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Summary 

The neu/HER-2 proto-oncogene (also called erbB-2) 
encodes a transmembrane glycoprotein related to the 
epidermal growth factor receptor. We have purified to 
homogeneity a 44 kd glycoprotein from the medium of 
razz-transformed cells that stimulates phosphorylation 
of the Neu protein and retains activity afterelution from 
the polyacrylamide gel. The protein is active at pico- 
molar concentrations and displays a novel N-terminal 
sequence. Cross-linking experiments with radiola- 
beled p44 result in specific labeling of Neu, indicating 
that p44 is a ligand for Neu or a related receptor. The 
purified protein induces phenotypic differentiation of 
cultured human breast cancer cells, including altered 
morphology and synthesis of milk components. This is 
accompanied by an increase in nuclear area, inhibition 
of cell growth (probably by cell cycle arrest at the late S 
or the G2/M phases), and induction of DNA polyploidy. 
We propose the name Neu differentiation factor (NDF) 
for p44. 

Introduction 

Several receptors for polypeptide growth factors belong 
to a family of transmembrane glycoproteins with intrinsic 
tyrosine kinase activity (Ullrich and Schlessinger, 1990). 
This group, which includes the receptors for the epidermal 
growth factor (EGF), insulin, and the platelet-derived 
growth factor, is characterized by the presence of a single 
transmembrane domain that connects a large extracellu- 
lar ligand-binding domain with acytoplasm-facing catalytic 
core. In addition to receptors for well-known growth and 
maintenance factors, several members of this family of 
tyrosine kinases appear to be regulated by yet unknown 
ligands (Hanks, 1991). The discovery and biochemical 
analysis of such new receptors may yield the identification 
of novel growth regulatory molecules that function as li- 
gands of receptor tyrosine kinases (Yarden, 1990a). 

The protein encoded by the neulHER-2 gene (also called 
er&3-2) is an example of such a receptor-like tyrosine ki- 
nase. It was first identified by its amplification in a human 
mammary carcinoma (King et al., 1985) and by virtue of its 

relatedness to the EGF receptor (Schechter et al., 1984; 
Semba et al., 1985). The full-length gene codes for a trans- 
membrane tyrosine kinase that shows extensive structural 
homologies with receptors for growth factors and particu- 
larly the EGF receptor (Coussens et al., 1985; Bargmann 
et al., 1986a; Yamamotoet al., 1986). The rodent homolog 
of the gene was shown to be activated as an oncogene by 
a point mutation that affects the transmembrane domain 
of the protein (Bargmann et al., 1986b). On the other hand, 
the human gene is amplified in adenocarcinomas from 
several tissues, and the protein is overexpressed in about 
25% of primary breast tumors (Kraus et al., 1987; Slamon 
et al., 1987; Varleyet al., 1987; van de Vijver et al., 1987). 
An association between gene amplification and overex- 
pression and clinical outcome has been reported in breast 
and ovarian cancers (Slamon et al., 1987; Varley et al., 
1987; Venter et al., 1987; Zhou et al., 1987; Berger et al., 
1988; Tsuda et al., 1989; Slamon et al., 1989). Consistent 
with these observations, ectopic overexpression of neul 
HER-2 can transform rodent fibroblasts (Di Fiore et al., 
1987; Hudziak et al., 1987). 

By using monoclonal antibodies (Yarden, 1990b; Scott 
et al., 1991) and chimeric Neu proteins (Lee et al., 1989; 
Lehvaslaiho et al., 1989; Peles et al., 1991; Fazioli et al., 
1991) it was possible to demonstrate that the tyrosine ki- 
nase of ~185”” can be stimulated and transmit growth 
regulatory biochemical signals. Based on the functional 
and structural homologies between ~185”~” and known re- 
ceptors for growth factors, we assumed the existence of 
an as yet unknown endogenous ligand of Neu. By em- 
ploying a series of biochemical assays, we screened po- 
tential biological sources of the ligand and identified 
oncogene-transformed fibroblasts (Ratl-EJ; Land et al., 
1983) as producers of an activity that specifically affected 
the functions of p185”““, including receptor down-regu- 
lation, autophosphorylation on tyrosine residues, and 
mitogenic activity (Yarden and Weinberg, 1989). Partial 
purification of this activity from the growth medium of ras- 
transformed Rat1 fibrobiasts revealed that the activity cor- 
responded to a heat-resistant and disulfide-containing gly- 
coprotein that was fractionated on a gel-filtration column 
as a broad peak at the range of 30-35 kd (Yarden and 
Peles, 1991). Other laboratories have reported Neu- 
specific activating factors that they partially purified from 
human breast cancer cells (Lupu et al., 1990) bovine kid- 
ney (Huang et al., 1990), and transformed human T cells 
(Dobashi et al., 1991; Davis et al., 1991). 

In the present report we describe the complete purifica- 
tion of the Neu stimulatory factor from Rat1 -EJ cells. Ho- 
mogeneity of the isolated 44 kd protein was demonstrated 
by protein sequencing of the amino terminus, and its inter- 
action with ~185”~” was demonstrated by using a covalent 
cross-linking reagent. The purified protein was found to 
stimulate the tyrosine phosphorylation of ~185”“” at very 
low concentrations and to induce extensive phenotypic 
changes of human adenocarcinoma cells, implying that it 
can function as a differentiation factor. 
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Figure 1. Purification of p44 from Ratl-EJ Conditioned Medium 

Serum-free medium was harvested from roller bottles containing Ratl- 
EJ fibroblasts and loaded on a 150 ml heparin-Sepharose column (A) 
preequilibrated with PBS. After washing with PBS, 0.2 M NaCI, the 
bound proteins were eluted with a 360 ml gradient of salt (indicated by 
a dashed line). Note that only the elution phase of this chromatography 
step is depicted in the absorption scan. For the ligand assay, each 
protein sample was incubated with a monolayer of MDA-MB453 cells 
grown in 48-well plates. The cells were lysed, and the whole-cell lysates 
were Western blotted with antibodies to phosphotyrosine. The blots 
were detected with peroxidase-conjugated protein A and a chemilumi- 

Results 

Purification of p44 from Ras-Transformed 
Fibroblasts 
For large-scale purification of the kinase stimulatory activ- 
ity, we grew Ratl-EJ cells in roller bottles to near conflu- 
ence and then replaced the serum-containing medium 
with serum-free medium. Three harvests of the medium 
were performed at 72 hr intervals, and the media were 
pooled. Initial fractionation of the starting material (120 
liter medium; 9.4 g of protein) was based on the moderate 
affinity of the factor to heparin (Yarden and Peles, 1991). 
Fractions of the heparin chromatography step were as- 
sayed for activation of ~185”~” tyrosine phosphorylation by 
using MDA-MB453 human breast carcinoma cells, which 
overexpress pl 85neU, as an indicator cell line. Living cells 
were incubated with dialyzed samples of column fractions, 
and the level of tyrosine phosphorylation of ~185 was de- 
termined by Western blotting with antibodies to phospho- 
tyrosine (Figure lA, inset). Active fractions were pooled, 
concentrated, and subjected directly to hydrophobic inter- 
action chromatography on a phenyl-Superose column 
(Figure 1 B). Two additional purification steps, including 
ion-exchange chromatography (Figure 1C) and chelating 
chromatography (Figure 1 D), were needed for complete 
purification of the biologically active molecule, as indi- 
cated by silver staining of the polyacrylamide gel-sepa- 
rated fractions (Figure 1 E). This analysis showed a diffuse 
doublet protein band of approximately 40-44 kd. Table 1 
summarizes the purification procedure; 20 pg of the pro- 
tein was isolated with an overall purification of 35,115fold 
and 7.5% recovery. 

