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miR-99 family is potential target to reverse cerium dioxide
nanoparticle-induced placental cell dysfunction
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Background: Cerium dioxide nanoparticles (CeO, NPs) are increasingly used as diesel additive, causing a
lot of concern about their toxic effects when released into the atmosphere. To date, there is little knowledge
about the toxic effects of CeO, NPs on the female reproductive system.

Methods: The morphology and size distribution of CeO, NPs was observed by transmission electronic
microscope (TEM) and Zetasizer Nano, respectively. The uptake of CeO, NPs by cells was also observed
by TEM after treatment. The cytotoxicity of CeO, NPs was studied by Cell Counting Kit-8 (CCK-8), the
cellular invasive and migratory ability was examined by transwell assay, the cell apoptosis and reactive oxygen
species (ROS) were studied by flow cytometry (FCM), and the mRNAs and proteins expressions were
revealed by quantitative real-time PCR (qRT-PCR) and western blotting. The cytoskeletons and autophagy
levels were revealed by immunofluorescence. The target regulation of miR-99 to mammalian target of
rapamycin (mTOR) was proved by dual luciferase reporter assay after transfection.

Results: We studied the cytotoxic effects of CeO, NPs on human trophoblastic cells (HTR-8/
Svneo) and found that the invasive and migratory abilities of HTR-8/SVneo cells were decreased after
CeO, NPs exposure. Immunofluorescence assays showed that the cellular microtubule networks and
microfilament arrangement were obviously altered, and although the expression of cytoskeleton proteins
(a-tubulin, B-tubulin, actin) did not change, the protein levels of invasion- and migration-related factors
[matrix metalloproteinase 2 (MMP2), protein kinases B (AKT), mTOR] were decreased in exposed cells.
Accordingly, the expression level of miR-99 family members (miR-99a, miR-99b, miR-100), which can
regulate mTOR, was significantly increased after CeO, NPs exposure. Dual luciferase reporter assay
indicated that the miR-99 family members directly targeted mTOR.

Conclusions: CeO, NPs impaired the invasive and migratory abilities, which play an important role in

embryo implantation, as well as determining placental function and embryonic development.
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Introduction

The application of nanomaterials in industry, food,
medicine, cosmetics and other fields is increasing rapidly (1),
and many are released into the environment eventually,
which may bring potential health and environmental
risks (2). Owing to their excellent physicochemical
properties, cerium dioxide nanoparticles (CeO, NPs)
are extensively used in ultraviolet absorbents, solar cells,
catalysts, gas sensing, and precision instrumental glass
polishing (3-5). Ce-based fuel-borne catalysts can improve
fuel-burning efficiency and decrease exhaust emission of
green-house gases and particle numbers (6,7). However,
CeO, NPs themselves would be emitted with the vehicle
exhaust into the atmosphere and be potentially hazardous
for human health (8). To date, no evidence suggested the
current CeO, NPs concentrations in the atmosphere, and
the population exposure data is lacking, so the adverse
effects should be studied firstly in animal or cell models to
speculate their potential risks.

NPs can easily penetrate damaged skin, or enter the
body via lungs or the gut (9-11) due to their small size.
They can even penetrate the placental barrier and impair
placental functions (12,13). For instance, nanosilica
particles can generate reactive oxygen species (ROS) and
induce placental inflammation, resulting in pregnancy
complications (14); polyethylene glycol-single-walled
carbon nanotubes reportedly had teratogenic effects in
mice (15); and in another mouse model, after maternal
exposure to carbon-black NPs, the mRINA expressions of
genes related to angiogenesis, cell migration, chemotaxis
and growth factor production were altered in the cerebral
cortex of the offspring (16). Some studies had reported that
exposure to CeO, NPs can induce inflammation, ROS, cell
apoptosis and autophagy (17-19). In addition, short terms
exposure of CeO, NPs to ram sperm induces no significant
adverse effects (20), while chronic exposure decreased
the mice testis weight, sperm motility and increased the
abnormal gene expressions (21). While a previous study
indicated that low concentration of CeO, NPs enhanced
embryo production of prepubertal ovine oocytes in vitro (22),
the current little evidence suggested the effects of CeO,
NPs on reproductive system need to be further studied.
Our previous population study found that the Ce element
level in the placenta of patients with spontaneous abortion
was higher than in normal pregnant women (unpublished
data), but the effects of CeO, NPs on trophoblast cells are
unknown. In the current study, we used HTR-8/SVneo
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cells as a good cell model for mechanical exploration (23),
mainly focusing on invasive ability, which is extremely
important for trophoblast development. We present the
following article in accordance with the MDAR reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-508/rc).

