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Various experimental approaches have shown that loss of func
tional ErbB2 in tumor cells overexpressing the receptor causes growth
inhibition. ErbB2-specific mAbs that cause down-regulation of the
receptor tend to be growth inhibitory (19â€”22),and antibody-induced
down-regulation of the neu oncoprotein from the cell surface leads to
reversion of neu transformed fibroblasts (23). Intracellularly cx
pressed ErbB2-specific scFvs that prevent the appearance of the
receptor on the plasma membrane by retaining it in the endoplasmic
reticulum revert ErbB2-induced transformation (24) and selectively
inhibit growth of the ErbB2-overexpressing breast tumor cells
SKBR3, MDA-MB453, and AU565 (25) as well as SKOV3 ovarian
tumor cells (26). The experiments described in this paper show that
NDF treatment down-regulates ErbB2 and selectively inhibits the
growth of tumor cells that overexpress ErbB2. In addition, we dem
onstrate for the first time that in SKBR3 cells NDF induces a G2-M
block followed by apoptosis.

MATERIALS AND METHODS

Materials. RecombinantNDF isoforms were a gift from Amgen (Thou
sand Oaks, CA). The NDF-j33 isoform (amino acids 14â€”241; numbering is

according to Ref. 27) was used in the majority of the experiments. Recombi

nant human EGF was purchased from Sigma Chemical Co., and recombinant
human BTC and HB-EGF were purchased from R & D Systems. The anti
bodies used were: ErbB2-specific 21N polyclonal antiserum (28), ErbB3-
specific affinity-purified polyclonal antibody C17 (Santa Cruz Biotechnology),

and phosphotyrosine-specific mAb (29). Six-well culture dishes coated with
different ECM proteins were from Collaborative Biomedical Products (Becton
Dickinson). Other reagents included YOPRO-l (Molecular Probes) and

Annexin V-FITC (Genzyme Diagnostics).
Cell Culture. The human breast carcinoma cell lines SKBR3, AU565,

MDA-MB453, MDA-MB361, T47D, and MCF7 and the ovarian carcinoma
cell line SKOV3 were maintained in DMEM (Life Technologies, Inc.) sup
plemented with 10% FCS (Life Technologies, Inc.). T47D cells were infected
with a pBabe-neo retrovirus encoding ErbB2 (30). The infected cells were

selected, pooled, and maintained in 1.5 mg/ml 0418 (T47D-ErbB2 cells).
Selective medium was replaced by normal medium before growth assays were

performed. Conditioned medium was taken at 24-h intervals from nearly

confluent cultures of SKBR3 cells and passed through a 0.45-sm filter before
use.

Growth Assays. Unless otherwise stated, colony assays were performed by
plating 3 x l0@ cells onto a 10-cm dish in 10 ml of medium. Cells were left

overnight to attach before the addition of growth factors. However, similar
results were obtained when the factor was applied at the time of plating. In
most instances, the plates were left for 7â€”8 days without change of medium,
fixed for 10 mm in a 3:1 solution of methanol:acetic acid, and stained for 20
mm in Giemsa stain (Fluka). Colonies larger than 50 @min diameter were
counted using an Artek 880 colony counter (Dynatech Laboratories, Inc.).
Experiments were performed in triplicate, and data are presented as
means Â±SD. Because the size distribution of colonies was not affected by
NDF, colony number is a good representation of relative cell number. When
3 X l0'@ or more cells were plated, the cells were counted at the end of the

growth assay, because the colonies tended to merge.
Growth factors were tested for their ability to protect SKBR3 cells from

NDF-induced growth inhibition. These included EGF (10 ng/ml), colony
stimulating factor 1 (10 ng/ml), platelet-derived growth factor BB ( 10 ng/ml),
stem cell factor (100 ng/ml), bFGF (10 ng/ml), aFGF (10 ng/ml), hepatocyte
growth factor (40 ng/ml), IGF-I (10 ng/ml), IGF-II (10 ng/ml), and insulin (5
@xg/ml).The factors were added 1 h before the addition of 0.2 rest NDF.

