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ABSTRACT The neu oncogene encodes a tyrosine kinase
with growth factor receptor-like properties. A neu protein-
specific activating factor (NAF) was partially purified from
medium conditioned by the transformed human T-cell line
ATL-2. NAF was able to stimulate the tyrosine-specific kinase
activity of the neu protein (p185™"), induce dimerization and
internalization, and increase the growth of cells bearing the neu
protein. The effects of NAF were mediated by an interaction
with the p185™* extracellular domain. NAF had no effect on the
epidermal growth factor receptor kinase activity and no effect
on cells that express that receptor. Further analysis of NAF and
of other recently described neu protein-activating activities
should help clarify the role of the neu protein in cell growth and
transformation.

The rat neu gene encodes a 185-kDa transmembrane tyrosine
kinase that shows significant structural similarity to the
epidermal growth factor receptor (EGFR) (1-3). The rat neu
gene product has been identified in two forms: the protoon-
cogenic form is termed p185°™* and the oncogenic form is
termed pl185™". p185™" becomes activated in chemically
induced neuroglioblastomas by a point mutation in the trans-
membrane region that results in constitutively increased neu
tyrosine kinase activity (4-7). The c-erbB-2 gene (8, 9) is the
human homologue of the rat neu gene, and aberrant c-erbB-2
protein expression has been implicated in a number of human
adenocarcinomas, including those of the breast (10-12),
ovaries (12), salivary gland and digestive tract (13), skin (14),
kidney (13), pancreas (15), and lung (16). Its growth factor
receptor-like attributes, tissue-specific and developmentally
regulated expression pattern (17, 18), and involvement in
neoplasia suggest that the p185/c-erbB-2 protein plays a role
in normal and abnormal growth and differentiation of the cells
in which it is expressed and that a cognate ligand exists for
this protein.

Although the neu gene has been studied for nearly 10 years
now, identification of candidate ligands for p185 have only
been reported in the last 2 years. Though several endogenous
p185 modulatory factors may exist, the effects of the ligand
for p185 might be most comparable to those of EGF and
platelet-derived growth factor (PDGF) on their receptors,
since these receptors are the transmembrane tyrosine kinases
most closely related to p185 (19, 20). According to these
criteria, the primary ligand for p185 should increase the
autophosphorylation/kinase activity of pl85, induce pl185
dimerization and internalization, and affect the growth of
cells that express pl85. Several reports have described
preparations that contain pl85-activating activity (21-23).
Each of these activities/factors conforms to these criteria to
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a different extent. We report here the characterization of a
purified neu protein-specific activating factor INAF) secreted
by the transformed human T-cell line ATL-2 (24) that meets
all of these expected criteria.

MATERIALS AND METHODS

Cells. PN-NR6 and PT-NR6 cells express high levels of
p185°™" (protooncogenic neu protein) and p185™" (trans-
forming, oncogenic neu protein), respectively. NE-19 cells
are NR6 cells transfected with a human EGFR gene and
express EGFR at high levels. These cell lines were con-
structed and maintained as described (25).

In Vitro Kinase Assay. All chemicals were from Sigma
unless otherwise indicated. The indicated amounts of the
appropriate factor were added to aliquots of the appropriate
cell lysate. These mixtures were subjected to immunopre-
cipitation with either anti-p185 or anti-EGFR antibodies prior
to kinase reaction and SDS/PAGE analysis (25).

Preparation of ATL-2 Conditioned Medium. Mycoplasma-
free cultures of human ATL-2 cells were maintained in RPMI
1640 with 10% fetal bovine serum. ATL-2 cells were har-
vested and washed twice with phosphate-buffered saline
before resuspension in the serum-free medium at a density of
3 X 10° cells per milliliter. After 3 days of growth in
serum-free RPMI 1640 medium supplemented with 2 mM
L-glutamine, the ATL-2 cells were pelleted, and the resulting
supernatant was filtered (0.45 um) and designated ATL-2
conditioned medium.

