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Abstract Insulin-like growth factors (IGFs) influence
placental cell (cytotrophoblast) kinetics. We recently
reported that the protein tyrosine phosphatase (PTP) SHP-2
positively regulates IGF actions in the placenta. In other
systems, the closely related PTP, SHP-1, functions as a
negative regulator of signaling events but its role in the
placenta is still unknown. We examined the hypothesis that
SHP-1 negatively regulates IGF actions in the human
placenta. Immunohistochemical (IHC) analysis demon-
strated that SHP-1 is abundant in cytotrophoblast. SHP-1
expression was decreased in first-trimester placental
explants using siRNA; knockdown did not alter IGF-
induced proliferation but it significantly enhanced prolif-
eration in serum-free conditions, revealing that placental
growth is endogenously regulated. Candidate regulators
were determined by using antibody arrays, Western blot-
ting, and IHC to examine the activation status of multiple
receptor tyrosine kinases (RTKs) in SHP-1-depleted
explants; amongst the alterations observed was enhanced
activation of EGFR, suggesting that SHP-1 may interact
with EGFR to inhibit proliferation. The EGFR tyrosine
kinase inhibitor PD153035 reversed the elevated prolifer-
ation seen in the absence of SHP-1. This study
demonstrates a role for SHP-1 in human trophoblast
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turnover and establishes SHP-1 as a negative regulator of
EGFR activation. Targeting placental SHP-1 expression
may provide therapeutic benefits in common pregnancy
conditions with abnormal trophoblast proliferation.
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Introduction

Protein tyrosine phosphatases (PTPs) constitute a large
family of enzymes that catalyze dephosphorylation of
signaling molecules at tyrosine residues, often opposing the
actions of protein tyrosine kinases [1]. However, PTPs can
also positively regulate receptor-initiated signaling [2, 3].
Indeed, we have recently shown that one PTP, SHP-2, is
essential [4] for the IGF/IGFIR activation of MAPK cas-
cades that regulate human trophoblast proliferation and
hence placental development [5]. A closely related PTP,
SHP-1 is also expressed in the placenta but its function in
this tissue is unknown [6]. Both SHP-1 and SHP-2 contain
SH-2 domains through which they interact with signaling
molecules to influence cellular events [2]. While SHP-2
predominantly acts to positively regulate signaling cas-
cades, SHP-1 negatively regulates receptors, kinases, and
adaptor molecules upstream of MAPK to modulate
responses to numerous growth factors, including IGFs
[7-11]. Consequently, SHP-1 is a key mediator of cellular
growth and proliferation as demonstrated by studies of
hematopoietic cells [12] and importantly also of epithelial
cells [13, 14].

Initial evidence for the role of SHP-1 as a negative regu-
lator of cell growth came from studies demonstrating
excessive myeloid cell proliferation in mice with spontaneous
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inactivating mutations in SHP-1 [15, 16]. When these mice
were first described in 1975, it was reported that animals with a
SHP-1 mutation had approximately 20 % higher birth weights
than their wild-type littermates [17]. This suggested that SHP-
1 negatively regulates fetal growth; however, it remains to be
established whether this arises as a direct effect of SHP-1
inactivation in the fetus or a consequence of alterations in
placental development.

In humans, nutrient transfer from mother to fetus
occurs at the outermost epithelial layer of the placenta,
the syncytium. The nuclei in this layer are post-mitotic,
have a short lifespan, and must be continuously replaced
through proliferation, differentiation, and fusion of pro-
genitor cells in the underlying cytotrophoblast layer [18].
Altered rates of trophoblast turnover have been associ-
ated with different tissue pathologies and are linked to
disordered fetal growth [19-21]. Investigations of the
mechanisms regulating cytotrophoblast proliferation
could contribute to understanding of the pathophysiology
of pregnancy disorders.

In this study, we decreased SHP-1 expression in human
placental cell lines and first-trimester placental explants
using short interfering RNA (siRNA). We report that while
SHP-1 does not affect IGF-stimulated cytotrophoblast
proliferation, it has a negative influence on endogenous
regulators of proliferation. Using antibody-based arrays
and pathway inhibitors to investigate the mechanism, we
demonstrate that SHP-1 inhibition of epidermal growth
factor receptor (EGFR) dampens cytotrophoblast prolifer-
ation in the absence of exogenous growth factors.

