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During human embryo implantation, trophectoderm mediates ad-
hesion of the blastocyst to the uterine epithelium. The rapid
growth of the embryo and invasion of the maternal tissue suggest
adhesion-induced activation of the embryonal cells. We show here
that ligation of trophinin, a homophilic cell adhesion molecule
expressed on trophoblastic cells, induces tyrosine phosphorylation
in trophinin-expressing trophoblastic HT-H cells. The phosphory-
lation could be induced in HT-H cells with the binding of trophinin-
expressing cells or anti trophinin antibodies. Trophinin-dependent
tyrosine phosphorylation was associated with actin reorganiza-
tion. We also isolated trophinin-binding peptides from phage
libraries. These peptides exhibited the consensus sequence GWRQ
and seemed to reproduce the effects of trophinin-mediated cell
adhesion. Upon binding of a GWRQ peptide, HT-H cells became
highly proliferative and motile. HT-H cells expressed ErbB family
receptors and bound EGF and heparin-binding EGF-like growth
factor (HB-EGF), but ErbB family receptor phosphorylation in these
cells required GWRQ. In the absence of GWRQ, trophinin interacted
with the cytoplasmic protein bystin, which binds to ErbB4 and
blocks its autophosphorylation. In HT-H cells, GWRQ peptide dis-
sociated trophinin from bystin, and ErbB4 was activated. Culturing
monkey blastocysts in the presence of the peptide increased total
number and motility of the trophectoderm cells. These results
suggest that trophinin-mediated cell adhesion functions as a mo-
lecular switch for trophectoderm activation in human embryo
implantation.

BYSL � ErbB4 � pregnancy � receptor tyrosine kinase � stem cells

A fertilized mammalian egg autonomously develops into a
blastocyst, which must be successfully implanted in the

uterus to develop further into a fetus. In higher primates,
including humans, trophectoderm cells that come in contact with
the uterine epithelium rapidly grow and invade maternal tissue,
suggesting that cell adhesion may signal trophectoderm to form
an active trophoblast.

Embryo implantation is unique to mammals, and this process
differs significantly among mammalian species (1, 2). Some
mechanisms underlying human embryo implantation are likely
unique to humans; for example, ectopic implantation is relatively
common in humans (3) but absent or rare in other mammalian
species (4). Although significant progress has been made in the
study of mouse embryo implantation (2, 5, 6), less is known about
human embryo implantation, because there are significant dif-
ferences in this process between mice and humans. Furthermore,
technical and ethical difficulties in studying implantation-stage
human embryos limit our understanding of this process at the
molecular level.

Morphological observations of human and monkey embryo
implantation sites indicate that blastocyst trophectoderm cells

that have adhered to the uterus, proliferate and invade,
whereas trophectoderm not in contact with the uterine epi-
thelium remains a monolayer (7–9). This finding suggests that
the initial adhesion triggers activation of cells in trophecto-
derm. However, the mechanism underlying this activation is
unknown.

We previously identified trophinin as a homophilic cell adhe-
sion molecule that mediates adhesion between trophoblastic
cells and endometrial epithelial cells (10–13). When both of
these cell types express trophinin, they adhere to each other.
Trophinin is expressed in trophectoderm cells in monkey blas-
tocysts (10) and in extra-embryonic and maternal cells at monkey
and human embryo implantation sites (10, 11, 13). Here we
describe a short peptide that binds to the trophinin extracellular
domain and triggers a response that mimics the changes caused
by trophinin-mediated cell adhesion. We use this peptide to
establish a molecular link between trophinin-mediated cell
adhesion and trophoblast activation.

Results
Trophinin-Mediated Cell Adhesion Activates Trophoblastic Cells. As
shown in our previous studies, trophoblastic embryonal carci-
noma HT-H cells adhered with high affinity to the apical surface
of trophinin-expressing endometrial adenocarcinoma cells (10,
14). The adhesion is trophinin-mediated and is accompanied by
morphological changes in both cell types (Fig. 1A), suggesting
that trophinin-mediated cell adhesion triggers a signal transduc-
tion in these cells. When a single cell suspension of HT-H cells
was added to an HT-H cell monolayer, some HT-H cells in the
monolayer showed significant elevation of tyrosine phosphory-
lation (24.5 � 2.06% of positive cells vs. control 0.8 � 0.75%, n �
5) (Fig. 1B).

