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Members of the epidermal growth factor receptor
(EGFR) subfamily of receptor protein tyrosine kinases
have been implicated in the pathogenesis of various ma-
lignancies. The ability of one EGFR subfamily member
to influence, or function synergistically with, another is
likely to be a general feature of these receptors. To as-
sess the role of receptor heterodimerization, we ana-
lyzed the ability of Neu differentiation factor (NDF) to
induce cell growth and transformation of NIH 3T3 cells
transfected with different combinations of the EGFR
subfamily of receptors. NDF induced mitogenesis, but
not transformation, of cells expressing either HER3 or
HER4 alone. However, NDF-induced cell transformation
was observed when either HER1 or HER2 was coex-
pressed with HER3 or HER4. In analogous receptor
phosphorylation experiments, NDF-induced transphos-
phorylation appears to be correlated with synergistic
transformation of NIH 3T3 cells. Interestingly,
transphosphorylation between HER1 and HER4 can be
stimulated by either EGF or NDF.

The epidermal growth factor receptor (EGFR)! subfamily of
receptor protein tyrosine kinases consists of four known pro-
teins, HER1 (also known as EGFR or ErbB1), HER2 (p185 Neu
or ErbB2), HER3 (ErbB3), and HER4 (ErbB4) (1, 2). Members
of this subfamily have been implicated in various malignancies.
Viral v-erbB1 was discovered as a potent oncogene and is the
determinant for avian erythroblastosis virus-induced neoplasia
(3). Another member of this family, p185™*, was first isolated
from chemically induced rat neuroblastomas based on its abil-
ity to transform NIH 3T3 cells (4, 5). Both the v-erbB1 and
p185™°* oncogenes are genetically altered versions of their cel-
lular counterparts (3, 6). The proto-oncogenes of this family are
often amplified in various carcinomas, suggesting that the
products of the normal genes may also play a role in carcino-
genesis (1). This is supported by in vitro experiments in which
the overexpression of wild type HER2 caused transformation of
NIH 3T3 cells (7, 8) even in the absence of its ligand. Overex-
pression of HER1 also transforms NIH 3T3 cells, but only in
the presence of its ligand (9-11). Recent studies show that
HERS3 enhances the transforming activity of HER2 when coex-
pressed in NIH 3T3 cells. It is not clear, however, whether the
effect requires the presence of NDF, since endogenous NDF
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was expressed by the cells (12). Similar studies of HER4 have
not been reported.

There are a number of different peptides that bind and
activate HER1, including EGF, transforming growth factor «,
amphiregulin, heparin-binding EGF, and betacellulin (13, 14).
In contrast, NDF (Neu differentiation factor, also called
heregulin) is the only known ligand for the other members of
the EGFR family. NDF was initially isolated as a ligand for
HER2 (15-17). However, recent results demonstrate that
HER3 and HER4 are the primary receptors for NDF (18—-20)
and that HER2 is phosphorylated in a NDF-dependent man-
ner, perhaps by heterodimeric association with either HER3 or
HER4 (12, 19, 21, 22). NDF has a higher affinity for het-
erodimers of HER2 and HER4 than for HER4 homodimers (23).
Previous reports also indicated that HER1 and HER2 het-
erodimerize, transphosphorylate, and transform cells in re-
sponse to EGF (24-26). It can be concluded that HER2 forms
heterodimers with every other identified member of the EGFR
subfamily.

Recently, an interaction between HER1 and HER3 has also
been demonstrated in several laboratories (27-30). EGF treat-
ment of cells leads to phosphorylation of HER1 and HERS3 and
to the association of phosphatidylinositol 3-kinase (PI 3-kinase)
with HER3, apparently activating a signaling pathway differ-
ent from HER1 alone. In fact, NDF was also found to stimulate
PI3 kinase activity, but only through heterodimers of HER2
and HER3 (31). Therefore, the association of HER3 with either
HER1 or HER2 can elicit signaling through the PI3 kinase
pathway.

