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Abstract

Objective—The anti-apoptotic action of HBEGF and its regulation by O, constitutes a key factor
for trophoblast survival. The hypothesis that cytotrophoblast survival is compromised by exposure
to hypoxia—reoxygenation (H/R) injury, which may contribute to preeclampsia and some missed
abortions, prompted us to investigate HBEGF regulation and its role as a survival factor during H/
R in cytotrophaoblast cells

Study Desigh—A transformed human first trimester cytotrophoblast cell line HTR-8/SVneo was
exposed to H/R (2% O, followed by 20% O5) and assessed for HBEGF expression and cell death.

Results—Cellular HBEGF declined significantly within 30 minutes of reoxygenation after culture
at 2% O,. H/R significantly reduced proliferation and increased cell death when compared to
trophoblast cells cultured continuously at 2% or 20% O». Restoration of cell survival also was
achieved by adding recombinant HBEGF during reoxygenation. HBEGF inhibited apoptosis through
its binding to either HER1 or HER4, its cognate receptors.

Conclusion—These results provide evidence that cytotrophoblast exposure to H/R induces
apoptosis and decreased cell proliferation. HBEGF accumulation is diminished under these
conditions, while restoration of HBEGF signaling improves trophoblast survival.
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Human cytotrophoblast cells exposed to hypoxia-reoxygenation downregulate HBEGF and begin to undergo apoptosis. Supplementation
with HBEGF to activate its cognate HER receptors prevents cell death under these conditions, revealing an endogenous survival
mechanism.
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INTRODUCTION

There is evidence that non-physiological hypoxia/reoxygenation (H/R) occurs in the late first
trimester and is responsible for abnormal remodeling of the placenta and its membranes (1).
In normal pregnancy the perfusion of maternal blood into the intervillous space is gradual and
occurs at the periphery while in missed abortion there is premature onset of perfusion to all
regions of the placenta (2). The possible role of H/R in early pregnancy loss has been advanced
by several lines of evidence. These include premature onset of the maternal circulation to the
placenta, determined by Doppler ultrasonography and correlated to fragmented trophoblastic
shell, limited EVT invasion of the placental bed and terminal spiral arteries (1-5). The effect
is greatest in pregnancies less than 10 weeks gestation with recent fetal demise suggesting that
early gestations are more susceptible to this damage. In pregnancies that survive, H/R has been
suggested as the underlying defect that hinders physiological conversion of the spiral arteries,
which predisposes to preeclampsia (6-8). Several of the cellular changes observed with H/R
exposure of third trimester villous explants are similar to those found in early pregnancy loss,
including lipid peroxidation, protein nitrosylation and apoptosis (7,8). Hypoxia alone does not
explain the observed damage by reactive O species (ROS) generated during preeclampsia
(9). ROS are not efficiently generated by hypoxia in third trimester villous explants, whereas
H/R produces ROS within minutes (7).

The capability of some cells, including cytotrophoblast (CT), to survive at low O, tension
requires O, sensing and multiple early responses, including ion channel changes, glycolytic
enzymes, transcription factors and integrins. Heparin-binding EGF-like growth factor
(HBEGEF) is expressed in the placenta through out pregnancy (10,11) and is upregulated by
low O, through a post-transcriptional mechanism to inhibit apoptosis (12). Signaling via HER1
or HER4, known HBEGF receptors, is required for both HBEGF upregulation and protection
against apoptosis (12). Consistent with its proposed role as a prosurvival factor in response to
ROS infirst trimester cytotrophoblast, HBEGF expression is expressed robustly in trophoblast,
but is reduced about five-fold in preeclamptic placentas (11).

Based on its expression in the human placenta during the first trimester and its induction by
oxygen, HBEGF constitutes a key regulator of trophoblast survival. The observed decrease in
survival of trophoblast exposed to H/R injury prompted us to investigate the role of HBEGF
in trophoblast survival during H/R using an in vitro cell culture model.

MATERIALS AND METHODS

Cell culture and O, regulation

HTR-8/SVneo cytotrophoblast cells were plated and grown in serum containing medium,
which was replaced with serum-free medium 24 hours prior to all experiments, as previously
described (13). The cell line was routinely phenotyped to assure cytokeratin-7 expression, hCG
secretion, invasion of Matrigel™ basement membrane and HLA-G expression by invading
cells. A humidified 5% CO,/95% air incubator was used for ambient cell culture (20% O,).
Culture at low O, was achieved by placing cell cultures into a humidified modular incubator
chamber (Billups- Rothenberg, Del Mar, CA) that was then flushed for 5 minutes with a mixture
of 2% O,, 5% CO, and 93% N, (Wilson Gases, Detroit, MI). The concentration of the gas
mixture was confirmed as previously described (12). The exposure to 2% O, continued for a
total of 8 hr and represented the hypoxia exposed cells. Cells exposed to H/R were cultured at
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2% O, for 2 hr and then switched for an additional 6 hrs to medium pre-equilibrated at 20%
0.