To mimic trophinin-mediated cell adhesion, we treated HT-H
cells with a monoclonal antibody against the cell surface domain
of trophinin (11) and then cross-linked with a second antibody
(ref. 15 and see Methods). HT-H cells cross-linked with anti-
trophinin antibody showed enhanced levels of F-actin formation
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and tyrosine phosphorylation (Fig. 1C), suggesting that engaging
trophinin on the cell surface elicits a signal that is transmitted
into the cytoplasm.

A Peptide Mimics Trophinin-Mediated Cell Adhesion. A previous
study suggested that trophinin-mediated cell adhesion is based
on a unique structure created by trophinin clustering on the cell
surface (10). To explore the possibility that a small molecule
could mimic trophinin-mediated cell adhesion, we screened a
peptide-displaying phage library for trophinin-binding peptides.
A screen using HT-H cells as a target identified a series of
peptides containing the consensus sequence GWRQ (Fig. 2A).
Specificity of GWRQ for trophinin was ascertained in several
ways. First, phage clones displaying the GWRQ peptide bound
to the trophinin-positive HT-H cells, but not to trophinin-
negative A431 cells (Fig. 2 A). Second, anti-trophinin antibody
inhibited the binding of the GWRQ phage and of a synthetic
GWRQ peptide to HT-H cells [supporting information (SI) Fig.
7]. Third, the GWRQ phage and GWRQ peptide both captured
trophinin from the HT-H cells (Fig. 2 B and C).

When GWRQ peptide was added to HT-H cell cultures, actin
polymerization and tyrosine phosphorylation were induced (Fig.
2D), whereas control peptides did not cause these effects (data
not shown). This finding suggests that the GWRQ peptide
activates HT-H cells in a manner similar to the anti-trophinin
antibody (Fig. 1C). Both monomeric and octameric GWRQ
peptides activated HT-H cells, but �100-times the amount of
monomeric GWRQ was required to achieve the same level of
activation as octameric GWRQ (SI Fig. 8). Thus in further
experiments reported here, we used only octameric GWRQ or
GWRQ-MAPS. Because tyrosine phosphorylation and actin
polymerization are associated with cell motility, we tested
GWRQ in motility assays. Both a wound-healing assay (Fig. 2E)
and an invasion assay (SI Fig. 9) showed that HT-H cells cultured
with GWRQ were highly motile compared with control cultures.
GWRQ also increased the proliferation of HT-H cells (52.9 �
7.8% of cells positive for BrdU incorporation vs. 36.1 � 9.2% in
control cultures, n � 6, P � 0.05) (Fig. 2F).

Fig. 1. Activation of HT-H cells by trophinin-mediated cell adhesion. (A) Elec-
tron micrographs of HT-H cells 10 min (a) and 6 h (b) after adhesion to trophinin-
expressing endometrial SNG-M cells (10). Gold particles represent anti-trophinin
antibodies. (B)AnHT-Hmonolayerwas incubated inmediumcontainingNa3VO4,
overlaid without (a) or with (b) HT-H cell suspension and stimulated for phos-
phorylation at 37°C for 30 min. Adhered HT-H cells were removed by gentle
pipetting, and the HT-H monolayer was stained with anti-phosphotyrosine (pY)
antibody to detect tyrosine-phosphorylated proteins. (C) HT-H cells treated for
anti-trophininantibodycross-linkingandphosphorylationstimulation.HT-Hcells
were reacted with the second antibody only (a and b) and with anti-trophinin
antibody followed by a second antibody (c and d). The cells were stained with
rhodamine–phalloidin for F-actin (red) and an anti-pY antibody (green).