To test the assignment of the Neu-specific function to 
the observed 44 kd protein rather than to a copurified pro- 
tein, we performed the following gel-elution assay: the final 
active material was separated by gel electrophoresis in 
the presence of sodium dodecyl sulfate (SDS), and gel 
slices were prepared. Each pieceof the gel was separately 
subjected to electroelution, and the eluted material was 
tested for activation of tyrosine phosphorylation of the Neu 

nescence reagent (Amersham). The results are shown as an autoradio- 
gram, and the fraction numbers are indicated (inset). For quantitative 
determination of the biochemical activity, the autoradiogram was 
scanned by an automated densitometer (closed circles). Active hepa- 
rin-Sepharose fractions were pooled, and (NH&SO4 was added to a 
final concentration of 1.7 M. This material was loaded onto a phenyl- 
Superose column (HR10110, Pharmacia). Column-bound proteins 
were eluted by decreasing the ammonium sulfate concentration (B), 
and fractions were tested for the presence of the ligand as described 
above. Active fractions were pooled, dialyzed, and loaded onto a 
Mono-S cation-exchange column (C). Fractions from this column were 
tested on MDA-MB453 cells for the induction of tyrosine phosphoryla- 
tion of the Neu protein (inset). A pool of the active fractions was fraction- 
ated by chromatography on act?+ chelating Superose column (HR2/5, 
Pharmacia). Bound proteins were eluted with a gradient of ammonium 
chloride, and the fractions were tested as described above (inset auto- 
radiogram). In addition, 0.01 ml samples of the active fractions were 
subjected to electrophoresis on a gradient (40/o-20%) polyacrylamide 
gel under reducing conditions. The gel was stained by using a silver 
staining kit(E). The locations of molecular size marker proteins (BRL, 
Bethesda, MD) are indicated in kilodaltons. 
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Table 1. Summary of the Purification of p44 

Sample 

Ratl-EJ medium 
Heparin-Sepharose 
Phenyl-Superose 
Mono-S 
Chelating Superose 

Protein Activity 

(mg) (RW 

9362 34546.6 
64.94 30715.2 
2.69 12388.6 
0.884 6248.5 
0.02 2591.5 

Specific 
Activity 
(RPUlmg) 

3.69 
474.8 
4604.6 
7403.4 
129575 

Purification Recovery 
(Fold) w 

1 100 
128.6 88.9 
1247.8 35.8 
2006.3 18 
35115 75 

Serum-free medium (120 liters) from three harvests of Ratl-EJ cells grown in 500 roller bottles was used in the purification protocol. Protein 
concentrations were determined by using a kit from Bio-Rad. The activity was determined by using whole-cell lysates from MDA-MB453 cells after 
stimulation with protein fractions. These were separated by gel electrophoresis and Western blotted with antibodies to phosphotyrosine. Quantitation 
was performed by densitometric scanning of the resulting autoradiogram and is indicated in relative phosphorylation umts (RPU). One unit is the 
extent of phosphorylation obtained by using a hypertonic shock of the cells (King et al., 1989). 

protein in MDA-MB453 cells. Evidently, the activity comi- 
grated with the 44 kd protein band (Figure 2) indicating 
that the kinase stimulator-y function was due to this protein. 

Amino-Terminal Sequence of p44 
Although the kinase stimulatory activity was associated 
with the major 44 kd protein, the active fraction could con- 
tain two or more distinct molecules with similar molecular 
weights. To test this possibility we subjected the active 
fraction resulting from the last purification step (see Figure 
1 D) to direct analysis of N-terminal amino acid sequence. 
Approximately 100 pmol (4.5 ug) of the purified material 
was analyzed by automated Edman degradation. In one 
extended sequencing run a major sequence was clearly 
identified through 23 cycles (Figure 3A). Two positions 
were unassigned owing to lack of signals. A secondary 
sequence (approximately one-tenth of the primary signal) 
corresponding to 20 aa, starting at the third amino acid of 
the primary sequence (lysine), was also detectable (Figure 
3A). The initial sequencing yield indicated a recovery of 85 
pmol of each amino acid in the primary sequence. This 
high yield, together with the presence of an essentially 
single N-terminal amino acid sequence, suggested that 
only one protein molecule, presumably including glycosyl- 

ation variants (see below) and minor N-terminal differ- 
ences, comprised the isolated active material. Neverthe- 
less, our analysis does not exclude the existence of an 
N-terminally blocked minor protein in the p44 fraction. 
Comparison of the N-terminal sequence of p44 with se- 
quences in several protein data bases (PIR-PROTEIN, re- 
lease 30; swissPROT, release 19; and GenPept, release 
69) showed no homology with known protein sequences. 
It is worth noting, however, that the amino terminus of p44 
is rich in proline and glycine residues and starts with a 
stretch of basic residues. 

p44 Is a Single-Chain Glycoprotein with 0- and 
N-Linked Sugars 
Our previous biochemical analysis of the partially purified 
Neu stimulatory factor (Yarden and Peles, 1991) indicated 
that the activity was labile to reduction. Complete reduc- 
tion of the purified factor, while abrogating the biochemical 
function, only slightly reduced the molecular weight (Fig- 
ure 38) indicating that intrachain, rather than interchain, 
disulfide bonds were essential for the biological function. 
The kinase stimulatory activity has been shown previously 
to bind specifically to the wheatgerm lectin (Yarden and 
Peles, 1991). To analyze directly the contribution of sugars 

Figure 2. Recovery of Kinase Stimulatory Activity after Gel Electrophoresis 

Two 100 ng samples of the isolated p44 were separated by electrophoresis under nonreducing conditions on a 4%-20% polyacrylamide gel. One 
lane was stained with silver (left panel). The other was cut into eight strips (labeled A-H), and the proteins were electroeluted and tested, by Western 
blotting. on living MDA-MB453 ceils for the induction of tyrosine phosphorylation of ~185”““. An autoradiogram of the Western blot is shown (right 
panel), and the location of the NeuIHER-2 protein is indicated by an arrowhead (none, no protein added; load, 100 ng of p44 without electrophoresis) 
Densitometric scanning of the autoradiogram is given in the center panel. 
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Figure 3. Biochemical Characterization of the Isolated p44 