ABSTRACT

Neu differentiation factor (NDF), a member of the epidermal growth
factor (EGF)-related peptide family, activates ErbB2 via heterodimeriza
tion with the NDF receptors ErbB3 and ErbB4. In a similar fashion, EGF
receptor (EGFR) agonists induce heterodimers of EGFR and ErbB2. In
this paper, we show that the ErbB2-overexpressing breast tumor cells
SKBR3, AU565, and MDA-MB453 are growth inhibited by NDF. Cells
with elevated levels of ErbB2 but little or no NDF receptors (SKOV3 and
MDA-MB361) or cells with low levels of ErbB2 (T47D and MCF7) are not

growth inhibited. None of the EGFR agonists tested (EGF, f3-cellulin, or

heparin-binding EGF) inhibited growth of ErbB2-overexpressing cells.
These results suggest that formation of an ErbB2INDF receptor het
erodimer, but not of an ErbB2/EGFR heterodimer, promotes growth
inhibition. In addition, NDF caused a down-regulation ofErbB2 but not of
ErbB3. The mechanism underlying the inhibitory effect was examined
further in SKBR3 cells, which are 95% growth inhibited by NDF. A G2-M
arrest is seen 24 h after NDF treatment, and increased apoptosis is
detectable from day 2 onward. The results demonstrate for the first time
that NDF induces apoptosis of tumor cells overexpressing ErbB2.

INTRODUCTION

The erbB-2 gene encodes a receptor tyrosine kinase that is a
member of the EGFR3-related or ErbB family (1). Amplification
and/or overexpression of erbB-2 is observed in tumors arising at many

sites, including breast and ovary (2, 3), where it correlates with an
unfavorable patient prognosis (reviewed in Ref. 4). An intense search

for ErbB2-activating peptides led to the discovery of NDF (5), also
named heregulin (6). This factor was identified and isolated based on
its ability to activate ErbB2. However, ErbB2 does not directly bind

NDF. Instead, ErbB3 and ErbB4 function as the direct receptors for
NDF (7, 8), and NDF-induced tyrosine phosphorylation and activation
of ErbB2 occurs via heterodimerization and transphosphorylation

(8, 9).
NDF stimulates the in vivo growth of mammary epithelium (10)

and the in vitro growth of normal mammary cells (1 1, 12) and breast
tumor cell lines with low levels of ErbB2 (13, 14). In contrast, NDF
has been reported to have both growth-stimulatory effects (6, 14, 15)
as well as growth-inhibitory effects (16â€”18)on breast tumor cells
overexpressing ErbB2. These differences may reflect the heterogene
ity in breast tumor cell lines and/or reflect differences in the assays
used. In addition, because NDF does not directly bind ErbB2 but
activates it via heterodimerization with ErbB3 or ErbB4, the effect of
NDF also depends on the cell-specific pattern of expression of these
ErbB family members.
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NDF-INDUCED APOPTOSIS

Medium was changed 24 h later, and the factors were renewed in the absence
of NDF. Media plus growth factors were changed twice, and the plates were
stained 8 days later.

Western Blot Analysis. Cells were lysed on ice for 10 mm in Triton
extraction buffer, containing 50 mr@iTris (pH 7.5), 5 msi EGTA, 150 mi@iNaCI,

1% Triton X-lOO, 2 mM sodium orthovanadate, 50 mM sodium fluoride, 10 mM
sodium molybdate, 20 @Mphenylarsine oxide, 1 mr@iphenylmethylsulfonyl
fluoride, 10 ,.Lg/ml leupeptin, and 10 @tg/mi aprotinin. The lysates were

collected, transferred to an Eppendorf tube, and clarified by centrifugation for
10 mm at 16,000 x g. Equal amounts (â€”50 @g)of lysates were analyzed by
7% SDS-PAGE and electroblotted onto polyvinylidene difluoride membranes.