Fig. 2. Identification of the GWRQ peptide and its effect on HT-H cells. (A) Cell binding of individual phage clones from screening of a 10-mer peptide phage
library for binding to HT-H cells. The screen identified a series of peptides with the consensus sequence GWRQ. Note that the strongest binder is a representative
of peptides that contain the GWRQ motif at the N terminus. (B) Western blot with anti-trophinin antibody. Lane 1 shows untreated HT-H cell lysate. Lanes 2–4
show immunoprecipitates from HT-H lysates obtained as follows: lane 2, incubated with GWRQ phage, followed by immunoprecipitation with rabbit IgG; lane
3, incubated with control phage, followed by immunoprecipitation with rabbit antiphage antibody; and lane 4, incubated with GWRQ phage, followed by
immunoprecipitation with antiphage antibody. (C) Western blot with anti-trophinin antibody. Lane 1 shows untreated HT-H cell lysate. Lanes 2–4 show
pull-down products from HT-H lysates obtained as follows: lane 2, incubated with biotinylated GWRQ peptide and collected by control beads; lane 3, incubated
with biotinylated control peptide and collected by avidin beads; lane 4, incubated with biotinylated GWRQ peptide and collected by avidin beads. (D) Activation
of HT-H cells by synthetic GWRQ peptide. HT-H cells were treated in the same manner as shown in Fig. 1C, except that GWRQ peptide (5 �g/ml at 4°C for 15 min)
was used in place of anti-trophinin antibody. (E) Effect of GWRQ on HT-H cells on wound-healing. HT-H cells at 5 h of recovery with or without GWRQ peptide.
(F) Cell proliferation assay. Mitotic activity of HT-H cells was determined by BrdU incorporation 24 h after GWRQ treatment.
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GWRQ Peptide Causes Trophoblast Spreading in Cultured Monkey
Blastocysts. To evaluate the biological relevance of the GWRQ
effects, we tested the peptide in monkey blastocyst cultures by
growing fertilized monkey eggs to the blastocyst stage (16, 17)
with or without GWRQ. The embryos remained spherical in the
absence of GWRQ, (Fig. 3A), whereas trophectoderm cells
migrated out of the cell mass in GWRQ-treated cultures (Fig.
3B). Furthermore, these cell numbers were higher in blastocysts
cultured with GWRQ. It should be noted that only two monkey
blastocysts were examined, one cultured with GWRQ and one
control embryo cultured without GWRQ. Due to the limited
sample size, these embryo-based results should be considered
preliminary. Nevertheless, these results suggest that GWRQ
peptide enhances both cell motility and proliferation in the
monkey blastocyst.

GWRQ Peptide Controls EGF Receptor Activation. Because all of the
changes induced by GWRQ are characteristic of cellular re-
sponses to growth factors present in FCS, we compared the
effect of GWRQ on HT-H cells cultured with or without FCS.
Western blot analysis revealed that GWRQ increased levels of
tyrosine-phosphorylated proteins in the presence of serum, but
not in serum-depleted cultures (Fig. 4A). Thus, the activation of
HT-H by GWRQ is serum-dependent.

The major tyrosine-phosphorylated protein in GWRQ-
treated HT-H cells migrated at �160 kDa (Fig. 4A), suggesting
that these bands are ErbB family EGF receptors. HT-H cells
express all four ErbB family receptors (SI Fig. 10A). Immuno-
precipitation of GWRQ-activated HT-H cell lysates with a
mixture of antibodies to ErbB1–4 precipitated almost all ty-
rosine-phosphorylated 160 kDa proteins (SI Fig. 10B), including
ErbB4 (SI Fig. 10 B and C). Addition of recombinant EGF and
heparin-binding EGF-like growth factor (HB-EGF) to HT-H
cells cultured in FCS-containing medium did not significantly
alter levels of tyrosine-phosphorylated proteins (SI Fig. 10D).
Western blots with phosphospecific antibodies also showed
activation of MAPK (p38), mitogen-activated protein kinase
kinase (MEK) 3/6, S6K (p70), JNK, STAT3, Rb, and Src in
GWRQ-treated HT-H cells (SI Fig. 11). These results suggest
that serum factors affecting HT-H activation are EGF and
HB-EGF. We therefore asked whether GWRQ affects binding
of EGF and HB-EGF to HT-H cells and found that both bind
HT-H cells equally well in the presence and absence of GWRQ
(Fig. 4 C and D).

As demonstrated in ref. 18, EGF caused EGF receptor

(EGFR) phosphorylation in A431 cells cultured in serum-
depleted medium (Fig. 4E, lane 3). Surprisingly, EGF caused no
detectable EGFR phosphorylation in HT-H cells under the same
conditions (Fig. 4E, lane 7). Whereas the GWRQ had no effect
on tyrosine phosphorylation in A431 cells (Fig. 4E, lane 4), in
HT-H cells tyrosine phosphorylation occurred only when both
EGF and GWRQ were added (Fig. 4E, lane 8). HB-EGF showed
a similar effect: HB-EGF activated HT-H cells when GWRQ was
present (Fig. 4F, lane 4). These results indicate that trophinin
occupancy is critical for phosphorylation of ErbB family recep-
tors in HT-H cells.