Methods
Characterization of CeO, NPs

CeO, NPs (product No. YFO07-N50) were purchased
from XFNANO, Inc. (Shanghai, China). Their morphology
was observed by transmission electron microscopy (TEM)
(JEOL JEM 2100) after the CeO, NPs were added to
double-distilled H,O (ddH,0), vortex mixed at high
speed for 1 min. Particle size distribution of CeO, NPs in

complete cell culture medium was determined by Zetasizer
Nano (2590, UK).

Cell culture and treatment with CeO, NPs

HTR-8/SVneo cells, purchased from American Type
Culture Collection (CRL-3271), originated from human
placental trophoblasts. The cells were cultured with RPMI-
1640 cell culture medium supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin at 37 °C under 5% CO, culture conditions.
After the cells reached 60% confluence, CeO, NPs were
administered at the indicated concentrations (0, 1, 10,
100 pg/mL) and incubated for 24 h.

Uptake analysis

The localization of CeO, NPs in HTR-8/SVneo cells
was observed by TEM. Briefly, cells were administered
100 pg/mL of CeO, NPs for 24 h. After washing twice with
phosphate-buffered saline (PBS), the cells were collected
and fixed with glutaraldehyde (2%). Osmium tetroxide
buffer (1%) was used for post-fixation, and a graded acetone
series was applied for dehydration. After being embedded in
araldite, samples were cut into ultrathin slices and observed
under TEM.

Cell viability analysis

Cell viability was evaluated with a Cell Counting Kit-
8 (CCK-8) Assay Kit (Dojindo, Japan) according to the
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manufacturer’s protocol. Briefly, cells were seeded in a
96-well plate at the correct density per well and treated with
a range of concentrations of CeO, NPs (0, 1, 10, 100 pg/mL)
for 24 h. Next, 10 pL CCK-8 solution was added to each
well, and the plates were incubated for another 1-4 h.
The supernatant was removed to another 96-well plate,
and absorbance was determined at 450 nm with a UV/vis
spectrometer (Ocean Optics, HR4000).

Analysis of ROS

Flow cytometry (FCM) was used to detect ROS using a
Reactive Oxygen Species Assay Kit (Beyotime, China). After
24-h treatment with CeO, NPs, cells were trypsinized,
centrifuged at 100g for 3 min, and incubated with
2,7-dichlorodi-hydrofluorescein diacetate for 30 min, then
washed three times with PBS. Finally, the stained cells were
collected for FCM analyses at 488 nm excitation.

Cell apoptosis assay

Annexin V apoptosis detection kit (BD Pharmingen, USA)
was used to detect the levels of cell apoptosis. After CeO,
NP treatment, cells were collected and washed three times
with PBS. Appropriate numbers of cells were incubated in
100 pL of 1x binding buffer together with 5 pL fluorescein
isothiocyanate (FITC)-Annexin V and 5 pL propidium
iodide (PI) for 15 min at room temperature in the dark.
Next, 400 pL of 1x binding buffer was added and the cell
suspension was mixed and measured with FCM.

Matrigel invasion assay

An invasion assay of HTR-8/SVneo cells was evaluated by
transwell assay (8-pm pore size; Costar, Cambridge, UK).
Briefly, cells were seeded in 6-well plates and treated with
CeO, NPs for 24 h, then 2x10° cells were resuspended in
100 pL serum-free medium and plated in the upper chamber,
which was coated with Matrigel, and 700 pL. RPMI 1640
medium supplied with 10% FBS was added to the lower
well and plates were incubated for 24 h. Cells that invaded
through the membrane filter were fixed with methanol and
stained with crystal violet. Images were obtained with a
Nikon light microscope at 100x magnification.