Materials and methods
Cell and tissue culture

Cytotrophoblast isolated from first-trimester placenta
exhibit very limited proliferation in culture [22], thus we
have established an explant model of human placenta in
which the normal spatial and ontological relationships
between the various cells in chorionic villous tissue are
maintained in a viable state for several days [5]. Late first-
trimester (8—12 weeks) placental tissue was collected with
maternal informed consent, and approval from our local
research ethics committee, following elective surgical or
medical termination of pregnancy. Tissue was transferred
into a 1:1 mixture serum-free Dulbecco’s modified Eagle’s
medium (DMEM) and Ham’s F12 (F12) containing
100 units/ml penicillin, 100 pg/ml streptomycin and 2 mM
L-glutamine, dissected into 5-mm® explants under sterile
conditions and then immediately used in the experiments
described below. BeWo choriocarcinoma cells were
maintained in a 1:1 mixture of DMEM/F12 containing
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10 % fetal bovine serum (FBS)/100 units/ml penicillin/
100 pg/ml streptomycin and 2 mM L-glutamine.

siRNA
siRNA-mediated knockdown of SHP-1

Five different siRNA sequences were used to target the
human SHP-1 gene, PTPN6 (GenBank accession no.
NM_080548) in first-trimester placental tissue and in BeWo
cells. A pool of 4 siRNA sequences targeting: 5'-GGGAG
GAGUUUGAGAGUUU-3";5-GCAAGAACCGCUACA
AGAA-3; 5- GAACAAAUGCGUCCCAUAC-3' and
5'-GGGAUCAGGUGACCCAUAU-3’ (Dharmacon SMART-
Pool, Dharmacon, UK) were used collectively, herein
referred to as SHP-1 sequence A siRNA treatment. siRNA
targeting 5-GCAGGAGUCCGAGGAUACA-3' (Ambion,
UK) is referred to as sequence B treatment. A non-targeting
siRNA sequence (Silencer Select negative control; Ambion,
UK) that does not target any known sequence in the human
genome was used as a control for siRNA transfection. siRNA
was delivered to placental tissue fragments or BeWo cells
using an Amaxa Nucleofector (basic primary mammalian
epithelial cell solution, program U007 for placental tissue;
cell line solution L, program X005 for BeWo cells; Amaxa
Biosystems, Germany) as previously described [23]. Tissue
and cells were transfected with 500 nM SHP-1 sequence A
siRNA, 500 nM SHP-1 sequence B siRNA, or 500 nM non-
targeting siRNA for up to 72 h. Transfection of tissue and
cells in the absence of siRNA treatment (mock transfection)
was used as a control.

QOPCR: analysis of SHP-1 mRNA expression

RNA was extracted from tissue or cells and 100 ng of RNA
per sample was reversed transcribed to synthesize cDNA
using an Affinity Script Multi Temperature Kit (Stratagene,
USA). QPCR was conducted using Brilliant SYBR Green
QPCR Master Mix (Stratagene, USA), 5-carboxy-x-rhoda-
mine reference dye and specific primers for SHP-1 (forward:
5-GGAGTCGGAGTACGGGAACAT-3/, reverse: 5'-AT
CCTCCTTGTGTTTGGACGA-3'; annealing temperature:
55 °C; Invitrogen, UK) or 18S (forward: 5'-GCTGGAAT
TACCGCGGCT-3', reverse: 5'-CGGCTACCACATCCAA
GGAA-3') in a Stratagene Mx3000P Real Time PCR
machine. mRNA levels were quantified against standard
curves generated from human reference total RNA (Strata-
gene, La Jolla, CA, USA). SHP-1 mRNA levels were
normalized to those of 18S mRNA then SHP-1 mRNA
expression of non-transfected, mock transfected, and SHP-1
sequence A/B siRNA-treated samples was expressed as a
percentage of that in non-targeting siRNA-treated samples.
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Immunohistochemistry: analysis of SHP-1 protein
expression

Transfected placental tissue was fixed in 4 % paraformal-
dehyde overnight and then embedded in paraffin and cut into
7-um sections. These were boiled in 0.1 M sodium citrate
buffer for antigen retrieval and then incubated with 5 %
bovine serum albumin to block non-specific binding sites.
Sections were incubated with a polyclonal rabbit anti-SHP- 1
antibody (1:50; Abcam, UK) overnight at 4 °C, and after
washing (3 x 5 min with TBS), with a biotinylated swine
anti-rabbit antibody (1:200; DakoCytomation, UK) for 2 h at
room temperature and then avidin-peroxidase (5 pg/ml in
0.125 M Tris) for 1 h at room temperature followed by
diaminobenzidine. Tissue sections were counterstained with
hematoxylin and visualized with light microscopy.