Fig. 3. Effect of GWRQ peptide on monkey blastocysts. Rhesus monkey
blastocysts were cultured in standard media (A) or in the presence of GWRQ
peptide (B). Phase contrast (Left) and DAPI staining (Right) are shown.

Fig. 4. Effect of GWRQ peptide on EGFR activation in HT-H cells. (A) Western
blot of tyrosine-phosphorylated proteins. HT-H cells were cultured in medium
with or without FCS and were treated with GWRQ peptide at 4°C for 15 min,
followed by phosphorylation stimulation at 37°C for a period of 0–60 min. (B)
Western blot of tyrosine-phosphorylated proteins immunoprecipitated by a
mixture of antibodies against ErbB family EGF receptors. HT-H cells were
treated with GWRQ peptide at 4°C for 15 min, followed by an incubation at
37°C for 30 min in the presence of FCS. Samples loaded are as follows: lane 1,
total cell lysate; lane 2, immunoprecipitates by a mixture of antibodies for
ErbB1, -2, -3, and -4; lane 3, immunoprecipitates by control antibodies; lane 4,
supernatant of immunoprecipitates by a mixture of antibodies for ErbB1, -2,
-3, and -4; and lane 5, supernatant of immunoprecipitate by control antibod-
ies. Asterisks indicate IgG. (C) Binding of recombinant human EGF to HT-H,
A431, and MRC-5 (human fibroblast) cells treated with or without GWRQ
peptide. Data were obtained by duplicate measurements, of which the errors
were within 15%. (D) Binding of recombinant human HB-EGF to HT-H, A431,
and MRC-5 cells treated with or without GWRQ peptide. Data were obtained
from duplicate measurements, and errors were within 15%. (E) Western blot
of tyrosine-phosphorylated proteins from serum-starved HT-H and A431 cells
treated with EGF and/or GWRQ peptide and incubated at 37°C for 30 min.
Control peptides showed no effect on these cells. (F) Western blot of tyrosine-
phosphorylated proteins from serum-starved HT-H cells treated with or with-
out HB-EGF and/or GWRQ peptide at 4°C for 15 min, followed by incubation
at 37°C for 30 min.
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Trophinin Occupancy Allows EGFR Activation. Although HT-H cells
express all four members of the ErbB family receptors (SI Fig.
10), we focused on ErbB4 because trophectoderm cells of both
mouse and human blastocysts express ErbB4 on apical cell
membranes (19, 20). We have previously shown that the cyto-
plasmic domain of trophinin directly interacts with bystin (14)
and that bystin interacts with the proline-rich protein tastin (21).
Because the cytoplasmic domain of ErbB4 is proline-rich (22),
we examined the binding of bystin to ErbB4. In vitro pull-down
assays showed that bystin, but not trophinin or tastin, binds to the
cytoplasmic domain of ErbB4 (Fig. 5A). When a mixture of
trophinin and bystin was incubated with GST-ErbB4, trophinin
also bound to ErbB4, presumably through bystin (Fig. 5B). These
results suggest that the active factor in serum is EGF or
HB-EGF, but we cannot exclude the possibility that some other
mechanism, such as transactivation by G protein coupled recep-
tor ligands (23, 24) could be involved. Also it should be noted
that these results do not necessarily demonstrate direct interac-
tion between trophinin, bystin and ErbB4 because we used in
vitro translated proteins without purification.

To determine whether trophinin, bystin, and ErbB4 interact
with each other in HT-H cells, HT-H cell lysates were subjected

to immunoprecipitation. In the absence of GWRQ, both tro-
phinin and bystin coimmunoprecipitated with ErbB4 (Fig. 5C,
top row). Strikingly, when HT-H cells were treated with GWRQ,
trophinin levels were reduced in immunoprecipitates, whereas
bystin binding was not affected by GWRQ (Fig. 5C, bottom row).