Immunofluorescence microscopy

Cellular cytoskeletons were observed with a confocal
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microscope after immunofluorescence. Cells were seeded
in glass bottom dishes (NEST, 801001) at the correct
density and cultured overnight, after which the cells were
treated with 100 pg/mL CeO, NPs for another 24 h.
After removal of the culture medium, cells were then fixed
with 4% paraformaldehyde for 30 min. Microtubules was
revealed by anti-B-tubule antibody (Abcam, ab52623),
combined with FI'TC-conjugated secondary goat antibody
(Beyotime, A0562, A0568). Microfilaments were revealed
with rhodamine phalloidin (Sigma, 1:200). Autophagy was
revealed by anti-LC3A/B antibody (CST, #4108), and CY3
conjugated secondary antibody. Cell nuclei stained blue
with 4',6-diamidino-2-phenylindole (DAPI) (Beyotime,
C1006). Images were obtained with a confocal microscope
at 100x objective lens amplification (Nikon, Japan).

Western blotting analysis

Western blotting analysis was used to determine the
protein expression levels. HTR-8/SVneo Cells were
seeded and treated with CeO, NPs for another 24 h, and
when incubation finished, the cells were lysed using RIPA,
containing phenylmethyl sulfonyl fluoride (PMSF), for
subsequent protein extraction. The BCA Protein Assay
Kit (Beyotime, China) was used to examine the protein
concentrations in each sample. 80 pg of the total proteins
were loaded to 10% SDS-PAGE for electrophoresis.
The antibodies of a-tubulin (Beyotime, AF5012),
B-tubulin (Beyotime, AF1216), actin (Beyotime, AA128),
protein kinases B (AKT) (CST, #9272), mammalian
target of rapamycin (mTOR) (CST, #2972), matrix
metalloproteinase 2 (MMP2) (Abcam, ab92536), MMP9
(Abcam, ab76003), and LC3A/B (CST, #4108) were used to
quantify the protein levels, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Beyotime, AF5009) was used as
the loading control. Immunoblots were visualized with an
enhanced chemiluminescence (ECL) western blot detection
kit (Millipore) combined with the Bio-Rad Imaging System.

All experiments were repeated at least three times.

RNA isolation and quantitative real-time PCR (qRT-PCR)
assay

Total RNA extraction was performed using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions, and the concentration of total
RNA was determined using Nano Drop 2000 (Thermo
Fisher Scientific, Waltham, MA, USA) at the absorbance
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Figure 1 The characteristics of CeO, NPs. (A) TEM image of CeO, NPs. Scale bar =50 nm. (B) The dynamic light scattering results of
the hydrodynamic size distribution of CeO, NPs in complete cell culture medium (RPMI-1640). CeO, NPs, cerium dioxide nanoparticles;

TEM, transmission electron microscopy.

of 260 nm. cDNA and miRNA were prepared according to
the Mir-X"™ miRNA qRT-PCR TB Green® kit instructions
(Takara, Tokyo, Japan). RT-PCR was performed using
SYBR PCR Master Mix reagent kits (Takara, Tokyo,
Japan) in an ABI 7900 Fast Real-Time System (Applied
Biosystems, Foster City, CA, USA). All primers were
synthesized by Invitrogen, Shanghai, China. All assays were
independently repeated at least three times.

