta tissue26; lnc-
SLC4A1-1, which alters trophoblast functions via activation of
immune responses and regulation of theNF-jB=CXCL8 axis27; and
lncRNAMEG8, which is involved in the regulation of early tropho-
blast cell function.27 Recently, we have performed transcriptome
sequencing of unexplained RM and HC villous tissues and BPDE-
treated trophoblast Swan 71 cells.28 Based on these sequencing data,
we identified a number of novel lncRNAs of interest, including lnc-
HZ01, which was found to regulate BPDE-suppressed trophoblast
cell proliferation and miscarriage by forming a lnc-HZ01/MXD1
feedback loop29; lnc-HZ03, which up-regulated p53/SAT1 pathway
to promote trophoblast apoptosis and affected miscarriage28; lnc-
HZ04, which served as a ceRNA for miR-hz04 and up-regulated the
IP3R1=CaMKII=SGCB pathway30; and lnc-HZ08, which regulated
BPDE-induced trophoblast cell dysfunctions and was associated
with miscarriage.31 These works illustrate that these lncRNAs are
closely associated with the occurrence of miscarriage. However, a
large number of novel lncRNAs have yet to be identified. How these
novel lncRNAs regulate BPDE-suppressed migration and invasion
of human trophoblast cells and regulate miscarriage is still largely
unclear.

Therefore, in this study, we aimed to explore the signaling path-
way by which BPDE inhibited migration and invasion of tropho-
blast cells and to identify the regulatory roles of a novel lncRNA in
both BPDE-treated trophoblast cells and RM villous tissues. For
these aims, we conducted in vitro cellular experiments, human tis-
sue experiments, and in vivo mouse model experiments, and we
expected to discover the mechanism of BPDE-inhibited invasion
and migration of human trophoblast cells in the occurrence of mis-
carriage, as well as the regulatory roles of a novel lncRNA.
Hopefully, this work might provide novel insights in understand-
ing the causes andmechanism of unexplainedmiscarriage.

Materials and Methods

Chemicals
Anhydrous DMSO, corn oil, benzo(a)pyrene [B(a)P, purity 99%]
and actinomycin D were from Sigma-Aldrich. Benzo(a)pyren-7, 8-
dihydrodiol-9, 10-epoxide (BPDE, 99.9%) was from MRIGlobal
(MRIGlobal). BPDEwas dissolved in DMSO at 4mM and stored at

−80�C. B(a)P was dissolved in corn oil before use. All the vehicle
control or cultures included an equal amount ofDMSO (0.03%, v/v).

In VitroMolecular and Cellular Biology Assays
Cell culture. Swan 71 cells, first-trimester human trophoblast cells
that have been immortalized by human telomerase, were con-
structed by the Gil Mor group at Yale University32 and were
obtained from this group as a gift. HTR-8/SVneo cells, human
first-trimester trophoblast cells that have been immortalized by
SVneo virus, were purchased from Hunan Fenghui Biotechnology
Co., Ltd. (CL0164). Swan 71 cells were cultured in DMEM/F12
medium (GIBCO, Invitrogen), and HTR-8/SVneo cells were cul-
tured in RPMI 1640medium (GIBCO), both of whichwere supple-
mented with 10% FBS (GIBCO), in a humidified atmosphere
containing 5%CO2 at 37°C.

Cell transfection. Empty vector pcDNA3.1 (Catalog no.
V790-20) was purchased fromThermo Fisher Scientific Company.
cDNAs that were used for construction of overexpression plasmid
of lnc-HZ09 (pcDNA3.1-HZ09), METTL3 mRNA (pcDNA3.1-
METTL3), MSX1 mRNA (pcDNA3.1-MSX1), SP1 mRNA
(pcDNA3.1-SP1), or HuR mRNA (pcDNA3.1-HuR) were synthe-
sized and constructed into pcDNA3.1 vector by Addgene (Table
S1). The corresponding RNA sequences were obtained from
National Center for Biotechnology Information (NCBI) database
(Gene Bank, Homo sapiens, GRCh38.p14; sequences in Table S1).
Empty vector pcDNA3.1 was used as a negative control. Si-HZ09,
si-METTL3, si-MSX1, si-SP1, si-HuR, and si-NC (negative con-
trol) were customized by Thermo Fisher (sequences in Table S2).
Swan 71 and HTR-8/SVneo cells (1 × 106 cells/well) were seeded
in 6-well plates and cultured to 80% confluence. Trophoblast cells
were transfected with 2:0 lg=well plasmids or 50 nM siRNAs in
Lipofectamine 3,000 (Invitrogen) medium for 24 h according to
the manufacturer’s protocols. For all assays, cell quantification
was performed using TC20 Automated Cell Counter (Bio-Rad
Laboratories).

Cell migration and invasion. Trophoblastic cells (1 × 106

cells/well) in six-well plates were transfected with si-NC,
si-HZ09, si-PLD1, si-HuR, or si-METTL3, or transfected with
pcDNA3.1, pcDNA3.1-HZ09, pcDNA3.1-PLD1, or pcDNA3.1-
METTL3 using Lipofectamine 3,000 media for 24 h. Media was
removed, cells were detached using trypsin, and the surviving
cells were resuspended into DMEM/F12 or RPMI 1640 medium.
For migration assays, 3 × 104 cells/well were seeded in 24-well
transwell chambers (Corning) and cultured for 24 h. For invasion
assays, 80 lL aliquots of Matrigel (BD Biosciences) diluted in
DMEM/F12 medium (dilution ratio 1:8) were coated on 24-well
transwell chambers and were solidified at 37°C for 1 h. Cells
(1 × 104 cells/well) were plated on the top of Matrigel matrix and
cultured for 24 h. The bottom chamber contained medium con-
taining 10% FBS as chemoattractant of human trophoblast cells.
After 24 h, the whole chambers were fixed with 4% paraformal-
dehyde for 20 min, stained with crystal violet for 15 min, and
then washed thrice with phosphate-buffered saline (PBS). For
visualization, the cells on the bottom surface of membrane were
photographed by Axio Observer 3 (Zeiss) at 200× magnification
and counted in five random fields.

High-throughput mRNA sequencing and data processing.
Swan 71 cells (5 × 106 cells) in a 100-mm dish overexpressing
lnc-HZ09 by transfecting with 2:0 lg=well pcDNA3.1-HZ09 and
equal number of control cells by transfecting with 2:0 lg=well
pcDNA3.1 were also used for mRNA sequencing. High-
throughput mRNA sequencing was performed on HiSeq 2000
sequencing platform (BGI-Shenzhen) according to BGI commer-
cial standard process (https://www.bgi.com/).28,29,31 Briefly,
total RNAs were extracted by Trizol reagent (Thermo Fisher
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Scientific). The process included the removal of rRNA, synthesis
of double-stranded cDNA, end repair, degradation of one strand,
and enrichment of the other strand by polymerase chain reaction
(PCR). The library quality was confirmed by sequencing. The
differentially expressed mRNAs with differences >2-fold and
p<0:05 were generated from read counts using the online bioin-
formatic platform Dr. Tom provided by BGI (biosys.bgi.com).
Differentially mRNAs were searched in the NCBI database
(Gene Bank, Homo sapiens, GRCh38.p14) to determine their ge-
nome loci. These differentially expressed mRNAs were used for
gene ontology (GO) analysis (http://geneontology.org/) to gener-
ate GO plots.33,34

50 and 30 rapid amplification of cDNA ends (RACE) assays.
Total RNAs were isolated with Trizol reagent. RACE-ready first-
strand cDNA were performed with 1 lg total RNAs using the
SMARTer RACE 50/30 Kit (Takara Bio) according to themanufac-
turer’s instructions. The 50- and 30-RACE PCR reactions (includ-
ing PCRMaster Mix, SeqAmpDNA Polymerase, 50- or 30-RACE-
ready cDNA, 50 or 30 GSP, UPM, SeqAmp Buffer, and four
dNTPs) were performed on LightCycler480 II (Roche) following
the manufacturer’s instructions (Takara Bio). The PCR programs
are shown in Table S3. RACE PCR products were separated on a
1% agarose gel and extracted with the NuceloSpin Gel and PCR
Clean-Up Kit (Takara Bio). Then, the DNA products were sub-
cloned into pGH-T vectors (GV0108-C, Shanghai Generay
Biotech Co., Ltd.) using In-Fusion Snap Assembly Master Mix
(Takara Bio) for 15min at 50°C and then sequenced bidirectionally
using gene specific primers (Sagene) (Table S4). RNA integrity
was determined with a Bioanalyzer 2100 using RNA 6000 nano-
chips (Agilent). DNA quantity was assessed using a NanoDrop
One C spectrophotometer (Thermo Fisher Scientific). The full-
length nucleotide sequence of lnc-HZ09 is shown in Table S5.

Total RNA extraction and quantitative real-time polymerase
chain reaction (RT-qPCR). RNA was extracted from Swan 71
cells, HTR-8/SVneo cells, human villous tissues, or mouse placental
tissues using Trizol (Invitrogen) containing DNase I (Life
Technologies), according to themanufacturer’s protocols. RNAqual-
ity and quantity were assessed using a NanoDrop 2000 UV spectro-
photometer (Thermo Fisher Scientific). RT-qPCR analysis was
performed as described previously.28,29,31 Briefly, the isolated RNAs
(800 ng) were converted into cDNAs using the first-strand cDNA
synthesis kit (Invitrogen). Then, cDNAswere further amplified using
a 20-lL SYBR qPCR system (including Maxima SYBR Green
qPCRMix, which includesMaximaHot Start Taq DNA polymerase,
SYBR Green I, and dNTPs) following the manufacturer’s instruc-
tions (Thermo Fisher Scientific) (conditions in Table S6). The ampli-
fication results were automatically analyzed using 2−DDCt method
with iQ5 real-time detection system (Bio-Rad Laboratories).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was
used as normalization internal standard for lncRNAs and mRNAs.
The primer (SangonBiotech) sequences are listed in Table S7.

