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Downregulated Krüppel-Like Factor 8 Is
Involved in Decreased Trophoblast Invasion
Under Hypoxia–Reoxygenation Conditions
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Abstract
Krüppel-like factor 8 (KLF8) is a pivotal transcription factor expressed in the human placenta that can regulate cell invasion. The
objective of this study was to assess whether a hypoxia–reoxygenation (H/R) environment affects placental KLF8 expression lev-
els and subcellular localization and to evaluate the relationship between KLF8 levels and trophoblast invasion activity. Human first
trimester villous tissues from normal pregnancies and third trimester placentas from pregnancies with or without preeclampsia
(PE) were used for the detection of KLF8 expression and correlating its levels with metalloproteinase 9 (MMP-9) expression. In
addition, HTR8/SVneo cells were used to mimic the effects of an H/R environment on placentas to study KLF8 expression and
trophoblast invasion. The KLF8 levels, MMP-9 levels, and trophoblast invasion were similarly altered; the levels peaked at 8 to 10
weeks of gestation and declined thereafter along with oxygen tension increased from hypoxia to normoxia during early pregnancy,
decreased in third trimester placentas from PE pregnancies featured by repeated H/R and HTR8/SVneo cells exposed to H/R
compared with the control. Moreover, a visible reduction in KLF8 immunoreactivity was present in the nuclei of cytotrophoblast
cells in human villous tissues at 11 weeks, and partial cytoplasmic accumulation of KLF8 was observed in HTR8/SVneo cells
treated with H/R. In conclusion, these findings strongly suggest that H/R reduces the expression and nuclear localization of KLF8
to inhibit the trophoblast invasion by downregulating MMP-9 levels. The KLF8 may play a vital role in the pathogenesis of PE as a
novel oxygen tension sensor.
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Introduction

Normal pregnancy involves extravillous trophoblast (EVT)

cells that invade the decidual stroma and superficial myome-

trium1 and the subsequent transformation of the small muscular

arteries into distended diameter conduit vessels with low resis-

tance.2 Prior to 10 weeks of gestation, the EVTs invade the

decidua and occlude the uterine spiral arteries, leading to low

oxygen tension (*20 mm Hg) in the placenta.3,4 This hypoxic

environment is believed to facilitate trophoblast invasion,

which peaks at 8 to 10 weeks during the first trimester.5-7

Between 10 and 12 weeks, intervillous blood flow increases,

and the trophoblast is exposed to sharply increased oxygen ten-

sion levels (>50 mm Hg at 12 weeks).3 This increase in oxygen

tension is associated with decreased trophoblast invasion and

increased reactive oxygen species (ROS) within the placenta.8

Inadequate alteration of oxygen tension is associated with shal-

low invasion and predisposing the pregnancy to preeclampsia

(PE),2 the major cause of maternal and perinatal mortality and

morbidity.9

The precise cause of PE is debatable, but oxygen disruption

and abnormal trophoblast invasion seem to be the key factors

contributing to PE.10 Intermittent placental perfusion, secondary

to failed trophoblast invasion-mediated remodeling of spiral

arteries, creates hypoxia–reoxygenation (H/R) injury. Increasing

evidence suggests that H/R within the placenta leads to ROS pro-

duction,8,11 and H/R-induced ROS such as hydrogen peroxide

could cause apoptosis and control cellular invasion in several

cells.8,12,13 When the generation of ROS exceeds the ability of
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antioxidant defenses, oxidative stress results.11 Excessive oxida-

tive stress in late gestation induces insufficient cytotrophoblast

invasion, and insufficient cytotrophoblast invasion further

increases the oxidative stress, leading to the occurrence of PE.

However, the molecular mechanisms underlying the role of oxy-

gen tension in trophoblast invasion remain largely unknown.