Cell treatments

Medium was changed to add vehicle or supplements to growing cell cultures 30 minutes before
exposure to ambient or 2% O,, which initiated each experiment. Medium was supplemented
with 1 nM recombinant HBEGF (R&D Systems, Minneapolis, MN), 10 pg/ml mouse anti-
HER1 (Ab-2) or HER4 (Ab-3) blocking antibodies (LabVision, Fremont, CA), 20 pg/ml mouse
non-immune 1gG (Jackson ImmunoResearch Laboratories, West Grove, PA), 20 pg/ml of the
capase inhibitors, Z-DEVD-FMK, Z-VAD-FMK or 200 ug/ml of the negative control Z-FA-
FMK (EMD Biosciences), or 2 mM H»0, (Sigma).

Immunohistochemistry

Cytotrophoblast cells grown in 150 pl of medium in 96-well tissue culture plates (Becton
Dickinson) were processed for immunohistochemistry, as previously described(13)Nuclei
expressing Ki-67 were labeled with a monoclonal antibody (Ki-S5; DAKO, Carpinteria, CA).
Goat polyclonal antibody (R&D Systems) against human recombinant HBEGF, was used at a
concentration (5 ug/ml) in the linear portion of its binding curve. Controls were incubated with
10 pg/ml non-immune IgG (Jackson ImmunoResearch). Cells labeled with goat primary
antibodies were incubated 1 hour at 25°C with 0.1 ug/ml rabbit anti-goat 1gG (Jackson
ImmunoResearch). To visualize and quantify (gray level) antigen, an Envision SystemTM
peroxidase anti-mouse/rabbit kit (DAKO) was used in conjunction with image analysis,
according to our published procedure (11). Values obtained with IgG substituted for primary
antibody were subtracted from each sample.

Cell death and proliferation assays

Cytotrophoblast cells were grown and treated in 150 pl of medium in 96-well plates prior to
assay. Cell death was detected by terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL) using a fluorescein-based kit from Roche Applied Science
(Indianapolis, IN) and counterstaining with 5 pg/ml 4,6-diamidino-2-phenylindole, HCI
(DAPI; EMD Biosciences) as previously described (12). Fluorescent nuclei were viewed at
20x magnification using a Leica (Wetzlar, Germany) DM IRB epifluorescence microscope and
representative images of both DAPI and fluorescein fluorescence were acquired with a
Hamamatsu Orca digital camera (Hamamatsu City, Japan). Images were processed using
Simple PCI (C-Imaging, Cranberry Township, PA) imaging software, adjusting the threshold
to optimize automated counting of fluorescent nuclei. The percentage of TUNEL/DAPI-
labeled nuclei (TUNEL index) was determined from triplicate fields in each well. Cells labeled
with antibody against Ki-67 were counterstained with DAPI and similarly assessed for the
percentage of Ki-67/DAPI-labeled nuclei as an index of cell proliferation. Externalized
phosphatidylserine was detected by incubating live cells for 15 minutes at room temperature
with biotin-labeled annexin V (1:20; Molecular Probes, Portland, OR) in 10 mM HEPES, 140
mM NaCl, 2.5 mM CaCl,, pH 7. Cells were then fixed and incubated overnight at 4°C with 5
pg/ml UltraAvidin-Texas Red (Leinco Technologies, St. Louis, MO) and 5 mg/ml BSA in
PBS. Cell lysis (necrosis) was assessed as previously described by measuring lactate
dehydrogenase (LDH) activity released into the culture medium with a DHLTM Cell
Cytotoxicity Assay Kit (AnaSpec, San Jose, CA), according to the manufacturer’s instructions
(12). Cells grown in black, clear-bottom 96-well tissue culture plates (Corning, Corning, NY)
were treated (n=3) as detailed in the Results section in 100 al of modified BWW medium
(Irvine Scientific, Santa Ana, CA). After medium was collected for assay in separate wells,
cells were washed three times with BWW medium and lysed for assay of total LDH. The
fluorescent reaction product was quantified using a SpectraMax M2 multiplate
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spectrofluorometer (Molecular Devices, Sunnyvale, CA). To calculate the LDH release index,
the value of LDH activity in the medium, multiplied by 100, was divided by the value obtained
from the lysed cells.