Membranes were blocked in 20% horse serum in TTBS [50 mMIris (pH 7.5),
150 mr@iNaC1, and 0.05% Iween 20], probed with specific antibodies, and
visualized with peroxidase coupled secondary antibodies using the enhanced

chemiluminescence detection system (Amersham Corp.). Filters were stripped

in a buffer containing 62.5 mr@iIris-HC1 (pH 6.8), 2% SDS, and 100 mM

@-mercaptoethanol for 30 mm at 65Â°C; washed three times in â€˜lTBS; blocked;

and reprobed with the indicated antibodies.
Analysis ofCell Cycle and Apoptosis by FACS. Inall ofthe experiments,

SKBR3 cells were seeded at low density and harvested by trypsinization after
1â€”6days of NDF treatment. Cell cycle analysis was performed by incubating
cells for 20 mm in PBS containing 0.1% NP4O, 5 mn EGTA, 5 mr@,iEDTA, 5

@g/ml P1, and 100 p@g/ml RNase A. DNA content (P1 fluorescence) was

expressed in cell cycle histograms and plotted against FSC to determine
the cell cycle specificity of apoptosis (31). Measurement of cell death by
YOPRO-l staining (32) was performed by incubating cells for 10 mm in PBS
containing 2.5 p@ YOPRO-l prior to FACS analysis. Detection of apoptosis
by annexin binding was performed by staining cells for 20 mm at room
temperature in annexin binding buffer containing FIIC-conjugated annexin V
(Genzyme) and 5 @.sg/mlP1. Cells staining positive for P1 were gated out to
exclude them from the analysis.

Measurement of Apoptosis by fluorescence Microscopy. After treat
ment with NDF for various times, attached SKBR3 cells were scraped from the
plates, cytospun (4 mm at 140 X g) onto SuperFrost Plus slides (Menzel
Glaeser, Braunschweig, Germany), and fixed for 15 mm with cold 3.7%
formaldehyde in PBS. The nuclei were stained with a solution containing 50

@Lg/mi P1, 0.1% Triton X-l00, 0.1% sodium citrate, and 20 @g/ml RNase A in

PBS for 20 mm at room temperature. Apoptotic nuclei were counted by
examination of their morphology with fluorescent microscopy.

RESULTS

NDF Inhibits Growth of Human Breast Carcinoma Cell Lines
with High ErbB2. To date, there is no consensus on the effects of
NDF on growth of ErbB2-overexpressing tumor cells. There are
various possible reasons for this, including the assay conditions and
the pattern of ErbB receptor expression in a particular tumor cell line.
We compared the effects of NDF on the growth of tumor cell lines
that express different combinations of ErbB receptors (Table 1).
Preliminary experiments showed that growth effects were observed
best on low-density cultures. Therefore, cells were seeded at low
density on culture dishes, and colonies were stained and counted after
8 daysineithertheabsenceorpresenceofNDF.TheErbB2-overex
pressing SKBR3, AU565, and MDA-MB453 cell lines were dramat
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Fig. I. Growth inhibition by NDF is specific to breast tumor cells that bind NDF and
overexpress ErbB2. A. colony formation assays were performed on the indicated cell lines,
which grew in the continuous presence or absence of I nsi NDF. B, SKBR3 cells were
grown continuously in the indicated concentration of EGF-related ligands. C. dose
response curve for SKBR3 cells treated for 8 days with continuous NDF at various
concentrations. After 8 days of growth without change of medium, colonies were fixed,
stained, and counted. Results are expressed as mean percentages of untreated controls;
bars, SD.

a Numbers in parentheses indicate references.
b M. ieschke, personal communication.

C Detectable by PCR (36); NDF binding negative (38).

d ND, not determined.
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ically growth inhibited by NDF. NDF had no significant effect on the
growth of the breast tumor cells lines T47D, MCF7, and MDA-MB
361 or the ovarian tumor cell line SKOV3 (Fig. lA). The SKOV3
ovarian tumor cells overexpress ErbB2 but do not bind NDF (38). The

MDA-MB361 breast tumor cells moderately overexpress ErbB2 but
have low numbers of NDF-binding sites (15). Thus, the results sug
gest that NDF inhibits the growth of tumor cells that overexpress

ErbB2 in combination with at least moderate levels of a NDF receptor.
ErbB2 is also activated by ligands that bind EGFR via receptor

heterodimerization (14, 39). We compared the effect of NDF to that of
three EGFR agonists, EGF, BTC, and HB-EGF, on the growth of
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Table 2 NDF inducesapoptosis in SKBR3ceilsaDays

in presence of NDFPercentage

apoptosisControlNDFI1.060.5021.039.8330.8812.1041.4522.0251.0014.5861.5215.3171.4715.09Mean

(days 2â€”7)1 .2014.82

NDF-INDUCED APOPTOSIS

BA

Fig. 2. NDF causes apoptosis in SKBR3 cells.
SKBR3 cells were treated with NDF for 4 days, and
cells were collected and stained with P1 as de
scribed in â€œMaterialsand Methods.â€•Arrows, exam
pIes of apoptotic nuclei. These photomicrographs
are representative of samples taken between days 2
and 7. The results are quantified in Table 2.