Western blot analysis.Western blot analysis was performed as
described previously.28,29,31 Briefly, proteins were extracted using
RIPA lysis buffer (Thermo Fisher Scientific) and quantified using
Pierce BCA Protein Assay Kit (Pierce). Proteins (30 lg) were sep-
arated using 6%–12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and were then transferred to equili-
brated polyvinylidene fluoride (PVDF) membrane (Amersham
Biosciences). Themembranes were blockedwith 5% bovine serum
albumin (BSA; Sigma-Aldrich) at 25°C for 1 h. Then, the mem-
branes were incubated with primary antibody at 4°C overnight.
The primary antibodies included anti-PLD1 (dilution 1:100; sc-
28,314, Santa Cruz Biotechnology), anti-RAC1 (dilution 1:1,000;
ab155938, Abcam), anti-CDC42 (dilution 1:1,000; ab1429, Abcam),
anti-SP1 (dilution 1:1,000; ab255289, Abcam), anti-HuR (dilution

1:1,000; ab200342, Abcam), anti-MSX1 (dilution 1:600; LS-
C30725, LifeSpan Biosciences), anti-METTL3 (dilution 1:1,000;
ab195352, Abcam), anti-GAPDH (dilution 1:1,000; ab8245,
Abcam) and anti-b-tubulin (dilution 1:1,000; ab78078, Abcam).
After washing thrice with Tris-buffered saline containing Tween-
20 (TBST) for 10 min in each time, the membrane was incubated
with secondary antibody in blocking solution at 25°C for 1 h. The
secondary antibodies included goat anti-rabbit immunoglobulin G
(IgG) (dilution 1:1,000; ab207995, Abcam) and goat antimouse
IgG (dilution 1:1,000; ab207996, Abcam). The relative density of
each protein band was analyzed by Image J with b-tubulin or
GAPDH as the internal standard.

Fluorescence in situ hybridization (FISH). Lnc-HZ09 in
Swan 71 cells was detected by Cy3-labeled lnc-HZ09 probe (50-
CACGAGC-Cy3-TGCCCACGGTCT-Cy3-TCCTTT-30) (Empire
Genomics) according to FISH Kit procedure (RIBOBIO), as
described previously.31 Briefly, Swan 71 cells (1× 104 cells/well)
were seeded in 35-mm confocal dishes (Cat. No. 80100; NEST)
for 24 h; then they were washed with PBS and fixed by 4% para-
formaldehyde (Sigma-Aldrich) for 15 min and treated with 1%
Triton X-100 (Sigma-Aldrich) for 30 min, following incubation
with 2 lM FISH probe of lnc-HZ09 that was pretreated at 73°C
for 5 min after washing with PBS thrice. Afterward, these fixed
cells were further stained with DAPI for 20 min. After washing
with PBS thrice, the emission fluorescence was recorded at
488 nm for DAPI and 570 nm for FISH probe on a confocal fluo-
rescence microscope (N-STORM+A1R; Nikon). The relative lev-
els of lnc-HZ09 in the cytoplasm and nucleus were quantified
using 20 random cells with software Image J (Hue= 200).

mRNA stability assays. Swan 71 or HTR-8/SVneo cells
(1 × 106 cells/well) with overexpression or knockdown of lnc-
HZ09, HuR, or METTL3 were seeded in a 6-well plate for 12 h.
Then, the cells were treated with 5 lg=mL actinomycin D
(Sigma-Aldrich) to block mRNA transcription. After 0, 1, 2, 3, 4,
or 5 h, RNAs were extracted from cells, and the lnc-HZ09 or
PLD1 mRNA were analyzed by RT-qPCR assays. GAPDH
mRNAwas used as the normalization internal standard.

Chromatin immunoprecipitation (ChIP) assays. ChIP
assays were performed with EZ-Magna ChIP Chromatin
Immunoprecipitation Kit (Millipore) based on the manufacturer’s
protocols.29,31 Briefly, Swan 71 or HTR-8/SVneo cells (1 × 107

cells) were transfected with pcDNA3.1-HZ09 or si-HZ09 or were
treated with 1:0 lM BPDE. Then, the cells were cross-linked
with 1% formaldehyde at 37°C for 15 min and were quenched in
125mM glycine for 5 min. DNA fragments ranged from 300 to
600 bp were generated after sonication using a Bioruptor
(Diagenode SA). Subsequently, the antibody against MSX1 (dilu-
tion 1:200; sc-517256, Santa Cruz Biotechnology) or SP1 (dilu-
tion 1:200; ab227383, Abcam) was used for immunoprecipitation
at 4°C overnight on an inverse rotator, with equal weight of IgG
(dilution 1:200; ab172730, Abcam) as negative control. The pro-
moter regions of lnc-HZ09 or PLD1 were immunoprecipitated,
extracted, and amplified (800 ng) by qPCR (programs in Table
S6). The specific qPCR primers are listed in Table S8.

RNA immunoprecipitation (RIP) assays. RIP assays
were performed using a Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore) based on the manufac-
turer’s protocols.29 Briefly, trophoblastic cells (1 × 107 cells)
were lysed in lysis buffer containing RNase inhibitor and prote-
ase inhibitor. Cell lysates were incubated with magnetic beads
attached with human HuR antibody (ab200342; Abcam) or
mouse IgG (5873S; Cell Signaling Technology) as negative
control. The immunoprecipitated RNAs (800 ng) were extracted
by Trizol and analyzed by RT-qPCR (programs in Table S6)
using primers (Sangon Biotech) listed in Table S8.
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Methylated RNA immunoprecipitation (MeRIP). N6-
methyladenosine (m6A RNA methylation) modification on lnc-
HZ09 was determined by MeRIP-qPCR assays, as described pre-
viously.29 Briefly, the purified and fragmented RNAs were incu-
bated with Pierce Protein A/G Magnetic Beads (Thermo Fisher
Scientific) coupled with 5 lg anti-m6A antibody (ab208577;
Abcam) or rabbit IgG as negative control for 2 h at 4°C with rota-
tion. After washes, m6A-modified RNAs were eluted and
detected by RT-qPCR (programs in Table S6) using the primers
listed in Table S8. One tenth of the amount of total RNAs was
used as input. The corresponding m6A modification level in each
sample was calculated by normalizing against the level in input.

In vitro RNA pull-down assays. In vitro RNA pull-down
assays were performed as described previously.31 Briefly, lnc-
HZ09, lnc-HZ09-AS (antisense sequence), PLD1 mRNA or PLD1
mRNA-AS was respectively in vitro transcribed from pGEM-T-
HZ09, pGEM-T-HZ09-AS, pGEM-T-PLD1, or pGEM-T-PLD1-
AS, all of which were customized and synthesized using pGEM-T
empty vector (A3600; Promega), using TranscriptAid T7 High
Yield Transcription Kit (Thermo Fisher Scientific) and were puri-
fied with GeneJET RNA Purification Kit (Thermo Fisher
Scientific). Then, each of the RNAs was labeled with biotin using
Biotin RNA labeling mix (Roche) and was mixed with lysate pro-
teins in protein-RNA binding buffer for 1 h at 4°C. Lnc-HZ09-AS
or PLD1 mRNA-AS was used as negative control (sequences in
Table S9). Subsequently, the RNA-protein complexes were pulled
down by streptavidin attached on magnetic beads using Pierce
Magnetic RNA-Protein Pull-DownKit (Thermo Fisher Scientific),
and the proteins were analyzed byWestern blotting.

Human Tissue Assays
Tissues collection and statement. Villous tissues were collected
from 15 patients with unexplained recurrent miscarriage (RM group)
and 15 women who had elective abortion as healthy control (HC
group) ages 25–30 y old and were treated at the West China Fourth
Hospital (Chengdu, China) from December 2018 to December 2019,
as described previously.28,29,31 All RM patients had ≥2 consecutive
unexplained miscarriages. Any women with one of the following
features was excluded35: a) eclampsia or preeclampsia; b) viral
infectious disease (e.g., AIDS, syphilis, tuberculosis, gonorrhea);
c) polycystic ovarian syndrome; d) uterine abnormalities or cervical
incompetence; e) luteal phase defects, autoimmune abnormality,
hyperandrogenemia, hyperprolactinemia, or antiphospholipid anti-
body syndrome; f) abnormal karyotype of the parents or abortus;
g) the symptoms of endocrine or metabolic diseases (e.g., hyperthyr-
oidism, diabetes, and hypothyroidism); and h) tuberculosis, HIV,
HBV, HCV, or with positive results from c-interferon release tests.
All of the HC group lacked any of the eight features as described
above and had previous pregnancies. A piece of villous tissue with
dimensions of approximate 2× 0:5× 0:5 cm3 was manually dis-
sected from the fetal side of the placenta and cleared of maternal
decidua from these two groups at 6–10 wk of gestation. These sam-
ples were serially washed and immediately frozen in liquid nitrogen.
Villous tissues were homogenized using Silica beads (107735;
Merck) via shaking for a 1-min burst using a TissueLyser LT instru-
ment (Qiagen). Approximately 30 mg villous tissues were homoge-
nized in 600 uL Trizol reagent (Invitrogen) for total RNA extraction
and in RIPA lysis buffer (Thermo Fisher Scientific) containing a pro-
tease inhibitor cocktail for total protein separation. The experiment
protocols have been authorized by the Medical Ethics Committee of
the West China Fourth Hospital, Sichuan University. Written
informed consentwas signed before the study.