Bioinformatics: predicting potential miRNAs, mRNA

The following three databases were used to predict miRNAs
targeting mTOR: miRanda (https://www.cbio.mskcc.org/
mirnaviewer/), TargetScan (http://www.targetscan.org)
and RNA22 (https://cm.jefferson.edu/rna22/). Intersection
miRNAs were chosen for the following study.

miRNA transfection and luciferase reporter assay

The mimics and inhibitors of miR-99 family members
(miR-99a, miR-99b, miR-100) and a negative control (NC)
were chemically synthesized by GenePharma (Shanghai,
China). HTR-8/SVneo cells were plated in 6-well plates
at 50% confluence and transfection was carried out using
Lipofectamine 2000 (Invitrogen, Carlsbad, USA). Total
RNA or proteins were collected at 24 h post-transfection.
For the luciferase reporter assay, the cells were plated into
24-well plates and co-transfected with luciferase reporter
vectors and 50 nM mimic/control respectively using
Lipofectamine 2000. The Renilla luciferase vector pRL-
SV40 (5 ng) was used for normalization. After 24 h, the
luciferase activity was measured with the Dual-Luciferase
Reporter System according to the manufacturer’s protocols
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(Promega, Madison, USA). Firefly luciferase activity was
normalized to Renilla luciferase activity.

Statistical analysis

All experiments were replicated at least three times, and
all the data are presented as mean + standard error (SE)
from three independent assays. Statistical analysis was
performed using STATA9.2, and one-way analysis of
variance (ANOVA) followed by Dunnet’s test was used to
determine the differences between the control and CeQ,
NPs treatment groups. P<0.05 was considered significant.

Results
Characterization of CeO, NPs

The TEM images showed that CeO, NPs were nearly
spherical with an average primary diameter of 45.9£8.9
(range, 25.5-79.8) nm (Figure 1A). The dynamic light
scattering results showed that CeO, NPs slightly aggregated
in the culture medium with a poly dispersion index of 0.128.
The particle size distribution (Figure 1B) demonstrated
that the hydrodynamic diameter of CeO, NPs was 137.7+
51.56 nm in culture medium, and the result quality was good.

General toxicity of CeO, NPs

Cells were treated with CeO, NPs (0, 1, 10, and 100 pg/mL)
for 24 h, and cell viability was examined by CCK-8.
Figure 24 shows that cell viability was not affected after
exposure, and the morphology of HIT'R-8/SVneo cells
showed no obvious change (Figure 2B). The results of FCM
showed that CeO, NPs did not increase the production of
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Figure 2 Effects of CeO, NPs on cell viability, ROS formation and cell apoptosis after taken in. (A) Viability of HTR-8/SVneo cells
measured by CCK-8 assay kit after exposure to concentrations of CeO, NPs for 24 h. (B) Cell morphology observed by a light microscope
at 100x magnification after cells were treated with different concentrations of CeO, NPs. Scale bar =100 pm. (C,D) ROS and apoptosis
levels examined by FCM after CeO2 NPs treatment, all results obtained from three independent experiments, and presented as mean = SE.
(*P<0.05). (E) Uptake of CeO, NPs observed by TEM after the cells were treated with 100 pg/mL of CeO, NPs for 24 h. CeO, NPs in
cytoplasm are indicated in the inset. Scale bar =2 pm, 500 nm. CeO, NPs, cerium dioxide nanoparticles; CCK-8, Cell Counting Kit-8; ROS,

reactive oxygen species; FCM, flow cytometry; SE, standard error; TEM, transmission electron microscopy.

ROS (Figure 2C), and cell apoptosis showed an increasing
but not significant trend at 100 pg/mL of CeO, NPs
(Figure 2D). The TEM image (Figure 2E) showed that CeO,
NPs were intracellular and mainly located in the cytoplasm.

Effect of CeO, NPs on the migratory and invasive abilities
of HTR-8/SVneo cells

Matrigel invasion assay was used to study the influence
of CeO, NPs on the invasive ability of HTR-8/SVneo
cells, because invasion plays an important role in embryo
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implantation (24). The results showed that compared with
the control group, the number of penetrated cells in the
CeO, NPs-treated groups decreased significantly (P<0.05)
(Figure 3A4), indicating decreased invasive ability of HTR-8/
SVneo cells after CeO, NPs exposure.

