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Abstract. Aberrant gene expression during placental develop-
ment may affect fetal growth and contribute to preeclampsia. 
The high‑temperature requirement A (HTRA) family of 
proteins are serine proteases that may serve in the quality control 
of misfolded or mislocalized proteins. Recently, the potential 
involvement of HTRA1 and HTRA4 in the normal develop-
ment of the placenta and in the pathogenesis of preeclampsia 
has been reported. The present study collected placental 
tissues from patients with severe preeclampsia and gestational 
age‑matched control samples. The expression of HTRA1 and 
HTRA4 was analyzed using reverse transcription‑quantitative 
polymerase chain reaction, western blotting and immunohisto-
chemistry. The human trophoblast line HTR‑8 was transfected 
with HTRA1 or HTRA4, and cell function was assessed. The 
present study also detected the expression of HTRA1 and 
HTRA4 in HTR‑8/SVneo transfected cells under hypoxia 
(1% O2) and further studied the effects of hypoxia on HTR‑8 
cell migration. HTRA1 and HTRA4 were mainly localized to 
the cytoplasm of syncytiotrophoblasts. The expression levels of 
the two genes were elevated in the placental tissues of patients 
with severe preeclampsia. Finally, it was determined in vitro 
that ectopic expression of HTRA1 and HTRA4 significantly 
attenuated HTR‑8 cell migration, and elevated HTRA1 limited 
HTR‑8 cell growth. Under hypoxic conditions, the expres-
sion levels of HTRA1 and HTRA4 improved significantly. It 

was hypothesized that the aberrant expression of HTRA1 or 
HTRA4 may be involved in the onset of preeclampsia, and 
increased HTRA1 or HTRA4 expression may affect tropho-
blast functions.

Introduction

Preeclampsia, generally defined as the development of 
hypertension and proteinuria after 20 weeks of gestation in a 
previously normotensive woman, remains a leading cause of 
fetal and maternal mortality and morbidity (1,2). Preeclampsia 
is the second greatest cause of maternal mortality and affects 
7‑10% of pregnant women worldwide (3,4). The etiology of 
preeclampsia begins in early pregnancy, when inadequate 
or defective placentation results in deficient maternal spiral 
artery remodeling and insufficient placental perfusion. This 
causes fetal hypoxia, which results in the release of multiple 
cytokines and growth factors into the maternal circulation, 
in turn leading to systemic maternal endothelial dysfunction, 
vascular inflammation, and the clinical manifestations of 
preeclampsia. Even though considerable data have been accu-
mulated on the pathophysiology of preeclampsia, the precise 
underlying molecular mechanisms remain elusive.

During normal placentation, trophoblasts from the devel-
oping embryo invade the uterine sub‑endometria and decidual 
spiral arteries, converting them into larger competent blood 
vessels to enhance blood flow to the embryo. Initial steps in 
this process require the trophoblast to detach from the extra-
cellular matrix and invade the maternal arteries in a process 
tightly controlled by specific proteases. Recent studies have 
shown that shallow trophoblast invasion into the endometrium, 
resulting in insufficient spiral artery remodeling in the decidua, 
is the initial cellular pathology in preeclampsia, suggesting a 
possible molecular defect in proteolysis.

One class of proteases likely to be involved in placenta-
tion and preeclampsia is the high‑temperature requirement A 
(HTRA) ser ine proteases, identif ied as impor tant 
ATP‑independent chaperones and cellular quality‑control 
factors. Microarray data for the four known HTRA genes, after 
comparing normotensive pregnancy vs. preeclampsia, showed 
that HTRA1 and HTRA4 were significantly upregulated 
in preeclampsia compared with normal pregnancy (5). In a 
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previous study of normal human placenta, HTRA1 expression 
was detected in trophoblast subtypes and in both uterine endo-
metrial glands and decidual cells at the maternal‑trophoblast 
interface during placentation (6). In mice, trophoblast invasion 
is coordinated with decidua regression and, as the process 
of placentation occurs, HtrA1 is highly expressed in both 
trophoblasts and in the decidua capsularis at its interface with 
the trophoblast during active cell invasion and regression (7). 
HtrA1 expression in human placenta and its role in relation 
to trophoblasts were also analyzed (8). Recently, increased 
expression of HTRA4 was reported in the sera and placentas 
of patients with preeclampsia, demonstrating that aberrant 
placental HTRA4 expression may be linked to the onset of 
preeclampsia (5). These observations indicate that increased 
HTRA1 or HTRA4 expression may be a manifestation of a 
functional defect in trophoblast migration and invasion and 
may be associated with preeclampsia.