Although it is clear that members of the EGFR subfamily
may form heterodimers and transphosphorylate in response to
NDF, the role of receptor heterodimerization in cell growth and
transformation by NDF is not known. Previous studies of re-
ceptor heterodimerization were done in disparate cell lines and
under a variety of conditions. Comprehensive studies of the
functions of all receptor combinations in a uniform manner
were also hampered by the endogenous expression of some of
these receptors in the cell lines. To clarify the function of
heterodimerization in NDF signaling, we introduced various
combinations of EGFR subfamily members into a cell line that
lacks detectable endogenous levels of these receptors. We dem-
onstrate that NDF can stimulate mitogenesis in NIH 3T3 cells
that express either HER3 or HER4. However, NDF-dependent
transformation by HER3 or HER4 relies on the coexpression
of either HER1 or HER2. The transforming activities of
these receptors are correlated with their ligand-induced
transphosphorylation.

MATERIALS AND METHODS

c¢DNAs—Full-length ¢cDNA molecules encoding individual HER1,
HER3, and HER4 receptors were isolated with oligonucleotide probes
designed according to the published DNA sequences (2, 32, 33). The
libraries used to isolate these cDNAs were a human placenta cDNA
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library (EGFR), an SKBR-3 breast tumor cell cDNA library (HER3),
and a human fetal brain ¢cDNA library (HER4). The ¢cDNA encoding
HER2 was obtained from Dr. Dennis Slamon (University of California,
Los Angeles). All cDNAs were subcloned into the mammalian expres-
sion vector, pEV7, which was constructed by subcloning the Harvey
murine sarcoma virus sequence into the pUC19 vector (data not shown).
The resultant plasmids are designated as pEV7-HER1, pEV7-HER2,
pEV7-HERS, and pEV7-HER4.

Focus Assay and Isolation of Stable Receptor-expressing Cell Lines—
The NIH 3T3-7d cells are a subclone of the NIH 3T3 cell line. The
parental NIH 3T3 cells were originally obtained from Dr. Douglas R.
Lowy (National Cancer Institute). The cells were grown in Dulbecco’s
modified Eagle medium containing 10% fetal bovine serum at 37 °C and
in a 5% CO, atmosphere. NIH 3T3-7d was selected from a number of
individually isolated clones of NIH 3T3 cells that were analyzed for the
lack of expression of the EGFR receptor. The established cell lines
expressing different members of the EGFR subfamily were grown in the
same medium as the parent cells, except 0.5 mg/ml G418 (Life Tech-
nologies, Inc.) was added.

For the focus assay, 300 ng of each receptor expression plasmid was
used in single or double transfections. The plasmids were cotransfected
with 5 ng of pSV2Noe by the calcium phosphate precipitation method as
described previously (34). The cells were grown in normal growth me-
dium for 5 days and then were changed to medium with or without
growth factors and cultured for an additional 10 days. The plates were
stained with methylene blue, washed with 70% ethanol, and analyzed
for the presence of foci. All transfection experiments were repeated on
at least three separate occasions. To isolate the cells expressing differ-
ent receptors, the transfected cells were grown in normal medium
containing 0.5 mg/ml G418 for 2 weeks.

Tritiated Thymidine Assay—The transfected cells were plated in
six-well plates at a density of 3 X 10°/well and were grown in normal
medium containing 10% fetal bovine serum for 26 h. The cells were
switched to serum-free medium for 6 h and then changed to serum-free
medium with or without growth factors for 14 h. Two microcuries of
[*Hlthymidine were added to each well, and the cells were incubated for
an additional hour. The cells were then harvested, transferred to glass
microfiber filters (GF/C, Whatman), and washed with 5% trichloroace-
tic acid and water. The radioactivity was measured by scintillation
counting (Ecoscint, National Diagnostics).