Determination of BPDE-DNA adduct levels in villous tis-
sues. Genomic DNA was isolated from human villous tissues
using Tissue/Cell Genomic DNA extraction and Purification Kit

(K1442-100; BioVision). The levels of BPDE-DNA adducts
were assessed using BPDE-DNA adduct ELISA kit (STA-357;
Cell Biolabs). Briefly, DNA samples (2 lg=mL) were sonicated
into fragments with 200–1,000 bp as determined by 1% agarose
gel and then incubated with anti-BPDE antibody (dilution
1:1,000; 235601, Cell Biolabs) in 96-well plates for 2 h at room
temperature. After washing with wash buffer (310806; Cell
Biolabs), the secondary antibody (10902; Cell Biolabs) was
added to each well for 1 h, 3,30,5,50-tetramethylbenzidine buffer
was added, and then the mixture was incubated for 20 min at
room temperature. After termination of reaction, the relative lev-
els of BPDE-DNA adducts were determined by measuring the
absorbance at 450 nm using a microplate reader (VL0L00D0;
Thermo Fisher Scientific), with the Reduced DNA Standard
(235602; Cell Biolabs) as absorbance blank. The amount of
BPDE-DNA adducts was quantified using a BPDE-DNA stand-
ard curve. The results were expressed as nanograms of BPDE-
DNA adducts per microgram of DNA.

In VivoMouse Model Assays
A B(a)P-induced miscarriage mouse model was constructed as
described previously.28,29,31 Briefly, C57BL/6 mice were from
the Charles River Company and were housed in the local labora-
tory animal center. Mice (6–8 wk old) were housed under stand-
ard environmental conditions (12 h light/dark cycle, 22°C). The
mice had a 1-wk acclimation, during which time they received
standard chow and tap water ad libitum. Female mice were mated
with male mice overnight, and the appearance of vaginal plug
was considered as the first day of pregnancy (D1), which was fur-
ther validated by monitoring the increase in weight. Three groups
of pregnant mice (each n=8) were daily given B(a)P (0, 0.05, or
0:2 mg=kg, dissolved in corn oil) by oral gavage from D1 to
D13, with an equal volume of corn oil as vehicle control. All
mice were weighed daily, and they were euthanized by injection
with Nembutal (100 mg=kg) on D14 to collect uteri. A random
placenta was collected from every mouse in each group. The pla-
cental tissues were manually dissected and then snap-frozen in
liquid nitrogen and stored at −80�C for subsequent RT-qPCR
and Western blotting analysis. The protocol was approved by the
Medical Ethics Committee of West China Medical Center.

Software Prediction and Data Analysis
Coding Potential Assessment Tool [CPAT (https://wlcb.oit.uci.
edu/cpat/)]36 was used to analyze the protein-coding potential of
lncRNAs. The open reading frame (ORF) was predicted with the
NCBI Open Reading Frame Finder [ORF finder (https://www.
ncbi.nlm.nih.gov/orffinder/)]. Conserved Domain Database [CDD
(https://www.ncbi.nlm.nih.gov/cdd/)] and Pfam 34.0 (http://pfam.
xfam.org/)37 were used to analyze the conserved domains in
lncRNAs. PROMO software [version 3.0.2 (http://alggen.lsi.upc.
es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3)]38,39

was used to predict the transcription factors. The proteins that
might be regulated by PLD1 were analyzed using STRING [ver-
sion 11.5 (https://cn.string-db.org/)].40 Last, the m6A methylation
modification site on RNA was identified with SRAMP software
[version 2.15 (http://www.cuilab.cn/sramp/)].41

All experiments were replicated thrice independently, and the
data were presented as mean± standard deviation (SD; n=3).
Statistical analysis was operated using SPSS software (version 24.0;
SPSS Inc.). Independent-samples Student’s t-test was used between
two groups; and one-way analysis of variance was used for more
groupswithDunnett’s or LSDpost hoc test. The correlation analysis
of the relative expression levels was performed using Pearson analy-
sis. The dotted box was used to visually distinguish the data points
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of RM and HC groups. All graphs were made with GraphPad Prism
(version 8.0; GraphPad Inc.). Differences were considered signifi-
cant when *p<0:05, **p<0:01, or ***p<0:001.

Results

Characterization of a Novel lnc-HZ09 Highly Expressed in
RM Villous Tissues and in BPDE-Exposed Human
Trophoblast Cells
In our previous work, we identified 22 novel lncRNAs that were
significantly highly expressed in human Swan 71 cells after BPDE
treatment and 10 novel lncRNAs that were significantly highly

expressed in RM tissues relative to HC tissues by high-throughput
transcriptome sequencing.28 In these sequencing data, a novel
lncRNA, lnc-32238, was one of the most considerably highly
expressed lncRNAs in BPDE-exposed trophoblast cells (Figure
S1A) and in RM tissues relative to HC tissues (Figure S1B), imply-
ing that this lncRNA might regulate the dysfunctions of BPDE-
exposed trophoblast cells and the occurrence of miscarriage in an
unidentified regulatory approach. In the current work, we focused
on this lncRNA. Lnc-32238 was further confirmed to be signifi-
cantly highly expressed in BPDE-exposed Swan 71 and HTR-8/
SVneo cells by RT-qPCR analysis (Figure 1A,B). This lncRNA
was identified as a sense transcript with 365 nucleotides (nt) in
length by rapid amplification of cDNA ends (RACE) assays

Figure 1. Expression levels of a novel lnc-HZ09 and the migration and invasion of human trophoblast cells with overexpression or knockdown of lnc-HZ09.
(A–B) RT-qPCR analysis (each n=3) of lnc-HZ09 expression levels in BPDE-treated Swan 71 (A) or HTR-8/SVneo (B) cells. (C) FISH analysis (each n=3)
of the distribution of lnc-HZ09 (red) in the nucleus and cytoplasm of Swan 71 cells (scale bar, 50 lm) and the relative levels of lnc-HZ09 foci. (D–G)
Transwell assay analysis of the migration and invasion of Swan 71 (D–E) or HTR-8/SVneo (F–G) cells with overexpression (D and F) or knockdown (E and
G) of lnc-HZ09 (scale bar, 200 lm). The number of cells per view was quantified. The summary data of these bar charts were shown in Excel Table S1. The
RNA level in the untreated cells was set as “1” in RT-qPCR assays. C–G show the representative data from three independent experiments. Data in (A–G)
show mean±SD of three independent experiments. Two-tailed Student’s t-test for (D,F); one-way ANOVA analysis for (A,B,E,G); *p<0:05, **p<0:01, and
***p<0:001. Note: ANOVA, analysis of variance; BPDE, benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide; FISH, fluorescence in situ hybridization; HZ09, over-
expression of lnc-HZ09; NC, negative control of siRNA; ns, nonsignificance; RT-qPCR, quantitative reverse transcription polymerase chain reaction; SD,
standard deviation; si-HZ09, knockdown of lnc-HZ09; Vector, empty vector of pcDNA3.1.
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(Figure S1C; Tables S4 and S5) and resided at chromosome 16 (chr
16: 3,220,699 - 3,221,017). Then, this lnc-32238 was termed as
lnc-HZ09, and its sequence was submitted to NCBI with accession
No. MW675687. The protein-coding potential of lnc-HZ09 was
analyzed to be very weak using NCBI ORF finder and CPAT (cod-
ing probability 0:036< 0:364).36 Additionally, lnc-HZ09 was
found to have no conserved domains using CDD and Pfam.42 The
data indicated that lnc-HZ09 might not encode a protein (Table.
S10). Lnc-HZ09was distributed to both the cytoplasm and nucleus
of Swan 71 cells, as detected by FISH assays (Figure 1C).

Measurement of Migration Ad Invasion of Human
Trophoblast Cells with Overexpression or Silence of
lnc-HZ09

Because lnc-HZ09 was highly expressed in BPDE-treated tropho-
blast cells, its roles in the regulation of trophoblast cell functions
were explored. To identify this, lnc-HZ09 was overexpressed in
human trophoblast Swan 71 cells by transfecting with pcDNA3.1-
HZ09 (validation shown in Figure S1D); and these cells and the
corresponding control cells were used for mRNA sequencing. In