(A) Amino-terminal sequences of isolated ~44; 100 pmol of purified 
p44 was subjected to automated sequence analysis. Amino acids were 
identified by performing phenylthiohydantoinyl amino acid analysis. 
The primary sequence obtained is given in the upper part, and the 
lower line depicts the secondary sequence. Cycles where no signals 
were recovered are marked by dashes. 
(B) Electrophoresis of p44 under reducing and nonreducing conditions; 
50 ng of the purified p44 was analyzed by electrophoresis on a gradient 
(4%-20%) polyacrylamide gel. Prior to electrophoresis the samples 
wereeithertreated for5min with j3-mercaptoethanol(2%,v/v)at 100°C 
or separated without prior treatment, as indicated. The silver-stained 
gel is shown along with the locations of molecular size marker proteins. 
(C) Deglycosylation of ~44. Radiolabeled p44 was incubated at 37°C 
with the indicated enzymes. After 18 hr the reactions were stopped by 
heating at 95% in gel sample buffer, and the proteins were subjected 
to gel electrophoresis. An autoradiogram (5 hr exposure) of the dried 
gel is shown. The locations of molecular size marker proteins are 
indicated by horizontal bars and kilodaltons. 

to the structure of ~44, the isolated protein was radiola- 
beled with lz51, as described in Experimental Procedures, 
and subjected to enzymatic deglycosylation. This analysis 
(Figure 3C) revealed that N-glycanase, which releases 
asparagine-linked oligosaccharides at the j&aspartylgly- 
cosylamine bond, reduced the molecular size of the pro- 
tein by only l-2 kd. The effect of removal of Gal-(3(1,3)- 
GalNAc core disaccharides (with 0-glycanase) was more 
extensive and led to an overall molecular size reduction of 
10 kd. In conclusion, O-linked sugars and sialic acid do- 
nate about 20% of the molecular weight of ~44, whereas 
N-linked sugars contribute less than 5% of the apparent 
mass and probably correspond to only one site of glycosyl- 
ation. 
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Figure 4. Induction of Tyrosine Phosphorylation by Purified p44 

Monolayers of the various indicated human tumor cell lines (only MDA- 
MB453 cells were used in [A]) were grown to subconfluency in 48-well 
dishes. The cells were then treated at 37°C with the indicated concen- 
trations of p44 (A) or with either 10 nglml p44 or 50 nglml EGF as 
indicated (B and C). After 5 min, cell lysates were prepared and sub- 
jected to gel electrophoresis (A and C), or first immunoprecipitated 
with the indicated antibodies and then electrophoresed (B). The re- 
sulting gels were analyzed by Western blotting with antibodies to phos- 
photyrosine, and the autoradiograms are shown along with the loca- 
tions of molecular size marker proteins. The blot shown in the upper 
part of (A) was stripped of bound antibodies to phosphotyrosine and 
reprobed with antibodies to NeuIHER-2. The resulting autoradiogram 
is shown in the lower part of (A). 

Kinase Stimulatory Activity of the Isolated Protein 
Determination of the concentration dependence of the ki- 
nase stimulatory effect of p44 revealed that the protein 
was active at a concentration of 1 nglml (22 pM, Figure 
4A). This concentration is similar to or even lower than the 
concentrations of other growth factors that stimulate their 
respective tyrosine kinases (reviewed in Yarden and UII- 
rich, 1988). Together with the amino-terminal protein se- 
quence analysis, the demonstrated dose dependence is 
consistent with the isolated p44 being the biologically ac- 
tive molecule. In the past, we were unable to separate an 
EGF receptor stimulatory activity from the Neu-specific 
function (Yarden and Peles, 1991). This led to the sugges- 
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Figure 5. Covalent Cross-Linking of Radiolabeled p44 to ~185”~” 
Purified p44 was radiolabeled by using the Bolton-Hunter reagent and 
then added to monolayers of MDA-MS453 or SKSR-3 cells (3 x lo5 
cells). A control culture also received an excess of unlabeled p44 
(Excess Cold). After 1 hr at 4°C the cells were transferred to incubation 
at 22% and a chemical cross-linker (EGS) was added to some plates 
as indicated. Cell lysates were prepared after 45 min at 22% and 
subjected to immunoprecipitation with either monoclonal antibodies to 
NeuIHER-2 or a control monoclonal antibody (MOPC-141 [NR]). The 
extensively washed immunocomplexes were separated by gel electro- 
phoresis (6% polyacrylamide), and the dried gel was exposed at 
-70°C to an X-ray film with an intensifier. The resulting autoradiogram 
(5 day exposure) is shown, and the locations of molecular size marker 
proteins are Indicated in kilodaltons. Arrowheads indicate the mono- 
mer (M) and dimer (D) forms. 

tion, which was also raised by others (Lupu et al., 1990), 
that the putative Neu ligand is also specific to the EGF 
receptor. The availability of a homogeneously purified pro- 
tein allowed direct biochemical examination of this ques- 
tion by analysis of the ability of p44 to stimulate tyrosine 
phosphorylation of the EGF receptor. The results of this 
experiment are presented in Figure 4. Evidently, p44 was 
able to increase tyrosine phosphorylation of the Neu pro- 
tein in several human breast carcinoma cells, but it could 
not activate phosphorylation of the EGF receptor on hu- 
man epidermoid carcinoma cells. The latter activity was 
induced by the addition of EGF, thus implying that the 
specificity of p44 is restricted to the NeuIHER-2 receptor. 
Nevertheless, a very slight increase in EGF receptor phos- 
phorylation on p44 treatment was observed after long ex- 
posures of the film to the Western blot (data not shown). 
This could be due to a transregulatory effect of ~185”“” on 
the EGF receptor, by analogy with the well-characterized 
reciprocal interaction (Stern and Kamps, 1988; King et 
al., 1988; Kokai et al., 1988). To further exclude direct 
interaction between p44 and the EGF receptor, we tested 
the capacity of the isolated factor to inhibit the binding of 
radiolabeled EGF (at 1 nglml) to A-431 cells. Whereas 
unlabeled EGF (at 100 nglml) inhibited 90% of ‘%EGF 
binding, p44 at 200 nglml showed no competition with 
radiolabeled EGF. Conversely, binding of ‘%p44 (2 ngl 
ml) to SKBR-3 human mammary tumor cells yielded 3700 
? 300 cpm. This was reduced to 1070 f 50 cpm in the 
presence of 200 nglml unlabeled ~44, but was only slightly 
reduced (3450 r 220 cpm) by EGF at 100 nglml. 

Covalent Cross-Linking of p44 to p185”*” 
The p44 molecule was purified solely on the basis of its 
ability to increase the level of tyrosine phosphorylation of 
~185 neu in living cells. To examine the presumed direct 
interaction between the purified factor and pl85”““, we 
employed the method of covalent cross-linking. The iso- 
lated p44 was radiolabeled with lz51 by mild reaction with 
the amino group-specific Bolton-Hunter reagent (Bolton 
and Hunter, 1973). The p44 protein was then separated 
from the free reagent by gel-filtration chromatography and 
incubated with cultured human breast cancer cells. To 
covalently cross-link p44 to its receptor, we used the bi- 
functional reagent ethylene glycolbis(succinimidylsucci- 
nate) (EGS). The results of this analysis (Figure 5) showed 
that cross-linking of 1Z51-p44 labeled two diffuse protein 
bands: a 230 kd protein and a higher molecular size band. 
Both proteins could be specifically immunoprecipitated 
with a monoclonal antibody to pl8P” but not by an irrele- 
vant monoclonal antibody. This suggested that the 230 kd 
protein is a 1 :l complex of pl 85”eU and ~44. The additional 
high molecular weight band most likely represents a dimer 
of ~185”” cross-linked to one or two molecules of ~44, in 
analogy with the covalently stabilized dimers of the EGF 
receptor (Cachet et al., 1988; Goldman et al., 1990). No 
labeled protein was detectable in the absence of the 
cross-linking reagent (Figure 5), indicating the noncova- 
lent nature of the interaction between p44 and ~185”~“. In 
addition, a large excess @O-fold) of unlabeled p44 com- 
pletely abolished the radioactive signal. Based on the com- 
petition by unlabeled p44 and the molecular weight of the 
p44-containing covalent complexes and their recognition 
by a Neu-specific antibody, we conclude that p44 may 
function as a ligand of ~185”~“. Given, however, the wide 
occurrence of heterophilic interactions between closely 
related receptor tyrosine kinases (reviewed by Ullrich and 
Schlessinger, 1990), and the fact that they share a similar 
molecular weight, our cross-linking data do not exclude 
the possibility that p44 binds to a distinct receptor that is 
coimmunoprecipitated with ~185”““. 