Immaunoprecipitation and Western Blot Analysis—The anti-phospho-
tyrosine antibody (anti-Tyr(P), 4G10) was obtained from Upstate Bio-
technology, Inc. Monoclonal HER1 antibodies (Ab-3 and Ab-5) and
HER2 antibodies (Ab-5) were obtained from Oncogene Science. Poly-
clonal HER4 antibody (c-18) was obtained from Santa Cruz Biotechnol-
ogy. Monoclonal HER3 antibodies (S3, S4, and S5) were prepared as
follows. Eight-week-old female BALB/c mice were immunized several
times with Escherichia coli-derived soluble human HER3 at 3-week
intervals. The mice were first immunized subcutaneously with 50 pg of
soluble HER3 emulsified in Freund’s complete adjuvant, which was
followed by subcutaneous injections with 25 ug of the same immunogen
emulsified in Freund’s incomplete adjuvant. Three days after the final
immunization, the mice were treated intravenously with 25 pg of sol-
uble HER3 in phosphate-buffered saline. Spleen cells from mice with
high antibody titer were fused with SP2/0 myeloma cells at a ratio of 4:1
by a modification of the procedure described by Kohler and Milstein
(35). Hybridoma supernatants were screened and characterized by en-
zyme-linked immunosorbent assay, Western blot, and BIACore analy-
sis (Pharmacia Biotech Inc.) (36, 37).

For detection of receptor proteins, the cells were grown to near
confluence in 100-mm dishes, washed twice with cold phosphate-buff-
ered saline, and lysed in 2 ml of lysis buffer (50 mm Tris-HCI, pH 7.5,
150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
0.1 mm dithiothreitol, 0.1 trypsin inhibitor unit/ml of aprotinin, 10 uM
phenylmethylsulfonyl fluoride, and 0.4 mm vanadate). The cell lysates
were clarified by microcentrifugation at 10,000 rpm for 10 min at 4 °C.
In the receptor phosphorylation experiments, the lysates were prepared
in the same manner, except that the cells were serum-starved for 20 h
and then treated with or without growth factors for 5 min before lysis.

Immunoprecipitation and Western blot analysis were performed es-
sentially as described (38). Equal amounts of protein were used for
immunoprecipitations. For immunoprecipitation of HER1, 1 ug each of
the two monoclonal antibodies were mixed; for HER2, 1 ug of mono-
clonal antibody was used; for HER3, 2.5 ug of each of the three mono-
clonal antibodies were mixed; and for HER4, 2.5 ug of polyclonal anti-
body was used. The lysates and antibodies were mixed gently at 4 °C for
1 h. The immune complexes were collected with either protein A-
Sepharose or protein G-Sepharose (Pharmacia) and were then washed
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three times with lysis buffer. Bound proteins were released by boiling
for 3 min in an equal volume of 2 X protein sample buffer (0.1 M
Tris-HCI, pH 6.8, 40% glycerol, 0.004% bromphenol blue, 2% SDS, and
4% B-mercaptoethanol). The proteins were separated by electrophoresis
on a 6% SDS-polyacrylamide gel and were transferred to a nitrocellu-
lose membrane. The filters were blocked overnight with 5% bovine
serum albumin and 0.5% Tween 20 in Tris-buffered saline for detecting
the receptors or 5% bovine serum albumin, 1% ovalbumin, and 0.2%
Tween 20 in Tris-buffered saline for detecting phosphotyrosine and
were probed with specific antibodies in the blocking solutions. The
signals were visualized with peroxidase-conjugated secondary antibod-
ies and the ECL system (Amersham Corp.).

RESULTS

Biological Functions of HER3 and HER4 in NIH 3T3 Cells—
The biological functions of the receptors in the EGFR family
were examined in a subclone of the NIH 3T3 cell line, desig-
nated NIH 3T3-7d, which, unlike the original NIH 3T3 cell
clone (10), does not express detectable levels of any known
EGFR subfamily member. With these cells, we can unambigu-
ously assess the interactions of the receptors of the EGFR
subfamily without the effects of endogenous family members.
To help normalize the efficiency of expression, all cDNAs en-
coding HER1, HER2, HER3, and HER4 were subcloned into an
expression vector, pEV7, in which the expression of the in-
serted gene is under the control of the Harvey murine sarcoma
virus long terminal repeat. The resultant plasmids were des-
ignated as pEV7-HER1, pEV7-HER2, pEV7-HER3, and pEV7-
HER4, respectively.