Figure 2. Expression levels of members of PLD1/RAC1/CDC42 pathway regulated by lnc-HZ09 in human trophoblast cells. (A) The significantly down-regulated
mRNAs in the intersection of mRNA sequencing data of BPDE-treated vs. untreated Swan 71 cells, lnc-HZ09-overexpressed vs control Swan 71 cells, and RM vs
HC villous tissues. (B) String analysis of PLD1, RAC1 and CDC42. (C) Representative western blot analysis of the protein levels of PLD1, RAC1 and CDC42 in
Swan 71 or HTR-8/SVneo cells with overexpression or knockdown of lnc-HZ09, with GAPDH as internal standard. The relative intensity of each band was quan-
tified and the mean±SD of three replicates was shown in Figure S3A. (D) Representative western blot analysis of the protein levels of SP1 and PLD1 in Swan 71
or HTR-8/SVneo cells with overexpression or knockdown of SP1, with GAPDH as internal standard. The relative intensity of each band was quantified and the
mean±SD of three replicates was shown in Figure S3G. (E–F) SP1 ChIP assay analysis (each n=3) of the relative enrichment of SP1 in the promoter region of
PLD1 gene in Swan 71 (E) or HTR-8/SVneo (F) cells. (G) Representative western blot analysis of the protein levels of SP1 in Swan 71 or HTR-8/SVneo cells
with overexpression or knockdown of lnc-HZ09, with b-tubulin as internal standard. The relative intensity of each band was quantified and the mean±SD of three
replicates was shown in Figure S3H. (H–I) SP1 ChIP assay analysis (each n=3) of the relative enrichment of SP1 in the promoter region of PLD1 gene in Swan
71 cells with overexpression (H) or knockdown (I) of lnc-HZ09. (J–K) The mRNA stability of PLD1 (each n=3) in Swan 71 (J) or HTR-8/SVneo (K) cells with
overexpression or knockdown of lnc-HZ09. (L) Representative western blot analysis of the protein levels of PLD1 in Swan 71 or HTR-8/SVneo cells with overex-
pression or knockdown of HuR, with b-tubulin as internal standard. The relative intensity of each band was quantified and the mean± SD of three replicates was
shown in Figure S5E. (M–N) The mRNA stability of PLD1 (each n=3) in Swan 71 (M) or HTR-8/SVneo (N) cells with overexpression or knockdown of HuR.
(O–R) RIP assay analysis (each n=3) of the relative levels of lnc-HZ09 (O and Q) or PLD1 mRNA (P and R) that was pulled down by HuR protein in Swan 71
(O and P) or HTR-8/SVneo (Q and R) cells. (S–V) RIP assay analysis (each n=3) of the relative levels of PLD1 mRNA that was pulled down by HuR protein in
Swan 71 (S and T) or HTR-8/SVneo (U and V) cells with overexpression (S and U) or knockdown (T and V) of lnc-HZ09. (W) Representative western blot analy-
sis of HuR that was pulled down by biotin-labeled lnc-HZ09 or PLD1 mRNA in Swan 71 or HTR-8/SVneo cells in pull-down assays. (X) Representative western
blot analysis of HuR that was pulled down by biotin-labeled PLD1 mRNA in Swan 71 or HTR-8/SVneo cells with overexpression or knockdown of lnc-HZ09 in
pull-down assays. (Y) Representative western blot analysis of HuR that was pulled down by biotin-labeled lnc-HZ09 in Swan 71 or HTR-8/SVneo cells with over-
expression or knockdown of PLD1 in pull-down assays. The summary data of these bar charts and diagrams were shown in Excel Table S1. The expression level
in NC or Vector group was set as “1” in all of mRNA stability assays; the levels of DNA or RNA pulled down by IgG were set as “1” in all of ChIP and RIP
assays, respectively; and the band intensity in NC or Vector group was set as ‘100’ in all of western blot assays. C,D,G,L,W–Y show the representative data from
three independent experiments. Data in (E–F, H–K, M–V) show mean±SD of three independent experiments. Two-tailed Student’s t-test for (E–F,H–I,O–V);
*p<0:05, **p<0:01. Note: BPDE, benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide; ChIP, chromatin immunoprecipitation; GADPH, glyceraldehyde-3-phosphate
dehydrogenase; HC, healthy control; HuR, overexpression of HuR; HZ09, overexpression of lnc-HZ09; NC, negative control of siRNA; ns, nonsignificance;
PLD1, phospholipase D hydrolyze 1; RIP, RNA immunoprecipitation; RM, recurrent miscarriage; SD, standard deviation; si-HuR, knockdown of HuR; si-SP1,
knockdown of SP1; SP1, overexpression of SP1; Vector, empty vector of pcDNA3.1; si-HZ09, knockdown of lnc-HZ09.
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sequencing data, we found that 1,055 mRNAs were down-
regulated, and 710 mRNAs were up-regulated with differences
>2-fold and p-values <0:05 with overexpression of lnc-HZ09
(sequencing data in Excel Table S2). Subsequently, GO biological
process analysis showed that cell migration might be significantly
regulated by lnc-HZ09 overexpression (Figure S1E). To experi-
mentally validate this, lnc-HZ09 was overexpressed by transfect-
ing with pcDNA3.1-HZ09 or silenced by transfecting with its two
distinct siRNAs (si1-HZ09 or si2-HZ09) in both Swan 71 and
HTR-8/SVneo cells, and their efficiencies were validated by RT-
qPCR analysis (Figure S1D, F–H). Migration and invasion of the
respective cells were assessed. We found that lnc-HZ09-overex-
pressing cells demonstrated significantly less migration and inva-
sion in comparison with cells transfected with empty vector. In
contrast, lnc-HZ09-silenced cells demonstrated significantly
greater migration and invasion (Figure 1D–G).

The Regulation of lnc-HZ09 on Trophoblast Cell Migration
and Invasion through PLD1/RAC1/CDC42 Pathway
Next, the potential signaling pathway that might be regulated by
lnc-HZ09 was further studied. First, the key molecules that were
differentially expressed were discovered. In RNA sequencing
data of BPDE-treated Swan 71 cells, human RM vs HC villous
tissues, and lnc-HZ09-overexpressed cells, we identified nine
down-regulated mRNAs with expression level difference >2-fold
between experimental and control (e.g., BPDE-treated vs.
untreated Swan 71 cells, RM vs. HC villous tissues, and lnc-
HZ09-overexpressed vs. control Swan 71 cells) with p-values
<0:05 in the intersection of these three sets of sequencing data
(Figure 2A). RT-qPCR analysis further confirmed that they were
all up-regulated in Swan 71 cells with lnc-HZ09 knockdown via

siRNA (Figure S2A). Among them, PLD1 was one of the most
considerably altered mRNAs (Figure S2A). String analysis24

showed that PLD1 might interact with RAC1 and CDC42 (Figure
2B), implying that this PLD1/RAC1/CDC42 pathway might reg-
ulate migration and invasion of trophoblast cells and might also
be regulated by lnc-HZ09 in trophoblast cells.

Subsequently, the functions of this pathway were explored in
human trophoblast cells. Cells (both Swan 71 and HTR-8/SVneo)
with PLD1 overexpression had higher protein levels of RAC1
and CDC42, whereas cells with PLD1 knockdown had lower pro-
tein levels of RAC1 and CDC42 (Figure S2B–E). Furthermore,
Swan 71 or HTR-8/SVneo cells withPLD1 overexpression had
less migration and invasion, whereas cells with PLD1 knock-
down had greater migration and invasion (Figure S2F–I).
Subsequently, the role of lnc-HZ09 in regulation of this pathway
was further explored. The mRNA and protein expression levels
of PLD1, RAC1 and CDC42 were all lower in lnc-HZ09-overex-
pressed Swan 71 or HTR-8/SVneo cells and were all higher in
lnc-HZ09-silenced cells compared to relevant controls (Figure
2C; S3A–B).

The Effects of lnc-HZ09 on SP1-Mediated PLD1 mRNA
Transcription in Human Trophoblast Cells
We next explored how lnc-HZ09 regulated PLD1 expression. First,
how lnc-HZ09 affected PLD1 mRNA transcription was studied. It
has been reported that SP1 acted as a transcription factor to promote
PLD1 mRNA transcription in hepatocytes.43 As analyzed by
PROMO software, SP1 might recognize the promoter sequence of
PLD1 (Figure S4). Experimentally, Swan 71 and HTR-8/SVneo
cells with overexpression of SP1 had higher, whereas cells with SP1
knockdown had lower mRNA and protein expression levels of

Figure 2. (Continued.)
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PLD1 (Figure 2D, S3C–G). SP1 ChIP assays further confirmed that
SP1 could bind with the promoter region of PLD1 (Figure 2E–F),
indicating that SP1 may act as a transcription factor to facilitate
PLD1 transcription in human trophoblast cells.Moreover, cells with
overexpression of lnc-HZ09 had lower, whereas cells with lnc-
HZ09 knockdown had higher SP1mRNAand protein levels (Figure
2G; Figure S3H). SP1 ChIP assays further showed that cells with
lnc-HZ09 overexpression had greater, whereas cells with knock-
down of lnc-HZ09 had lower occupancy of SP1 on the promoter
region of PLD1 (Figure 2H,I; Figure S3J,K). Collectively, these
results supported that lnc-HZ09 might suppress SP1-mediated
PLD1mRNA transcription.

The Effects of lnc-HZ09 on PLD1 mRNA Stability in
Human Trophoblast Cells
Subsequently, we further investigated whether lnc-HZ09 might
affect PLD1 mRNA stability. For both Swan 71 and HTR-8/
SVneo cells, lnc-HZ09-overexpressed cells had lower, whereas
lnc-HZ09-silenced cells had higher PLD1 mRNA stability

(Figure 2J,K). As control, alteration of lnc-HZ09 did not affect
the mRNA stability of GAPDH in both cells (Figure S5A,B).

It has been reported that HuR is an RNA binding protein,
which could bind RNAs containing AUUU specific sequence and
enhance their RNA stability.44 Here, we explored whether HuR
protein could promote PLD1 mRNA stability in human tropho-
blast cells. We found that in both Swan 71 and HTR-8/SVneo
cells, those with overexpression of HuR had higher, whereas
those with HuR knockdown had lower PLD1 mRNA and protein
levels (Figure 2L; S5C–F). Similarly, HuR-overexpressed cells
had higher mRNA stability and those with HuR knockdown had
lower mRNA stability (Figure 2M,N). As control, alteration of
HuR did not affect GAPDH mRNA stability in both cells (Figure
S5G,H). Furthermore, cells with overexpression of HuR exhib-
ited greater, whereas cells with HuR knockdown exhibited less
migration and invasion (Figure S5I–L). Notably, alteration of
lnc-HZ09 did not affect the protein level of HuR in both tropho-
blast cells (Figure S5M,N).