HBEGF ELISA

HBEGF was quantified using an ELISA kit (R&D Systems), essentially as previously
described (12). The calculated inter- and intra-assay coefficients of variation for this human
HBEGF immunoassay were 3.45% and 2.26%, respectively. The detection limit of the assay
was 12 pg/ml. The HBEGF concentration of each sample was calculated by interpolation from
the corresponding standard curve and was expressed as picogram per microgram cellular
protein.

Real-time RT-PCR

Statistics

RESULTS

Cytotrophoblast cells grown and treated in 2 ml of medium in six-well plates were washed
three times with sterile PBS (Cambrex Bio Sciences, Verviers, Belgium) and RNA was
extracted using RNeasy Mini Kits from Qiagen (Valencia, CA). The primers 5°-TGG TGC
TGA AGCTCT TTC TGG-3’ (sense) and 5’GTG GGA ATT AGT CAT GCC CAA-

3’ (antisense) were used to measure HBEGF mRNA copy number by real time PCR as
previously described (12).

Assays were conducted using replicate samples and all experiments were repeated at least three
times. The program SPSS version 12.0 (SPSS, Chicago, IL) was used to determine statistical
significance. For immunohistochemical quantification, the level of each growth factor at 20%
and 2% 02 was compared with a two-tailed Student’s independent t-test. Comparisons were
made to vehicle-treated controls for Ki-67, TUNEL and LDH data. TUNEL data that did not
meet the assumption of equal variances among groups were log transformed before analysis.
All ELISA data were analyzed by the Kruskal-Wallis non-parametric ANOVA with the Mann-
Whitney posthoc test, using the Holm modification to the Bonferonni correction. All graphed
data are presented as mean £ s.e.m.

We previously reported that HBEGF protein levels increase at least 100-fold in HTR-8/SVneo
cytotrophoblast cells when the O, concentration is reduced to 2% (12). HBEGF accumulation
in human cytotrophoblast cells, determined by immunohistochemistry and image analysis, was
reduced significantly after reoxygenation as compared to 2% O, treatment (Fig. 1A). Down
regulation of HBEGF occurred rapidly (Fig. 1B), reaching significance within 30 min
according to a quantitative ELISA. HBEGF mRNA levels do not vary between ambient and
2% 05 (12), nor did reoxygenation alter transcript expression when determined by real time
RT-PCR (data not shown). It appeared that O, regulates HBEGF through a post-transcriptional
mechanism and that its cytoprotective activity becomes unavailable soon after O, levels rise
in the course of an H/R paradigm.

Cell proliferation, assessed by nuclear Ki67 expression, was increased by culture at 2%
compared to 20% O, (Fig. 2A), but was reduced below the normoxia value upon reoxygenation.
As a further measure of cellular distress, cell death was gauged by TUNEL assay. Cells
maintained at 20% or 2% O showed no difference in apoptosis (Fig. 2B). However, 6 h after
reoxygenation of cells maintained at 2% O, TUNEL increased 2-fold (Fig. 2B). The induction
of cell death by H/R was reversed by pretreatment with inhibitor caspase 3 or a pan caspase
inhibitor (Fig. 2C), providing evidence of apoptotic pathway activation (14). Moreover,
elevated phosphatidylserine exposure on the outer surface of cytotrophoblast cells exposed to
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H/R was detected by annexin V binding (Fig. 3), a hallmark of apoptotic pathway activity
(14). H/R did not cause necrosis of cytotrophoblast cells, according to the lack of LDH release
to the medium (Fig. 2D), which monitors cell lysis occurring as a result of necrosis (14). As a
positive control for necrosis, exposure to peroxide treatment caused LDH accumulation in the
medium.

The foregoing experiments reveal an inverse relationship between HBEGF expression and
survival of cytotrophoblast cells during oxidative stress. To rigorously test this hypothesis, we
supplemented cells with human recombinant HBEGF during reoxygenation to determine if
survival could be improved. As shown in Fig. 4, 1 nM HBEGF attenuated apoptosis during H/
R to levels comparable to normoxic controls. The interaction of HBEGF with its receptors was
examined using function-blocking antibodies against HER1 or HER4. Neither antibody alone
prevented HBEGF rescue; however, the combination of both antibodies proved effective in
returning TUNEL to significant levels above the control (Fig. 4). These results indicate that
HBEGF prevents apoptosis through interaction with either of its two receptors and directly
establishes that HER downstream signaling can regulate survival of cytotrophoblast cells
exposed to oxidative stress caused by H/R.