Krüppel-like factor 8 (KLF8) is a dual transcription factor

having a pivotal role in regulating cell cycle progression,14-21

transformation,22 epithelial-to-mesenchymal transition, and

invasion.21,23-25 These functions can be ascribed to the 3 central

structural features in KLF8: (1) the N-terminal activation

domain acts as either an activator or a repressor of transcrip-

tion; (2) the C-terminal region contains 3 highly conserved

C2H2 zinc fingers (ZFs) that bind the CACCC or GT-box

region of target gene promoters; and (3) the nuclear localiza-

tion signal (NLS) region was originally based on the presence

of an enriched stretch of basic amino acids (aas).26 The KLF8

has been found to be overexpressed in many human tumors,

such as ovarian, breast, and gastric cancers.16,21,22 Its expres-

sion is promoted by the activation of focal adhesion kinase

(FAK), PI3K/Akt, and Wnt/b-catenin signaling.14,16,20,27 The

KLF8 is also regulated by posttranslational sumoylation15 and

localization.17,26 The KLF8 has been found to repress the tran-

scription of E-cadherin and active matrix metalloproteinase 9

(MMP-9), both of which are critical for the initiation and pro-

gression of tumor invasion.24,25 As a ubiquitous invasion-

related gelatinase protein, MMP-9 is decreased in trophoblasts

of pregnancies with preeclampsia.28 Recent studies showed

that KLF8 messenger RNA (mRNA) is most abundant in

human placenta and increased from days 17 to 22 in bovine

conceptuses.29,30 As the invasion of human EVTs shares fea-

tures with extensively studied processes in tumor cells, KLF8

expression in the placenta may be associated with the degree

of trophoblast invasion via regulation of MMP-9 expression.

Postulating a pivotal role of KLF8 as an oxygen tension

sensor in the regulation of MMP-9 expression, trophoblast

invasion, and pathogenesis of PE, we have examined the vil-

lous tissues from normal, human, 6 to 11 weeks pregnancies

and compared women with and without PE during the third tri-

mester. We measured the expression of KLF8 and correlated

the levels with MMP-9 expression. We also used the human

first trimester EVT cell line HTR8/SVneo and exposed these

cells to H/R to confirm the role of KLF8 in H/R-regulated tro-

phoblast invasion in vitro.

Materials and Methods

Patients and Tissue Collection

A total of 22 early pregnancy human villous tissues were

obtained from elective terminations of apparently normal preg-

nancies at the following stages: 6 weeks (n ¼ 3), 7 weeks

(n ¼ 4), 8 weeks (n ¼ 4), 9 weeks (n ¼ 4), 10 weeks (n ¼ 4),

and 11 weeks (n ¼ 3). According to the standard criteria set

by the American College of Obstetrics and Gynecology practice

bulletin,31 patients with PE had hypertension, which was defined

as elevated blood pressure (systolic and diastolic blood pressure

�140 and/or�90 mm Hg, respectively, after 20 weeks of gesta-

tion in previously normotensive women) and proteinuria (0.3 g or

more of protein in a 24-hour urine collection, which usually

corresponds to 1þ or greater on a urine dipstick test). Third trime-

ster human placentas were collected from isolated patients with

preeclampsia (n¼ 22) and women with uncomplicated pregnan-

cies as controls (n¼ 20). All the patients were scheduled to have a

cesarean section performed due to medical indications such as

fetal compromise; control patients were undergoing cesarean

section for reasons irrelevant to the aims of this study, such as

breech presentation or maternal request before the onset of labor.

Gestational age was determined by the date of the last menstrual

period and ultrasound measurement of the crown-rump length.

Shortly after collection, all tissues were snap frozen in liquid

nitrogen and stored at �80�C until required (for protein and

RNA extraction), fixed in formaldehyde, and embedded with

paraffin at room temperature (for immunohistochemistry

[IHC]). The tissue samples were obtained from pregnant

women in the Department of Obstetrics and Gynecology of the

First Affiliated Hospital to the Chongqing Medical University,

China. The study was approved by the Ethical Committee of

Human Experimentation in Chongqing, and informed consent

was obtained from all the participants.