Analysis of proliferation

Tissue was cultured in serum-free medium for 72 h fol-
lowing transfection and then treated with IGF-1 (10 nM),
IGF-II (10 nM), the EGFR tyrosine kinase inhibitor,
PD153035 (0-1 puM; Calbiochem, UK) [24] or the TrkB
inhibitory peptide, cyclotraxin-B (500 nM-2 uM; synthe-
sized by JPT Peptide Technologies Gmbh, Germany) [25]
or an equal volume of phosphate buffered saline (PBS
10 pl) for 24 h. Sections of placental tissue were prepared
and processed as described above, except that a monoclo-
nal mouse-anti human Ki67 antibody (MIB-1 clone, 1:200;
DakoCytomation Ltd, Cambridgeshire, UK) and a biotin-
ylated swine anti-mouse antibody (1:200; DakoCyto-
mation, UK) were used as the primary and secondary
antibodies, respectively. Tissue sections were counter-
stained with hematoxylin and visualized with light
microscopy.

Cells were maintained under normal culture conditions
for 48 h following transfection and then serum-starved for
24 h before treating with IGF-I (10 nM) or IGF-II (10 nM)
or an equal volume of PBS. Cells were fixed in ice-cold
methanol (20 min) then antigen retrieval, block, and
incubation with primary antibody was performed as
described above. A FITC-labeled polyclonal rabbit anti-
mouse IgG antibody (1:50; DakoCytomation, UK) was
used as the secondary antibody. Cells were counterstained
with propidium iodide and immunofluorescence was visu-
alized using a Zeiss AxioObserver Inverted Microscope
(Carl Zeiss Inc, Europe).

Ki67-positive nuclei were counted and expressed as a
percentage of the total number of trophoblast nuclei. The
mean percentage Ki67 expression was determined using at
least three fields of view (ensuring a total of 200+ cells per
treatment) from each individual experiment to provide a
representative assay of cell proliferation.

Analysis of receptor tyrosine kinase (RTK) activation
Human phosphorylated-RTK array

Whole-cell lysates from serum-deprived BeWo cells
exposed to non-targeting siRNA (500 nM) or SHP-1
siRNA sequence B (500 nM) from four independent
experiments were pooled and then applied (400 pg protein
per array) to a membrane (one per sample) pre-coated with
antibodies directed against 42 different RTKs (R&D Sys-
tems, Abingdon, UK) and incubated with agitation at 4 °C
overnight. Unbound lysate was washed off and the mem-
branes were incubated with the supplied HRP-conjugated
pan phospho-tyrosine antibody for 2 h. Unbound antibody
was washed off and then the membranes were incubated
with chemiluminescence reagents (1.25 mM luminol/
0.625 mM p-coumaric acid/100 mM Tris/0.1 % H,0,) and
exposed to X-ray film. Positive results appeared as spots
and were analyzed by densitometry using ImagelJ software.

Data were normalized by subtracting the mean of the
value obtained from the non-RTK controls (mouse 1gGl,
mouse IgG2A, mouse IgG2B, goat IgG, and PBS) from
that recorded for each RTK and then plotted to show the
mean (of the duplicate spots on each array) pixel density of
each RTK on membranes exposed to non-targeting siRNA
lysates or SHP-1 sequence B siRNA lysates.

Immunohistochemistry

The activation status of selected RTKSs in first-trimester
placental explants was assessed by immunohistochemical
analysis of tissue transfected with non-targeting (500 nM)
or SHP-1 (500 nM) siRNA sequences. Tissue was pro-
cessed as described above, and then after antigen retrieval
and incubation with 5 % BSA, sections were incubated
overnight at room temperature with antibodies that spe-
cifically recognize the activated IGFIR (1:100; rabbit
polyclonal, Invitrogen, UK), tyrosine kinase B receptor
(TrkB phospho-Y515 1:100, rabbit polyclonal; Abcam,
UK) or epidermal growth factor receptor (EGFR phospho-
Y1068 1:50, rabbit polyclonal; Cell Signaling Technolo-
gies, UK). A biotinylated swine anti-rabbit-IgG antibody
(1:200; DakoCytomation, UK) was used as the secondary
antibody and immune complexes were visualized using the
avidin—peroxidase method with hematoxylin counterstain
as described above. Images were captured from a Zeiss
AxioObserver Inverted Microscope.