COMMENT

The regulation of HBEGF expression by H/R was examined in the immortalized first trimester
cytotrophoblast cell line, HTR-8/SVneo. This cell line displays several characteristic features
of first trimester cytotrophoblast, including expression of HLA-G, integrin switching from
a6B4 to a1p1 during basement membrane invasion, and increased proliferation under
physiologic hypoxic conditions (13). We previously demonstrated that HBEGF upregulation
is critical for the survival of human cytotrophoblast cells during exposure to low concentrations
of O, (12), such as those encountered in utero during the first trimester of gestation (15).
Disruption of the relatively hypoxic environment of the early placenta by reoxygenation
exposes embryonic tissues to ROS and could potentially result in cell death, as observed in an
in vitro perfusion model with term placenta (6-8). Our findings, using a first trimester
cytotrophoblast cell line, reveal that the protective activity of endogenous HBEGF is lost when
Oy, levels are abruptly increased. The resulting cell death requires caspase activity and is
accompanied by phosphatidylserine randomization, while cells remain intact and retain
cytoplasmic LDH activity; all indicative of apoptosis(14) It has been suggested that excessive
oxidative stress in the first trimester can compromise trophoblast function or survival (1-5,9).
Trophaoblast survival and extravillous differentiation required for remodeling of the uterine
spiral arteries are deficient in both missed abortion and preeclampsia (1), perhaps due to
elevated levels of oxidative stress. The data presented in this report indicate that signaling
downstream of the HBEGF receptors HER1 and HER4 is capable of stemming progression
toward apoptosis. Ethanol-induced apoptosis is similarly blocked by the EGF signaling system
in HTR-8/SVneo cells (16) suggesting a broad survival function for this pathway.

Arole for H/R injury in early pregnancy loss has been advanced by several lines of molecular
evidence, including morphological evidence of increased apoptosis and markers of cellular
stress, expression of heat shock protein 70, protein nitrosylation and lipid peroxidation in
tissues obtained from missed abortions with early onset placental perfusion (1-5). Xanthine
dehydrogenase, which normally utilizes NAD as an electron acceptor, is converted under the
conditions of ischemia/reperfusion into xanthine oxidase. During ischemia, excessive ATP
consumption leads to the accumulation of the purine catabolites, hypoxanthine and xanthine.
With subsequent reperfusion of oxygen, they are metabolized by xanthine oxidase to yield
massive amounts of superoxide (17). In experimental systems, H/R is associated with induction
of the redox-responsive trancription factors NF-xB and AP-1, as well as the MAPKSs c-jun
NH,-terminal kinase (JNK), p38 and the extracellular signal-regulated kinases ERK1 and
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ERK2 (18,19). This activation could account for inflammatory responses and apoptotic cell
death in the affected tissue. In proximal renal tubule cells, reoxygenation following hypoxia
results in activation of MEK/ERK and PI3K/Akt/XIAP survival signaling pathways, which
are mediated through HER1 (20). The anti-apoptotic action of neuregulin 1-3, another member
of the EGF-like family, requires phosphorylation of HER-4 in rat hearts exposed to ischemia-
reperfusion injury (21).

We have extended the above findings to first trimester cytotrophoblast by demonstrating that
re-exposure to 20% O, for as little as 2 hours decreases cellular HBEGF significantly, with a
concomitant increase in apoptosis. Cleaved, secreted HBEGF and subsequent downstream
signaling are required for its prosurvival action at 2% O, (12). The rapidity of the decline in
HBEGF during reoxygenation was facilitated through a post-transcriptional mechanism,
suggested by the lack of change in HBEGF mRNA expression with fluctuating O,
concentrations. These findings contrast with HBEGF regulation in response to oxidative stress
in other cell contexts, including intestinal and bladder epithelial cells, which occurs at the
mRNA level (22-25).