SKBR3 cells. The experiment was carried out as above, and colonies
of three size ranges were quantified. NDF inhibited the growth of
SKBR3 cells by 95%. EGF had no effect on growth, and BTC and
HB-EGF were slightly growth stimulatory (120% of control; Fig. 1B).
Therefore, activation of ErbB2 via heterodimerization with EGFR
does not inhibit growth of ErbB2-overexpressing tumor cells.

Individual NDF isoforms were also examined for their effects on
SKBR3 cells. The NDFa-l, -2, and -3 and the NDF3-l, -2, and -3
isoforms as well as truncated forms (EGF-like domain) all inhibited
the growth of SKBR3 cells (data not shown). The j3 isoforms of NDF
were more potent than the a isoforms, possibly due to the higher
affinity of the former for NDF receptors (27).

To determine the IC50 for NDF-induced inhibition of SKBR3 cell
growth, cells were placed for 8 days in media containing different
concentrations of NDF. The IC50 for NDF inhibition of SKBR3 cells
was between 1 and 10 @M(Fig. 1C). NDF did not stimulate growth of
SKBR3 cells at any of the doses tested. In another experiment,
SKBR3 cells were exposed to I nM NDF for different lengths of time
before being washed four times and incubated in normal medium.
Exposure to NDF-containing medium for only 5 mm was sufficient to
produce >85% growth inhibition (data not shown). NDF is clearly a
very potent growth inhibitor in these assays, and its continued pres

ence in the medium is not required for this biological activity.
NDF Causes a G2-M Arrest and Apoptosis. In NDF-treated

cultures of SKBR3 cells, we observed many floating cells, the ma
jority of which were shown to be dead by trypan blue exclusion.
Increased cell death was also shown by exclusion of the nuclear dye
YOPRO-l (Ref. 32; data not shown). This suggested that NDF treat
ment of SKBR3 cells induced cell death rather than simply a reduction
in the rate of cell division. These results are consistent with the fact

that NDF inhibited the number of colonies to a similar degree in all
size ranges (Fig. lB). To test directly for NDF-induced apoptosis,
SKBR3 cells were plated at 3 X l0@cells per 10-cm dish and treated
with 1 nMNDF for up to 7 days. At daily intervals, cells were removed
from the dish and apoptotic nuclei were visualized by fluorescence
microscopy (Fig. 2) and quantified (Table 2). The percentage of
apoptosis was higher in NDF-treated cultures versus control cultures

from day 2 to day 7. The mean level of apoptosis during this time was
12 times higher than that observed in control cultures (14.8 versus
1.2%).

The appearance of phosphatidylserine on the outer leaflet of the
plasma membrane, which is a marker of apoptosis in many cell
lineages, can be measured using annexin V. a protein with a high
affinity for this aminophospholipid (40). FITC-conjugated annexin
was used to measure phosphatidylserine externalization on SKBR3
cells treated with NDF for 3â€”6days. A FACS analysis revealed that

the NDF-treated cells bind 2.5 times more FITC-conjugated annexin
than the control cells (data not shown).

To determine whether apoptosis was preceded by a cell cycle block,
we performed FACS analysis of low-density cultures treated for 1â€”3
days with NDF. Fig. 3 shows that NDF causes a G2-M block within

24 h. Compared to control cultures with 18% of the cells in G2-M, the
proportion of cells in G2-M increased to 43% after 1 and 3 days of
NDF treatment. This was paralleled by a decrease in@ cells from
74% in the control cultures to 49% in the NDF-treated cultures. The
NDF-treated cells did not recover from this cell cycle block, but rather
a subset of G2-M cells (23% at day 3) showed decreased FSC (Fig. 3,
bottom), which is indicative of apoptosis (31).