Drawing on this background, we conducted an in‑depth 
investigation of the expression of HTRA1 and HTRA4 in 
human placentas during physiologically normal and patho-
logical pregnancies. Furthermore, we explored the role of 
HTRA1 and HTRA4 in cell cycle progression and migration 
in a trophoblast line.

Materials and methods

Ethical statement. The study protocol was approved by the 
Ethics Committees of the Shanghai First Maternity and Infant 
Hospital, Tongji University School of Medicine (Shanghai, 
China), and all participants provided written informed consent.

Patients and sample collection. A total of 20  placental 
biopsies, at different gestational ages in the third trimester, 
were obtained from patients with preeclamptic (n=10) and 
normotensive pregnancies (n=10). Severe preeclampsia was 
defined as patient blood pressure higher than 160/110 mmHg, 
platelets <100,000 µl, elevated serum transaminase levels 
[alanine aminotransferase (ALT) or aspartate aminotrans-
ferase (AST)], persistent headache or other cerebral or visual 
disturbance, and persistent epigastric pain (9). The diagnosis 
of severe preeclampsia was based on strict criteria from the 
American College of Obstetricians and Gynecologists (ACOG 
2013). Patient characteristics are shown in Table I.

All of the placental tissue samples in the study were 
obtained immediately after delivery. A central area of 
chorionic tissue was dissected, and the maternal decidua and 
amniotic membranes were removed. Sections of placental 
villi (1x1x1 cm) were taken from the four different central 
quadrants on the maternal face of the placenta. After prompt 
washing with sterile phosphate‑buffered saline (PBS), tissues 
were immediately frozen and stored in liquid nitrogen until use 
for RNA and protein extraction. The remaining portions were 
fixed in 10% buffered formalin for immunohistochemistry 
(IHC).

IHC. Tissue biopsy specimens were embedded in paraffin 
and sectioned for IHC. After drying in an oven at 60˚C 
for 2 h, tissue sections were deparaffinized in xylene and 
dehydrated through a graded alcohol series. Endogenous 
peroxides were quenched by immersing the tissue sections 

in 3% hydrogen peroxide in methanol for 10 min. After heat 
induction in citric acid for 15 min and blocking with 1% 
bovine serum albumin for 20 min, the slides were incubated 
at 4˚C overnight with a rabbit polyclonal anti‑HTRA1 
at 1:100 dilution (ab65915; Abcam, Cambridge, UK) or 
anti‑HTRA4 at 1:50 dilution (bs‑20063R; Bioss, Beijing, 
China). After washing with PBS, the sections were subse-
quently incubated with IHC detection reagent (8114P; Cell 
Signaling Technology, Inc., Danvers, MA, USA) for 1 h at 
room temperature. Staining was completed by incubation 
with diaminobenzidine tetrahydrochloride, and tissues were 
counterstained with hematoxylin. Photomicrographs were 
taken with an inverted microscope.

Cell culture and transfection. The immortalized first‑trimester 
human trophoblast line (HTR‑8)  (10), originally obtained 
from Dr. Charles H. Graham (Queen's University, Kingston, 
ON, Canada), has been reported to exhibit a number of 
characteristics similar to those of parental trophoblasts. The 
cells were cultured in Dulbecco's modified Eagle's medium: 
Nutrient Mixture F‑12 (DMEM/F12) (SH30023; HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA) supplemented 
with 10% (v/v) fetal bovine serum (FBS) and antibiotics 
(100 U/ml penicillin and 100 mg/ml streptomycin) at 37˚C in 
a 95% air and 5% CO2 water‑saturated atmosphere. To induce 
hypoxia, the cells were exposed to 1% O2, 5% CO2 and 94% N2 
in a multi‑gas incubator (Sanyo, Osaka, Japan).