Western immunoblotting
Lysates of primary placental explants were prepared in

RIPA buffer as previously described [26]; 50 pg protein
from each sample was resolved by SDS-PAGE and
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Fig. 1 Knockdown of SHP-1 increases endogenous, but not-IGF-
induced, proliferation in placental explants. First-trimester placental
tissue fragments were transfected with two different SHP-1 siRNA
sequences (SHP-IA and SHP-1B; 100-500 nM). Non-transfected
(control), mock transfected (mock), or non-targeting siRNA
(500 nM) were used as controls. SHP-1 mRNA expression (a) was
analyzed by QPCR 72 h post-transfection and data are displayed as
percentage of non-targeting siRNA (500 nM); bar represents median.
SHP-1 protein expression was analyzed 72 h post-transfection by
Western blotting (b), and immunostaining (c), using an anti-SHP-1
antibody; blots were re-probed using an anti-f} actin antibody to confirm
equal protein loading. Data were considered significant if p < 0.05
using Wilcoxon signed-rank test. Each panel is representative of at least
five independent experiments. Scale bars represent 50 pm. ST syncy-
tiotrophoblast, CT cytotrophoblast. Western blotting was used to assess
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first-trimester placental explants expression of cyclin-D1 72 h post-
transfection (b); C non-transfected, M mock-transfected, NT transfec-
tion with non-targeting siRNA. Serum-starved first-trimester placental
explants (d, e) were exposed to IGF-I (10 nM) IGF-II (10 nM) or an
equal volume (10 pl) of phosphate buffered saline for 24 h. The number
of Ki67-positive cytotrophoblast was expressed as a percentage of the
total cell number. Bars represent the median (+ interquartile range;
IQR). Differences between groups were determined using a Kruskal—
Wallis test of variance followed by Dunn’s multiple comparison post
hoc test. Data were considered significant when p < 0.05. a Signifi-
cantly different from non-stimulated, non-transfected; b significantly
different from non-stimulated, mock transfected; ¢ significantly differ-
ent from non-stimulated, non-targeting siRNA. Each image is
representative of at least five independent experiments. ST syncytio-
trophoblast, CT cytotrophoblast. Scale bars represent 50 pm
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Fig. 2 Knockdown of SHP-1 increases endogenous, but not-IGF-
induced, proliferation in BeWo cells. BeWo cells were transfected
with two different SHP-1 siRNA sequences (SHP-IA and SHP-1B;
100-500nM. Non-transfected (control), mock transfected (mock), or
non-targeting siRNA (500 nM) were used as controls; 48 h after
transfection, cells were switched to serum-free medium for 24 h and
then exposed to IGF-I (10 nM) IGF-II (10 nM) or an equal volume
(10 pl) of phosphate buffered saline for a further 24 h. The number of
Ki67-positive BeWo cells (a) was expressed as a percentage of the

transferred to nitrocellulose membranes for Western blot-
ting with antiserum specific for pIGFIR (1:1,000 rabbit
polyclonal; Invitrogen UK); IGFIR (1:1,000 rabbit poly-
clonal; Santa Cruz Biotechnology, USA); pEGFR (1:1,000,
rabbit polyclonal; Cell Signaling Technologies, UK); EGFR
(1:1,000 rabbit polyclonal; Cell Signaling Technologies,
UK); pTrkB (1:500 rabbit polyclonal; Abcam, UK); TrkB
(1:1,000 rabbit poly clonal; Cell Signaling technologies,
UK); cyclin D1 (1:1,000 mouse monoclonal; Cell signaling
Technologies, UK) or SHP-1 (1:2,000 rabbit polyclonal;
Abcam, UK). Immune complexes were visualized by
probing membranes with a HRP-anti-rabbit-IgG (1:2,000;
DakoCytomation, UK) or HRP-anti-mouse-IgG (1:2,000;
DakoCytomation, UK) antibody followed by chemilumi-
nescence reagents and exposure to X-ray film. Membranes
were stripped (2 % SDS, 100 mM f-mercaptoethanol,
50 mM Tris, pH 6.8, for 30 min at 50 °C) and re-probed
with an antibody specific for -actin (1:1,000 clone AC-15;
Sigma, UK) in order to confirm equal protein loading.