Quantitative Real-Time Reverse-Transcriptase PCR

Total RNA was extracted from 100 mg of placental tissue

lysed in TRIzol reagent (Invitrogen, Carlsbad, California) accord-

ing to the manufacturer’s instructions. Reverse transcription

was performed using the Primescript RT reagent kit (Takara

Biotechnology, Japan). Quantitative real-time reverse-

transcriptase polymerase chain reactions (qRT-PCRs) were

performed on a C1000 Thermal Cycler (Bio-Rad, Hercules,

California). The sequences of primers were as follows: KLF8

forward primer, 50-CTACTGTTCTGACCCCAGGCTCT-30 and

reverse primer, 50-GTCTTCAGGCCACCCATCTTAT-30 and

b-actin forward primer, 50-ACCCCGTGCTGCTGACCGAG-30

and reverse primer, 50-TCCCGGCCAGCCAGGTCCA-30. The

PCR conditions comprised an initial preincubation step for 5 min-

utes at 94�C, and 45 cycles for 30 seconds at 94�C, 30 seconds at

57�C, and 30 seconds at 72�C. SYBR Green I fluorescence was

monitored after each cycle. The amplification of specific tran-

scripts and the absence of primer–dimer formation were con-

firmed by melting curve profiles at the end of each PCR. All

products obtained yielded correct melting temperatures. The

mean threshold cycle values were normalized to b-actin, and the

relative mRNA levels of KLF8 were analyzed using the 2�DDCt

method. The experiments were performed in triplicate for each

data point.

Western Blot Analysis

Placental tissues from patients and HTR-8/SVneo cells were

homogenized in lysis buffer (Beyotime Institute of Biotechnol-

ogy, HaiMen, JiangSu, China). After placing on ice for 30
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minutes, the samples were centrifuged to remove debris

(12 000g for 15 minutes at 4�C). Protein quantification was

performed with the enhanced bicinchoninic acid protein assay

(Pierce, Rockford, Illinois). An equal amount of protein sample

was separated by 10% sodium dodecyl sulfate-polyacrylamide

gel electrophoresis, and proteins were transferred to polyviny-

lidene difluoride membranes (Millipore, Billerica, Massa-

chusetts). After blocking in 5% (v/v) nonfat dry milk in

Tris-buffered saline with Tween-20 for 90 minutes at 37�C, the

membranes were incubated overnight with rabbit anti-KLF8

(1:1000; Sigma, St Louis, MO), goat anti-MMP-9 (1:500;

Santa Cruz Biotechnology, Santa Cruz, California), and rabbit

monoclonal anti-b-actin (1:1000; Santa Cruz Biotechnology) at

4�C. After 3 washes, the membranes were incubated with

horseradish peroxidase-conjugated secondary antibodies

(1:3000; Santa Cruz Biotechnology) for 1 hour and 30 minutes

at 37�C. Chemiluminescence was detected with enhanced che-

miluminescence reagents (Santa Cruz Biotechnology). Densi-

tometric analysis was performed using a Chemi-doc image

analyzer (Bio-Rad). Immunoblotting with b-actin was per-

formed as a loading control.

Immunohistochemistry

The IHC staining was carried out as described previously.32

Briefly, 5-mm sections were deparaffinized in xylene and rehy-

drated in a serial gradient of ethanol. Endogenous peroxidase

was quenched with 3% hydrogen peroxide for 15 minutes, and

then the slides were incubated in 20% normal goat serum

(Sigma) for 20 minutes at 37�C. The slides were then incubated

at 4�C overnight with polyclonal rabbit anti-KLF8 (1:200;

Sigma). The slides were then washed and incubated with a

horseradish peroxidase-conjugated goat anti-rabbit IgG (1:800;

Santa Cruz Biotechnology) for 1 hour at 37�C. Nonimmune rab-

bit IgG was used as a negative control. The immunoreactions

were developed using the chromogen 3,30-diaminobenzidine

(Dakocytomation, Carpenteria, California). Sections were coun-

terstained with hematoxylin and mounted on glass slides. The

stained sections were then observed using a microscope system

(Olympus LX70; Olympus, Middlesex, United Kingdom) at

�400 magnification.

Cell Culture and H/R Application

HTR8/SVneo cells, kindly provided by Dr Charles H. Graham

(Kingston, Ontario, Canada), were routinely grown in RPMI

1640 (Gibco-BRL) supplemented with 10% fetal bovine serum

(FBS). The HTR-8/SVneo cells were preincubated overnight

before H/R intervention. The H/R intervention was performed

as described previously.33 After an overnight rest in normoxic

conditions for adherence, the cells were rinsed twice with cul-

ture medium to remove the nonattached cells, and the medium

was changed. Then, the cells were subjected to H/R in a trigas

cell culture incubator (Thermo Fisher Scientific, Basingstoke,

United Kingdom; 8 hours at 2% oxygen, followed by 16 hours

under standard culture conditions for 2 cycles). Alternatively,

the cells were kept at standard culture conditions throughout

as the normoxic control. After 48 hours of incubation, the cells

were harvested for further processing.