Immunof luorescence microscopy of HT-H cells doubly
stained for trophinin and ErbB4 on the cell surface showed
overlap of these two proteins in the absence of GWRQ (Fig. 5D).
In HT-H cells treated with GWRQ, trophinin localized to the
area above the nuclei, and ErbB4 moved to the cell periphery.
In the absence of GWRQ, bystin and ErbB4 colocalized, whereas
both proteins moved to the cell periphery in GWRQ-treated
cells. These results suggest that, in the absence of GWRQ,
trophinin, bystin and ErbB4 form a complex, whereas in GWRQ-
treated HT-H cells, the ErbB4-bystin complex dissociates from
trophinin.

ErbB4 immunoprecipitated from HB-EGF-treated A431 cells
exhibited kinase activity both in the presence or absence of
GWRQ (Fig. 5E Left). By contrast, ErbB4 from HB-EGF-
treated HT-H cells showed no tyrosine kinase activity in the
absence of GWRQ but exhibited strong kinase activity in cells
treated with both HB-EGF and GWRQ (Fig. 5E Right). These
results are consistent with the profile of tyrosine-phosphorylated
proteins shown in Fig. 4F and indicate that the presence of
GWRQ is needed for EFGR to be active in HT-H cells.

To further ascertain the role of trophinin and bystin in ErbB4
regulation, trophinin and bystin were knocked down in HT-H
cells by siRNA (Fig. 6A). HT-H cells transfected with negative
control siRNA showed tyrosine-phosphorylated proteins in the
presence but not in the absence of GWRQ peptide (Fig. 6B, lanes
1 and 2). By contrast, in HT-H cells in which trophinin and bystin
were knocked down, remarkable tyrosine phosphorylation was
induced by HB-EGF regardless of the presence or absence of
GWRQ (Fig. 6B, lanes 3–6). These results indicate that activa-
tion of ErbB4 by HB-EGF is suppressed by trophinin and bystin
in HT-H cells.

Discussion
Our results indicate that trophinin-mediated cell adhesion acts
as a molecular switch for ErbB4 activation for trophoblast
invasion and proliferation. We propose that trophectoderm cells
of human blastocyst remain silent as long as trophinin arrests
ErbB4. Upon trophinin-mediated cell adhesion, which is pre-
sumably mimicked by the binding of the GWRQ peptide to the
extracellular domain of trophinin, bystin is released from tro-
phinin. This release allows activation of ErbB4 protein tyrosine
kinase, eliciting proliferation and increased motility of the
trophoblastic cells that engage in trophinin-mediated cell adhe-
sion to uterine epithelium. A schematic representation of our
mechanistic model is shown in Fig. 6C.

Previous studies by others have implicated EGFR in mouse
embryo implantation (19, 25–27), where interaction between
ErbB4 expressed on the trophectoderm and membrane-bound
HB-EGF on the uterine epithelium mediates an initial adhesion.
This study, placing ErbB4 downstream of trophinin in humans,
links underlying mechanisms of human and mouse embryo
implantation. In our studies of trophinin mutant mice, we found
that trophinin null blastocysts successfully implanted (28). Given
that we saw no trophinin-independent EGFR activation in
human trophoblast-derived cells, it is reasonable to assume that
trophinin may be less important in mouse than in human (and
monkey) implantation. These species differences underscore the
importance of fertility studies in human cells and human sub-
jects. This study should facilitate development of strategies to
ameliorate fertility-related problems in humans, some of which
may be unique to humans.

Here we used the GWRQ peptide as a tool to analyze
trophinin-mediated cell adhesion. Trophinin is a 69-kDa protein

Fig. 5. Interaction of trophinin, bystin, and ErbB4. (A) Pull-down assay for
trophinin, bystin, and tastin by GST-ErbB4. In vitro translated 35S-labeled
trophinin, bystin ,or tastin was incubated with GST or GST-ErbB4 immobilized
on glutathione beads. Bead-bound materials were visualized by autoradiog-
raphy after gel electrophoresis. (B) Pull-down assay of trophinin and bystin by
GST-ErbB4. Bead-bound materials were visualized by autoradiography. Note
that trophinin is captured by GST-ErbB4 when bystin is present. (C) Interaction
of trophinin, bystin, and ErbB4 in HT-H cells. HT-H cells treated with or without
GWRQ peptide were subjected to immunoprecipitation with anti-ErbB4 an-
tibody, followed by Western blot analysis. Note that trophinin and bystin
coimmunoprecipitated with ErbB4 from HT-H cells not treated with GWRQ,
whereas less trophinin was present in precipitates from GWRQ-treated cells.
(D) Confocal immunofluorescence micrographs of HT-H cells cultured with or
without GWRQ peptide. (Left) Localization of trophinin and ErbB4. (Right)
Localization of bystin and ErbB4. (E) Tyrosine kinase activities of ErbB4 from
HB-EGF- and/or GWRQ-treated A431 and HT-H cells. Tyrosine kinase activities
in immunoprecipitates with control IgG (black bars) and anti-ErbB4 antibody
(blue bars) are shown. Error bars represent the standard deviation.