SKBR3 Cells Are Protected from NDF by Secreted Factor(s).
When different amounts of SKBR3 cells were plated and treated for

7 days with NDF, we observed greater growth inhibition in plates
seeded at lower cell densities (Fig. 4A). There could be various

reasons to explain why the cells at high density were protected from
the inhibitory effects of NDF, including a survival effect of either the
ECM deposited by confluent cultures or factors secreted into the
medium by dense cultures. To test these alternatives, SKBR3 cells
were plated sparsely on ECM deposited by dense cultures of either
SKBR3 cells or HCI 1 mouse mammary epithelial cells (41). In
neither case were the cells protected from the growth-inhibitory
effects of NDF (data not shown). NDF also inhibited the growth of
SKBR3 cells plated sparsely on commercially available tissue culture
dishes coated with fibronectin, laminin, polylysine, collagen I, or
collagen IV (not shown).

The conditioned medium of dense cultures of SKBR3 cells was
tested for its ability to oppose the growth-inhibitory effect of NDF.

aAftertreatmentwithNDFfortheindicatedtimes,attachedSKBR3cellswere
scraped from the plates, cytospun onto SuperFrost Plus slides, and fixed for 15 mm with
cold 3.7% formaldehyde in PBS. The nuclei were stained with a P1-containingsolution,
and apoptotic nuclei were counted by examination of their morphology with fluorescent
microscopy. The data are presented as percentage apoptosis. The mean level of apoptosis
between days 2 and 7 was 14.8%, which is 12 times higher than that observed in control
cultures (1.2%). This difference was significant at P < 0.001.
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NDF-INDUCED APOPTOSIS

the presence of growth or survival factor(s) in this medium (Fig. 4B).
In the presence of NDF, plates treated with conditioned medium had
five times more colonies than control NDF-treated cultures (100
versus 20%). This indicates that a secreted factor(s) provides protec
tion from NDF-induced apoptosis and does not simply stimulate
growth.

We tested the following peptide growth factors for their ability to
rescue SKBR3 cells from the growth-inhibitory effect of NDF: EGF;
colony-stimulating factor 1; platelet-derived growth factor BB; stem
cell factor; bFGF; aFGF; IGF-I; IGF-2; hepatocyte growth factor; and
insulin. Only bFGF had growth-promoting activity (120 versus
100%); however, it did not protect the cells from NDF. Plates treated
with NDF plus IGF-I or insulin had 20% more colonies than with
NDF alone (data not shown). However, this figure is much lower than
the 5-fold increase seen with conditioned medium.

Ectopic Overexpression of ErbB2 Does Not Cause Sensitivity to
NDF-induced Growth Inhibition. All of the tumor cell lines that are
growth inhibited by NDF overexpress a constitutively active ErbB2,
as evidenced by its high content of phosphotyrosine. Furthermore, the
binding of NDF to its receptor is enhanced by high levels of ErbB2
(42). Therefore, the level of ErbB2 influences both its basal activity as
well as the response of the cells to NDF. We tested whether T47D
cells that are insensitive to NDF-induced growth inhibition might
become sensitive following ErbB2 overexpression. The T47D-ErbB2
cells were isolated via retroviral infection with an ErbB2 expression

vector. SKBR3 and T47D-ErbB2 cells expressed equivalent levels of
ErbB2 and phosphotyrosine at Mr 185,000 (Fig. 5A). To test for the
effects of NDF on growth, T47D-ErbB2 cells, control viral infected
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Fig. 3. NDF-induced apoptosis is preceded by a G2-M cell cycle block. SKBR3 cells
were incubated at low density for 1â€”3days in the presence (bottom) or absence (top) of
NDF. After harvesting by trypsinization, the cells were lysed and stained with P1. Cell
cycle histograms (DNA content versus counts) demonstrate a shift from G1 to G2-M after
1â€”3days in the presence of NDF. A decrease in FSC, which is indicative of apoptosis, can
be seen in the dot plots of cells treated for 2â€”3days with NDF (DNA content versus FSC).
This change is specific to the G2 fraction (bottom right. Ap).
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Fig. 4. Effect of cell density and conditioned medium on growth inhibition of SKBR3
cells by NDF. A. the indicated number of cells were plated and treated with continuous
NDF at 1 nMwithout change of medium. Growth relative to controls was measured on day
7 by cell counting 130,000 (30K) and 150,000 (150K)] or colony counting [3,000 (3K)l.
B, SKBR3 cells (3,000) were plated, left overnight to attach, and then treated for I day
with 1 mi NDF in normal medium or medium conditioned for 1 day by near-confluent
SKBR3 cells. Cells were fed each day with new medium or conditioned medium, and
colonies were counted on day 8. Data are means; bars, SD. >5O@tm >1OO@tm >2OO@zm