For transient expression of HTRA1 and HTRA4, HTR‑8 
cells were divided into three groups: Cells transduced with 
negative control adenovirus (HTR‑8/vector), cells transduced 
with HTRA1‑adenovirus (HTR‑8/HTRA1) (AH891211; 
ViGene Biosciences, Rockville, MD, USA) or cells transduced 
with HTRA4‑adenovirus (HTR‑8/HTRA4) (AH894511; 
ViGene Biosciences). When HTR‑8 cells were 50‑70% 
confluent, they were transduced with specific or negative 
control adenovirus for 6 h, and these transfected cells were 
cultured in DMEM/F12 (HyClone; GE Healthcare Life 
Sciences) at 37˚C for further analysis.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from the placental villous tissues and cells using TRIzol and 
an RNA Simple Total RNA kit (DP419; Tiangen Biotech, 
Beijing, China) according to the manufacturer's instructions. 
RNA was quantified by UV absorption measurement and 1 µg 
RNA was reverse transcribed into cDNA in a 20‑µl reaction 
volume using the PrimeScript RT reagent kit (FP205; Takara 
Bio, Inc., Otsu, Japan) for 15 min at 37˚C, 5  sec at 85˚C. 
RT‑qPCR was performed using SYBR PreMix Ex Taq (Takara 
Bio, Inc.). The RT‑qPCR reaction conditions were: Incubation 
at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 15 sec and 
60˚C for 20 sec. The PCR products were subjected to a melting 
curve analysis to confirm the amplification specificity. Levels 
of mRNA were normalized to β‑actin and evaluated using the 
2‑ΔΔCq method (11). PCR primers for HTRA1, HTRA4, and 
the housekeeping gene β‑actin were obtained from a previous 
report. The following primer sequences were used: HTRA1: 
5'‑GGA​CTA​CAT​CCA​GAC​CGA​C‑3' and 5'‑TGG​GAC​TCC​
GTG​AGG​AAC‑3'; HTRA4: 5'‑GTC​AGC​ACC​AAA​CAG​
CG‑3' and 5'‑GGA​GAT​TCC​ATC​AGT​CAC​CC‑3'; and β‑actin: 
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5'‑AAC​TCC​ATC​ATG​AAG​TGT​GAC​G‑3' and 5'‑GAT​CCA​
CAT​CTG​CTG​GAA​GG‑3'.

Western blotting. Tissues and cells were lysed using radioimmu-
noprecipitation assay (RIPA) lysis buffer (P0013B; Beyotime 
Institute of Biotechnology, Haimen, China) containing 
protease inhibitors (10 mM EDTA and 4 mM sodium pyro-
phosphate) and further lysed by sonication after pulverizing 
placental specimens in liquid nitrogen using a mortar and 
pestle. Following centrifugation, the protein concentration of 
each supernatant was determined with a bicinchoninic acid 
(BCA) Protein Assay kit (23225; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Equal amounts of proteins (100 µg) 
were boiled at 100˚C for 10  min, separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (10% 
polyacrylamide) and electro‑transferred onto polyvinylidene 
difluoride membranes. After blocking with 5% non‑fat milk in 
Tris‑buffered saline [including 0.1% (w/v) Tween‑20] at room 
temperature for 1 h, membranes were first probed with rabbit 
polyclonal anti‑HTRA1 (ab38610; Abcam) or with rabbit poly-
clonal anti‑HTRA4 (ab65915; Abcam), followed by reprobing 
with an antibody against glyceraldehyde‑3‑phosphate dehy-
drogenase (GAPDH) (ab37168; Abcam) as a loading control. 
Proteins were detected using enhanced chemiluminescence 
(ECL) (NCI4106; Thermo Fisher Scientific, Inc.). Finally, the 
immunoreactive signals were quantified using a densitometer.