In order to test if HER3 and HER4 can stimulate cell growth
after activation by NDF, cells expressing either HER1, HER3,
or HER4 were established as described under “Materials and
Methods.” These cells, as well as the parental cells, were ana-
lyzed for a mitogenic response using a tritiated thymidine
incorporation assay. The results are shown in Fig. 1. The un-
transfected parental cells were not stimulated by either EGF or
NDF. The lack of response to these factors indicates that no
receptors of the EGFR subfamily are expressed in the parental
cells. Cells transfected with the HER1 respond to stimulation
by EGF, whereas cells transfected with either HER3 or HER4
responded to stimulation by NDF. Under these conditions,
significant stimulation occurred at 1 ng/ml of NDF, with max-
imal stimulation at a concentration of 10-50 ng/ml. Interest-
ingly, the maximal level of stimulation by EGF in HER1 ex-
pressing cells is three times higher than the maximum level
induced by NDF in either HER3 or HER4 expressing cells.

Previous studies of HER1 showed that transformation of
NIH 3T3 cells by the overexpression of HER1 depends upon the
presence of its ligands (9—11). To determine if HER3 and HER4
can also transform NIH 3T3 cells in the same manner, the
respective plasmids were individually transfected into cells and
assayed for focus formation. The results are shown in Fig. 2.
Cells transfected with the vector alone were not transformed.
The expression of HER1 elicited significant cell transforma-
tion, as revealed by focus formation, only in the presence of
EGF. Transfection by either HER3 or HER4 did not cause
transformation of NIH 3T3 cells, even in the presence of NDF.
In contrast, transfection with HER2 produced a small number
of foci, in the presence or absence of NDF.

Synergistic Effect of EGFR Family Members—In vitro exper-
iments on several different cell lines have shown that HER2
can form heterodimers with both HER3 and HER4 and that
NDF activates HER2 only when it forms heterodimers with
either of these two receptors (21, 23). Overexpression of these
receptors has been observed in some cancers (39—41). These
observations raise the possibility that heterodimers of EGFR
family members may play important roles in oncogenesis. To
understand the functional difference between heterodimers
and homodimers of these receptors, we analyzed the transform-
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ing activity of heterodimers in the presence or absence of NDF.
Cells cotransfected either with HER2 and HER3, or with HER2
and HER4, were compared with cells transfected with either
HER2, HER3, or HER4 alone. The results are shown in Fig. 3.
In the absence of NDF, cells transfected with either receptor
combination formed about the same number of foci as cells
transfected with HER2 alone. However, the number of foci in
the cells transfected with HER2 and HER3, or with HER2 and
HER4, significantly increased in the presence of NDF. As
shown in Fig. 2, NDF had no effect on focus formation in cells
transfected by either HER2, HER3, or HER4 alone. In both the
single and double transfection experiments, 300 ng of each
receptor plasmid was transfected into the cells. The results
were similar when 600 ng of receptor plasmid DNA was used in
the single transfections and when 300 ng of each receptor
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Fic. 1. Stimulation of NIH 3T3 cell growth by EGF and NDF.
Cell lines expressing HER1, HER3, and HER4 were established by
selection in medium containing 0.5 mg/ml G418 after transfection with
the appropriate plasmids. Cells were grown in six-well plates at a
density of 5 X 10° cells/well for 24 h in normal medium and then in
serum-free medium for 6 h. The cells were changed to serum free
medium containing 0, 1, 2, 5, 10, and 50 ng/ml of EGF (squares) or
NDFB1 (circles) and were incubated for an additional 18 h. The cells in
each well were labeled with 2 uCi of tritiated thymidine for 1 h, then
immediately harvested and transferred onto glass filters. The tritiated
thymidine incorporation was determined by scintillation counting. The
results shown are the average of three experiments.