NAF Preparation. Details of this partial purification
of NAF are described elsewhere (26). In brief, ATL-2
conditioned medium was concentrated 100-fold (from 1 liter
to 10 ml) using YM2 Diaflo membranes (Amicon). The
concentrated conditioned medium was filtered (0.45 um) and
then applied to a DEAE-SW column (Waters) that had been
preequilibrated with 10 mM Tris Cl (pH 8.1). Concentrated
conditioned-medium proteins representing 1 liter of original
ATL-2 conditioned medium per HPLC run were adsorbed to
the column and then eluted with a linear gradient of 0—-400
mM NaCl at a flow rate of 4 ml/min. Fractions were assayed
using the in vitro kinase assay (described above) and 10% of
the appropriate DEAE fraction. The fractions that increased
the tyrosine kinase activity of p185°™" in a dose-dependent
manner were concentrated and then subjected to C,g reverse-
phase chromatography (Waters) with elution by a linear
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gradient of 2-propariol against 0.1% trifluoroacetic acid. All
the fractions were dialyzed against RPMI 1640 to remove the
2-propanol and assayed using the in vitro kinase assay and a
1% concentration of the appropriate fraction. We mixed the
three fractions represeriting proteins eluted in this range and
used this semipurified sample, referred to herein as the NAF
sample, in the expériments described.

Western Blofting. PN-NR6 (p185°"“+/EGFR-) and
NE-19 (p185— /EGFR+) cells were incubated for 10 min at
37°C with or without factors, lysed, and then subjected to
immunoprecipitation with anti-p185 antibody 7.16.4 and anti-
EGFR carboxyl-terminus antibodies (provided by Stuart
Decker, Rockefeller University), respectively. Western blot
analysns was performed as described (27).

Crosslinking / Dimerization Assay. PN-NR6 cells (p185¢™+/
EGFR-) (3 X 10° per 10-cm culture well) were incubated with
the indicated amounts of NAF (percent by volume) at 37°C for
10 min, then exposed to crosshnkmg reagents, lysed, and
subjected to immunoprecipitation with monoclonal anti-p185
antibodies (27). Monomeric and dimeric forms of p185°™* were
detected with polyclonal anti-p183 intracellular domain anti-
bodies referred to as DBW-2.

Internalization/Down-Modulation Assay. Cells were cul-
tured overnight in Dulbecco’s modified Ehgle’s medium
(DMEM) containing insulin, transferrin, and selenous acid
(ITS, Collaborative Research), incubated with NAF or EGF
for the indicated time, and subjected to immunoprecipitation
with 7.16.4 or anti-EGFR antibody (monoclonal antibody
425, which recognizes the extracellular domain of human
EGFR, was provided by M. Herlyn of the Wistar Institute) at
2 ug/ml. Inmunoprecipitates were then assayed as described
(21).

Proliferation Assay. Subconfluent cells were trypsinized
and then were suspended in DMEM containing 10% fetal
bovine serum and placed in a 96-well plate (10 cells per well).
Following cell attachment overnight, the medium was re-
placed with DMEM supplemented with ITS. Incubation was
continued in this serum-free medium for an additional 48 hr.
Thereafter, cells were exposed to appropriate factor for 16 hr.
Cells received [*H]thymidine (0.5 uCi/ml; 1 Ci = 37 GBq) for
6 hr prior to harvest.
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Anchorage-Independent Growth Assay. Anchorage-
independent growth capability was deterntined by assessing
the colony-forming efficiency of cells suspended in soft agar.
When NAF sample was added to soft-agar cultures, it was
incorporated into the top layer only. Colonies of >0.5-mm
diameter were counted using a dissecting microscope at 7
days.

RESULTS

NAF Sample Preparation. ATL-2 conditioned medium gen-
erated from mycoplasma-free ATL-2 cultures was concen-
trated 100-fold with an Amicon YM2 ultrafiltration mem-
brane (1000-Da cutoff) and then subjected to fractionation by
anion-exchange (DEAE) HPLC (26). Fractions were assayed
for neu-actlvatmg activity by the immune-complex kinase
assay described in Materials and Methods. DEAE active
fractions were pooled, concentrated, and then subjected to
Cigreverse-phase HPLC (26). Active fractions obtained from
the second chromatographic step were pooled and designated
as' NAF. This enriched form of NAF was used in the
characterization studies described below.

Effect of NAF on neu Protein Kinase Activity. Human
c-erbB-2 and rat p185°"™" autophosphorylation activity was
stimulated in a dose-dependent manneér by the addition of
NAF (Fig. 1a). NAF (1% by volume) increased the p185 band
intensity 2- to 4-fold compared with the control lane when
quantified by .scanning densitometry. The exogenous
substrate histone 2B (Boehringer Mannheim), as well as
pl85° ™!  was phospharylated in a dose-dependent manner
by the addition of NAF (Fig. 1b).