Proliferation assay. To assess proliferation rates, we used the 
BrdU incorporation assay to analyze DNA synthesis. After 
transfection for 30 h, the cells were trypsinized, resuspended, 
and grown on 6‑well plates covered with 10x10‑mm poly-
lysine‑coated coverslips. After incubating with 60 µM BrdU 
reagent (KGA326; Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) for 12 h, the cells were fixed with cold acetone‑meth-
anol (1:1, v/v) for 10 min and denatured with 4 mol/l HCl for 
10 min, followed by three washes with PBS. The cells were 
incubated with 1 M Tris‑HCl (pH 8.0) with mouse anti‑BrdU 
(1:1,000; Sigma‑Aldrich; Merck KGaA) and Cy3‑labeled 
secondary antibody (1:300; Jackson ImmumoResearch 
Laboratories, Inc., West Grove, PA, USA). The BrdU+ cells 
were visualized by immunofluorescence. Nuclei were stained 
with 1 µg/ml DAPI (Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan) and the images for cell counting were 
obtained from at least 10 randomly selected fields.

Cell cycle assay. A Cell Cycle Detection kit (KAG511; Keygen, 
Nanjing, China) was used to monitor the cell cycle. HTR‑8 
cells (1x106) were fixed in ice‑cold 70% ethanol overnight at 
4˚C 48 h after transfection, and then incubated with 100 µg/ml 
RNase A at 37˚C for 30 min. After staining with 25 µg/ml 
propidium iodide for 30 min, the cells were subjected to fluo-
rescence‑activated cell sorting and analyzed using Cell Quest 
Pro Software (BD Biosciences, Franklin Lakes, NJ, USA.

Migration assay. A transwell chamber assay was performed to 
analyze cell migration ability. HTR‑8 cells (5x104) transfected 
with different adenoviruses for 30 h were trypsinized, resus-
pended, and seeded into the upper 8‑µm pore‑size transwell 
chamber (BD Biosciences) with DMEM/F12 medium (300 µl) 
containing 1% FBS, and the bottom chambers were filled with 
800 µl medium containing 10% FBS. After 16 h at 37˚C, cells 
that migrated to the lower chambers were stained with calcein 
AM (0.2 µM; C3100MP; Invitrogen; Thermo Fisher Scientific, 
Inc.) for 30 min and visualized with an inverted microscope 
mounted with a charge‑coupled device (CCD) camera. The 
cells were randomly counted under the microscope (magni-
fication, x100) in four representative quadrants on each plate.

Statistical analysis. All experiments were carried out in three 
independent replicates. Data are expressed as the mean ± stan-
dard error of the mean and differences between groups were 
determined using Student t‑tests. P<0.05 was considered to 
indicate a statistically significant difference. SPSS version 17.0 
software (SPSS, Inc., Chicago, IL, USA) was used to analyze 
the data, and GraphPad Prism version 5.0 software (GraphPad 
Software, Inc., La Jolla, CA, USA) was used to create the graphs.

Results

Localization of HTRA1 and HTRA4 proteins in human 
placenta. First, we localized HTRA1 and HTRA4 proteins in 
human placenta tissues from normal and severe preeclamptic 
patients by IHC. In the third trimester, both HTRA1 
(Fig. 1A and B) and HTRA4 (Fig. 1C and D) mainly local-
ized to the cytoplasm of syncytiotrophoblasts in the placental 
villus. In addition, we observed weak staining for HTRA1 in 
the fetal vessel endothelium. Upregulation of the HtrA1 and 
HtrA4 in syncytiotrophoblasts from severe preeclampsia were 
confirmed with the use of quantitative analysis (Fig. 1E).

Table I. Characteristics of subjects with normotensive pregnancies and severe preeclampsia.