3802 � www.pnas.org�cgi�doi�10.1073�pnas.0611516104 Sugihara et al.

http://www.pnas.org/cgi/content/full/0611516104/DC1
http://www.pnas.org/cgi/content/full/0611516104/DC1


with a short N-terminal cytoplasmic domain following unique
decapeptide repeats (10). The decapeptide repeats are thought
to be a key structural element for homophilic cell adhesion, but
the structural basis for trophinin–trophinin binding is yet un-
known. Because a GWRQ sequence is not present in trophinin,
GWRQ is presumably a ligand mimic for the trophinin ho-
mophilic interaction site. Interestingly, another homophilic cell
adhesion molecule, cadherin, also binds a peptide with a GW N
terminus (29), suggesting that trophinin and cadherin may share
some structural features.

Because GWRQ peptide stimulates proliferation of monkey
embryonic cells at the blastocyst stage (Fig. 3), it could be useful
in facilitating the culturing of human embryonic stem cells.
Because trophinin is also expressed in neurons (30), spermato-
zoa (31), and testicular cancer cells (32), the GWRQ peptide may
also be a useful tool in analyzing the role of trophinin in these
cells. Also, identification of bystin as a main target of MYC (33)
suggests a role for the trophinin-bystin axis in the development
of trophoblastic cancers. Finally, Because cell adhesion is closely
associated with signal transduction pathways activated in pro-
liferation and differentiation (34, 35), this study should help
facilitate understanding of the molecular basis of trophoblastic
transformation in human cancers and the development of new
therapeutic strategies.

Materials and Methods
Antibodies and Reagents. The monoclonal anti-trophinin antibody
and anti-bystin antibody were generated as described in ref. 11.
A rabbit anti-ErbB4 antibody directed at the cytoplasmic domain
was from Santa Cruz Biotechnology (Santa Cruz, CA), and a
rabbit antibody directed to the ErbB4 ectodomain was from
Abgent (San Diego, CA). Both GWRQ-MAP, in which eight
GWRQ peptides are linked to a branched lysine cluster (MAP),
and monomeric GWRQ peptide were synthesized by AnaSpec
(San Jose, CA). Control peptides, Ala-MAP, and an irrelevant
peptide, FAQLDWH-MAP (36), were also synthesized by
AnaSpec.

Antibody Cross-Linking and Stimulation of Phosphorylation. HT-H
cells were cultured as a monolayer in a tissue culture plate or on
a glass coverslip. Cells were incubated on ice for 15 min with
phosphorylation medium, which is composed of high glucose
DMEM supplemented with 25 mmol/liter Hepes (pH7.2), 0.1%
BSA, and 0.2 mmol/liter Na3VO4. The cells were then incubated
with or without 2 �g/ml anti-trophinin antibody for 30 min,
followed by 27 �g/ml goat anti-mouse IgM antibody at 4°C. Cells
were then warmed to 37°C, cultured for 0–60 min (15), and
subjected to immunocytochemistry, immunoprecipitation,
and/or Western blot analysis.

Peptide-Displaying Phage Library Screening. An M13 phage library
(�1011 clones) for random 10-mer peptides was constructed as
in ref. 37. Target HT-H cell monolayers were grown in one
24-well plate and fixed with 1% paraformaldehyde in PBS. After
washing with PBS containing 1 mM EDTA, the monolayer was
blocked with PBS containing 5% BSA, and the phage solution
(containing 1013 colony-forming units) was added to HT-H cells.
After incubating at room temperature for 15 min, unbound
phage was removed by washing with 1 mM EDTA/PBS, and
HT-H-bound phage was recovered by transforming K91 Esch-
erichia coli bacteria. Selected phage was amplified in LB medium
containing 20 �g/ml tetracycline and 100 �g/ml kanamycin and
was subjected to a second round of screening with HT-H cells as
a target. After a third enrichment, individual clones were
sequenced.