Control

FiG. 2. Transformation of NIH 3T3
cells by members of the EGFR family.
NIH 3T3 cells were transfected with con-
trol plasmid, HER1, HER2, HER3, or
HERA4. For each 35-mm plate of cells, 300
ng of plasmid DNA were transfected. 24 h
after transfection, the cells were diluted
1:5 in normal growth medium and split
into two 60-mm plates. After 5 days,
growth factors were added to one set of
cells. For cells transfected with HER1, 20 > N

ng/ml EGF was used. For cells transfected \

with control plasmid, HER2, HER3, and
HER4, 50 ng/ml of NDF31 was used. The
plates were stained with ethylene blue 15
days after transfection.
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plasmid were used in the double transfections (data not
shown), suggesting that the synergy observed was not depend-
ent on the amount of DNA transfected into the cells. In addi-
tion, the synergy was not due to an increased affinity of the
ligand for the heterodimers, because an excess amount of li-
gand was used in all the experiments.

Similar synergistic effects were observed when HER1 was
coexpressed with either HER3 or HER4 (Fig. 4). Like the single
plasmid transfections, cotransfection of either HER1 and
HER3, or HER1 and HER4, did not transform NIH 3T3 cells in
the absence of ligand. However, addition of NDF induced focus
formation in cells transfected with either of the indicated re-
ceptor pairs. NDF failed to induce focus formation in cells
transfected separately by either HER1, HER3, or HERA4.

The transformation results of NIH 3T3 cells transfected with
either one or two receptors of the EGFR subfamily, in all
possible combinations, are summarized in Table I. There was
no synergistic effect of the receptors in absence of the ligands.
In the presence of NDF, transformation required either HER1
or HER2 cotransfected with HER3 or HER4. However, there
was no synergy when HER3 and HER4 were cotransfected
together. In the presence of EGF, more foci were developed by
cells cotransfected with HER1 and HER2 than that transfected
with HER1 alone. The synergy between HER1 and HER2 was
consistent with the results reported previously (42, 43). In
contrast, EGF activation of the cells transfected with HER1
together with HER3 or HER4 was not greater than that of the
cells transfected with HER1 alone.

Receptor Protein—To confirm the expression of the receptors
in the transfected cells, we analyzed the receptor proteins by
immunoprecipitation followed by Western blotting. Cells trans-
fected with the individual receptor plasmids, or with combina-
tions of two receptor plasmids, as described above, were ana-
lyzed. A Western blot of the receptors from these cells is shown
in Fig. 5. The NIH 3T3-7d cells, a subclone of NIH 3T3 cells,
used in these assays did not express detectable levels of any of
the receptors analyzed. This is consistent with the results of
the [*H]thymidine incorporation assay, in which the parental
cells did not respond to either EGF or NDF. The expression of
the receptors in the transfected cells indicates that every cell
line expressed the appropriate genes. The level of a particular
receptor did not vary significantly when expressed individually
or in combination with another receptor. The weak signal of the
HERS3 protein on the Western blot (Fig. 5), relative to the other
HER proteins, was observed in all transfections. This may be
due to the low affinity of the HER3 antibodies used in the
experiments or to the low level of HER3 protein expressed in
these cells.

Phosphorylation of Receptors—The mechanism of the syner-
gistic transforming activity of the receptor pairs is not clear.
Since HER2 alone has shown ligand-independent transforming

HER1
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Fic. 3. NDF-induced transforma-
tion of NIH 3T3 cells cotransfected by
HER2 with either HER3 or HERA4.
NIH 3T3 cells were transfected with —_

HER2, HER3, HER4 alone, or cotrans- \ s /

fected with HER2 and HER3 or HER2
and HER4. The cells were grown in nor-
mal medium for 5 days and then changed
to either normal medium or normal me- —
dium containing 50 ng/ml of NDF for 10 P N

days. The plates were stained with ethyl- =
ene blue 15 days after transfection. + { : - )
4
HER1
HERA1 HER3 HER4 HER3
Pl
P