Induction of Cellular Differentiation and Inhibition 
of Cell Growth 
It has been observed previously that certain monoclonal 
antibodies directed to the human NeuIHER-2 protein can 
induce differentiation of mammary tumor cells to milk- 
producing and growth-arrested cells (Bacus et al., 1990, 
1992). A partially purified preparation of the Neu stimula- 
tory factor from Ratl-EJ cells was also capable of differen- 
tiation induction (our unpublished data). Therefore, it was 
interesting to test the ability of the homogeneously purified 
protein to induce phenotypic changes in cultured human 
breast cancer cells. For this analysis we used the AU-565 
cell line that was derived from the pleural effusion fluid of 
a breast cancer patient and that expresses approximately 
3 x 1 O5 ~185”~” molecules per cell. The AU-565 ceils and 
the SKBR-3 cells were derived from the same breast can- 
cer patient and exhibit similar morphology and growth be- 
havior. Treatment of AU-565 cells with 6 nglml p44 for 3-5 
days dramatically increased the fraction of cells displaying 
mature morphology (from lo%-20% in the absence of 
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Figure 6. Visualization of the Cellular Effects of p44 on AU-565 Human Breast Cancer Cells 

Chamber slides (Lab-Tek) were inoculated with 0.4 x 1 O4 AU-565 cells in 1 ml of medium. p44 was added 24 hr later, and the cultures were incubated 
for four more days. Control cultures were left untreated. The slides were then processed for immunohistochemical staining of the HER-21Neu protein 
by using a rabbit antibody directed to the carboxyl terminus of the receptor. The photomicrographs (27x magnification) are shown in the upper 
panel. The dark staining indicates NeuIHER-2 localization. Alternatively, the middle pair of micrographs depicts the results of immunohistochemical 
staining of casein by using a mouse monoclonal antibody specific to human 6 casein (43 x magnification). Notice the positive staining in cells treated 
with ~44. The lower pair of micrographs shows control and p44-treated cultures stained for neutral lipids (seen here as large droplets; 43x 
magnification). Arrowheads indicate the membrane staining of NeuIHER-2 (upper panel), strong staining of casein (center panel), and liquid droplets 
(lower panel). 

the factor to 80%-90% in its presence; Figure 6). The ante of casein (types 5 and K) in most of the p44-treated 
ligand-induced phenotype included large nuclei, flat mor- cells (Figure 6). In addition to intracellular casein, intercel- 
phology, and the appearance of large vesicles in the cyto- lular staining of casein was detectable, thus indicating ac- 
plasm. These changes were accompanied by partial dis- tive secretion of this major milk protein. Quantitative analy- 
appearance and translocation of the NeuIHER-2 protein sis of the cellular alterations that were elicited by different 
from the plasma membrane to the cytoplasm (Figure 6). concentrations of p44 showed that the increase in nuclear 
Since maturation of the mammary epithelium ultimately area, the induction of casein synthesis, and the appear- 
leads to synthesis and secretion of milk proteins and lipids ante of lipid droplets were all strictly concentration depen- 
(reviewed in Topper and Freeman, 1980), we asked dent (Figure 7). Half-maximal casein and lipid effects were 
whether the factor-induced mature morphology also in- achieved with a 40 pM concentration of the protein, in 
volved such changes. Indeed, ligand-treated cells exhib- agreement with the concentrations needed for activation 
ited the appearance of large lipid droplets, which were of tyrosine phosphorylation of ~185”“” (see Figure 4A). 
absent or much smaller in untreated control cultures of Expression of differentiation-specific genes by the mam- 
AU-565 cells (Figure 6). Similarly, we observed the appear- mary epithelium does not necessarily involve reduction 
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Figure 7. Biological Effects of p44 on Mammary Carcinoma Cells 

(A) AU-565 cells (0.4 x 104) were inoculated into culture dishes in 1 
ml of medium supplemented with 10% serum. Twenty-four hours later 
p44 was added at the indicated concentrations, and the cells were 
analyzed after four additional days. Cell numbers were determined, 
and nuclear area was estimated by an imaging system after DNA 
staming with Feulgen. The numbers given are the calculated averages 
from ten microscope fields (40 x magnification). 
(6) AU-565 cells were treated as in (A) and then stained for casein and 
lipids as described in Experimental Procedures. The average fractions 
of cells stained positively for lipids (closed circles) and casein (open 
circles) were determined by counting stained cells in ten microscope 
fields (40 x magnification). The variation among fields did not exceed 
15%. 
(C) MDA-MB453 (105) cells were inoculated into multiwell culture 
dishes, and after 24 hr their medium was replaced with serum-free 
medium. This was supplemented with 5 nglml EGF (squares) or 5 ngl 
ml p44 (circles). Control cultures (triangles) received no growth factor. 
The dishes were then incubated at 37’C, and on the indicated days 
cell numbers were determined in duplicate cultures. The averages and 
their ranges (verhcal bars) are shown. 

in the rate of cell growth (Schoenenberger et al., 1988; 
Taverna et al., 1991). In the case of ~44, however, we 
observed a factor-dependent reduction in cell numbers 
after treatment of cultures of the AU-565 human adenocar- 
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Figure 6. Distribution of DNA Content in AU-565 Human Breast Can- 
cer Cells Treated with p44 

Cultures of AU-565 cells were treated wrth 6 nglml p44 as described in 
Figure5. Acontrol culturewas left untreated. DNAcontent in individual 
cells was then determined by using the Feulgen reaction. Quantitation 
of the amount of DNA per cell was performed by computerized image 
analysis (CAS-200 Image Analyzer, Cell Analysis Systems, Elmhurst, 
IL). The numbers at the top represent the DNA index, which was calcu- 
lated by dividing the DNA content of each cell by the content of a 
reference human diploid cell at the GO/G1 stage of the cell cycle. The 
patterns shown are representative of at least 12 arbitrarily selected 
microscope fields (40 x magnification). Control untreated cells are 
shown in (A) and p44-treated cells in (6). 