Statistical analysis

Data were analyzed using GraphPad Prism 4 for Windows.
Data were tested for normality using the Kolmogorov—
Smirnov test and differences determined using the non-
parametric Kruskal-Wallis test of variance, followed by a
Dunn’s multiple comparisons post hoc test or the Wilcoxon
signed-rank test. Data were considered significantly dif-
ferent when p < 0.05.
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total cell number (b). Bars represent the median (4 interquartile
range; IQR). Differences between groups were determined using a
Kruskal-Wallis test of variance followed by Dunn’s multiple
comparison post hoc test. Data were considered significant when
P < 0.05. a significantly different from non-stimulated, non-trans-
fected; b significantly different from non-stimulated, mock
transfected; ¢ significantly different from non-stimulated, non-target-
ing siRNA. Each image is representative of at least five independent
experiments

Results

Expression of SHP-1 in first-trimester human
placental tissue

SHP-1 mRNA is expressed in placenta [6]. Immunohisto-
chemical analysis of first-trimester placenta revealed that
while SHP-1 is absent from syncytium, it is present in
cytotrophoblast and stroma (Fig. 1c¢).

SHP-1 negatively regulates endogenous, but not
IGF-induced, proliferation in BeWo cells
and first-trimester placental explants

There are no inhibitors specific for SHP-1 so siRNA was
used to deplete expression in first-trimester placental tissue.
Protocol optimization in BeWo choriocarcinoma cells
revealed effective knockdown 72 h after transfection (data
not shown). Expression of SHP-1 mRNA and protein by
first-trimester placenta was reduced 72 h after transfection
with 500 nM of either siRNA sequence (Fig. la—c). In
cytotrophoblast, immunoreactivity was largely cytoplasmic
and there was little significant immunostaining after
knockdown.

The effect of SHP-1 knockdown on the proportion of
in-cycle cytotrophoblasts under basal conditions and IGF
stimulation was assessed by analysis of Ki67 expression. As
expected, IGF-I (10 nM) and IGF-II (10 nM) significantly
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enhanced cytotrophoblast proliferation in first-trimester
placental explants (Fig. 1d, e); depletion of SHP-1 did not
alter this response. In contrast, SHP-1 knockdown caused a
significant increase in the endogenously stimulated prolif-
eration of cytotrophoblast within first-trimester placental
explants [from 11 % (median IQR 7-26) (non-targeting
siRNA) to 55 % (median IQR 52-63, sequence A] and
61 % (median IQR 51-64, sequence B) p < 0.05). Western-
blot analysis of SHP-1-depleted explants showed that cyclin
D1 expression is enhanced following SHP-1 knockdown
(Fig. 1c), which together with the Ki67 data, suggests that
SHP-1 is a negative regulator of the trophoblast cell cycle.
Neither mock transfection nor non-targeting siRNA had
any effect on endogenous or IGF-induced proliferation
(Fig. 1d, e). Similar results were obtained following siRNA-
mediated knockdown of SHP-1 in BeWo cells (Fig. 2a, b).

SHP-1 negatively regulates endogenous RTK activity
in BeWo cells and first-trimester placental explants

Subsequent experiments explored the mechanism by which
SHP-1 modulates endogenous proliferation. In addition to
IGF, other growth factors including TGFf, FGF4, and EGF
[27], influence mitosis in cytotrophoblast. All of these
growth factors are produced by placenta and all can acti-
vate MAPK [28, 29] and are therefore subject to
modulation by SHP-1. Consequently, we used a phospho-
RTK antibody array to analyze the activation status of
multiple growth factor receptors following SHP-1 knock-
down. We chose to perform these experiments in BeWo
cells, as multiple cell types are present in placental
explants, each of which express different receptors and
respond differently to growth factors [27].

The mean densitometric value obtained for each RTK
was normalized by subtracting the value obtained from
non-RTK controls, which resulted in negative pixel den-
sities for some RTKs, for example Axl, which had a mean
pixel density of —10 (Fig. 3a). Consequently, the threshold
of assay sensitivity was set at 10 and only RTKs with a
pixel density of >10 were considered. Nonetheless, the
data revealed that when compared to the phosphorylation
status of RTKs in BeWo cells treated with non-targeting
siRNA, the activation of multiple receptors was altered in
SHP-1-depleted cells (Fig. 3a).