Immunofluorescence Staining

HTR8/SVneo cells with and without H/R treatment were pro-

cessed for indirect immunofluorescence staining as described

previously.17 The primary antibody used was the anti-KLF8

antibody (1:50; Sigma). The secondary antibody used was a

fluorescein isothiocyanate-conjugated goat anti-mouse anti-

body (1:50; Santa Cruz Biotechnology). The nuclei were

stained with propidium iodide (3 mg/mL) dye. Images were

acquired with an Olympus BMX-60 microscope equipped with

a cooled charge-coupled device sensicamera (Cooke, Auburn

Hills, Michigan) and Slidebook software (Intelligent Imaging

Innovations, Denver, Colorado). At least 50 positive cells from

10 to 15 independent fields were examined for each experi-

ment. The exposure conditions were the same for each of the

experiments.

Invasion Assay

An invasion assay was performed to examine the invasive abil-

ity of the HTR8/SVneo cells using 24-well plates with mem-

brane inserts. Membrane inserts were coated with 100 mL of

1 mg/mL Matrigel (BD Biosciences, San Jose, California) for

3 hours at 37�C. In this experiment, 1 � 105 cells were plated

in the upper chamber of the membrane, and medium with 10%
FBS was added to the lower compartment. Assays were per-

formed at 37�C under standard culture conditions or H/R treat-

ment for 48 hours. At the end of the incubation, the cells on the

upper filter surface were completely removed by gentle scrap-

ing with a cotton swab. Invasive cells were fixed with 3% par-

aformaldehyde and then stained with crystal violet. Then, the

number of migrated cells was counted using a light microscope

(IX51; Olympus, Japan), and the experiment was performed in

triplicate. The relative migration percentages were calculated

by comparing with untreated cells, which were considered to

have an average of 100%.

Statistical Analysis

All the values are expressed as the mean + standard error of the

mean. The data were analyzed for statistical significance using

GraphPad Prism software (GraphPad Software, San Diego,

California). P value <.05 was considered statistically significant.

Results

Clinical Characteristics

All the healthy pregnant women used for the early pregnancy

study were similar in maternal age, mean artery pressure

(MAP), and body mass index (BMI), and all women denied

having a history of smoking or irregular menstruation (data not

shown). The characteristics of the patients used for the third
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trimester study were shown in Table 1. All the pregnant women

were similar in maternal age, nulliparity (%), BMI, and gesta-

tional age, and all women denied having a history of smoking.

Women with preeclampsia had a significantly higher MAP,

24-hour proteinuria, and lower mean birth weight and placental

weight compared with normal pregnancies (Table 1).

Localization of KLF8 in Human Villous Tissues During
Early Pregnancy

The IHC was conducted to define the immunolocalization of the

KLF8 protein in human villous tissues between 6 and 11 weeks.

Throughout early pregnancy, the KLF8 protein was primarily

located in the trophoblast layer of the chorionic villi, especially

in the nuclei of the inner cytotrophoblast layer (Figure 1). The

KLF8 immunoreactivity was present in the trophoblast villi in

6-week placentas. At advanced gestational ages (7 to 9 weeks),

the intensity of KLF8 staining increased gradually and was

most apparent at 9 weeks in both the nucleus and the cytoplasm

(Figure 1B). At 11 weeks, immunoreactivity visibly decreased in

the trophoblast layer, and very faint staining in the nuclei of the

cytotrophoblast cells was apparent compared with the preceding

gestational ages (Figure 1C).

Dynamic Expression of KLF8 and MMP-9 in Human
Villous Tissues During Early Pregnancy

Using Western blot analysis it was determined that both KLF8

and MMP-9 protein levels shared the same pattern of expres-

sion in human villous tissues from early pregnancies; the levels

gradually increased from 6 weeks and peaked at 8 to 10 weeks

(significantly higher than that at 6 weeks for both KLF8 and

MMP-9, and no significant difference between the 3 groups)

with the highest expression at 9 weeks. The KLF8 and

MMP-9 protein levels were slightly decreased at the end of the

first trimester (11 weeks) but were not different between 11

weeks and any preceding gestational ages (Figure 2A). A

correlation analysis was performed between MMP-9 and KLF8

protein levels in human villous tissues from early pregnancies

and indicated a significantly positive correlation between the

protein levels (r ¼ .66; P < .001).