Effect of CeO, NPs on cellular cytoskeleton networks

The microtubules and microfilament have great
significance in cell migration and invasion (25). To
confirm whether CeO, NPs affected these networks, the
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Figure 3 Adverse effects of CeO, NPs on cell migration and invasion ability and examination of affecting factors. (A) Transwell analysis of
HTR-8/SVneo cells after CeO, NPs exposure. Cells were stained with crystal violet, imaged and counted under a Nikon light microscope.
SE (***P<0.001). Scale
bar =100 pm. (B) Microtubulular network of HTR-8/SVneo cells after treatment with 100 pg/mL CeO, NPs. The network was revealed
with anti-B tubule and goat anti-rabbit IgG conjugated with FITC. Scale bar =10 pm. (C) Microfilament network of HTR-8/SVneo
cells colored with rhodamine phalloidin. Scale bar =10 pm. (D,E) Western blot analysis of the expression of a-/p-tubule, actin, MMP2

Five independent eyesights were selected to count the cells were counted and values were expressed as mean =

and MMP9 proteins between control group and CeO, NPs treated groups. GAPDH acted as the loading control. CeO, NPs, cerium
dioxide nanoparticles; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metalloproteinase; SE, standard error; IgG,
immunoglobulin G; FITC, fluorescein isothiocyanate.

cytoskeletons of HTR-8/SVneo cells were examined using
immunofluorescence with a-tubule antibody and rhodamine
phalloidin, respectively. As shown in Figure 3B, compared
with the control group, the microtubule arrangement
of CeO, NP-treated cells was disordered. Moreover,
the density of microtubules appeared decreased. The
microtubules failed to form long and extended networks,
and the networks were remodeled in CeO, NP-treated cells.
As for the microfilaments, actins formed long, straight stress
fibers that ran parallel to the long axis and penetrated the
cells in the control cell, whereas in CeO, NP-treated cells,
the arrangement of stress fibers was disorganized, and some

© Annals of Translational Medicine. All rights reserved.

cells even lost their stress fibers (Figure 3C). In addition, we
examined the protein expression level of the cytoskeleton
(microtubules and microfilaments) by western blotting. The
results showed that the expressions of a-tubulin, B-tubulin
and actin were unchanged (Figure 3D,3E).

Effect of CeO, NPs on the expression of invasion-related
proteins

Previous studies showed that the expression and activation
of MMP2 and MMP9 can promote trophoblast invasion
(26,27). To determine whether CeO, NP exposure affected
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Figure 4 The expression of cell migration related factors and the target protein related microRNA expression. (A) AKT/mTOR protein
levels determined by western blot. (B) mTOR mRNA level determined by qRT-PCR using a housekeeping gene GAPDH as an internal
control. (C) Expression levels of miR-99 family members (miR-99a, miR-99b, miR-100) determined by qRT-PCR. *P<0.05; **P<0.01;
***P<0.001. AKT, protein kinases B; mTOR, mammalian target of rapamycin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CeO,

NPs, cerium dioxide nanoparticles; QqRT-PCR, quantitative real-time PCR.

MMP production in trophoblasts, we examined the
expressions of MMP2 and MMP9 in HTR-8/SVneo cells
treated with CeO, NPs. As shown in Figure 44, MMP?2
expression was decreased, but the levels of MMP9 did not
change.

Effect of CeO, NPs on the expression of migration-related
factors

The PI3K/AKT/mTOR pathway plays crucial roles in
cell growth, proliferation, survival, protein synthesis,
transcription and cell migration (28-30). However, whether
CeO, NPs can inhibit mTOR signaling has been unclear.
We therefore assessed the expression of AKT and mTOR
after CeO, NP treatment. The results showed that CeO,
NPs significantly decreased the expression of mTOR
at both the mRNA and protein levels (Figure 44,4B).
Meanwhile, the protein level of AKT was also decreased
(Figure 44). To explore the mechanisms by which CeO,
NPs disturbed the expression of mTOR in HTR-8/
SVneo cells, the related miRNAs were predicted, and the
expressions of miR-99 family members were evaluated. We
found that miR-99a/b and miR-100 were all increased after

© Annals of Translational Medicine. All rights reserved.