activity, the synergy of the HER2/HER3 and HER2/HER4 het-
erodimers may be simply due to the addition of HER3 and
HERA4 activity to the basal HER2 activity. Alternatively, the
activity of HER2 can be increased through transphosphoryla-
tion by the other receptors. Consistent with the latter hypoth-
esis, previous studies of other cell lines have revealed that
HER2 can be phosphorylated by either HER3 or HER4 after
stimulation by NDF (21, 23). To determine whether the
transphosphorylation correlates with the synergistic effect of
HER2 and HER3 or HER4, we examined the phosphorylation
of HER2 in these cells before and after addition of NDF. Cells
expressing HER2 alone, HER2 and HER3, or HER2 and HER4
were lysed after treatment. The HER2 protein in the lysates
was immunoprecipitated and resolved by SDS-polyacrylamide
gel electrophoresis. Phosphorylated tyrosine moieties on the
receptors were detected by Western blot analysis with an anti-
Tyr(P) antibody. As shown in Fig. 6, there was a slight amount
of background phosphorylation of HER2 in the untreated cells.
The phosphorylation of HER2 increased significantly only
when HER2 was coexpressed with either HER3 or HER4, and
the cells were treated with NDF. The increased phosphoryla-
tion signal was not due to more HER2 protein in the doubly
transfected cells, since Western blotting of the same membrane
with an anti-HER2 antibody showed similar levels of HER2
protein in either the presence or absence of NDF. In fact, in
cells coexpressing HER2 and HER3, NDF treatment may have
caused receptor down-regulation or internalization, thus de-
creasing the signal. These results correlate the synergistic ef-
fect on transformation with transphosphorylation. This is con-
sistent with a model that NDF stimulates transformation by
activating HER2 through HER3 or HER4, perhaps as HER2/
HER3 or HER2/HER4 heterodimers.

A similar analysis of transphosphorylation was performed
for cells transfected with HER1 and either HER3 or HER4. Fig.
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Fic. 4. NDF-induced transforma-
tion of NIH 3T3 cells expressing both
HERI1 and HER3 or HER1 and HERA4.
NIH 3T3 cells were transfected with
HERI1, HER3, or HER4 alone or cotrans-
fected with HER2 and HER3 or HER2
and HER4. The cells were grown in nor-
mal medium for 5 days and then changed
to medium with or without 50 ng/ml of
NDF and grown for 10 days. The plates

4 were stained with ethylene blue 15 days
after transfection.

TaBLE 1
Transformation of NIH 3T3 cells by members of the EGFR subfamily

NIH 3T3 cells were transfected with members of the EGFR subfam-
ily, as indicated. The cells were untreated (control) or treated with
either EGF or NDF, as described under “Materials and Methods.” The
numbers shown in the table are the focus forming units per plate, and
each number represents the average of three separate experiments,
with the standard deviation.

Receptor Control EGF NDF
HER1 0 83 =12 0
HER2 18+ 3 16 £3 17+ 3
HER3 0 0 0
HER4 0 0 0
HER1 + HER2 16 =5 123 = 20 135
HER1 + HER3 0 69 =6 34+4
HER1 + HER4 0 74+ 10 69 =3
HER2 + HER3 15+1 18+x1 68 = 6
HER2 + HER4 17+ 2 20+ 1 78 £ 8
HER3 + HER4 0 0 0

7 shows the phosphorylation analysis of either HER1 or HERA4,
alone or in combination, in the presence or absence of NDF or
EGF. Consistent with the results of the transformation exper-
iments, when HER1 was expressed alone, it was phosphoryl-
ated in response to EGF, but not to NDF. However, when HER4
was coexpressed with HER1, NDF also activated the phospho-
rylation of HER1. Conversely, in cells expressing only HER4,
the receptor was phosphorylated only in the presence of NDF,
but not EGF. When HER1 was coexpressed with HER4, EGF
also activated the phosphorylation of HER4. Therefore, when
HER1 and HER4 were coexpressed, NDF or EGF induced the
phosphorylation of HER1 and HER4. It was determined that
the antibodies were specific to their respective receptors and do
not cross-react between the receptor types, since cell lysates
containing either HER1 or HER4 alone are precipitated only by
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Fic. 5. Detection of receptor proteins in the transfected cell
lines. Cell lysates were prepared from each cell line, as described under
“Materials and Methods.” Receptor proteins were immunoprecipitated,
separated by electrophoresis on a 6% polyacrylamide-SDS gel, and
transferred onto nitrocellulose. The proteins were probed with their
respective antibodies and detected with the ECL system. For each
Western blot, only the region of specific receptor bands is shown. Lanes
1-4 are from cells transfected with HER1, HER2, HER3, and HER4,
respectively. Lane 5-8 are from cells cotransfected with HER1 and
HER3, HER1 and HER4, HER2 and HER3, and HER2 and HER4,
respectively. Lane 9 shows untransfected NIH 3T3 cells.