Similarly, a real-time RT-PCR assay showed that the KLF8

mRNA level peaked at 8 weeks, reaching a level approximately

18-fold higher than that at 6 weeks. The KLF8 mRNA levels

decreased gradually with gestational ages. Noticeably, a sharp

decrease was observed at 11 weeks, and a significant difference

was measured between 8 and 11 weeks (Figure 2B).

Localization of KLF8 in the Pregnancies Complicated
With PE

The KLF8 immunoreactivity was primarily confined to tropho-

blasts and vascular endothelial cells in the third trimester pla-

centas. In PE, KLF8 immunostaining was apparently

decreased in placentas at nuclear and cytoplasmic levels com-

pared with the normal pregnancies (Figure 3).

Decreased Expression of KLF8 and MMP-9 in the
Pregnancies Complicated With PE

Consistent with IHC staining, PE placentas also showed a sig-

nificant decrease in both KLF8 protein (P < .01) and mRNA

(P < .01) expression levels relative to the normal control (Fig-

ure 4A). Similarly, MMP-9 protein expression was also signif-

icantly decreased in placentas from PE compared with the

normal pregnancies (P < .01; Figure 4A). Moreover, a signifi-

cant positive correlation between KLF8 and MMP-9 protein

expression was found in the third trimester placentas from

pregnancies with preeclampsia and normal pregnancies (r ¼
.64; P < .0001).

Partial Cytoplasmic Accumulation of KLF8 in
HTR-8/SVneo Cells Exposed to H/R

After a 48-hour incubation under H/R, HTR-8/SVneo cells had

reduced KLF8 protein levels in the nucleus and increased lev-

els in the cytoplasm compared with untreated control cells by

immunofluorescence staining. Approximately 25% of the cells

treated with H/R had failed to exclusively localize in the nuclei

(Figure 5).

Suppression of the KLF8 Protein Level and Invasion in
HTR-8/SVneo Cells Exposed to H/R

A Western blotting assay was performed to show that KLF8 is

significantly downregulated by approximately 45% in the

HTR-8/SVneo cells treated with H/R compared with the

untreated control (P < .01; Figure 6A and B). Consistent with

the positive correlation between KLF8 and MMP-9 found in

human placental tissues, the invasion-related MMP-9 level was

also downregulated in cells exposed to H/R (Figure 6A and B).

To assess the effects of H/R on the invasion of HTR-8/SVneo

cells more directly, an in vitro Matrigel invasion assay was

used, and the percentage of invading cells treated with H/R was

Table 1. Clinical Characteristics of the Third Trimester Study
Between the Preeclampsia and Control Groups.

Category Preeclampsia Control

Number 22 20
Age, years 27.00 + 0.66 26.95 + 0.71
Nulliparity, % 68.2 80.0
Smoking history None None
BMI,a kg/m2 24.67 + 0.59 24.05 + 0.64
Gestational age, weeks 36.39 + 0.26 37.09 + 0.24
MAP, mm Hg 116.10 + 1.75b 93.15 + 1.79
24-Hour proteinuria, g 2.22 + 0.08b 0.08 + 0.01
Neonatal birth weight, g 2498.0 + 65.24c 2930.0 + 83.63
Placental weight, g 473.6 + 7.52c 524.6 + 9.41

Abbreviations: BMI, body mass index; MAP, mean artery pressure.
a BMI ¼ body weight (kg)/body height (m2).
b P < .01.
c P < .05.
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significantly inhibited by approximately 50% compared with

the untreated cells (P < .0001; Figure 6C and D).

Discussion

In the present study, we demonstrated the following: (1) pla-

cental KLF8 mRNA and protein are expressed in a specific pat-

tern during early pregnancy; (2) expression of KLF8 was

significantly decreased in patients with preeclampsia compared

to the control pregnancies; (3) MMP-9 protein had a similar

expression pattern and a significant positive correlation with

KLF8 protein in placentas from both the first and the third tri-

mester; (4) the KLF8 protein level was downregulated, and

localization represented partial cytoplasmic accumulation in

HTR8/SVneo cells treated with H/R; and (5) the invasion-

related gelatinase protein MMP-9 level was downregulated,

and in vitro invasion was significantly inhibited in HTR8/

SVneo cells exposed to H/R.