	 Normotensive	 sPE	
Variable	 (n=10)	 (n=10)	 P‑value

Maternal age (years)	    29.4±1.1	   29.1±1.3	 0.86
Gestational age (week)	    38.9±0.4	   38.0±0.6	 0.23
Systolic BP (mmHg)	  109.7±3.3	 168.5±3.7	 <0.001
Diastolic BP (mmHg)	    69.5±2.2	   100.2±2.05	 <0.001
Fetal weight (g)	 3,435.6±81.3	  2,718.0±126.1	 <0.001
Proteinuria (g/24 h)	 0.12±0.02	 2.9±0.2	 <0.001

Data are presented as the mean ± standard error of the mean. BP, blood pressure; sPE, serve preeclampsia.
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Upregulated expression of HTRA1 and HTRA4 in human 
severe preeclamptic placentas. Next, RT‑qPCR and western 
blotting were performed to compare the expression levels 
of HTRA1 and HTRA4 in different placental samples. 
We validated that the expression of HTRA1 and HTRA4 
at both the mRNA (Fig. 2A) and protein (Fig. 2B and C) 
levels, after normalization with GAPDH, were significantly 
elevated in the severe preeclamptic placentas in the third 
trimester of gestation compared to the control group. In 
western blotting, both HTRA1 and HTRA4 antibodies 
detected a single band at ~51 kDa in HTR‑8 cells and in 
human placental tissues.

HTRA1 regulates proliferation and cell cycle in HTR‑8 cells. 
Western blotting of HTR‑8 cells derived from first‑trimester 
trophoblast culture revealed that both HTRA1 and HTRA4 
were minimally expressed. After transient transfection with 
control and specific adenoviruses, respectively, for 24, 48, 72, 
and 96 h, western blotting indicated higher expression levels of 
HTRA1 and HTRA4 (Fig. 3A) in transfected cells.

To directly determine the effects of HTRA1 or 
HTRA4‑induced HTR‑8 cell proliferation, the rates of 
DNA synthesis in HTR‑8/vector, HTR‑8/HTRA1, and 
HTR‑8/HTRA4 cells were quantified using BrdU incorpora-
tion assays. HTR‑8/HTRA1 proliferation was reduced by 
18% compared with control cells. However, ectopic HTRA4 
expression had no effect on the growth of HTR‑8 cells 
(Fig. 3B). Furthermore, flow cytometric analysis indicated that 
the percentage of HTR‑8/HTRA1 cells in the G0/G1 phase 
increased significantly compared with that of control cells, 
concomitant with decreases in S‑phase and G2/M‑phase cells 
(Fig. 3C).

Both HTRA1 and HTRA4 attenuate migration of HTR‑8 
cells. To investigate whether HTRA1 and HTRA4 affect the 
migration activity of HTR‑8 cells, transwell cell migration 
experiments were conducted. The mean counts of migrating 
cells in both the HTRA1 and HTRA4‑transfected HTR‑8 cells 
were significantly lower than in the control group (Fig. 3D). 
These observations indicate that increased HTRA1 and 

Figure 1. Representative HtrA1 and HtrA4 immunostaining of placental tissues from the third trimester of gestation (magnification, x200). Expression of 
HtrA1 and HtrA4 in villous trophoblasts from a normotensive placenta and a gestational age‑matched severe preeclamptic placenta. (A and B) HtrA1 is mainly 
localized in the villous syncytiotrophoblast, the stroma of villi (indicated by arrows) and in the fetal vessel walls (indicated by stars). (C and D) HtrA4 localized 
to the villous syncytiotrophoblast (indicated by stars). (E) Stronger signal intensity of HtrA1 and HtrA4 were observed in the severe preeclampsia groups when 
compared with the normotensive groups. Data are shown as mean ± standard error of the mean. **P<0.01 vs. normal. HtrA, high‑temperature requirement A; 
sPE, severe preeclampsia group.
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HTRA4 expression may inhibit trophoblast migration during 
placental development.