A 373 373 373
HER2 HER2.3 HER2.4
NDF - + — + — +
Mr(K) :
203 — .
HER2 —» %ad ww bl lw DBlotlingAb
o~Ptyr
105 —
B 318 313 378
HER2 HER23 HER2.4
NDF - + — + — +
Mr(K)
203 — .
Blotting Ab
HER2 0 bt oot ot =~ g 8 s

105 —

Fic. 6. NDF-induced phosphorylation of HER2. Cells were
transfected with HER2, HER2 and HER3, or HER2 and HER4, as
described under “Materials and Methods.” Lysates were prepared from
cells that were either untreated or treated with 50 ng/ml NDF for 5 min
before lysis. HER2 receptors were immunoprecipitated, separated by
electrophoresis on a 6% polyacrylamide-SDS gel, and transferred onto a
nitrocellulose filter. The filter was probed with an anti-phosphotyrosine
antibody (A). The antibodies were then removed, and the filter was
reprobed with anti-HER2 antibody (B).

the relevant antibody. In addition, when the appropriate mem-
branes were reprobed with the HER1 and HER4 antibodies,
similar levels of the receptor proteins were detected in samples
with or without ligand treatment (data not shown). These data
strongly suggest that both NDF and EGF activate the HER1/
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Fic. 7. Ligand-induced transphosphorylation of HER1 and
HERA4. Cells were transfected with HER1, HER1 and HER4, or HER4
as described under “Materials and Methods.” Lysates were prepared
from cells that were either untreated or treated with 20 ng/ml EGF or
50 ng/ml NDF for 5 min before lysis. HER1 (A) and HER4 (B) were first
immunoprecipitated, separated by electrophoresis on a 6% polyacryl-
amide-SDS gel, and transferred onto a nitrocellulose filter. Both filters
were probed with anti-phosphotyrosine antibody.

HER4 heterodimers.

HER1 and HER3 transphosphorylation was examined in an
experiment analogous to the HER1 and HER4 study (data not
shown). The transphosphorylation between HER1 and HER3
was much weaker than the transphosphorylation between
HER1 and HER4. Transphosphorylation of HER3 by HER1 in
response to EGF was observed, but to a lower extent than the
HER1/HER4 transphosphorylation. However, the transphos-
phorylation of HER1 by HER3 was not detected, presumably
due to the lack of intrinsic kinase activity of the HERS3 receptor
(22, 44).

DISCUSSION

Using a subclone of the NIH 3T3 cell line that does not
endogenously express known members of the EGFR subfamily,
we compared the abilities of HER3 and HER4 to induce cell
growth and transformation of NIH 3T3 cells, when they are
expressed either individually or coexpressed with HER1 and
HER2. The results show that when expressed alone, either
HERS3 or HER4 can stimulate cell growth in response to acti-
vation by NDF; however, signaling through either of these
receptors fails to induce morphological transformation. There-
fore, NDF elicits cell growth, but not transformation, in cells
expressing either HER3 or HER4. This is in contrast to HER1
and HER2 which cause both cell growth and transformation.
These results imply that HER3 and HER4 may activate differ-
ent signaling pathways from that activated by HER1 or HER2.
On the other hand, activation of growth may be necessary, but
not sufficient, for cell transformation. An additional pathway
may be needed for transformation.