Other known growth-modulatory factors were tested for
ability to activate p18S in our assay. Since EGFR activation
results in transphosphorylation and activation of p185 (28—
30), it was necessary to rule out the possnblllty that EGF
played a role in the neu activation in_certain of these
experiments. With human A431 epndermoud carcinoma cells
(which express high levels of EGFR but no p185), EGFR
autophosphorylation was increased by the addition of EGF
but was unaffected by the same dilutions of NAF (Flg 1c)
that increased the neu protein kinase activity. These data
indicated that there was no EGFR-activating activity in the
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Fic. 1. Effect of NAF and EGF on the kinase activity of inmunoprecipitated human c-erbB-2, rat p185, and human EGFR proteins.in the
in vitro kinase assay. Various amounts of NAF (percent by volume) or EGF (ng/ml) were added to cell lysates prior to immunoprecipitation
and kinase reaction. The cell lysdtes were derived from human SKBRIII cells (p185+/EGFR+), rat PN-NR6 cells (p185©-"¢+ /EGFR-), and
human A431 cells (p185—/EGFR+). (a) Effect of NAF on human c-erbB-2 protein kinase activity. (b) Effect of NAF on rat p185°™" kinase
activity and on exogenous substrate histone 2B (Boehringer Mannheim) phosphorylation. (c) Effect of EGF and NAF on human EGFR kinase

activity.
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NAF preparation and that the EGFR-mediated activation of
p185 had not contributed to the observed effects of NAF on
c-erbB-2 protein activity in the SKBRIII cell lysate. The
interpretation of the PN-NR6 data is not complicated by this
issue, since these cells do not express any EGFR. We also
tested factors known to be secreted by the ATL-2 cell line
(31-34), to eliminate the possibility that any of these factors
individually were responsible for the NAF-mediated increase
in p18S activity. Interleukin 1, interleukin 6, and adult T-cell
leukemia-derived factor (all provided by Ajinomoto, Japan),
transforming growth factors « and B8 (both from ICN), and
PDGF purified from human platelets (Sigma) had no effect on
the kinase activity of p185°™" in the in vitro kinase assay

(data not shown).

Effect of NAF on p185 Phosphotyrosine Content. Western
blot analysis revealed that the amount of phosphotyrosine in

p185°™" from PN-NR6 cells (p185°™*+/EGFR—) was in-
creased by addition of NAF in a dose-dependent manner,
whereas EGF had no effect under the same conditions (Fig.
2a). The amount of phosphotyrosine detectable in EGFR
from NE-19 cells (p185—/EGFR+) was increased by addi-
tion of EGF but was not increased by NAF addition (Fig. 2b).
NAF affected the tyrosine kinase activity of p185°™! ex-
pressed in the NR6 cell background (PN-NR6 cells) yet, at
the indicated dilutions, had no effect on the EGFR expressed
in the same cellular background.