CeO, NP exposure (Figure 4C).

Target of miR-99 family in HTR-8/SVneo cells

After we confirmed the efficiency of transfection, the
expression levels of miR-99 family members, and the
mRNA and protein levels of mTOR were also measured
after the inhibitor/NC precursor was transfected for 24 h.
The results showed that the relative expression levels of the
miR-99 family members were decreased by miR-99 family
inhibitor in HTR-8/SVneo cells (Figure 5A4). As expected,
the mRNA and protein levels of mTOR were increased
with miR-99 family inhibitor (Figure 5B-5D). To investigate
whether miR-99 family members directly bind to the
3'untranslated region (UTR) of mTOR, we performed
miRNA dual luciferase reporter assay by constructing
wild-type and mutant-type luciferase reporter plasmids
containing the binding region of the 3'UTR of mTOR
mRNA. We found that co-transfection of miR-99 family
member mimics and pGL3-mTOR-miR-99a/99b/100-
WT reporter plasmids significantly decreased the luciferase
activity in HTR-8/SVneo cells, as compared with the
control (Figure SE). These results suggested that the miR-
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Figure 5 Verification of the target regulation of miR-99 family on mTOR. (A) qRT-PCR performed to evaluate the expression levels of
miR-99 family members. Cells were transfected with 100 nM inhibitor or NC for 24 h. (B) Relative mRNA expression levels of mTOR after
corresponding transfection. (C,D) Protein levels of mTOR after transfection. (E) Cells co-transfected with miR-99a/99b/100 mimics or
control, Renilla luciferase vector pRL-SV40 and mTOR 3'UTR luciferase reporters for 24 h. Reporter activity was significantly decreased
after miR-992/99b/100 overexpression compared with control. Schematic representation of mTOR 3'UTR showing putative miR-
99a/99b/100 target sites. *P<0.05; **P<0.01; ***P<0.001. mTOR, mammalian target of rapamycin; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; NC, negative control; UTR, untranslated region; gRT-PCR, quantitative real-time PCR.

99 family directly targets mTOR.

Effect of miR-99 family inbibitor on the attenuation of
trophoblast cells’ invasive and migratory abilities by CeO,
NPs exposure

To evaluate the effects of the miR-99 family on CeO, NP-
induced impairment of trophoblast cells invasive ability,
the corresponding inhibitors were added to reverse miR-
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99 family members. The results showed that CeO, NPs
significantly impaired the invasive ability of HTR-8/SVneo
cells, and when the inhibitors of miR-99 family members
were added, the impairment of the cellular invasive and
migratory abilities were partly reversed (Figure 6A,6B).
Meanwhile, when the mTOR expressions were recovered
after exposure to CeO, NPs (Figure 6C,6D), cell autophagy,
which was mostly regulated by mTOR, was also rescued
(Figure 6F).
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Figure 6 The reversal effects of miR-99 family on cell migration and invasion ability. (A,B) Transwell analysis showing the invasive and

migratory abilities of HTR-8/SVneo cells after CeO, NPs exposure and following reversal with the inhibitors of miR-99 family members.

Cells were stained with crystal violet, imaged and counted under a Nikon light microscope. Scale bar =100 pm. (C,D) Protein and mRNA

levels of mTOR after treatment with CeO, NPs and transfected with miR-99 family members inhibitors. Each data point represented

as mean + SE from three independent experiments. **P<0.01; ***P<0.001. (E) Immunofluorescence results showing the autophagy levels

revealed by LC3 antibody after cells were treated with CeO, NPs and miR-99 family inhibitors. The nuclei are stained blue with DAPL

Scale bar =50 pm. NC, negative control; mTOR, mammalian target of rapamycin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

CeO, NPs, cerium dioxide nanoparticles; SE, standard error; DAPI, 4',6-diamidino-2-phenylindole.