SKBR3 cells were plated with or without NDF in either normal
medium or medium conditioned by near-confluent cultures. Exposure
to NDF was limited to the first 24 h. Cells were fed each day with
fresh medium or 24 h-conditioned medium. In the absence of NDF,
conditioned medium resulted in 1.5 times more colonies, indicating

Fig. 5. A. levels of ErbB2 and phosphotyrosine in SKBR3, T47D, and T47D-ErbB2
cells. Equal amounts of total protein were subjected to SDS-PAGE, blotted. and analyzed
for phosphotyrosine-containing proteins (top). The blot was stripped and reprobed with
ErbB2-specific 2lN serum (bottom). B, ectopic expression of ErbB2 in T47D cells does
not induce sensitivity to NDF. T47D and T47D-ErbB2 cells were treated continuously
with NDF, and colonies were counted 8 days later. Data are means; bars. SD.
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Fig. 6. A and B. effect of NDF on tyrosine
phosphorylation of ErbB receptors. Subconfluent
cultures of SKBR3 cells were treated with I nsi
NDF for 5 mm. ErbB2 (A) and ErbB3 (B) were
immunoprecipitated from, respectively, 200 ,xg and
I mg of total lysate, subjected to SDS-PAGE, blot
ted, and probed with phosphotyrosine-specific
mAb (A and B. top). The blots were stripped and
reprobed with ErbB2-specific 2lN serum (A, hot
torn) and ErbB3-specific CI7 serum (B. bottom). C.
down-regulation of ErbB2 following long-term
NDF treatment. Sparse cultures of SKBR3 cells
were treated with I nM NDF for up to 2 days.
Twenty@ of protein lysates were subjected to
SDS-PAGE and blotted, and the filter was probed
with phosphotyrosine mAb (top). The filter was
stripped and reprobed with ErbB2-speciflc 2lN
serum (bottom). treatment ? 4@ P

cells, as well as parental T47D cells were treated at low density with

1 nM NDF for 8 days. NDF did not inhibit the growth of any of these
cell lines (Fig. SB). These results show that overexpression of ErbB2
per se does not cause sensitivity to NDF-induced growth inhibition.

NDF Activates ErbB2IErbB3 Dimers in SKBR3 Cells. To un
derstand the mechanism underlying the effects of NDF on ErbB2-
overexpressing tumor cells, we examined the ErbB receptors and their
level of phosphotyrosine. SKBR3 cells have a high basal level of
phosphotyrosine on ErbB2. Immunoprecipitation of ErbB2 revealed
that short-term treatment of SKBR3 cells with NDF did not cause a
detectable increase in its phosphotyrosine content (Fig. 6A). However,
NDF did cause a decrease in the mobility of ErbB2. This may reflect
qualitative changes in tyrosine phosphorylation or increased phospho
rylation of serine and threonine residues, which was shown previously

to decrease the mobility of ErbB2 (43). NDF treatment did increase
the tyrosine phosphorylation of ErbB3, as evidenced following its
immunoprecipitation with a specific antiserum (Fig. 6B). Basal ErbB3
tyrosine phosphorylation, as well as the NDF-induced increase, is
likely due to heterodimerization of ErbB3 with ErbB2, because

SKBR3 cells do not contain detectable levels of ErbB4 (36).
NDF Induces the Down-Regulation of ErbB2 but not ErbB3.

We examined the level of ErbB2 and phosphotyrosine in sparsely
plated SKBR3 tumor cells treated with NDF. After 2 days, there was
a 23-fold decrease in the amount of ErbB2 and a 35-fold decrease in
phosphotyrosine at p185, which could reflect ErbB2 and ErbB3,
because both migrate in this region of the gel (Fig. 6C). In this

experiment, the level of ErbB2 decreased to the same extent in cells
that were protected from the inhibitory effects of NDF by treatment
with conditioned medium (data not shown). This suggests that the

factor(s) that protects the cells from NDF does not function by
preventing ErbB2 down-regulation.