The results from the immunolocalization experiments

showed that KLF8 is primarily present in the trophoblast layer,

particularly cytotrophoblasts in villous tissues from early preg-

nancies. As cytotrophoblasts fuse and differentiate into syncytio-

trophoblasts, KLF8 was found primarily in syncytiotrophoblasts

and vascular endothelial cells in placentas from the third trime-

ster. The interesting patterns of distribution suggest that this

factor is synthesized by this invasion-related component of the

placenta and most likely is associated with the degree of tropho-

blast invasion. Given the assumed importance of KLF8 in human

trophoblast invasion and established stimulatory effect on the

MMP-9 gene promoter in human breast cancer cells,25 we exam-

ined the association between KLF8 and MMP-9 protein levels

both in human placentas and in HTR8/SVneo cells. A significant

positive correlation between KLF8 and MMP-9 protein levels

was found. Based on its localization and positive association

with MMP-9 protein levels and trophoblast invasion, KLF8

appears to be a novel factor that is likely to play an important

biological role in trophoblast invasion by modulating the expres-

sion of MMP-9. Somewhat paradoxical to our results, Xu et al

have shown that the expression of MMP-9 increases gradually

from weeks 7 to 1134 but does not decrease with sharply

Figure 1. KLF8 immunolocalization in human placental villous tissues during early pregnancy. A total of 18 placentas, from 6 to 11 weeks, were
used (3 different samples for each gestational age). A-C, Villous tissues at 6, 9, and 11 weeks immunostained (brown staining) with anti-KLF8
antibody as described in Materials and Methods. D-F, Negative control for each week treated with nonimmune rabbit Immunoglobulin G. Note
that immunoreactive KLF8 was more intense at 9 weeks, compared with 6 and 11 weeks. All sections were counterstained with hematoxylin.
Scale bar, 100 mm. Ct, cytotrophoblast; KLF8, Krüppel-like factor 8; St, syncytiotrophoblast. For reference to color, please see online version.
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Figure 2. KLF8 and MMP-9 expression during early pregnancy. A, Representative Western blot for KLF8 and MMP-9 protein expression in
homogenates of placental villous tissues from 6 to 11 weeks. b-Actin was used as an internal control for protein loading. B, The expression
level of KLF8 mRNA was quantified by real-time RT-PCR and normalized to b-actin levels. The relative expression levels of KLF8 were plotted
as function of gestational age. The data are expressed as the mean + standard error of the mean. *, P < .05; **, P < .01 (compared with 6 weeks,
except for the special flag between groups). Each bar is the mean of 3 measurements from at least 3 independent placentas of the same gesta-
tional age. KLF8, Krüppel-like factor 8; mRNA, messenger RNA; MMP-9, metalloproteinase 9; RT-PCR, reverse-transcriptase polymerase chain
reaction.

Figure 3. KLF8 immunolocalization in human third trimester placentas from pregnancies with and without PE. A total of 12 placentas from the
PE and control groups were used (6 different samples for each group). A, B D, and E, Placentas from normal women and women with pree-
clampsia were immunostained (brown staining) with an anti-KLF8 antibody as described in Materials and Methods. C and F, Negative control
for each group treated with nonimmune rabbit Immunoglobulin G. Note that immunoreactive KLF8 was weaker in the PE group than in the
normal control group. All sections were counterstained with hematoxylin. Scale bar, 100 mm. KLF8, Krüppel-like factor 8; PE, preeclampsia;
St, syncytiotrophoblast; Vc, vascular endothelial cells. For reference to color, please see online version.
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Figure 4. Expression of KLF8 in human third trimester placentas from pregnancies with and without PE. A, Representative Western blot for
KLF8 and MMP-9 protein expression in homogenates from the PE and control groups. b-Actin was used as an internal control for protein load-
ing. B, Comparison of KLF8 mRNA expression in human third trimester placental tissue between the PE and the control groups. The expression
levels of KLF8 mRNA were quantified by real-time RT-PCR and normalized to the b-actin levels; b-actin was used as internal standard for sample
normalization. The data are presented as the mean + standard error of the mean; **P < .01 (compared with control). KLF8, Krüppel-like factor
8; MMP-9, metalloproteinase 9; mRNA, messenger RNA; PE, preeclampsia; RT-PCR, reverse-transcriptase polymerase chain reaction.