HBEGF accumulation has been examined in other cell types and organ systems during H/R.
HBEGF mRNA and protein levels rose after reoxygenation after rat intestinal and renal
epithelial cells were exposed to anoxia in vitro (26,27). The apparent discrepancy in HBEGF
response between these studies and our findings in cytotrophoblast may reflect the lower O,
levels (0%) present in the rat studies, duration of anoxic exposure prior to reoxygenation or
differences in cell context. HBEGF expression after ischemia and reperfusion injury in vivo
has been studied in several organ systems. Rat kidneys subjected to H/R increased HBEGF
mMRNA and protein accumulation in the distal tubule, suggesting its role as a prosurvival factor
in this setting (28). HBEGF expression is increased in rat intestinal epithelium after H/R and
when injected into the intestinal lumen, epithelial and crypt cells survive by down-regulating
inducible nitric oxide synthase and nitric oxide production (29).

HTR-8/SVneo cell proliferation increases at 2% O, (12,13) as in primary cultured
cytotrophoblast and villous explants under similar O, conditions (30,31). The inhibition of
HBEGF secretion or its binding to HER 1 and HER 4 during exposure to 2% O, did not prevent
the increase in cell proliferation (12). During reoxygenation, Ki67 expression declined
significantly below the basal level obtained from cytotrophoblast cells cultured at 20% O,.
Therefore, proliferation was negatively impacted by H/R. It is not known whether the decline
in HBEGF during reoxygenation is a factor in the consequential reduction in proliferation.

Premature exposure of the trophoblast to elevated O, levels during early gestation could
diminish cytotrophoblast survival or functions dependent on HBEGF and other hypoxia-
induced molecules. These effects could be catastrophic for the conceptus, while sub-lethal
oxidative stress may alter invasion and apoptosis in the first trimester to manifest as abnormal
placentation that leads to pathology later in pregnancy. The present study establishes that H/
R causes a rapid and significant reduction of HBEGF accumulation in an immortalized human
first trimester cytotrophoblast cell line. H/R may decrease HBEGF availability through several
possible mechanisms that include decreased HBEGF mRNA translation, increased HBEGF
protein turnover, or reduced metalloproteinase-mediated shedding of HBEGF from the plasma
membrane. Further investigation of these mechanisms will provide an understanding of the
relationship between reoxygenation injury and HBEGF availability in the developing
trophoblast.
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Figure 1. HBEGF protein levels during hypoxia and reoxygenation

A. Cytotrophoblast cells were cultured at 20% O, for 8 hr (normoxia), 2% O, for 8 hr (hypoxia)
or 2% O, for 2 hr followed by 20% O, for 6 hr (H/R). HBEGF was assessed by quantitative
immunohistochemistry and image analysis, as described in the Materials & Methods. B.
HBEGF was quantified by ELISA in cell extracts during reoxygenation after 5 hr of culture at
2% O,. *, p<0.05 compared to normoxia (A) or 0 time at normoxia (B).
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Figure 2. Cytotrophoblast death is due to apoptosis after H/R

A. Proliferation of cytotrophoblast cells cultured as in Fig. 1A was assessed by
immunofluorescence using anti-Ki-67 antibody and DAPI counterstain to derive the
percentage of Ki67-positive cells. B. Cell death was quantified by TUNEL assay of
cytotrophoblast cells cultured as in Fig 1A. C. Cytotrophoblast were exposed to H/R in the
absence (vehicle) or presence of 20 UM of caspase 3 inhibitor (Cas 3), an inhibitor of all
caspases (Pan) or an inactive peptide analogue (Control Cmpd). The dashed line indicates the
level of TUNEL under normoxic conditions. D. LDH released from cytotrophoblast cells
cultured as in Fig. 1A was measured as described in the Materials & Methods. As positive
control for necrosis, cells were treated for 30 min with 10 nM H,0O, (Peroxide). *, p<0.05
compared to normoxia.
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Figure 3. H/R increases annexin V binding to cytotrophoblast cells

Cells were cultured for 8 hr at 2% O, (A) or at 2% O, for 2 hr followed by 20% O, for 6 hr
(B) to generate H/R. Cells were then labeled with annexin V, as described in the Materials &
Methods. Immunoflurorescence is shown for fields of equivalent cell density. Magnification,
20x%.
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Figure 4. Cytotrophoblast apoptosis after H/R is rescued by recombinant HBEGF signaling
through its cognate receptors, HER1 and HER4

TUNEL was determined as in Fig. 2B for cytotrophoblast cells cultured under the indicated
O, treatment regimes with or without addition of 1 nM recombinant HBEGF, or 10 uM of
blocking antibodies against HER1 and HER4, as shown on the x axis. *, p< 0.05 compared to
control (Normoxia no Ab).
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