Because HuR is an RNA binding protein, whether HuR
could competitively bind with lnc-HZ09 or PLD1 mRNA was

Figure 3. Expression levels of lnc-HZ09 regulated by MSX1 and m6A RNAmethylation in human trophoblast cells. (A–B) RT-qPCR analysis (each n=3) of the
levels of lnc-HZ09 in Swan 71 (A) or HTR-8/SVneo (B) cells with overexpression or knockdown ofMSX1. (C–D)MSX1ChIP assay analysis (each n=3) of the rel-
ative enrichment of MSX1 in the promoter region of lnc-HZ09 in Swan 71 (C) or HTR-8/SVneo (D) cells. (E–F) MeRIP assay analysis (each n=3) of the levels of
m6A RNA methylation on lnc-XIST or lnc-HZ09 in Swan 71 (E) or HTR-8/SVneo (F) cells. (G–H) MeRIP assay analysis (each n=3) of the levels of m6A RNA
methylation on lnc-HZ09 in Swan 71 (G) or HTR-8/SVneo (H) cells with overexpression or knockdown ofMETTL3. (I–J) RT-qPCR analysis (each n=3) of the lev-
els of lnc-HZ09 in Swan 71 (I) or HTR-8/SVneo (J) cells with overexpression or knockdown of METTL3. (K–L)MeRIP assay analysis (each n=3) of the levels of
m6A RNAmethylation on lnc-HZ09 in Swan 71 (K) or HTR-8/SVneo (L) cells with DAA treatment. (M) RT-qPCR analysis (each n=3) of the levels of lnc-HZ09
in Swan 71 or HTR-8/SVneo cells withDAA treatment. (N) RT-qPCR analysis (each n=3) of the levels of lnc-HZ09 in Swan 71 or HTR-8/SVneo cells with overex-
pression of METTL3 or overexpression of METTL3 together with DAA treatment. (O) The RNA stability (each n=3) of lnc-HZ09 in Swan 71 cells with overex-
pression or knockdown of METTL3, or with overexpression of METTL3 together with DAA treatment. (P) Representative western blot analysis of PLD1 protein
levels in Swan 71 cells with overexpression or knockdown ofMETTL3, or with overexpression of METTL3 together with DAA treatment, with GAPDH as internal
standard. The relative intensity of each band was quantified and their mean±SD of three replicates was shown in Figure S7F. The summary data of these bar charts
and diagrams were shown in Excel Table S1. The expression level in NC or Vector group was set as “1” in all of RT-qPCR and mRNA stability assays; the levels of
DNA or RNA pulled down by IgG were set as “1” in all ChIP and MeRIP assays; and the band intensity in NC or Vector group was set as “100” in all western blot
assays. (P) shows the representative data from three independent experiments. Data in (A–O) show mean±SD of three independent experiments. Two-tailed
Student’s t-test for (A–M); one-wayANOVA analysis for (A,B,I,J,N). *p<0:05, **p<0:01, and ***p<0:001. Note: ANOVA, analysis of variance; ChIP, chromatin
immunoprecipitation; DAA, 3-deazaadenosine; GADPH, glyceraldehyde-3-phosphate dehydrogenase; IgG, immunoglobulin G; MeRIP, methylated RNA immu-
noprecipitation; METTL3, overexpression of METTL3; MSX1, overexpression of MSX1; NC, negative control of siRNA; ns, nonsignificance; PLD1, phospholi-
pase D hydrolyze 1; RT-qPCR, quantitative reverse transcription polymerase chain reaction; SD, standard deviation; si-METTL3, knockdown of METTL3;
si-MSX1, knockdown ofMSX1; Vector, empty vector of pcDNA3.1.
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determined in human trophoblast cells. RIP assays showed
that both PLD1 mRNA and lnc-HZ09 could be pulled down by
HuR protein in both Swan 71 and HTR-8/SVneo cells (Figure
2O–R). Furthermore, cells with lnc-HZ09 overexpression had
lower levels of PLD1 mRNA that were pulled down by HuR
protein in both cells, whereas those with lnc-HZ09 knockdown
had higher levels of PLD1 mRNA that were pulled down by
HuR protein in both cells (Figure 2S–V). RNA pull-down
assays further confirmed that HuR protein could be pulled
down by biotin-labeled lnc-HZ09 or PLD1 mRNA but not by
their antisense RNAs (Figure 2W). Moreover, cells with over-
expression of lnc-HZ09 had lower levels of HuR protein that
were pulled down by biotin-labeled PLD1 mRNA, whereas
cells with knockdown of lnc-HZ09 had higher levels of HuR
protein that were pulled down by biotin-labeled PLD1 mRNA
(Figure 2X). Similarly, cells with PLD1 overexpression had
lower levels of HuR protein pulled down by biotin-labeled
lnc-HZ09, whereas cells with knockdown of PLD1 had higher
levels of HuR protein pulled down by biotin-labeled lnc-HZ09
(Figure 2Y).

Regulatory Roles of MSX1 in lnc-HZ09 Transcription in
Human Trophoblast Cells
We next explored what regulated lnc-HZ09 expression level in
human trophoblast cells. First, the transcription of lnc-HZ09 was
studied. It has been reported that MSX1 was a transcription factor
that promoted mRNA transcription of fibroblast growth factor 9
in murine myoblast C2C12 cells.45 As identified by PROMO
software, MSX1 might recognize the promoter region of lnc-
HZ09 (Figure S6). Experimentally, in both Swan 71 and HTR-8/
SVneo cells, cells with overexpression of MSX1 had higher
expression level of lnc-HZ09, whereas those with knockdown of
MSX1 had lower expression level of lnc-HZ09 (Figure 3A–B;
Figure S7A). Moreover, MSX1 ChIP assays showed that MSX1

could bind to the promoter region of lnc-HZ09 (Figure 3C,D),
indicating that MSX1 may act as a transcription factor to promote
lnc-HZ09 transcription.

The Effects of METTL3-Mediated m6A RNAMethylation
on lnc-HZ09 Stability in Human Trophoblast Cells
Subsequently, lnc-HZ09 RNA stability was investigated. It has
been shown that m6A modification on lncRNAs may regulate the
stability of lncRNAs.46 M6A modification site (50-GGACU-3041)
was identified in lnc-HZ09 sequence using SRAMP software
(Table S11). Subsequently, MeRIP assays confirmed the presence
of m6A RNA modification on lnc-HZ09 (Figure 3E,F). LncRNA
XIST containing m6A RNA modification47 was used as a posi-
tive control.

METTL3 is an important RNA methyltransferase to produce
m6A RNA methylation on RNAs.48 Herein, in both Swan 71 and
HTR-8/SVneo cells, those with overexpression of METTL3 had
higher levels of m6A RNA modification on lnc-HZ09, whereas
cells with knockdown of METTL3 had lower levels of m6A
RNA modification on lnc-HZ09 (Figure 3G,H; Figure S7B) and
expression level of lnc-HZ09 (Figure 3I,J), as determined by
MeRIP assays and RT-qPCR analysis, respectively. The addition
of 3-deazaadenosine (DAA), an inhibitor of m6A RNA methyla-
tion,49 resulted in lower m6A modification level on lnc-HZ09
(Figure 3K,L) and lower lnc-HZ09 expression level (Figure 3M).
Furthermore, the up-regulation of lnc-HZ09 by overexpressing
METTL3 was diminished by the addition of DAA (Figure 3N).
Moreover, RNA stability assays also showed that, in Swan 71
and HTR-8/SVneo cells, cells overexpressing METTL3 had
greater lnc-HZ09 stability, whereas cells with knockdown of
METTL3 had lower lnc-HZ09 stability (Figure 3O; S7C). As
control, alteration of METTL3 did not affect GAPDH mRNA sta-
bility in both cells (Figure S7D,E). Furthermore, the enhance-
ment of lnc-HZ09 stability by overexpressing METTL3 was

Figure 3. (Continued.)
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diminished by treating trophoblast cells with DAA (Figure 3O;
Figure S7C).

Subsequently, the effects of METTL3 on PLD1 expression
levels and trophoblast cell functions were also explored. In Swan
71 and HTR-8/SVneo cells, METTL3-overexpressed cells had
lower PLD1 protein levels, whereas cells with knockdown of

METTL3 or treated with DAA had higher PLD1 protein levels
(Figure 3P; Figure S7F–H). Moreover, cells with overexpression
of METTL3 had less migration and invasion, an effect that was
mitigated by treating cells with DAA (Figure S7I). In contrast,
cells with knockdown of METTL3 had greater migration and
invasion of (Figure S7J).