Figure 5. Immunofluorescence staining of KLF8 in H/R-exposed HTR-8/SVneo cells. HTR-8/SVneo cells were analyzed by anti-KLF8 staining of
the KLF8 protein (green) and propidium iodide staining of the nuclei (red), followed by fluorescence microscopy. Control, nontreated cells were
maintained under normal conditions for 48 hours. Almost all the cells showed exclusive nuclear localization. The H/R cells were cultured under
hypoxic conditions (2% oxygen) for 8 hours, followed by reoxygenation for 16 hours, and the H/R intervention described above was repeated
twice. A larger proportion of cells showed both nuclear and cytoplasmic localization. Scale bar, 75 mm. H/R, hypoxia–reoxygenation; KLF8,
Krüppel-like factor 8. For reference to color, please see online version.
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increased oxygen tension. The different experimental results

found in these 2 studies may result from small sample numbers

and differences in the types of specimen.

A reduction in KLF8 levels was found in the reoxygenation

of hypoxic tissues in both placentas from normal early pregnan-

cies and late pregnancies complicated by PE. The hypothesis that

the placental H/R environment downregulates KLF8 expression

was supported by the current cell culture experiments. Based on

the positive association of KLF8 with MMP-9 and concomitant

trophoblast invasion, KLF8 is speculated to play a role as a novel

oxygen tension sensor in mediating H/R-controlled suppression

of trophoblast invasion.

The mechanism by which H/R downregulates KLF8 levels

and in turn inhibits trophoblast invasion in human placentas

remains unknown, especially in women with preeclampsia.

Previous studies have confirmed that H/R within the placenta

leads to ROS production.8,11 ROS in the placenta mainly

includes the initial short-lived superoxide (O2
�) and the

hydrogen peroxide that is subsequently formed enzymati-

cally.8,35 In ROS-mediated cell migration and invasion,

activation of the FAK signaling pathway has been shown to

be an important intermediate link for the regulation of MMPs

in human fibrosarcoma cells.36 Similarly, (auto)phosphoryla-

tion of Y397FAK is a critical component in the events that

mediate cytotrophoblast migration/invasion.37 As a factor

upstream of KLF8, FAK has an expression pattern that is

strikingly similar to that of KLF8 in human placentas both

from early pregnancies38 and pregnancies with PE.37 This

pattern suggests that the FAK-KLF8 signaling pathway may

exist in the trophoblast and play an important role in human

placentation. Both the Src-ERK and the PI3K-Akt pathways

represent 2 primary signaling cascades downstream of FAK

activation in many types of cells. Which pathway occupies the

dominant position in FAK-regulated KLF8 events seems to

Figure 6. KLF8 and MMP-9 protein levels and trophoblast invasion in H/R-exposed HTR-8/SVneo cells. A, Representative Western blot for
KLF8 and MMP-9 protein expression in HTR-8/SVneo cells exposed to H/R. b-Actin was used as an internal control for protein loading. B, The
relative amounts of KLF8 and MMP-9 proteins were standardized by b-actin levels. The data are expressed as the mean + standard error of
the mean from 3 separate experiments. **P < .01 (compared with control). C, Representative image shows HTR-8/SVneo cells passing through
the membrane. Control, nontreated cells were maintained under normal conditions for 48 hours. B, H/R cells were cultured under hypoxic
conditions (2% oxygen) for 8 hours, followed by reoxygenation for 16 hours, and the H/R intervention described above was repeated twice.
D, The histogram represents the relative numbers of migrating cells (%). **P < .01 (compared with the control group). H/R, hypoxia–reoxygena-
tion; KLF8, Krüppel-like factor 8; MMP-9, metalloproteinase 9.
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depend on the cell type or cellular context.14,16 Therefore, the

major mechanisms that occur in FAK-regulated KLF8 events

in human placentation require further research. However, we

cannot exclude that other signaling pathways, presenting sim-

ilar dynamic alterations during normal early pregnancy and/or

in PE, may also participate in the regulation of KLF8 expres-

sion. For example, the Stat3 signaling pathway is 1 candidate,

because this pathway has been recently shown not only to

be negatively altered in trophoblasts from PE placentas39

but also to regulate KLF8 expression40 and trophoblast

migration.41

Moreover, the current study also showed a visible reduction

in KLF8 immunoreactivity in the nuclei of cytotrophoblast cells

in human villous tissues with increased oxygen tension during

early pregnancy and partial cytoplasmic accumulation of KLF8

in HTR8/SVneo cells treated with H/R. Like many transcription

factors, KLF8 must first enter the nucleus to exert its function.