Effect of NAF on p185 Is Mediated by an Interaction with the
p185 Extracellular Domain. Several experimental strategies
were employed to demonstrate that NAF interacts with the
putative extracellular ligand-binding domain of p185. Two
monoclonal antibodies specific for distinct epitopes on the
extracellular domain of p185 were examined for their ability
to block the effects of NAF on pl85. Preincubation of
PN-NR6 cells (p185°"¢+ /EGFR —) with purified p185 extra-
cellular domain-specific monoclonal antibody 7.16.4 (35)
blocked the NAF-induced activation of p185, while an irrel-
evant, isotype-matched monoclonal antibody, 9BGS (36), did
not (Fig. 3a). Monoclonal antibody 7.9.5 (35) recognizes a
distinct extracellular domain of p185 and partially blocked the
NAF-induced activation of p185. Similarly, preincubation of
cells with suramin, which has been shown to block binding of
EGF and PDGF to their receptors, blocked the NAF-induced
activation of p185 (data not shown). In addition, the effect of
NAF on a pl85 extracellular-domain deletion mutant,
p185-D4 (which lacks a 523-base-pair sequence correspond-
ing to amino acids 475-648;J.K.F.,J. N. Myers,and M.1.G.,
unpublished work), was assessed. NAF was not able to
increase the kinase activity of this p185 deletion mutant (Fig.
3b). Collectively, these experiments indicated that NAF’s
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Fi1G. 2. Effect of NAF and EGF on the phosphotyrosine content
of p185 and EGFR expressed in identical fibroblast backrounds.
Intact cells were incubated with the indicated amounts of NAF
(percent by volume) or EGF (ng/ml) at 37°C for 8 min and then
subjected to Western blot analysis with monoclonal anti-
phosphotyrosine antibody PY-20 (ICN). (a) Effect of NAF (lanes
A-C) and EGF (lanes D-F) on the phosphotyrosine content of
pl85¢™" derived from PN-NR6 cells (p185¢®<"+/EGFR-). (b)
Effect of NAF (lanes G-I) and EGF (lanes J-L) on the phosphoty-
rosine content of EGFR from NE-19 cells (p185—/EGFR+).
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F1G. 3. Requirement for p185 extracellular domain. (a) PN-NRé6
cells (p185°¢'+ /EGFR—) were preincubated without antibody (Ab)
(lanes A, B, G, and H), with high-affinity anti-p185 extracellular
domain antibody 7.16.4 (lanes C and D), or with 7.9.5, which
recognizes a distinct ectodomain on p185 (lanes I and J), or with an
irrelevant isotype-matched antibody, 9BGS5 (lanes E and F). Cell
lysates were treated with or without 1% NAF before immunopre-
cipitation and in vitro kinase assay. (b) Western blot analysis using
antibodies specific for phosphotyrosine was done on both the
p185-D4 deletion mutant (lanes C and D) and unmutated p185¢-ev
(lanes A and B) expressed in NR6 cells that were untreated (lanes A
and C) or treated with 1% NAF (lanes B and D).

effects on p185 occurred through its interaction with discrete
parts of the neu protein extracellular domain.

Effect of NAF on p185 Dimerization. Receptor tyrosine
kinases are induced by their cognate ligands to form receptor
aggregates. Homodimeric and heterodimeric species of p185
have been described (27, 37). Crosslinking studies revealed
that the amount of p185°™" homodimers in PN-NR6 cells
(p18°""+/EGFR—) was increased with exposure to NAF
(Fig. 4, lane B).

Internalization /Down-Modulation of p185 by NAF. In re-
sponse to exposure to their cognate ligands, receptor tyrosine
kinases are down-regulated from the cell surface. The ability

NAF (%)
0 1.0

Monomer —

FiG. 4. Effect of NAF on p185 dimerization. PN-NR6 cells were
incubated with or without 1% NAF, exposed to cross-linking re-
agents, and lysed. Immunoprecipitated p185 monomer and dimer
were analyzed by Western blotting.
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Fic. 5. Effect of NAF (@) and EGF (®) on p185 and EGFR
internalization/down-modulation. (a) Rat p185 internalization in
PN-NRG6 cells. () EGFR internalization in NE-19 cells.

of NAF to down-modulate p185°™" was assessed. Surface
expression of pl85°™" on PN-NR6 cells (p185°™°U+/
EGFR-) was decreased by 30% at 30 min and by 40% at 90
min after the addition of NAF, whereas EGF had no effect on
the internalization of p185° ™" in these cells (Fig. 5a). Surface
EGFR on NE-19 cells (p185—/EFGR+) was down-
modulated by the addition of EGF but was not down-
modulated by NAF (Fig. 5b).

Effect of NAF on Cell Growth. The effect of NAF on cell
growth was assessed by [*H]thymidine incorporation and
soft-agar colony growth assays. NAF (1% by volume) in-
creased the relative levels of DNA synthesis in cultures of
PN-NR6 cells (p185°™t+/EGFR-) and of PT-NR6 cells
(p185™"+ /EGFR-) but did not affect NE-19 cells (p185—/
EGFR+) (Fig. 6). PN-NR6 cells do not ordinarily form
colonies in soft agar. NIH 3T3 transfectants that overexpress
EGFR form colonies in soft agar only upon addition of EGF
(38). NAF increased the soft-agar growth capability of PN-
NR6 cells but had no effect on NE-19 cells (Table 1).
Conversely, EGF increased the soft-agar growth capability of

8-
O NE-19
@ PN-NR6
B PT-NRe

w » (&) (o] ~
1 1 1 1

T

Fold increase

Fic. 6. Effect of 1% NAF on [*H]thymidine incorporation by
NE-19 (p185—/EGFR+), PN-NR6 (p185°""+/EGFR-), and PT-
NR6 (p185°¢U+ /EGFR-) cells. Results (mean + SEM, n = 3) are
expressed relative to the cell line-matched untreated control.
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Table 1. Effect of NAF and EGF on the growth of PN-NR6,
NE-19, and NR6 cell lines in soft agar

No. of colonies

Factor Conc. PN-NRé6 NE-19 NR-6
— — 0 0 0
NAF 0.1% 6 0 0
1.0% 25 0 0
EGF 10 ng/ml 0 22 0
100 ng/ml 0 30 0

Colony growth was determined as described in Materials and
Methods. NAF concentration is given as percent by volume.