Figure 4. PLD1/RAC1/CDC42 pathway regulated by lnc-HZ09 in BPDE-exposed human trophoblast cells. (A) Representative western blot analysis of the pro-
tein levels of PLD1, RAC1 and CDC42 in BPDE-treated Swan 71 or HTR-8/SVneo cells, with GAPDH as internal standard. The relative intensity of each
band was quantified and their mean±SD of three replicates was shown in Figure S8A,B. (B–E) Representative transwell assay analysis of the migration and
invasion of 0:5 lM BPDE-treated Swan 71 (B and C) or HTR-8/SVneo (D and E) cells with overexpression or knockdown of lnc-HZ09 (scale bar, 200 lm).
(F) Representative western blot analysis of the protein levels of SP1, PLD1, RAC1 and CDC42 in 0:5 lM BPDE-treated Swan 71 or HTR-8/SVneo cells with
overexpression or knockdown of lnc-HZ09, with GAPDH as internal standard. The relative intensity of each band was quantified and their mean±SD of three
replicates was shown in Figure S8G–J. (G) Representative western blot analysis of the protein levels of SP1 in BPDE-treated Swan 71 or HTR-8/SVneo cells,
with GAPDH as internal standard. The relative intensity of each band was quantified and their mean±SD of three replicates was shown in Figure S8O. (H–I)
SP1 ChIP assay analysis (each n=3) of the relative enrichment of SP1 in the promoter region of PLD1 gene in untreated or 0:5 lM BPDE-treated Swan 71
(H) or HTR-8/SVneo (I) cells. (J–K) SP1 ChIP assay analysis (each n=3) of the relative enrichment of SP1 in the promoter region of PLD1 gene in 0:5 lM
BPDE-treated Swan 71 (J) or HTR-8/SVneo (K) cells with overexpression of lnc-HZ09. (L–M) The mRNA stability of PLD1 (each n=3) in 0:5 lM BPDE-
treated Swan 71 (L) or HTR-8/SVneo (M) cells with overexpression or knockdown of lnc-HZ09. (N) Representative western blot analysis of the protein levels
of PLD1 in 0:5 lM BPDE-treated Swan 71 or HTR-8/SVneo cells with overexpression or knockdown of HuR, with b-tubulin as internal standard. The relative
intensity of each band was quantified and their mean±SD of three replicates was shown in Figure S9C. (O) The mRNA stability of PLD1 (each n=3) in
0:5 lM BPDE-treated Swan 71 cells with overexpression or knockdown of HuR. (P) Representative western blot analysis of the protein levels of HuR in
0–1:5 lM BPDE-treated Swan 71 or HTR-8/SVneo cells, with b-tubulin as internal standard. The relative intensity of each band was quantified and their
mean±SD of three replicates was shown in Figure S9H. (Q–R) RIP assay analysis (each n=3) of the relative levels of PLD1 mRNA that was pulled down by
HuR protein in 0:5 lM BPDE-treated Swan 71 (Q) or HTR-8/SVneo (R) cells with overexpression of lnc-HZ09. (S) Representative western blot analysis of
MSX1 protein levels in 0–1:5 lM BPDE-treated Swan 71 or HTR-8/SVneo cells, with GAPDH as internal standard. The relative intensity of each band was
quantified and their mean±SD of three replicates was shown in Figure S9L. (T) MSX1 ChIP assay analysis (each n=3) of the relative enrichment of MSX1
in the promoter region of lnc-HZ09 in untreated or 0:5 lM BPDE-treated Swan 71 cells. (U) Representative western blot analysis of the protein levels of
METTL3 in BPDE-treated Swan 71 or HTR-8/SVneo cells, with GAPDH as internal standard. The relative intensity of each band was quantified and their
mean±SD of three replicates was shown in Figure S9O. (V) MeRIP assay analysis (each n=3) of the relative levels of m6A RNA methylation on lnc-HZ09
in untreated or 0:5 lM BPDE-treated Swan 71 cells. (W) The RNA stability of lnc-HZ09 (each n=3) in untreated or 0:5 lM BPDE-treated Swan 71 cells. (X)
The mRNA stability of PLD1 (each n=3) in untreated or 0:5 lM BPDE-treated Swan 71 cells. The summary data of these bar charts and diagram were shown
in Excel Table S1. The RNA levels in NC or Vector group were set as “1” in all of mRNA stability assays; the DNA or RNA levels in IgG group were set as
“1” in all of ChIP, RIP, and MeRIP assays; and the band intensity in NC or Vector group was set as “100” in all of western blot assays. (A–G,N,P,S,U) show
the representative data from three independent experiments. Data in (H–M,O,Q,R,T,V–X) show mean±SD of three independent experiments. Two-tailed
Student’s t-test for (H–K, Q–R, T, V); *p<0:05, **p<0:01, and ***p<0:001. Note: BPDE, benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide; ChIP, chromatin
immunoprecipitation; GADPH, glyceraldehyde-3-phosphate dehydrogenase; HuR, overexpression of HuR; HZ09, overexpression of lnc-HZ09; IgG, immuno-
globulin G; MeRIP, methylated RNA immunoprecipitation; NC, negative control of siRNA; ns, nonsignificance; PLD1, phospholipase D hydrolyze 1; RIP,
RNA immunoprecipitation; SD, standard deviation; si-HuR, knockdown of HuR; si-HZ09, knockdown of lnc-HZ09; Vector, empty vector of pcDNA3.1.
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The Effects of lnc-HZ09 on Migration and Invasion of
BPDE-Exposed Human Trophoblast Cells through PLD1/
RAC1/CDC42 Pathway
To discover the underlying mechanism of BPDE effects on
migration and invasion of human trophoblast cells, the regulation
of lnc-HZ09 on the PLD1/RAC1/CDC42 pathway was investi-
gated in BPDE-exposed trophoblast cells. First, we found that the
expression levels of mRNAs and proteins of members in this
PLD1/RAC1/CDC42 pathway were all lower (Figure 4A; Figure
S8A–D), whereas the levels of lnc-HZ09 were higher (Figure
1A–B), with increasing BPDE concentrations in BPDE-treated
Swan 71 or HTR-8 cells. Of BPDE-treated Swan 71 or HTR-8/
SVneo cells, those overexpressing lnc-HZ09 had less migration
and invasion, whereas cells with knockdown of lnc-HZ09 had
greater migration and invasion (Figure 4B–E; Figure S8E–F). In
the PLD1/RAC1/CDC42 pathway, the levels of mRNAs and pro-
teins were all lower with lnc-HZ09 overexpression and were all
higher with lnc-HZ09 knockdown in BPDE-treated both tropho-
blast cells (Figure 4F; Figure S8G–N).

The Effects of lnc-HZ09 on PLD1 mRNA Transcription and
mRNA Stability in BPDE-Exposed Human Trophoblast
Cells
How lnc-HZ09 regulated PLD1 mRNA transcription was further
investigated in BPDE-treated trophoblast cells. The mRNA and
protein levels of the transcription factor SP1 were lower in
BPDE-treated Swan 71 or HTR-8/SVneo cells (Figure 4G;
Figure S8O–P). SP1 ChIP assays showed that the occupancy of
SP1 on the promoter region of PLD1 was less after BPDE treat-
ment in both cells (Figure 4H–I). In BPDE-treated Swan 71 or
HTR-8/SVneo cells, cells with lnc-HZ09 overexpression had
lower SP1 mRNA and protein levels, whereas cells with lnc-

HZ09 knockdown had higher SP1 mRNA and protein levels
(Figure 4F; Figure S8G–J,Q–R). Furthermore, SP1 ChIP assays
showed that in BPDE-treated Swan 71 or HTR-8/SVneo cells,
cells with overexpression of lnc-HZ09 had less occupancy of SP1
on the promoter region of PLD1, whereas cells with knockdown
of lnc-HZ09 had greater occupancy of SP1 on the promoter
region of PLD1 (Figure 4J–K; Figure S8S–T).

Furthermore, the effects of lnc-HZ09 on PLD1 mRNA sta-
bility were also studied in BPDE-treated trophoblast cells. In
BPDE-treated trophoblast cells, cells with overexpression of
lnc-HZ09 had lower, whereas cells with knockdown of lnc-
HZ09 had greater PLD1 mRNA stability (Figure 4L–M). As
control, alteration of lnc-HZ09 did not affect GAPDH mRNA
stability in BPDE-treated both cells (Figure S9A,B). In BPDE-
treated Swan 71 or HTR-8/SVneo cells, cells with overexpres-
sion of HuR had higher PLD1 mRNA and protein levels,
whereas cells with knockdown of HuR had lower PLD1 mRNA
and protein levels (Figure 4N; Figure S9C–F). Furthermore,
BPDE-treated Swan 71 cells overexpressing HuR also had
greater PLD1 mRNA stability; BPDE-treated Swan 71 cells
with HuR knockdown had less PLD1 mRNA stability (Figure
4O). However, alteration of HuR did not affect GAPDH mRNA
stability (Figure S9G). Moreover, cells (both Swan 71 and
HTR8/SVneo) treated with BPDE had lower HuR protein
expression levels (Figure 4P; Figure S9H). However, HuR lev-
els were not affected by lnc-HZ09 in BPDE-treated trophoblast
cells (Figure S9I,J). Furthermore, cells with overexpression of
lnc-HZ09 had lower levels of PLD1 mRNA pulled down by
HuR protein in BPDE-treated trophoblast cells, whereas those
with knockdown of lnc-HZ09 had higher levels of PLD1
mRNA pulled down by HuR protein in BPDE-treated tropho-
blast cells (Figure 4Q,R; Figure S9K,L), suggesting lnc-HZ09
competed with PLD1 mRNA to bind with HuR.

Figure 4. (Continued.)
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Examination of lnc-HZ09 Transcription and Stability in
BPDE-Exposed Human Trophoblast Cells
Subsequently, lnc-HZ09 transcription was investigated in BPDE-
treated trophoblast cells. The mRNA and protein levels of MSX1
were higher in BPDE-treated trophoblast cells (Figure 4S; Figure
S9M,N). ChIP assays showed that the occupancy of MSX1 on
the promoter region of lnc-HZ09 was greater in BPDE-treated
Swan 71 or HTR-8/SVneo cells (Figure 4T; Figure S9O).

Finally, lnc-HZ09 stability was also investigated in BPDE-
treated trophoblast cells. ThemRNA and protein levels ofMETTL3
(Figure 4U; Figure S9P,Q), as well as the levels ofm6ARNAmeth-
ylation on lnc-HZ09 (Figure 4V; Figure S9R), were all higher in

BPDE-treated trophoblast cells. Lnc-HZ09 RNA stability was
greater in BPDE-treated Swan 71 cells, whereas PLD1 mRNA sta-
bility was lower in BPDE-treated Swan 71 cells (Figure 4W,X). As
control, GAPDHmRNAstabilitywas not affectedwithBPDE treat-
ment (Figure S9S,T).