The activation of IGF1R could not be assessed using the
RTK array as the densitometric value recorded was below
the sensitivity of the assay, however, Western-blot and
immunohistochemical analyses suggest that phosphoryla-
tion of IGFIR was not affected by SHP-1 knockdown
(Fig. 3c, d), which supports our previous work suggesting
that endogenous placental IGF is not a major regulator of
trophoblast proliferation [30]. However, the phosphoryla-
tion of Mer, Tiel, EphA4, and some EGFR family
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members (including EGFR itself) was enhanced in SHP-1-
depleted cells, while the activation status of other recep-
tors, including ErbB4, MSPR, Tie2, TrkB, EphA7 and
EphB1, was attenuated.

EGFR and TrkB are already known to influence tro-
phoblast proliferation [31, 32] and could be involved in
mediating the effect of SHP-1 knockdown. Immunohisto-
chemistry (Fig. 3b) and Western-blot analysis (Fig. 3c¢) and
demonstrated that both EGFR and TrkB are expressed in
first-trimester placenta. EGFR is abundant in syncytium,
cytotrophoblast, and villous stroma, whereas TrkB is
absent from the syncytium but expressed in cytotrophoblast
and abundantly in the villous stroma. Analysis of pPEGFR
and pTrkB expression confirmed that both receptors were
activated predominantly within cytotrophoblast cells
(Fig. 3d). Western-blot analysis demonstrated that in tissue
with reduced SHP-1 expression, levels of pEGFR were
enhanced whereas levels of pTrkB were reduced (Fig. 3c).
These data were confirmed by immunohistochemical
analysis, which also showed that activation of the signaling
molecules was altered both in cytotrophoblast and villous
stroma (Fig. 3d). These findings validate the BeWo cell
array data and support a role for signaling through EGFR/
SHP-1 and TrkB/SHP-1 in the regulation of cytotropho-
blast proliferation in situ. This possibility was addressed in
the next series of experiments.

TrkB does not regulate endogenous cytotrophoblast
proliferation in first-trimester placental explants

Immunohistochemical analysis of explants treated with the
TrkB-specific blocking peptide, cyclotraxin-B (2 pM),
revealed that although phosphorylation of TrkB in cyto-
trophoblast and villous stroma was reduced (Fig. 4a),
trophoblast proliferation was not affected (Fig. 4b), which
suggests that the TrkB/SHP-1 interaction must regulate
other aspects of first-trimester placental function.

Inhibition of EGFR activation partially reverses
the enhanced proliferation observed following SHP-1
knockdown

The specific EGFR inhibitor PD153035 inhibited both
EGFR phosphorylation (Fig. 5a) and Ki67 expression (3.4
fold reduction at 1 uM; p < 0.05; Fig. 5b) within placental
cytotrophoblasts, suggesting that EGFR is activated with-
out exogenous stimulation. The results also suggest that
this is usually checked by SHP-1 as, following SHP-1
depletion in both cells and tissue, activation of EGFR is
increased (Fig. 3), which may also account for the increase
in proliferation that accompanies SHP-1 knockdown.

We tested this possibility by determining if the EGFR
inhibitor would counter the effect of transfection with
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Fig. 3 SHP-1 regulates endogenous receptor tyrosine kinase activa-
tion in BeWo cells and in placental explants. a BeWo cells were
treated with non-targeting siRNA (500 nM) or SHP-1 siRNA
(500 nM) for 72 h, lysed and then samples from four independent
experiments were pooled and applied to human phosphorylated RTK
array membranes (400 pg protein/array). Proteins on the array
membranes were detected by chemiluminescence and the average
pixel density for each protein on the membranes was measured using
ImageJ software (National Institutes of Health) and normalized using
non-RTK controls. Dotted line represents threshold of assay sensi-
tivity, thus only proteins with a mean pixel density higher than 10