Receptor phosphorylation experiments indicate that there
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may be differences in the signaling pathways between HER3
and HER4. When HER4 was expressed alone, it was strongly
phosphorylated after NDF stimulation. This is consistent with
a previous report that HER4 homodimers constitute a func-
tional NDF receptor (21). In contrast, the phosphorylation of
HER3 in response to NDF was very weak. Previous studies
have shown that several amino acids usually conserved in the
protein kinase catalytic domain are altered in HER3, and
HERS3 expressed in insect cells has impaired intrinsic kinase
activity as compared with that of HER1 (44). Our results are
consistent with these observations. However, HER3 induction
of robust cell growth in response to NDF activation implies that
HERS3 may synergize with proteins outside of the EGFR family.
A recent report indicates that HERS3 can bind to and activate PI
3-kinase (27, 28, 31). In the experiments described here, we
have not determined which proteins are activated by HER3.
Alternatively, it is possible that the low level of phosphoryla-
tion of HER3 induced by NDF is sufficient to initiate cell
growth. The differential levels of receptor phosphorylation im-
ply that the signaling pathways activated by HER3 and HER4
are different. However, there is no synergistic effect on the
transformation of NIH 3T3 cells when these two receptors are
cotransfected (Table D).

The synergistic activity of the EGFR subfamily members on
cell transformation was evident when particular combinations
of receptor plasmids were cotransfected. HER2 has been pre-
viously shown to cause transformation when overexpressed (7,
8). The small number of ligand-independent foci formed in cells
transfected by HER2 alone, or by HER2 in combination with
HERS3 or HER4, is presumably due to a minor population of
cells that express high levels of HER2. Coexpression of either
HERS3 or HER4 had no effect on the ligand-independent trans-
forming activity of HER2. However, the synergistic effects of
those receptor combinations were apparent in the presence of
NDF, as focus production was significantly increased as com-
pared with HER2 alone. The ligand-dependent formation of foci
in the HER2/HER3 or HER2/HER4 cotransfections are likely
due to the activation of HER2 by either HER3 or HER4, per-
haps through receptor heterodimerization. This explanation is
supported by the observations that NDF promotes increases in
foci formation and HER2 phosphorylation only in cells coex-
pressing HER2 and HER3 or HER4. Another less likely possi-
bility is that signaling through HER3 or HER4 homodimers
simply adds to the level of transformation by HER2.

The transformation of the NIH 3T3 cells by coexpressing
HER1 with HER3 or HER4 is particularly intriguing. Het-
erodimer formation between HER1 and either HER3 or HER4
has not been extensively analyzed. Unlike HER2, HER1 does
not transform NIH 3T3 cells in the absence of ligand. Since
HER1 alone is not stimulated by NDF, the mechanism of syn-
ergistic action may involve the activation of HER1 through
heterodimerization with HER3 or HER4. Our results show that
phosphorylation of both HER1 and HER4 can be induced by
either NDF or EGF. When transphosphorylation between
HER1 and HERS3 was examined, NDF induced phosphorylation
only of HER3, but not HER1, whereas EGF induced phospho-
rylation of both receptors. The same phenomenon was also
observed in A431 cells by Soltoff et al. (28). The phosphoryla-
tion of HER3 upon activation by EGF suggests that het-
erodimers of HER1 and HER3 may be functionally active. It is
also worth noting that the relative transforming activities of
the heterodimers containing either HER1 or HERZ2 are always
stronger with HER4 than with HER3. The weaker transform-
ing activity of the HER3 heterodimers may be due to the
dysfunctional intrinsic kinase domain in HER3 (44) or the
requirement for additional proteins such as PI 3-kinase
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(27-31).

By showing that coexpression of either HER1 or HER2 with
HERS3 or HER4 can result in the ligand-dependent transforma-
tion of NIH 3T3 cells, we suggest that NDF may play an
important role in the development of human cancer. In cells
that express particular combinations of these receptors, induc-
tion of NDF expression may be an important step in the trans-
formation of cells in some cancers. This is supported by the
observation that ras-transformed rat cells express higher levels
of NDF than nontransformed cells (17). Our results also sug-
gest that members of the EGFR subfamily may have distinct
functions. Furthermore, NDF may have distinct biological
functions that are dependent on the combination of receptors
expressed on the cells of a particular tissue. To advance our
understanding of the EGFR subfamily members and their li-
gands, it will be necessary to determine the signaling pathways
that respond to different receptors and receptor heterodimers.
Particularly important are the signaling pathways involved in
the morphological transformation of cancer cells.
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