NE-19 cells but had no effect on the neu-bearing PN-NR6
cells. The parent NR-6 cells (p185—/EGFR—) were not
affected by EGF or by NAF. Thus, the growth-promoting
effects of NAF were seen only in cells that expressed
p185c-neu'

DISCUSSION

After the neu protein-activating activity was detected in
ATL-2 conditioned medium, a characterization scheme to
examine this activity’s effect on the neu protein was devel-
oped based on a presumed similarity between NAF and the
well-characterized ligands for the prototypic members (the
EGF and PDGF receptors) of this family of tyrosine kinases.
Based on these criteria, a ligand for the neu protein might
activate its intrinsic tyrosine kinase activity, lead to neu
protein dimerization and internalization, and have an impact
on the growth of cells that express the neu protein. NAF
interacts with the neu extracellular domain, resulting in
neu-specific kinase activation, neu dimerization and inter-
nalization, and subsequent potentiation of the growth of neu
protein-bearing cells only, and thus meets all of these pro-
posed biological criteria.

Several lines of evidence support the conclusion that NAF
is neu protein-specific. The kinase, internalization, and cell
growth studies using NAF and the NR6, PN-NR6, and NE-19
cell lines permitted the comparison of NAF’s effects on p185
and the EGFR expressed in identical cellular backrounds. In
each of these studies, the effects of NAF were limited to
those cells that expressed p185°™" (PN-NR6 cells), whereas
the effects of EGF were limited to those cells that expressed
the EGFR (NE-19 cells). This indicated that the NAF sample
did not contain any EGFR-activating activity when assayed
at the same dilutions used to significantly increase neu kinase
activity.

In addition, some of the physical characteristics of the
NAF in ATL-2 conditioned medium were examined. This
activity was heat-stable (unaffected by 30 min at 100°C) and
sensitive to the protease chymotrypsin (26). Fractions from
gel filtration chromatography of concentrated ATL-2 condi-
tioned medium on a Protein-Pak 125 column (Waters) were
analyzed. Most of the dose-dependent neu-activating activity
eluted in the 8- to 24-kDa range (data not shown). Similarly,
most of the neu-activating activity passed through a 30-kDa-
cutoff membrane (data not shown). Although there was
evidence of larger forms, most of the neu-activating activity
contained in the ATL-2-conditioned medium appeared to
exist as one or multiple species of <30 kDa.

Recently, several groups have described factors that in-
teract with the neu protein (21-23). The neu-activating ac-
tivity associated with ras-transformed fibroblasts (21) was
able to induce p185 kinase activity, internalization, and the
proliferation of pl185-expressing cells. Another neu-
activating activity, identified in bovine kidney extracts, was
mitogenic for p185 expressing cells and was able to decrease
the half-life of surface p185°™" (23). A glycoprotein derived
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from the human MDA-MB-453 breast cancer cell line (22)
activated both p185 and EGFR, displayed a molecular mass
of 30 kDa, and inhibited the growth of human p185 (c-erbB-
2)-overexpressing cells. The more prominent specificity of
NAF for the neu protein compared with the EGFR, the
distinct low molecular weight estimates, and its ability to
induce p185 dimerization suggest that NAF may be distinct
from the other neu-actwatmg factors recently described.

Differences in the sourcé of all of these neu protein-
activating activities, in the nature of the purification strate-
gies for each, and in the types of assays used to examine these
activities make it difficult to compare and distinguish these
factors completely at this time. Ultimately, the similarities
and differences between these molecules will be revealed
with the cloning and sequencing of these factors. These
factors should help clarify the role of the neu protein in cell
growth and transformation and may also provide the basis for
the generation of molecular interventions aimed at the human

malignancies in which the c-erbB-2 protein has been impli-
cated.
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