were considered. b Localization of IGFIR, EGFR, and TrkB was
determined by performing immunohistochemistry on freshly isolated
first-trimester placenta. The effect of SHP-I knockdown on the
activation of IGFIR, EGFR, and TrkB in first-trimester placental
explants was assessed by Western blotting (¢) and immunohisto-
chemistry (d) 72 h after transfection. C untransfected, M mock-
transfected, NT siRNA transfected with non-targeting siRNA
(500 nM), SHP-1 siRNA transfected with SHP-1 siRNA (500 nM).
Representative images from three independent experiments are
shown. CT cytotrophoblast, ST syncytium, MVM microvillus mem-
brane. Scale bars on images represent 50 um
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Fig. 4 TrkB does not influence endogenous trophoblast prolifera-
tion. First-trimester explants were cultured for 24 h in serum-free
conditions and then incubated with the TrkB inhibitory peptide
cyclotraxin-B (500 nM to 2 pM) for a further 24 h. Sections were
stained using an anti-phospho-TrkB antibody to confirm the inhibitory
effect of the peptide (a) or with an anti-Ki67 antibody to assess
proliferation. Three random areas from each placenta were counted,

SHP-1 siRNA. First-trimester explants were exposed to
SHP-1 siRNA (sequence A or B; 500 nM) for 48 h and
then incubated with different concentrations of the EGFR
inhibitor for a further 24 h. Analysis of proliferation
(Fig. 5b) demonstrated that PD153035 (0.5-1 pM) signif-
icantly attenuated the enhanced proliferation observed
following SHP-1 knockdown (by at least 2.7 fold;
p < 0.05) suggesting that SHP-1 influences trophoblast
proliferation by negatively regulating EGFR signaling.

Discussion

We have previously demonstrated that application of exog-
enous IGF-I or IGF-II to the maternal-facing surface of the
placenta promotes cytotrophoblast proliferation [5] via the
activation of the MAPK cascade downstream of IGF1R [5];
this is positively regulated by SHP-2 [4]. In this study, we
demonstrate that the structurally related PTP, SHP-1, does

@ Springer

and the number of Ki67-positive cells was expressed as a percentage
of the total number of cytotrophoblasts (median and IQR) of at least
five independent experiments (b). Kruskal-Wallis test of variance
followed by Dunn’s multiple comparison post hoc test was used to
assess significant (p < 0.05) differences between the groups. ST
syncytiotrophoblast, CT cytotrophoblast. Scale bars 50 pm

not influence the response of trophoblast to exogenous IGF.
It has recently been reported that IGF-I can induce SHP-1
expression in breast cancer cells [33]; induction of SHP-1
expression by IGF-I could explain the lack of SHP-1 siRNA
effect in IGF-treated placental cells and tissue. However,
IGF-I does not influence SHP-1 expression by BeWo cells or
first-trimester placental tissue (data not shown).

Alternative explanations may be that both IGF-treatment
and SHP-1 depletion increase trophoblast proliferation to a
maximum and thus there is no additive effect, or that SHP-
1 is devoted exclusively to endogenous regulation of pro-
liferation and does not influence trans-syncytial signaling
from exogenous factors. Indeed, the level of Ki67-posi-
tivity in SHP-1-deficient cells (both under endogenous
conditions and in response to exogenous IGF) is compa-
rable to that of IGF-treated cells and tissue. Furthermore,
we have found that SHP-1 knockdown has no effect on
cells and tissue maintained in medium containing 10 %
serum (data not shown).
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Fig. 5 Enhanced proliferation following SHP-1 knockdown can be
attributed to enhanced EGFR activation. First-trimester placental
explants were transfected with non-targeting siRNA (500 nM) or
SHP-1 siRNA (500 nM) for 48 h in serum-free conditions. Explants
were exposed to the EGFR-specific inhibitor PD153035 (250 nM to
1 pM) for a further 24 h then EGFR activation (a) and cytotropho-
blast proliferation (b) was assessed by immunohistochemistry. Three
random areas from each placenta were counted, and the number of
Ki67-positive cells is expressed as a percentage of the total number of

While SHP-1 knockdown did not influence the response
of cytotrophoblast to exogenous IGF-I or the growth fac-
tors present in serum, we did observe significantly
enhanced levels of Ki67-positive cytotrophoblast in their
absence (serum-free medium). SHP-1 may affect the tro-
phoblast cell cycle directly, via interaction with CDK2 [34]
or, consistent with its role in other cell types [14, 35], by
negatively regulating endogenously activated signaling
pathways in placenta. IGF-I and -II produced by placental
cells including first-trimester cytotrophoblasts [36] could
act in paracrine and/or autocrine pathways to activate
IGFIR in the absence of SHP-1. The placenta also
expresses other growth factors including EGF [37], TGF
[38, 39] and various FGFs [40] as well as their receptors
[27, 30, 41, 42].