Discussion

The human placenta is functionally simultaneous with
the development of maternal and embryonic fetal
compartments. During development of the placenta,
extravillous trophoblasts (EV'Ts), which differentiate
from trophoblast cells, invade and remodel the uterine
endometrium and maternal spiral arteries under the
regulation of complex networks, such as cell types,
mediators, and signaling pathways (31,32). Normal
trophoblastic invasion and migration play an important role
in the embryo obtaining sufficient nutrition and oxygen
before vasculogenesis.

Several investigators have established trophoblast
cell lines derived from first trimester placentae, which

© Annals of Translational Medicine. All rights reserved.

are commonly used to study trophoblast invasion and
migration, such as HTR-8/SVneo (23). Although
trophoblastic cells are a type of normal cell, they share
several common features with malignant cells (33).

Previous study report that different types of NPs, such
as gold NPs (34), and zinc sulfide NPs (35), can suppress
migration/invasion by cancer cells, so some NPs could
also inhibit the invasion and migration of HTR-8/SVneo
cells. Whether CeO, NPs would impair the invasive and
migratory abilities of HTR-8/SVneo cells, and what adverse
effects that would have on human placental development
have been unknown. Our results showed that CeO, NPs
could impair these abilities of HTR-8/SVneo cells, but
the mechanism remains unclear and requires further
investigation.
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Previous studies confirmed that trophoblast cells
constitutively produce MMP2 and MMP9 and are strongly
localized to the placental bed in early pregnancy and
invasive by nature (36,37). In our study, the MMP2 protein
levels decreased in the CeO, NP groups compared with the
control group. Our results indicated that the CeO, NPs
inhibition of the invasion of HTR-8/SVneo cells might
be caused by changes in the MMPs. Studies have reported
that the AKT pathway is involved in trophoblast invasion
through promotion of MMP2 and MMP9 secretion (38,39).
Another study reported that the PI3K/AKT/mTOR
signaling pathway is generally regarded as a major regulator
of migration (40). However, whether the CeO, NP-induced
impairment of cellular invasion and migration was related to
the PI3K/AKT/mTOR signaling pathway was unclear. We
therefore assessed the expression of AKT and mTOR after
CeO, NP treatment and our results suggested that mTOR
signaling was inhibited after the treatment.

Recently, miRNAs have been considered as a new layer
for gene and protein regulation, and are thought to be
functionally important in influencing the different facets of
trophoblast biology, such as proliferation, differentiation,
syncytialization, and invasion (41). Previous studies
indicated that miRNAs control the expression of invasion
factors (42-44). In this study, mTOR was detected as
decreased after exposed to CeO, NPs, and combining three
bioinformatics software, we predicted that miR-99 family
members might be the potential miRNAs targeting mTOR.
Recent studies suggest that the miR-99 family members
(miR-99a/b and miR-100) regulate cell migration and cell
proliferation in several types of cancer of epithelial origin
(45-47). In this study, we identified that miR-99 family
members regulated the expression of mTOR in HTR-8/
SVneo cells, and then confirmed their specific target sites
by transfection and dual luciferase reporter assay, which
provided a new insight into CeO, NP-inhibited invasion.

Briefly, this is the first report of CeO, NPs affecting the
invasive and migratory abilities of trophoblastic cells by
decreasing the expression of MMP2 and mTOR. The miR-
99 family was the target for reversing the effects of the NPs
in HTR-8/SVneo cells, which hinted at an adverse effect on
embryo implantation and development, as well as provides a
therapeutic pathway to overcome the effects of CeO, NPs.

Conclusions

Our study revealed that CeO, NPs could impair the invasive

© Annals of Translational Medicine. All rights reserved.
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ability of HTR-8/SVneo cells by disturbing cytoskeletal
arrangement, and decreasing the expressions of MMP2
and mTOR. The miR-99 family members (miR-99a/b and
miR-100) could directly target mT'OR, and downregulating
the miR-99 family could rescue the cell invasion ability as
well as mTOR expression. These findings suggested that
CeO, NPs have potential risks for placental development via
disturbance of normal trophoblast invasion and migration.
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