Monkey Blastocyst Culture. Animals. Mature rhesus macaque males
and females housed in individual cages were used in this study.
All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee at the Oregon National Primate
Research Center at the Oregon Health & Science University.
Embryo culture and GWRQ peptide treatment. Controlled ovarian
stimulation and oocyte recovery has been described in ref. 38.
Cumulus–oocyte complexes were collected from anesthetized
animals by laparoscopic follicular aspiration [28–29 h after

Fig. 6. Mechanism of ErbB4 activation by trophinin-mediated cell adhesion. (A) Western blot for trophinin (Upper) and bystin (Lower) to determine the levels
of targeted proteins in HT-H cells transfected by each siRNA. (B) Western blot of tyrosine-phosphorylated proteins from trophinin and bystin knocked down HT-H
cells in the presence of HB-EGF with or without GWRQ binding. HT-H cells were transfected with siRNA for negative control (lanes 1 and 2), for trophinin (lanes
3 and 4), and for bystin (lanes 5 and 6). Cells were cultured in medium without FCS and then were added with HB-EGF and with (lanes 1, 3, and 5) or without
(lanes 2, 4, and 6) GWRQ. (C Left) Trophinin and bystin bound together in a cytoplasmic complex, which further interacted with ErbB4 and suppressed its tyrosine
kinase activity. (Center) HB-EGF binds to ErbB4, but protein kinase activity is suppressed by trophinin/bystin. (Right) Trophinin-mediated cell adhesion is mimicked
by binding of GWRQ peptide to trophinin on the cell surface, resulting in dissociation of trophinin from bystin and activation of ErbB4.
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human chorionic gonadotropin (hCG)] and placed in Hepes-
buffered modified Tyrode solution with albumin, lactate, and
pyruvate (TALP) medium (39) containing 0.3% BSA (TH3) at
37°C. Oocytes stripped of cumulus cells by mechanical pipetting
after brief exposure (�1 min) to hyaluronidase (0.5 mg/ml) were
placed in chemically defined, protein-free hamster embryo
culture medium (HECM)-9 medium (40) at 37°C in 5% CO2, 5%
O2, and 90% N2. Fertilization by intracytoplasmic sperm injec-
tion and embryo culture were performed as described in ref. 16.
Embryos at the 8-cell stage were transferred to fresh plates of
HECM-9 medium supplemented with 5% FBS (HyClone, Lo-
gan, UT) and cultured until hatching with a medium change
every other day. After hatching, blastocysts were placed into cell
culture-treated chamber slides (Nunc, Roskilde, Denmark) and
allowed to adhere. After adhesion, half of the embryos were
treated with 5 �g/ml GWRQ-MAPS for 2 days, and the rest were
cultured as negative controls in HECM-9 plus 10% FBS. After
treatment, the embryos were fixed and DAPI-stained, and cell
outgrowths were analyzed.

SiRNA for Trophinin and Bystin. SiRNA duplexes targeting trophi-
nin and bystin were designed and synthesized by Ambion (Aus-

tin, TX). Targeted sequences were 5�-GCAGUCAAG-
GCAGUUAUGGtt-3� for TRO (siRNA ID no. 290172) and
5�-GGUAUUAUCUAAGUACCGCtt-3� for BYSL (siRNA ID
no. 14156). Silencer negative control no. 1 (Ambion) served as
negative control. HT-H cells were transfected with siRNA by
using X-treme reagent (Roche, Indianapolis, IN). Briefly, 500 �l
of Opti-MEM was mixed with 12 �l of X-treme (Roche), and
then 12 �l of SiRNA (50 �M in water) was diluted with 500 �l
of Opti-MEM. Diluted siRNA and X-treme were combined and
added to HT-H cells cultured on 6-cm plates. After culturing in
medium containing 10% FCS for 20 h, cells were cultured an
additional 48 h in medium without FCS before being subjected
to Western blot by using anti-trophinin antibody and anti-bystin
antibody (11) and a phosphorylation stimulation assay using
GWRQ peptide and HB-EGF.
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