The Correlation of lnc-HZ09 with PLD1/RAC1/CDC42
Pathway in RM Villous Tissues
Having known the regulatory roles of lnc-HZ09 in trophoblast
cells, its roles in villous tissues were further explored.We collected
villous tissue samples from unexplained the RM and the matched

Figure 5. Regulation roles of lnc-HZ09 in human villous tissues. (A–B) RT-qPCR analysis of the levels of lnc-HZ09 (A) or PLD1 mRNA (B) in HC (healthy
control, round) and RM (recurrent miscarriage, square) tissues (each n=15). (C) Western blot analysis of the protein levels of SP1, PLD1, RAC1, and CDC42
in HC and RM tissues (each n=10), with GAPDH as internal standard. The relative intensity of each band was quantified, and their levels were shown in
Figure S10C. (D) The correlation between PLD1 mRNA levels and lnc-HZ09 levels in HC (round) and RM (square) tissues (each n=15). (E) The correlation
between PLD1 protein levels and lnc-HZ09 levels in HC (round) and RM (square) groups (each n=10). (F) RT-qPCR analysis (each n=3) of the mRNA lev-
els of SP1 in HC (round) and RM (square) tissues (each n=15). (G) The correlation between the protein levels of PLD1 and SP1 in HC (round) and RM
(square) groups (each n=10). (H) SP1 ChIP assay analysis of the relative enrichment of SP1 in the promoter region of PLD1 gene in HC and RM tissues
(each n=6). (I) The correlation between SP1 protein levels and lnc-HZ09 levels in HC (round) and RM (square) groups (each n=10). (J) RT-qPCR analysis
of the mRNA levels of MSX1 in HC and RM tissues (each n=15). (K) Western blot analysis of the protein levels of HuR, MSX1, and METTL3 in HC and
RM tissues (each n=10), with GAPDH as internal standard. The relative intensity of each band was quantified, and their levels were shown in Figure S10H,J,
K. (L) MSX1 ChIP assay analysis of the relative enrichment of MSX1 in the promoter region of lnc-HZ09 in HC and RM tissues (each n=6). (M) The correla-
tion between the levels of lnc-HZ09 and the protein levels of MSX1 in HC (round) and RM (square) groups (each n=10). (N) RT-qPCR analysis (each n=3)
of the mRNA levels of METTL3 in HC and RM tissues (each n=15). (O) MeRIP assay analysis (each n=3) of the levels of m6A RNA methylation on lnc-
HZ09 in HC and RM tissues (each n=6). The summary data of these bar charts and scatter plots were shown in Excel Table S1. The DNA or RNA level in
IgG group was set as “1” in all of ChIP and MeRIP assays and the middle intensity value was set to “100” in all of western blot assays. (C–E, G, I, K, M)
shows representative data from three independent experiments. Data in (H, L, O) show mean±SD of six independent experiments. Two-tailed Student’s t-test
for (A–B,F,H,J,L,N–O); Pearson analysis for (D,E,G,I,M). *p<0:05, **p<0:01, and ***p<0:001. Note: ChIP, chromatin immunoprecipitation; GADPH; glyc-
eraldehyde-3-phosphate dehydrogenase; HC, healthy control group; IgG, immunoglobulin G; MeRIP, methylated RNA immunoprecipitation; n, the number of
biologically independent samples; ns, nonsignificance; PLD1, phospholipase D hydrolyze 1; RM, recurrent miscarriage group.
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healthy control (HC) groups (each n=15). The parameters, such as
body mass index, age, gestational days, did not show significant
differences between the RM and HC groups (Table S12).
However, the levels of BPDE-DNA adducts were significantly
higher in RM group than those in HC group (Table S12; Figure
S10A). We also found that lnc-HZ09 was significantly highly
expressed in RM group relative to those in HC group (Figure 5A),
and this trend was consistent with that observed in BPDE-treated
human trophoblast cells, suggesting that lnc-HZ09 might simulta-
neously regulate BPDE-induced dysfunctions of human tropho-
blast cells and the occurrence of miscarriage. The mRNA and
protein levels of PLD1/RAC1/CDC42 were all lower in RM
tissues than those in HC tissues (Figure 5B,C; Figure S10B,C).
Correlation analysis showed that the levels of PLD1, RAC1, and
CDC42 were all negatively correlated with those of lnc-HZ09 in
RM tissues (Figure 5D,E; Figure S10D–G). The locations of most
data points in HC and RM groups were relatively separated, mani-
festing that this pathwaywas differentially regulated.

The Effects of lnc-HZ09 on PLD1 mRNA Transcription and
mRNA Stability in RM Villous Tissues
Subsequently, the effects of lnc-HZ09 on PLD1 mRNA transcrip-
tion were studied in villous tissues. The mRNA and protein levels
of PLD1 and its transcription factor SP1 were all expressed at a
low level in RM tissues relative to those in HC tissues (Figure 5B,
C,F; Figure S10C). The levels of PLD1 and SP1 were positively
correlated in RM tissues (Figure 5G). SP1 ChIP assays showed
that the occupancy of SP1 on the promoter region of PLD1 was
lower in RM tissues relative to that in HC tissues (Figure 5H), sug-
gesting that SP1-mediated PLD1 transcription was suppressed in
RM tissues. Furthermore, the levels of lnc-HZ09 were negatively
correlatedwith the levels of SP1 in RM tissues (Figure 5I).

Then, the effects of lnc-HZ09 on PLD1 mRNA stability were
also studied in villous tissues. The levels of HuR were lower in
RM tissues in comparison with those in HC tissues (Figure 5K;
Figure S10H). The protein levels of HuR and PLD1 were posi-
tively correlated in RM tissues (Figure S10I).

Measurement of lnc-HZ09 Transcription and RNA Stability
in RM Tissues
In tissues, the mRNA and protein levels of MSX1 were higher in
RM tissues relative to HC tissues (Figure 5J,K; Figure S10J).
MSX1 ChIP assays showed that the occupancy of MSX1 on the
promoter region of lnc-HZ09 was greater in RM tissues relative to
HC tissues (Figure 5L). The levels ofMSX1were positively corre-
latedwith the levels of lnc-HZ09 in RM tissues (Figure 5M).

Lnc-HZ09 stability was also studied in villous tissues. The
mRNA and protein levels of METTL3 (Figure 5K,N; Figure
S10K), as well as the levels of m6A RNA methylation on lnc-
HZ09 (Figure 5O), were all higher in RM tissues relative to those
in HC tissues. The levels of METTL3 were positively correlated
with the levels of lnc-HZ09 in RM tissues (Figure S10L).

Evaluation of Sp1-Mediated Pld1 mRNA Transcription in
Placental Tissues of Mice with B(a)P-Induced Miscarriage
To investigate the mechanism by which B(a)P induced miscar-
riage in vivo, we constructed a mouse model by treating pregnant
mice with 0, 0.05, or 0:2 mg=kg B(a)P to induce miscarriage, as
described previously.28,29,31 Considering that B(a)P is metabo-
lized into BPDE in organisms, we treated mice with B(a)P
directly. After sequence alignment, we found that PLD1, RAC1,
CDC42, and SP1 genes are evolutionarily conservative in human,
rhesus, elephants, dogs, and mice (Figure S11A–D; Table S13),
implying that this migration and invasion pathway might be con-
served among these species. However, lnc-HZ09 sequence was
conserved in only human and rhesus, but not in mice (Figure
S11E). Using this miscarriage model, we found that the mRNA
and protein levels of murine Pld1, Rac1 and Cdc42 were all
lower in placental tissues with increasing B(a)P concentrations
(Figure 6A–C,E; Figure S11F). This change trend was consistent
with that found in BPDE-treated human trophoblast cells and in
RM tissues.

Furthermore, the transcription of Pld1 was also explored in
B(a)P-treated mouse model. The mRNA and protein levels of mu-
rine transcription factor Sp1 were lower with increasing B(a)P

Figure 5. (Continued.)
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concentrations (Figure 6D,E). Moreover, Sp1 ChIP assays showed
that the occupancy of Sp1 on the promoter region of Pld1 was
lower in B(a)P-treated mouse group relative to those in the
untreated group (Figure 6F). The levels of Sp1were positively cor-
related with the levels of Pld1 in 0:2 mg=kg group (Figure 6G).
The locations of most data points in these groups were relatively
separated.

Discussion
Increasing attention has been paid to environmental carcinogens
and human reproductive health. B(a)P, one of the most widely
spread and unavoidably environmental carcinogens, could induce
various adverse pregnancy outcomes.50 Emerging studies have
revealed that lncRNAs may regulate the occurrence of miscar-
riage.26,51 In our recent works, we identified several novel
lncRNAs that regulated trophoblast cell proliferation, apoptosis,
and other cell functions by different pathways.28,29 However, evi-
dence that lncRNAs regulate trophoblast invasion and migration
under B(a)P exposure conditions and thus affect miscarriage is
still lacking. In this work, we performed in vitro cellular experi-
ments, human tissue experiments, and mouse model experiments,

and we found that lnc-HZ09 was highly expressed in BPDE-
treated human trophoblast cells and in RM tissues relative to HC
tissues (Figure 6H). The mRNA and protein levels of members of
the PLD1/RAC1/CDC42 pathway were lower in BPDE-treated
human trophoblast cells, in RM relative to HC tissues, and in the
placental tissues of B(a)P-treated mice. All these results suggest
that lnc-HZ09 suppressed the invasion and migration of tropho-
blast cells by down-regulating the PLD1/RAC1/CDC42 pathway
in BPDE-exposed human trophoblast cells and in RM tissues.
However, by searching the NCBI database, we did not find the
murine counterpart of lnc-HZ09 in mouse systems, implying
that lnc-HZ09 might have specific epigenetic regulation roles in
human system.