When confluent cultures of SKBR3 cells were treated with NDF for
3 days, a down-regulation of ErbB2 (Fig. 7A, left) as well as phos
photyrosine (not shown) was observed, although it was not as dra
matic as in sparse cultures (Fig. 6C). In a similar manner, NDF
induced the turnover of ErbB2 in T47D cells (Fig. 7A, right). In
contrast, ErbB3 protein levels were unchanged in SKBR3 and in

T47D cells (Fig. 7B). We conclude that the down-regulation of ErbB2
is a natural response of cells to NDF treatment.

DISCUSSION

In this paper, we demonstrate that NDF selectively inhibits the
growth of tumor cells that overexpress ErbB2. The mechanism un
derlying the inhibition was examined in SKBR3 cells, in which we
observed that NDF-treated cells accumulated in G2-M followed by
apoptosis. NDF stimulates the in vivo growth of mammary epithelium

(10) andthe in vitrogrowthof normalmammarycells andsome breast
tumor cell lines (1 1â€”13).There is, however, no consensus concerning
the effect of NDF on ErbB2-overexpressing tumor cell lines. Low
concentrations of NDF were shown to be growth stimulatory for
AU565 cells whereas higher amounts were inhibitory (17). NDF has
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caused a down-regulation of the receptor (17). The results suggest
that, whereas ErbB2 down-regulation is the natural consequence of
NDF treatment, the cellular responses to NDF are dramatically dif
ferent, ranging from growth promotion of cells with low levels of
ErbB2 (1 1, 12, 13) to apoptosis of SKBR3 cells.

In contrast to the results with ErbB2, we have observed that NDF
did not down-regulate ErbB3 in SKBR3 cells or in T47D cells. The
same result was reported for cells ectopically expressing ErbB3 and
ErbB4 (47). Interestingly, scFv toxins, which require internalization
for activation, have potent antitumor activity when targeted to ErbB2
(48) or EGFR (49) but not when targeted to ErbB3.4 Taken together,
the results suggest that ErbB3 may reside mainly on the plasma
membrane, whereas the cellular localization and level of ErbB2 may
be more closely regulated. It has been observed that treatment of
AU565 and MCF7 cells with retinoic acid or phorbol I2-myristate
13-acetate leads to a loss of ErbB2 from the plasma membrane (50).
In addition, IFNy treatment of ovarian tumor cells down-regulated
ErbB2 protein levels (51). Because these compounds, like NDF, all
down-regulate ErbB2 and cause growth inhibition, it is tempting to
speculate that the two phenomena are causally related. At this stage,
we cannot say conclusively whether down-regulation of ErbB2 is the
cause of NDF-induced growth inhibition. However, there is consid

erable evidence to suggest that tumor cells that overexpress ErbB2 are
dependent on the presence of an active ErbB2 for survival (19â€”23,25,
26). Furthermore, ecotopic overexpression of ErbB2 in T47D cells
that do not require active ErbB2 for growth (13, 25) did not induce
sensitivity to growth inhibition by NDF.

NDF rapidly induced a G2-M block in sparse cultures of SKBR3
cells, which was followed by apoptosis. It has previously been re

ported that NDF treatment of AU565 cells leads to an accumulation of
cells in 02; however, apoptosis was not examined (52). Lewis ci a!.
(15)reportedthatadditionof NDFto denseculturesof SKBR3cells
stimulated [3H]thymidine incorporation, an increase in S-phase frac
tion, and an increase in cell number. It is possible that the increased
G2-M fraction shown in the present study results from a synchronous
push of the cells through S phase and into G2-M by NDF. In dense
cultures, we also observed an accumulation of cells in G2-M following
1 day of NDF treatment (not shown), although the cells apparently
complete cell division, given that no growth inhibition was observed.
Sparse cultures of NDF-treated SKBR3 cells apparently cannot com
plete mitosis but undergo apoptosis.