Hypoxia‑induced HTRA1 and HTRA4 expression and attenu‑
ated HTR‑8 cell migration. As development of preeclampsia 
is tightly associated with placental hypoxia, HTR‑8 cells were 
incubated for 0, 16, 24, and 48 h under normoxic or hypoxic 
conditions, and the endogenous expression of HTRA1 and 
HTRA4 was determined by RT‑qPCR and western blotting. 
Interestingly, our studies indicated that hypoxic treatment had 
a significantly positive effect on HTRA1 and HTRA4 levels in 
HTR‑8 cells at 16 and 24 h (Fig. 4A).

Accordingly, we further investigated cell migration ability 
in hypoxia and discovered that the migration ability of HTR‑8 
cells was significantly impaired after hypoxic treatment for 
26 h. These results suggest that the inhibition of trophoblast 
migration by hypoxia may be due to the upregulation of 
HTRA1 and HTRA4 expression during placentation (Fig. 4B).

Discussion

Successful pregnancy depends on a coordinated series of gene 
expression in the placenta and embryo. Placentation requires 
trophoblasts to proliferate, migrate and invade the uterus and 
its spiral arterioles. The root cause of preeclampsia is reduced 
placental perfusion commonly caused by abnormal placenta-
tion and aberrant trophoblast functions.

In the present study, we have demonstrated that mRNA and 
protein levels of both HTRA1 and HTRA4 were upregulated 
in the villous tissues of placentas complicated preeclampsia by 
in late gestation, compared with the placentas of normotensive 
pregnant women. Consistent with the fact that HTRA1 and 
HTRA4 can be secreted, levels are also elevated in the sera of 
patients with preeclampsia (5,12). These results independently 
confirmed our findings. In addition, HTRA4 was found to be 
upregulated in unexplained fetal growth restriction, which 
shares a common etiological pathway with preeclampsia; thus, 

Figure 2. Differential expression of HtrA1 and HtrA4 in placental tissue samples from normotensive and severe preeclamptic pregnancies. (A) Reverse 
transcription‑quantitative polymerase chain reaction analysis of HtrA1 and HtrA4. Data obtained from normotensive pregnancy and severe preeclampsia were 
compared. (B) The protein levels of HtrA1 or HtrA4 were normalized to GAPDH protein expression. Lanes 1‑5, lysates from normotensive pregnancies; lanes 
6‑10, lysates from severe preeclampsia patients. (C) Quantitative western blotting results of HtrA1 and HtrA4 proteins between the normotensive and severe 
preeclampsia groups. Data are shown as the mean ± standard error of the mean. *P<0.05 and **P<0.01 vs. normal. HtrA, high‑temperature requirement A; sPE, 
severe preeclampsia group.
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HTRA4 may trigger preeclampsia via a pathway common to 
fetal growth restriction.

Our results showed that ectopic expression of HTRA1 
or HTRA4 in HTR‑8 cells inhibited their migration. 
Interestingly, several studies have indicated that HtrA1, as a 
tumor suppressor downregulated in ovarian cancer (13) and 
in melanoma metastases, induces cell death and inhibits 

proliferation and invasion (14). Thus, HTRA1 seems to have 
two paradoxical roles. HTRA family proteases share similar 
molecular architecture. Human HTRA1 and HTRA4 are 
composed of variable N termini, a protease domain, and one 
PDZ domain. Their role in cell migration is probably not 
dependent on their protease activity, but on the PDZ domain 
or the N terminal regions, which contain signal peptides and 