To investigate how SHP-1 alters placental cell kinetics,
we used antibody arrays to analyze the activation status of

Non-targeting

SHP-1 A SHP-1B

cytotrophoblast (median and IQR) of at least five independent
experiments (b). Kruskal-Wallis test of variance followed by Dunn’s
multiple comparison post hoc test was used to assess significant
(p < 0.05) differences between the groups. a Significantly different
from non-treated, non-transfected; b, significantly different from non-
treated, SHP-1A siRNA transfected; ¢ significantly different from
non-treated, siRNA B siRNA transfected. ST syncytiotrophoblast, CT
cytotrophoblast. Scale bars 50 pm

multiple RTKs following SHP-1 knockdown. No effect on
IGFIR activation was observed, suggesting that SHP-1
does not inhibit endogenous trophoblast proliferation
through this receptor. In contrast, the activation of TrkB
was reduced in SHP-1-depleted cells. Although there are
currently no studies demonstrating a role for SHP-1 in
regulating TrkB signaling, in other systems BDGF is
known to induce a proliferative response through activation
of TrkB and MAPK [43]; furthermore, a recent report has
demonstrated the importance of TrkB interactions with SH-
2 domain-containing proteins, including the adaptor protein
Shc [44] and the PTP, SHP-2, in mediating this effect [45].
With high homology to SHP-2, SHP-1 also interacts with
proteins via its SH-2 domains. However, our finding that
inhibition of TrkB activation does not alter the proportion
of Ki67-positive cells under basal conditions in the pres-
ence of SHP-1, does not support a link between TrkB and
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endogenous cytotrophoblast cycle regulation. Instead, it is
possible that the activation of TrkB following SHP-1
depletion is a consequence, rather than a cause, of altering
cytotrophoblast kinetics. Indeed, TrkB is known to cross-
talk with other signaling cascades, including the EGFR
pathway [46]. The finding that TrkB positively regulates
placental growth in mice [31] may reflect interactions
downstream of SHP-1 or a pathway that connects an
exogenous signal to placental growth. Elevated levels of
TrkB reported in placentas from pregnancies complicated
by fetal growth restriction (FGR) and decreased expression
in placentas from fetal overgrowth associated with type I
diabetes [47] may also reflect modulation of exogenous
growth signaling.

Enhanced EGFR activation following SHP-1 knock-
down and its partial reversal with an EGFR tyrosine kinase
inhibitor, strongly suggest that SHP-1 negatively regulates
EGEFR signaling in the placenta. SHP-1 has been reported
to dephosphorylate EGFR and attenuate ERK signaling in
both vascular smooth muscle cells [48, 49] and the epi-
thelial carcinoma cell line A431 [50]. Hence, the increased
endogenous proliferation observed in SHP-1-deficient cy-
totrophoblasts is likely to be a result of alleviated EGFR
inhibition. EGFR actions are known to be important for
normal placental and fetal development since alterations in
EGFR function are associated with reduced placental and
embryonic growth both in mice [51, 52] and humans [53].
Trophoblast express all seven of the EGFR ligands [54]
and while we have not determined which is (are) respon-
sible for EGFR activation, EGF [32], TGF« [55, 56],
amphiregulin [57] and hbEGF [58] have all been shown to
promote trophoblast proliferation. Furthermore, aberrant
placental responsiveness to EGF is observed in pre-
eclampsia [59], a pathology associated with altered tro-
phoblast turnover. It remains to be established whether this
is a consequence of elevated SHP-1 expression.

In summary, by manipulating levels of the tyrosine
phosphatase SHP-1, this study has unveiled a novel process
of tissue-intrinsic restraint on cytotrophoblast in which
responsiveness is reduced to an as-yet-unidentified
endogenous ligand operating through EGFR. Furthermore,
the presence of SHP-1 in stroma, and the modulation of
Tie, EphA4, and other receptors involved in angiogenesis
after SHP-1 knockdown, together with its well-documented
role in regulating this process [60—64] suggest other roles
for this phosphatase in placental development. Given that
placental insufficiency is associated with pregnancy com-
plications such as FGR and macrosomia, it will be
interesting to examine SHP-1 expression and activity in
disease, and evaluate its potential as a therapeutic target.
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