Regulation Mechanisms of lnc-HZ09
The regulation mechanisms of lnc-HZ09 in human trophoblast
cells were proposed (Figure 6H). Based on these data, we hypothe-
size that MSX1, a transcription factor of lnc-HZ09, promoted lnc-
HZ09 transcription. Furthermore, we suggest that METTL3 pro-
moted m6A methylation modification on lnc-HZ09 and enhanced
its RNA stability. Thus, both MSX1 and METTL3 may positively

Figure 6. Pld1/Rac1/Cdc42 pathway in placental tissues of mice with BaP-induced miscarriage. (A–D) RT-qPCR analysis of the mRNA levels of Pld1 (A),
Rac1 (B), Cdc42 (C), and Sp1 (D) in each B(a)P-treated mouse group (each n=8). (E) Western blot analysis of the protein levels of Sp1, Pld1, Rac1, and
Cdc42 in each B(a)P-treated mouse group (each n=6), with GAPDH as internal standard. The relative intensity of each band was quantified and their levels
were shown in Figure S11F. (F) Sp1 ChIP assay analysis of the relative enrichment of Sp1 in the promoter region of Pld1 gene in control and 0:2 mg=kg B(a)
P-treated mouse groups (each n=6). (G) The correlation between the protein levels of Pld1 and Sp1 in control (round) and 0:2 mg=kg B(a)P-treated (square)
groups (each n=6). (H) The proposed regulation mechanism of lnc-HZ09. Lnc-HZ09 suppressed SP1-mediated PLD1 mRNA transcription and also reduced
PLD1 mRNA stability by competitively restraining the binding of PLD1 mRNA with HuR, a protein that could stabilize PLD1 mRNA. BPDE exposure pro-
moted MSX1-mediated lnc-HZ09 transcription and also enhanced lnc-HZ09 RNA stability by up-regulating its m6A methylation modification. Thus, BPDE ex-
posure might up-regulate lnc-HZ09 expression level, suppress PLD1/RAC1/CDC42 pathway, inhibit the migration and invasion, and might further induce
miscarriage. The summary data of these bar charts and scatter plots were shown in Excel Table S1. The DNA level in IgG group was set as “1” in ChIP assay,
and the middle intensity value was set as “100” in western blot assay. (A–E,G) shows representative data from three independent experiments. Data in (F)
show mean±SD of six independent experiments. Two-tailed Student’s t-test for (F); one-way ANOVA analysis for (A–D), Pearson analysis for (G). (H) was
generated by Microsoft Office PowerPoint. *p<0:05, **p<0:01, and ***p<0:001. Note: B(a)P, benzo(a)pyrene; BPDE, benzo(a)pyrene-7,8-dihydrodiol-9,10-
epoxide; ChIP, chromatin immunoprecipitation; GADPH, glyceraldehyde-3-phosphate dehydrogenase; IgG, immunoglobulin G; n, the number of biologically
independent samples; ns, nonsignificance; RT-qPCR, quantitative reverse transcription polymerase chain reaction; SD, standard deviation.

Environmental Health Perspectives 017009-14 131(1) January 2023



regulate lnc-HZ09 expression level. Subsequently, we hypothesize
that lnc-HZ09 suppressed SP1 expression, which was a transcrip-
tion factor of PLD1 and thus inhibited SP1-mediated PLD1 tran-
scription and reduced PLD1 expression level. In addition, lnc-
HZ09 and PLD1 mRNAmay competitively bind with HuR, which
is an RNA binding protein and could maintain RNA stability. We
posit that lnc-HZ09 impaired the binding of PLD1 mRNA with
HuR and thus reduced PLD1 mRNA stability and its expression
level. Therefore, we suggest that lnc-HZ09 finally down-regulated
PLD1 expression level, which further suppressed the PLD1/
RAC1/CDC42 pathway and inhibited the migration and invasion
of human trophoblast cells. Once trophoblast cells are exposed to
environmental B(a)P or BPDE, the expression levels of MSX1 and
METTL3 would be increased, which subsequently increased the
lnc-HZ09 level, down-regulated the PLD1/RAC1/CDC42 path-
way, suppressed the migration and invasion of trophoblast cells,
andmight further inducemiscarriage.

Roles of lnc-HZ09 in Regulation of PLD1 Expression
In general, PLD1 is abnormally up-regulated in various cancers
and is related to tumor malignancy, maintenance of self-renewal
of cancer stem cells and resistance to radiotherapy and chemo-
therapy.52 PLD1 was shown to promote the invasion, migration,
and proliferation of glioblastoma cell lines.53 In glioblastoma,
abnormally elevated transcription factor SP1 enhanced PLD1
transcription and increased PLD1 expression level, which further
enhanced the drug resistance of glioblastoma tumor cells.53 It has
been proposed that early embryonic development and tumor me-
tastasis might have similar biological manifestations.54 In our
work, we found that lnc-HZ09 suppressed SP1-mediated PLD1
transcription in human RM tissues and in BPDE-treated human
trophoblast cells, which might possibly be similar in cancer cell
lines. Moreover, lnc-HZ09 also restrained the binding of PLD1

mRNA with HuR and reduced PLD1 mRNA stability. Finally,
due to the regulatory roles of lnc-HZ09, PLD1 transcription was
inhibited and its degradation was increased, and thus the expres-
sion level of PLD1 was ultimately decreased. However, the
actual regulatory mechanisms of lnc-HZ09 on PLD1 expression
should be further explored in a specific cancer cell line.

The Roles of m6AModification in Regulation of
Miscarriage
M6A modification regulates various physiological and pathologi-
cal processes.55 It has been reported that linc1281 played an im-
portant role in proper differentiation of embryonic stem cells by
acting as a ceRNA to attenuate the functions of let-7 miRNAs.56
The m6A enrichment on linc1281 was required for this linc1281-
mediated ceRNA model. In our recent work, we found that m6A
modification on lnc-HZ01 enhanced lnc-HZ01 RNA stability, fur-
ther regulated trophoblast cell proliferation, and was associated
with the occurrence of miscarriage.29 In this work, we found that
lnc-HZ09 also contained m6A modification, which was associ-
ated with greater lnc-HZ09 stability and higher expression level.
In BPDE-treated trophoblast cells and RM tissues, the levels of
m6A modification on lnc-HZ09 are higher, which was associated
with higher lnc-HZ09 expression level, and less migration and
invasion of trophoblast cells.

The Upstream Effects of Environment Carcinogens on
Trophoblast-Related Adverse Pregnancy Outcomes
To study the possible causes and mechanism of unexplained RM,
we collected villous tissue samples from RM and HC groups, with
exclusion of the known causes of miscarriage. We found that the
levels of BPDE-DNA adducts were significantly higher in the RM
group than those in the HC group. This effect is possibly because
B(a)P is a ubiquitous environmental carcinogen,57,58 and some

Figure 6. (Continued.)
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women may inevitably intake more B(a)P. It has been reported
that female smokers have significantly higher levels of BaP
(1:32±0:68 ng=mL) in their follicular fluid in comparison with
their nonsmoking counterparts (0:03± 0:01 ng=mL).13 The levels
of BPDE-DNA adducts in RM and HC villous tissues detected in
this study also agreedwith a previous case–control study ofmiscar-
riage, in which 2.2-fold more BPDE-DNA adducts were detected
in maternal blood of the miscarriage group relative to the health
control group.14 In this work, our data showed that BPDE exposure
might up-regulate the lnc-HZ09 level, inhibit the PLD1/RAC1/
CDC42 pathway, suppress migration and invasion, and finally
induce miscarriage. Notably, it would likely be the suppressed
invasion and migration of trophoblast cells rather than BPDE or B
(a)P exposure that directly induces miscarriage. When the PLD1/
RAC1/CDC42 pathway is inhibited, the upstream BPDE exposure
might become less vital for the ultimate miscarriage. In a larger
sense, not only BPDE or B(a)P but other environmental factors or
pathways might also suppress trophoblast cell invasion and migra-
tion. For example, bisphenol A and para-nonylphenol suppressed
the migration and invasion of HTR-8/SVneo cells.59 Heavy metal
cadmium (Cd)-induced apoptosis and inhibited migration and
invasion of HTR-8/SVneo cells in a dose-dependent manner.60

Besides of miscarriage, dysfunctions of trophoblast cells might
also induce other trophoblast-related adverse pregnancy outcomes,
such as eclampsia, preeclampsia, intrauterine growth restriction,
and gestational diabetes. Epidemiological studies have shown that
PAHs exposure might be correlated with these adverse pregnancy
outcomes.15,62 BPDE inhibited the invasion and migration of
trophoblast cells, which implies that BPDE might be one possible
compound that induces these adverse pregnancy outcomes. In a
larger sense, other environmental carcinogens, such as air pollu-
tants,63 toxic metals (Cd and palladium),64,65 or trihalomethanes in
drinking water,63 may also lead to human trophoblast cell dysfunc-
tions, which suggests that these environmental carcinogens might
also induce these trophoblast-related adverse pregnancy outcomes.
It is a long stream line from the upstream environmental carcino-
gen exposure to the ultimate adverse pregnancy outcomes, provid-
ing multiple potential biotargets or biomarkers for diagnosis and
treatment against these trophoblast-related adverse pregnancy
outcomes.

The Limitation of This Work
In this work, we collected villous tissues (n=15) to verify the
cellular results. More samples should be collected to exclude the
possible demographic differences. Because lnc-HZ09 counterpart
was not identified in mouse system, only the Pld1/Rac1/Cdc42
pathway was studied in the mouse model. However, the epige-
netic regulation on this pathway in mouse models should be fur-
ther explored. In these tissue samples, we evaluated the internal
exposure level of B(a)P by detecting BPDE-DNA adducts in
genomic DNA in RM and HC villous tissues, which might reflect
the total external exposures of B(a)P. However, we did not con-
sider a single external environmental exposure, such as smoking,
in this work. Although the B(a)P level was detected to be higher
in the RM group relative to the HC group, we cannot exclude the
possibility that other carcinogens or genetic differences might
also induce miscarriage. Other carcinogens that might induce
miscarriage should be further explored.

Conclusion
RM is a global problem that produces severe challenges to socio-
economic development. Although many studies have indicated
that various risk factors may induce miscarriage in the first tri-
mester, about half of RMs have unknown clinical causes.66 In

this work, we have identified a novel lnc-HZ09, which sup-
pressed the migration and invasion of human trophoblast cells
and affected the occurrence of miscarriage. In mechanism, this
lnc-HZ09 suppressed SP1-mediated PLD1 mRNA transcription
and reduced PLD1 mRNA stability. BPDE exposure promoted
MSX1-mediated lnc-HZ09 transcription and also increased lnc-
HZ09 stability by up-regulating its m6A methylation modifica-
tion. Thus, BPDE exposure up-regulated the lnc-HZ09 level, sup-
pressed the PLD1/RAC1/CDC42 pathway, inhibited migration
and invasion, and might further induce miscarriage. In summary,
this work provided novel insights in the roles of lnc-HZ09 in reg-
ulation of BPDE-induced dysfunctions of human trophoblast
cells and the occurrence of unexplained miscarriage.
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