cinema cells (Figure 7A). The growth inhibitory effect of 
p44 was further tested on MDA-MB453 cells that were 
starved in serum-free medium (Figure 7C). Comparison 
with the effect of EGF indicated that the latter slightly in- 
creased the rate of cell proliferation. In contrast, treatment 
with p44 (at 5 nglml) for 5 days was sufficient to induce 
significant inhibition of cell growth, despite the relatively 
long doubling time of the examined epithelial cells. Analy- 
sis of DNA content of the ligand-treated AU-565 ceils re- 
vealed that growth inhibition was accompanied by a re- 
markable increase in DNA ploidy (Figure 8). Incubation for 
5 days with 6 nglml p44 yielded a 50% increase in the 
average cellular content of DNA. This was accompanied 
by a bimodal DNA distribution that reflected a large in- 
crease in the fraction of cells in the G2/M phase at the 
expense of GllGO cells. In addition to octaploidy, p44 in- 
duced higher-order DNA polyploidy. Taken together, the 
growth inhibition and the subtle effects of p44 on DNA 
ploidy may be indicative of a block at the late S or the 
GlIM phases of the cell cycle and uncoupling of the chro- 
mosome cycle from the cytoplasm cycle (cytokinesis). 
Namely, the NDF-treated cells may reenter the cell cycle 
without undergoing mitosis. It is relevant that treatment 
with a tumor inhibitory monoclonal antibody to ~185”~” im- 
posed a cell cycle arrest at the late S or early G2 phase 
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(Bacus et al., 1992). We suspect that a similar growth ar- 
rest is induced by the ligand molecule, but precise determi- 
nation of its localization in the cell cycle must await further 
analysis. 

Discussion 

This study addresses the molecular identity of a biological 
activity that stimulates certain functions of ~185”“” and 
fulfils some of the expected characteristics of the putative 
Neu ligand (Yarden and Weinberg, 1989). By using one of 
these biochemical functions, namely, the ability to in- 
crease the level of tyrosine phosphorylation of ~185’~” in 
living cells, we can now attribute the activity to a 44 kd 
glycoprotein that interacts with the receptor and may func- 
tion as the Neu ligand molecule. On the basisof its N-termi- 
nal amino acid sequence (Figure 3A), which shows no 
homology to known proteins in existing computerized data 
bases, the isolated molecule has not been structurally de- 
scribed before. This possibility is further supported by se- 
quencing internal tryptic and cyanogen bromide-cleaved 
peptides that collectively cover almost 100 aa (data not 
shown). It is important to consider the possibility that the 
biological activity was due to a copurified molecule other 
than ~44. This alternative can be excluded, however, be- 
cause the activity cofractionated with p44 in four chro- 
matographic steps (Figure 1) and could be recovered from 
the 44 kd protein band after SDS gel electrophoresis (Fig- 
ure 2). Were the activity due to a contaminating molecule, 
its amino-terminal sequence would have been detected by 
the amino acid sequence analysis (Figure 3A). However, 
the possibility that the contaminating molecule is blocked 
at the amino terminus remains open, but we estimate that 
it should comprise less than 5% of the protein in the p44 
preparation. In addition, the fact that p44 displayed biologi- 
cal effects at picomolar concentrations (Figures 4A and 7) 
also favors its identification as the active molecule. 

It is worthwhile to review the experimental evidence that 
suggests that the isolated p44 is a ligand for pl 85”eU. The 
putative ligand was first detected by its ability to down- 
regulate the ~185”“” molecule and by the selective acquisi- 
tion of responsiveness to it through introduction of p185”“” 
into neu-negative cells (Yarden and Weinberg, 1989). The 
activation of tyrosine phosphorylation is also receptor spe- 
cific, as no protein, other than pl85”““, undergoes compa- 
rable elevation of tyrosine phosphorylation in response to 
p44 (Figure 4). Yet a few cellular proteins whose identities 
are unknown (most notable is a 120 kd protein) undergo 
elevated tyrosine phosphorylation in response to treat- 
ment of MDA-MB453 cells with p44 (data not shown). Most 
importantly, p44 associates specifically and intimately with 
pl 85”B”, as is evident from cross-linking experiments (Fig- 
ure 5). These biochemical lines of evidence are supported 
by the similarity between the biological effects of p44 and 
monoclonal antibodies with strict specificity to p185”““(see 
below). Although these results support the identification of 
p44 as the Neu ligand and exclude the possibility that it 
interacts directly with the EGF receptor, the possibility that 
p44 reacts with a still unknown protein remains open. If it 
exists, this other receptor is predicted to be closely associ- 

ated with ~185”” and to share a similar molecular weight. 
Relevant to this issue is our inability to inhibit the interac- 
tion between p44 and 11 different monoclonal antibodies 
to the human ~185”“” (our unpublished data). 

Since the original detection of a Neu stimulatory activity 
in ras-transformed fibroblasts (Yarden and Weinberg, 
1989) several laboratories reported apparently similar ac- 
tivities inother biologicalsources(Lupuet al., 1990; Huang 
et al., 1990; Dobashi et al., 1991). However, none of these 
activities was correlated with a homogeneously purified 
protein. Partial purification of the Neu stimulatory activity 
from the human breast cancer cell line MDA-MB231 re- 
sulted in a fraction containing a major 30 kd glycoprotein 
(Lupu et al., 1990) which may be responsible for the bio- 
logical activity. However, our preliminary purification of 
this activity from the medium of MDA-MB231 cells showed 
that it behaved exactly like the rodent p44 upon chroma- 
tography on heparin-Sepharose and phenyl-Superose 
columns (data not shown). This may suggest that MDA- 
MB231 cells produce the human homolog of the rat ~44. 
Yet, in analogy with the EGF receptor, which has multiple 
distinct ligands (reviewed by Carpenter and Cohen, 1990) 
several different molecules may interact specifically with 
p185”““. Although we have not yet fully characterized the 
primary structure of ~44, the analyses presented here 
identify the rodent stimulatory factor by its N-terminal se- 
quence and indicate that it is a single-chain glycoprotein 
that contains both N- and O-linked oligosaccharides as 
well as intramolecular disulfide bonds. 