NDF-induced growth inhibition and apoptosis may result from the

effect of NDF on ErbB2 expression level and/or may result from
activation or inhibition of specific intracellular pathways. The effects
of NDF are likely due to the promotion of ErbB2/ErbB3 heterodimers,
because SKBR3 cells do not have detectable levels of ErbB4. In
SKBR3 cells, NDF treatment led to an increase in the tyrosine
phosphorylation of ErbB3 as well as activation of ERK2. Although
the level of phosphotyrosine on ErbB2 was not increased by NDF
there may be qualitative differences in the NDF-activated receptor.
We did observe a mobility shift, which is likely due to an increase in
serine or threonine phosphorylation (43). Thus, the possibility that
ErbB2 couples to different intracellular signaling pathways as part of
an ErbB2IErbB3 heterodimer compared to an ErbB2/ErbB2 ho
modimer is quite likely. We have shown recently that EGFR couples
to Shc when activated by a NDF receptor or when activated by EGFR
agonists. In contrast, EGFR couples to Cbl only when it is activated
by an EGFR agonist and not as part of an EGFRINDF receptor
heterodimer (53).

ErbB2 has been implicated in the development of many types of
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Fig. 7. NDF causes down-regulation of ErbB2 but not ErbB3. Subconfluent cultures of

SKBR3 and T47D cells were treated continuously with 1 nsi NDF for 3 or 4 days. One
hundred @xgof protein lysates were subjected to SDS-PAGE, blotted, and probed with
ErbB3-specific C17 serum (B). The filter was stripped and reprobed with ErbB2-speciflc
2lN serum(A).

been reported to cause a flattening of MDA-MB453 cells, either with
(18) or without (37) growth inhibition. The responseof a cell line to
NDF can be influenced by the concentration of FCS (15) or, as shown
here, by plating density. In contrast to our results, Lewis et al. (15)
reported that NDF stimulated SKBR3 cell growth. However, their
experiments were carried out over short periods of time with higher
numbers of SKBR3 cells seeded initially. We have observed that the
growth-inhibitory effects of NDF on SKBR3 cells were highest when

cells were plated at low density; i.e., the higher the cell density the less
dramatic the effect. Conditioned medium from high-density cultures
of SKBR3 cells protects the cells from NDF-induced cell death, which
might provide the explanation for the density effect. Some ErbB2-
overexpressing tumor cells secrete the extracellular domain of the
receptor into the medium (44); however, there have been no reports of
cells that secrete the extracellular domain of the NDF receptors ErbB3
or ErbB4. Nevertheless, it was possible that conditioned medium
prevented NDF from binding its cellular receptor. This does not
appear to be the case, because SKBR3 cells responded to NDF both
in the presence and in the absence of conditioned medium; i.e., ErbB2
was down-regulated, and ERK2 was activated (data not shown). An
alternative possibility is that SKBR3 cells secrete peptide factors that

accumulate in dense cultures and protect the cells from NDF. Of the
numerous factors examined, only insulin and IGF-I showed a slight
protective effect, and these were not nearly as effective as conditioned
medium itself. The protective factor(s) in the conditioned medium
awaits further characterization.

It has been suggested that ErbB family members, with the exception
of EGFR, are not rapidly down-regulated in response to ligand (45,
46). It is possible that the down-regulation of ErbB2 is not as quick as
that of EGFR, which internalizes and turns over very rapidly follow
ing ligand activation (see, e.g., Ref. 46). Nevertheless, in each of the
cell lines we examined, NDF induced down-regulation of ErbB2. An
immunohistochemical analysis carried out on AU565 breast tumor

cells also showed that NDF promoted a loss of cell surface ErbB2 and
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human cancers, making it a strongly pursued target for therapy (4).
Various approaches are being taken in this direction. Recombinant
scFv toxins targeted to the extracellular domain of the receptor spe
cifically kill ErbB2-overexpressing tumor cells (48). Inhibitors that
block the activity of the ErbB kinase family are being developed (54).
Antisense ErbB2 oligonucleotides induce a loss of ErbB2 protein and
an inhibition of tumor cell growth (55). An ErbB2-specific mAb that
down-regulates the receptor (I 9) has shown some promise in the first
clinical trials on breast cancer (56). The results presented here em
phasize the importance of overexpressed ErbB2 in the growth of the
tumor cells and provide an incentive to explore other therapeutic
strategies that may modify or down-regulate this receptor.
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