Directing subcellular trafficking of KLF8 may be vital in events

in which KLF8 participates. Deletion of either or both ZF1 and

ZF2 in the full-length protein and/or blocking the interaction of

ZF domains with b-importin could increase cytoplasmic locali-

zation. In addition, deletion of the NLS located within the

N-terminal activation domain between aas 151 and 200 also

results in cytoplasmic mislocalization.26 As we observed, cyto-

plasmic localization of KLF8 increased under H/R conditions.

The mechanism governing H/R’s effect on the cytoplasmic

mislocalization of KLF8 in trophoblasts remains unclear. Based

on the evidence that H/R-induced ROS can modulate PKC42 and

the suspected PKC modification domain at S165 in the func-

tional KLF8 NLS,26 we speculate that the cytoplasmic misloca-

lization of KLF8 may be associated with ROS-regulated PKC

activity. Consistent with our hypothesis, matrix degradation by

MMP-9 depends on PKC,43 and a PKC inhibitor can reduce the

matrix-degrading activity of trophoblasts.44

Our novel findings showed alterations in the level and subcel-

lular localization of KLF8 in the villous tissues during early preg-

nancy and third trimester placentas in PE; these changes in KLF8

were accompanied by alterations in trophoblast invasion. These

results lead us to propose that H/R regulates the expression and

localization of KLF8, inhibiting trophoblast invasion, and this

process may be mediated by ROS generation. However, whether

and how ROS mediates H/R-regulated alterations in KLF8 levels

and subcellular localization need further research.

In conclusion, KLF8 expression in human placental tissues

and the human first trimester EVT cells in vitro seems to be

sensitive to the placental H/R environment. In addition, the sig-

nificant correlation of KLF8 protein levels with MMP-9 and

the concomitant trophoblast invasion allows us to speculate

that KLF8 might act as a novel oxygen tension sensor linking

the H/R environment and trophoblast invasion. This study has

helped us elucidate the major pathogenesis in PE.
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37. Ilić D, Genbačev O, Jin F, et al. Plasma membrane-associated

pY397FAK is a marker of cytotrophoblast invasion in vivo and

in vitro. Am J Pathol. 2001;159(1):93-108.

38. MacPhee DJ, Mostachfi H, Han R, Lye SJ, Post M, Caniggia I.

Focal adhesion kinase is a key mediator of human trophoblast

development. Lab Invest. 2001;81(11):1469-1483.

39. Weber M, Kuhn C, Schulz S, et al. Expression of signal transducer

and activator of transcription 3 (STAT3) and its activated forms is

negatively altered in trophoblast and decidual stroma cells

derived from preeclampsia placentae. Histopathology. 2012;

60(4):657-662.

40. Zhang X, Yue P, Page BDG, et al. Orally bioavailable small-

molecule inhibitor of transcription factor Stat3 regresses human

breast and lung cancer xenografts. Proc Natl Acad Sci USA.

2012;109(24):9623-9628.

41. Mulla MJ, Myrtolli K, Brosens JJ, et al. Antiphospholipid antibo-

dies limit trophoblast migration by reducing IL-6 production and

STAT3 activity. Am J Reprod Immunol. 2010;63(5):339-348.

42. Cosentino-Gomes D, Rocco-Machado N, Meyer-Fernandes JR.

Cell signaling through protein kinase C oxidation and activation.

Int J Mol Sci. 2012;13(9):10697-10721.

43. Xiao H, Bai XH, Kapus A, Lu WY, Mak AS, Liu M. The protein

kinase C cascade regulates recruitment of matrix metalloprotease

9 to podosomes and its release and activation. Mol Cell Biol.

2010;30(23):5545-5561.

44. Patel A, Dash PR. Formation of atypical podosomes in extravil-

lous trophoblasts regulates extracellular matrix degradation. Eur

J Cell Biol. 2012;91(3):171-179.

Yang et al 81



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