Receptor tyrosine kinases are usually correlated with 
accelerated cell proliferation (reviewed by Ullrich and 
Schlessinger, 1990). However, some of these receptors 
can also transmit differentiation signals, as exemplified by 
the receptors for the nerve growth factor (Kaplan et al., 
1991; Klein et al., 1991) and the fibroblast growth factors 
(reviewed by Rifkin and Moscatelli, 1989). This also ap- 
pears to be the case for pl 8.5”eUof human breast carcinoma 
cells, since treatment with the Neu stimulatory factor leads 
to remarkable phenotypic changes and retarded cell 
growth (Figures 6 and 7). Interestingly, the effect of p44 
resembles the biological activity of a monoclonal antibody 
that is directed against ~185”~“. It is also similar to the 
action of well-established differentiation-inducing mole- 
cules like mycophenolic acid and phorbol ester (Bacus et 
al., 1990). We have previously reported on the generation 
of anti-p1 85”“” monoclonal antibodies that either acceler- 
ated the tumorigenic growth of neu-transformed cells in 
nude mice or significantly inhibited tumor growth (Stancov- 
ski et al., 1991). Importantly, the tumor inhibitory mono- 
clonal antibodies, but not a tumor stimulatory antibody, 
induced an apparently terminal differentiation of breast 
tumor cells (Bacus et al., 1992). One possible explanation 
for the differentiation effect of ~44, and the tumor inhibitory 
monoclonal antibodies to ~185”~“, is that the induction of 
receptor dimerization (Figure 5) and tyrosine phosphoryla- 
tion accelerates the rate of receptor endocytosis, thereby 
decreasing the overall enzymatic activity of the constitu- 
tively active kinase (Lonardo et al., 1990) which is perma- 
nently coupled to its effector pathways while on the cell 
surface (Peles et al., 1991). 
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The phenotype that was induced in AU-565 human 
mammary cancer cells by p44 is analogous to the state of 
mature breast cells that secrete milk components such as 
casein and lipids (reviewed in Topper and Freeman, 1980). 
Although differentiation of the mammary epithelium may 
occur simultaneously with cellular proliferation (Schoenen- 
berger et al., 1988) the phenotypic alterations elicited by 
p44 involved inhibition of cell growth and alterations in 
DNA ploidy, indicative of a cell cycle arrest prior to the M 
phase. Our preliminary experiments, which are not shown 
here, suggest that morphological and other changes are 
irreversible, as though the differentiation was terminal. 
Furthermore, the factor we isolated appears to induce the 
differentiation of primary cells derived from a freshly iso- 
lated mammary tumor. On the basis of the action of the 
p44 on human breast cancer ceils, we propose the name 
Neu differentiation factor, or NDF, for this protein. Never- 
theless, we speculate that the isolated protein will exert 
different biological effects on nonepithelial cells. For ex- 
ample, our preliminary experiments show that whereas 
EGF and transforming growth factor a (at 0.25-5 nglml) 
accelerated the rate of incorporation of bromodeoxyuri- 
dine into DNA in rat fibroblasts, the same concentration of 
p44 had no effect on bromodeoxyuridine incorporation. In 
this respect, NDF is different than amphiregulin, an EGF- 
like molecule that inhibits the growth of several human 
carcinoma cells in culture but stimulates proliferation of 
human fibroblasts (Shoyab et al., 1988). There are many 
other precedents for polypeptide factors with dual cell 
growth effects (Sporn and Roberts, 1988) including the 
transforming growth factor 6 (Roberts et al., 1981; Moses 
et al., 1981) and the leukemia inhibitory factor (Gough and 
Williams, 1989). However, unlike other growth inhibitory 
factors that usually act by lengthening or arresting the 
Gl phase (reviewed in Massague, 1990) NDF appears to 
restrict the completion of mitosis. 

The availability of an isolated NDF, and in the future the 
recombinant protein, will enable direct examination of its 
biological effects on a range of cell types. In addition, it 
may allow exploration of the clinical potential of ligand- 
induced differentiation of adenocarcinoma cells. Lastly, 
we hope that the concepts and methods developed in the 
course of isolation and identification of NDF as the ligand 
that interacts with ~185”‘” will be applicable to the many 
other receptor tyrosine kinases whose ligands are still un- 
known. 

Experimental Procedures 

Antibodies 
A monoclonal antibody to the carboxyl terminus of NeuIHER-2 (Ab-3) 
was from Oncogene Science (Uniondale, NY). A polyclonal rabbit anti- 
body to the NeulHER-2 carboxyl terminus (NCT antiserum) was raised 
as described (Peles et al., 1991). The MOPC-141 plasmacytoma anti- 
body was from Sigma(St. Louis, MO). Rabbit antibodies to phosphoty- 
rosine were prepared and affinity purified as previously described 
(Kamps and Sefton, 1988). 

Cell Culture 
SIX Rat1 EJ cell lines were generated by transfection of the human EJ 
gene (an activated Harvey ras gene) into Rat1 fibroblasts as described 
previously (Land et al., 1983). One clone was selected for high produc- 
tion of the Neu kinase stimulatory activity as described below. AU-565 

cells were obtained from the Cell Culture Laboratory, Naval Eiosci- 
ences Laboratory (Naval Supply Center, Oakland, CA). A-431, MDA- 
MB361, MDA-MB415, MDA-MB453, and SKBR-3 cells were obtained 
from the American Type Culture Collection (Rockville, MD). The cell 
lines were cultured in RPMI-1640 or Dulbecco’s modified Eagle’s me- 
dium (GIBCO, Grand Island, NY) supplemented with 10% fetal bovine 
serum (Hyclone, Logan, Utah) in a humidified incubator with 5% CO? 
in air at 37%. For large-scale production of conditioned medium, 
Rat1 -EJ cellswere inoculated into P-liter cell factories (Nunc, Denmark) 
at 4 x 103cells/ml, cultured at 37% until the cells became confluent, 
and then transferred into roller bottles. After reaching 80% confluence 
the monolayers were incubated for 8 hr at 37°C with serum-free me- 
dium (with no antibiotics) to release cell-bound proteins. Then the 
medium was replaced with fresh serum-free medium that was incu- 
bated with the cells for 72 hr at 37°C. One or two additional harvests 
of the conditioned medium were collected and pooled. For the determi- 
nation of Neu kinase stimulatory activity, we used the MDA-MB453 
human breast cancer cells that overexpress p185”eu but do not express 
the EGF receptor (Kraus et al., 1987). These cells were cultured in 
48-well dishes (Nunc, Denmark) and starved 12 hr before the assay by 
incubating them in 0.5% fetal calf serum In Dulbecco’s modified Ea- 
gle’s medium. Biological tests were performed on human breast cancer 
cells that were inoculated into Lab-Tek chamber slides (Nunc) at 0.4 
x lo4 cells in 1 ml of medium per chamber. Treatment with p44 was 

started 24 hr later, and the cells were processed for microscopy after 
3-5 days of continuous incubation with the purified protein. Cell num- 
bers were determined by hemocytometer chamber counting or by 
computer-aided image analysis, and viability was monitored by Trypan 
blue dye exclusion. 