Figure 3. Western blotting for HtrA1 and HtrA4 in cells. (A) Expression of HtrA1 and HtrA4 in transfected HTR‑8 cells was increased at 24, 48 and 72 h 
when compared with the control groups. (B) Proliferating cells of HTR‑8/vector, HTR‑8/HtrA1, and HTR‑8/HtrA4 were labeled with BrdU, and identified 
with anti‑BrdU (red) and counterstained with Hoechst to visualize nuclei (blue). Scale bars, 100 µm. The percentage of BrdU‑positive of HTR‑8/HtrA1 in total 
Hoechst‑stained cells was decreased when compared with the control groups. (C) Flow cytometric analysis demonstrated that the proportion of G0/1‑phase 
cells increased, and the proportion of S and G2/M‑phase cells decreased in the HTR‑8/HtrA1 cells. Data represent the average percentage of cells in each phase 
of the cell cycle in three independent triplicate experiments. (D) The migratory activities of transfected cells were estimated based on the number of cells that 
migrated through the filter of the chamber (scale bars, 100 µm; magnification, x100). Quantitation indicated that the number of migrating cells in the HtrA1 
and HtrA4‑transfected groups was less than the number observed in the control groups. Results are presented as the mean ± standard error mean (n=3). *P<0.05 
and **P<0.01 vs. HTR‑8/vector. HtrA, high‑temperature requirement A; BrdU, 5‑bromo‑2'‑deoxyuridine.
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a fragment of insulin‑like growth factor binding protein (15). 
Moreover, a wide variety of hormones differ in variety and 
quantity during pregnancy. Therefore, to investigate the roles 
of these domains in trophoblast migration in the placenta, 
further experiments involving various deletion constructs of 
HTRA1 and HTRA4 are needed.

We identified HTRA1 as an inhibitory factor in tropho-
blast proliferation and progression past the G1/S checkpoint 
of the cell cycle. Previous studies have implicated intracel-
lular HTRA1 in the proliferation of multiple cell types, and it 
may mediate these effects by inhibiting a number of proteins 
such as tuberous sclerosis complex 2 (TSC‑2), participating 
in increasing cell growth and proliferation (16), insulin‑like 
growth factor binding protein 5 (17), and transforming growth 
factor‑β. Therefore, HTRA1 may suppress trophoblast prolif-
eration through its effects on cell cycle progression.

Furthermore, we demonstrated that hypoxia (1%  O2) 
induced significant overexpression of both HTRA1 and 
HTRA4 and inhibited the chemotactic cell migration of 
HTR‑8 cells. The upregulation of HTRA1 and HTRA4 expres-
sion may be secondary to placental ischemia and hypoxia 
in preeclamptic pregnancies. However, due to complicated 

alterations of various factors in trophoblasts in hypoxia, it 
is uncertain whether overproduction of HTRA1 or HTRA4 
directly leads to defects in HTR‑8 cell migration. Oxidative 
stress and endoplasmic reticulum stress in trophoblasts play 
key intermediary roles in generating preeclampsia (18‑20). 
Hypoxia may precipitate endoplasmic reticulum stress and 
lead to increased generation of reactive oxygen species (21). 
HTRA1 does not appear to be inducible by heat shock, but may 
be regulated by a more general stress pathway (22). HTRA1 
or HTRA4, as essential chaperones, may be upregulated to 
stabilize misfolded or mislocalized proteins to enhance cell 
survival in preeclamptic placentas. Therefore, more experi-
ments on HTRA1 and HTRA4 are needed to determine their 
roles in trophoblast migration during hypoxia.

In conclusion, HTRA1 and HTRA4 are upregulated in 
severe preeclamptic placentas, which may be linked to disease 
onset. However, the specific mechanisms responsible for the 
elevation of HTRA1 or HTRA4 in preeclampsia and their 
roles in trophoblasts under hypoxia are not yet understood. 
Whether overexpression may be a primary step or secondary 
to placental ischemia and hypoxia or abnormal cytokine 
expression remains unclear. Thus, further studies are needed 

Figure 4. Effects of hypoxia on HtrA1 and HtrA4 expression, and on cell migration in HTR‑8 cells. (A) Expression of HtrA1 and HtrA4 increased in HTR‑8 
cells under hypoxia (1% O2) when compared with normoxia (20% O2), which peaked at 16 h. (B) The number of migrating cells in the hypoxia group was less 
than those observed in the control group. Scale bars, 100 µm. Results are presented as the mean ± standard error of the mean (n=3). **P<0.001 vs. normoxia 
(20% O2). HtrA, high‑temperature requirement A.
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to elucidate the roles of HTRA1 and HTRA4 proteins in 
trophoblast function and to investigate the potential thera-
peutic utility of targeting this pathway.
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