Protein Purification 
Pooled conditioned medium from three harvests of 500 roller bottles 
(120 liters total) was cleared by filtration through 0.2 fr filters and con- 
centrated 31-fold with a Pelican ultrafiltration system using mem- 
branes with a 20 kd molecular size cutoff. All the purificatron steps were 
performed by using a Pharmacia fast protein liquid chromatography 
system. The concentrated matenal was directly loaded on a column of 
heparin-Sepharose (150 ml, preequrlibrated with phosphate-buffered 
saline [PBS]). The column was washed with PBS containing 0.2 M 
NaCl until no absorbance at 280 nm wavelength could be detected. 
Bound proteins were then eluted with a continuous gradient (250 ml) 
of NaCl (from 0.2 M to 1.0 M), and 5 ml fractions were collected. 
Samples (0.01 ml) of the collected fractions were used for the quantita- 
tive assay of the kinase stimulatory activity. Active fractions from three 
column runs (total volume = 360 ml) were pooled, concentrated to 25 
ml by using a YMlO ultrafiltration membrane (Amicon, Danvers, MA), 
and ammonium sulfate was added to reach a concentratron of 1.7 M. 
After clearance by centrifugation (10,000 x g, 15 min), the pooled 
material was loaded on a phenyl-Superose column (HR10110, Phar- 
macia). The column was developed with a 45 ml gradient of (NH&SO, 
(from 1.7 M to no salt) in 0.1 M Na2P04 (pH 7.4) and 2 ml fractions 
were collected and assayed (0.002 ml per sample) for kinase stimula- 
tion. The major peak of activity was pooled and dialyzed against 50 
mM sodium phosphate buffer (pH 7.3). A Mono-S cation-exchange 
column (HR5/5, Pharmacia) was preequilibrated with 50 mM sodium 
phosphate. After loading the active material (0.884 mg of protein; 35 
ml), the column was washed with the starting buffer and then devel- 
oped at a rate of 1 mllmin with a gradient of NaCI. The kinase stimula- 
tory activity was recovered at 0.45-0.55 M salt and was spread over 
four fractions of 2 ml each. These were pooled and loaded directly on a 
Cu2+ chelating column (1.6 ml, HR2/5 chelating Superose, Pharmacia). 
Most of the proteins adsorbed to the resin, but they gradually eluted 
with a 30 ml linear gradient of ammonium chloride (O-l M). The activity 
eluted in a single peak of protein at the range of 0.05 to 0.2 M NH&I. 
Samples from various steps of purification were analyzed by gel elec- 
trophoresis followed by silver staining using a kit from ICN (Costa 
Mesa, CA), and their protein contents were determined with acoomas- 
sie blue dye binding assay using a kit from Bio-Rad (Richmond, CA) 

N-Terminal Sequence Analysis 
A 5 Fg sample (approximately 100 pmol) of the purified material was 
concentrated to 0.2 ml by using an ultrafiltration cell (Amicon) and 
YMlO membrane prewashed in 0.05% SDS. The N-terminal sequence 
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analysis of p44 was performed with a Model 477 protein sequencer 
(Applied Biosystems, Inc., Foster City, CA) equipped with an on-line 
phenylthiohydantoinyl amino acid analyzer and a Model 900 data anal- 
ysis system (Hunkapiller et al., 1986). The protein was loaded onto a 
trifluoroacetic acid-treated glass fiber disc precycled with polybrene 
and NaCI. The phenylthiohydantoinyl amino acid analysis was per- 
formed with a micro liquid chromatography system (Model 120) using 
dual syringe pumps and reverse-phase (C-18) narrow bore columns 
(Applied Biosystems, 2.1 mm x 250 mm). 

Protein Elution from a Polyacrylamide Gel 
Two samples of purified p44 (100 ng each) were separated on a 4% 
20% polyacrylamide gel containing SDS. One lane was silver stained, 
while the other was cut into eight horizontal strips; the proteins in the 
individual strips were electroeluted for 3 hr with 96 mM glycine and 10 
mM Tris-HCI (pH 6.3). For electroelution we used YMlO Centricons 
(Amicon Electroelution Apparatus). The buffer was exchanged for PBS 
by diafiltration, and the samples were individually tested for kinase 
stimulatory activity. 

Covalent Cross-Linking 
Purified p44 (1 ug) was radiolabeled by using 0.5 mCi of i251-labeled 
Bolton-Hunter reagent (Amersham, Buckinghamshire, England) ac- 
cording to the published procedure (Bolton and Hunter, 1973). The 
specific radioactivity obtained was 8 x lo3 cpmlng. Monolayers of 
cells were incubated on ice for 1 hr with ?-p44 (25 nglml) in the 
absence or presence of a 50-fold excess of unlabeled ~44. The chemi- 
cal cross-linker EGS (Pierce, Rockford, IL) was then added to a final 
concentration of 5 mM and incubated with the cells at 22OC for 45 min. 
After washing with PBS the monolayers were incubated for 10 min 
at 22OC with a quenching buffer (100 mM glycine in PBS [pH 7.41). 
Following two additional washes with PBS, cell lysates were prepared, 
and the NeuIHER-2 protein was immunoprecipitated with a mono- 
clonal antibody (Ab3, Oncogene Science). An irrelevant mouse plas- 
macytoma antibody (MOPC-141, Sigma) was used as a control. The 
procedures of immunoprecipitation and gel electrophoresis were as 
described (Goldman et al., 1990). 

Enzymatic Deglycosylation 
Ten nanogram samples of radiolabeled p44 (8 x 1 Od cpm) in PBS were 
boiled for 5 min in 0.1% SDS. CHAPS was then added to a 2% final 
concentration. Then 0.5 U of N-glycanase, 0-glycanase, or neuramini- 
dase (all from Genzyme, Cambridge, MA) was added and incubated 
with p44 for 18 hr at 37%. The digested proteins were separated on 
a 12% polyacrylamide gel. 

Assay of Kinase Stimulatory Activity 
Samples of column fractions were usually diluted in PBS containing 
bovine serum albumin (BSA, 1 mg/ml). These were added to individual 
wells of a 48-well dish that contained 3 x 105 MDA-MB453 human 
breast cancer cells. Each well contained 0.15 ml of PBS. Following 5 
min of incubation at 37%, the medium was aspirated and the cells 
were lysed directly in 0.07 ml of hot gel sample buffer with p-mercapto- 
ethanol. The solubilized lysates were then heated for 5 min at 95% 
and one-third of each sample was subjected to electrophoresis on 60/o 
polyacrylamide gels. The gel-separated proteins were electrophoreti- 
tally transferred onto nitrocellulose filters. The filters were first satu- 
rated for 1 hr at 22% with 1% lowfat dry milk. An affinity-purified 
rabbit antibody to phosphotyrosine was then added, and the incubation 
continued for 1 hr. For detection, the filters were washed with TTBS 
solution (0.05% Tween-20 in 20 mM Tris-HCI [pH 7.61 and 17 mM 
NaCI) and reacted for 45 min at 22OC with horseradish peroxidase- 
conjugated protein A. The enzyme was removed by four washes with 
TTBS, and the filters were reacted for 1 min with a chemiluminescence 
reagent (ECL, Amersham). Lastly, the filters were exposed to a high 
performanceluminescencedetectionfilm(Hyperfilm-ELC,Amersham) 
for 0.5-30 min. For quantitation of the signals, parallel assays were 
performed with no stimulation of the cells or with a hypertonic stimula- 
tion where the cells were exposed to 1 M NaCl for 20 min at 22OC 
(King et al., 1989). Autoradiograms were scanned with a scanning 
densitometer (Molecular Dynamics), and the signals were expressed 
in relative phosphorylation units, where 1 unit is the extent of phosphor- 
ylation reached by the hypertonic stimulation. In some experiments 

the cell lysates were first subjected to immunoprecipitation with anti- 
bodies to NeuIHER-2 and then analyzed by Western blotting with anti- 
bodies to phosphotyrosine. 

lmmunohlstochemical Analyses 
A modified “Oil Red 0 in propylene glycol” method was used to visual- 
ize neutral lipids as we previously described (Bacus et al., 1990). DNA 
quantitation was performed on cells stained by the Feulgen reaction 
as described previously (Bacus et al., 1990). The presence of casein 
was detected by histochemical staining with a mouse monoclonal anti- 
body to human 8 and K casein (a gift from Ft. C. Coombs, Charing 
Cross Medical School, London). After the medium was removed and 
the plastic component detached, the Lab-Tek slides were rinsed with 
PBS, and the cells were fixed in ethanol:formalin solution (1 :I, v/v) at 
room temperature for 10 min. After blocking of nonspecific binding 
with 20% goat serum at room temperature, the cells were incubated 
with the anti-casein (6 and K) antibody (1:250 dilution) at room tempera- 
ture. The slides were then rinsed with 0.5 M Tris-buffered saline (pH 
7.6) and the linking antibody, biotinylated goat anti-mouse IgG (Jack- 
son Labs, West Grove, PA), was applied to the cells at a I:200 dilution. 
The cells were then rinsed with Tris-buffered saline, and streptavidin- 
conjugated alkaline phosphatase (Jackson Labs, West Grove, PA), at 
a 1:200 dilution, was applied to them. At the next step the cells were 
rinsed again with Tris-buffered saline and incubated for 10 min with 
CAS Red and counter stained with CAS DNA stain (Cell Analysis Sys- 
tems, Elmhurst, IL). For immunohistochemical staining of the HER-2/ 
Neu protein, the cells were stained with a HER-2INeu staining kit (Cell 
Analysis Systems) after being fixed for 30 min in periodate:lysine: 
paraformaldehyde (1 :I :I, volume ratio) and for 60 min in 10% neutral- 
ized formalin. 

Acknowledgments 

We thank Robert Weinberg for help and encouragement in the initial 
phases of this work, Adi Kimchi and Ralph Carmel for helpful discus- 
sions, Geraldine Trail for establishment of Rat1 -EJ cell lines, Sara Lavi, 
Scott Silbiger, and Weining Yang for technical assistance, Subhash 
Karkare for mass culture of Ratl-EJ cells, and Miriam Fagan for typing 
the manuscript. These studies were supported in part by National 
Institutes of Health Grants CA-51712 (to Y. Y.) and CA-50843 (to 
S. S. B.), Amgen, Inc., and The Wolfson Family CharitableTrust admin- 
istered by The Israel Academy of Sciences and Humanities. Y. Y. is 
a recipient of a Research Career Development Award from The Israel 
Cancer Research Fund. 

The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked “adverfisemenr” in accordance with 18 USC Section 1734 
solely to indicate this fact. 

Received February 10, 1992; revised March 11, 1992. 

References 

Bacus, S. S., Kiguchi. K., Chin, D., King, C. R., and Huberman, E. 
(1990). Differentiation of cultured breast cancer cells (AU-565 and 
MCF-7) associated with loss of cell surface HER-Plneu antigen. Mol. 
Carcinog. 3, 350-362. 

Bacus, S. S., Stancovski, I., Huberman, E., Chin, D., Hurwitz, E.. Mills, 
G. B., Ullrich, A., Sela, M., and Yarden, Y. (1992). Tumor inhibitory 
monoclonal antibodies to the HER-2/Neu receptor induce differentia- 
tion of human breast cancer cells. Cancer Res., in press. 

Bargmann, C. I., Hung, M.-C., and Weinberg, R. A. (1986a). The neu 
oncogene encodes an epidermal growth factor receptor-related pro- 
tein. Nature 319, 226-230. 

Bargmann, C. I., Hung, M.-C., and Weinberg, R. A. (1986b). Multiple 
independent activations of the neu oncogene by a point mutation alter- 
ing the transmembrane domain of ~185. Cell 45, 649-657. 

Berger, M. S., Lecher, G. N., Saurer, S., Gullick, W. J., Waterfield, 
M. D., Groner, B.. and Hynes, N. E. (1988). Correlation of c-e&B-2 
gene amplification and protein expression in human breast carcinoma 
with nodal status and nuclear grading. Cancer Res. 48, 1238-1243. 

Bolton, A. E.. and Hunter, W. M. (1973). The labeling of proteins to 



lsolatron of the NeuIHER-2 Drfferentiation Factor 
215 

high specific radioactivities by conjugation to a?-containing acylating 
agent. Biochem. J. 733, 529-538. 

Carpenter, G., and Cohen, S. (1990). Epidermal growth factor. J. Biol. 
Chem. 265, 7709-7712. 

Cachet, C., Kashles. O., Chambaz, E. M., Borrello. I., King, C. Ft.. and 
Schlessinger, J. (1988). Demonstration of epidermal growth factor- 
Induced receptordimerization in living cells using a chemical crosslink- 
ing agent. J. Biol. Chem. 263, 3290-3295. 

Coussens, L., Yang-Feng, T. L., Liao, Y. C., Chen, E., Gray, A., 
McGrath, J.. Seeburg, P. H., Libermann. F. A., Schlessinger, J., 
Francke, U., Levinson, A., and Ullrich, A. (1985). Tyrosine kinase re- 
ceptor with extensive homology to EGF receptor shares chromosomal 
location with Neu oncogene. Science 230, 1132-l 139. 

Davis, J. G., Hamuro, J., Shin, C. Y., Samanta, A., Greene, M. I., and 
Dobasht, K. (1991). Isolation and characterization of a neu protein- 
specific activating factor from human ATL-2 cell conditioned medium. 
Biochem. Biophys. Res. Commun. 179, 1536-1542. 

DI Frore, P. P., Pierce, J. H., Kraus, M. H., Segatto, O., King, C. Ft., 
and Aaronson, S. A. (1987). erbB-2 is a potent oncogene when overex- 
pressed in NIH13T3 cells. Science 237, 178-182. 

Dobashi, K., Davis, J. G., Mikani, Y., Freeman, J. K., Hamuro, J., and 
Greene, M. I. (1991). Characterization of a neulc-erbB-2 protein- 
specrfic activating factor. Proc. Natl. Acad. Sci. USA 88, 8582-8586. 

Faziolr, F., Kim, U.-H., Rhee, S. G., Molloy, C. J., Segatto, 0.. and Di 
Fiore. P. P. (1991). The erbB-2 mitogenic signaling pathway: tyrosine 
phosphorylation of phospholipase Cy and GTPase-activating protein 
does not correlate with erbS-2 mitogenic activity. Mol. Cell. Biol. 7 7, 
2040-2048. 

Goldman, R., Ben-Levy, R., Peles, E., and Yarden, Y. (1990). Hetero- 
drmerizatron of the erbB-1 and erbf3-2 receptors in human breast carci- 
noma cells: a mechanism for receptor transregulation. Biochemistry 
29, 11024-l 1028. 

Gough, N. M., and Williams, R. L. (1989). The pleiotropic actions of 
leukemia inhibitory factor. Cancer Cells I, 77-80. 

Hanks, S. K. (1991). Eukaryotic protein kinases. Curr. Opin. Struct. 
Biol. I, 369-383. 

Huang, S. S., Koh, H. A., Komsh, Y., Bullock, L. D., and Huang, J. S. 
(1990). Differential processing and turnover of the oncogenically acti- 
vated neuferbB-2 gene product and its normal cellular counterpart. J. 
Biol. Chem. 265, 3340-3346. 

Hudzrak. R. M., Schlessinger, J., and Ullrich. A. (1987). Increased 
expression of the putative growth factor receptor p185HERZ causes 
transformation and tumorigenesis of NIH-3T3 cells. Proc. Natl. Acad. 
Sci. USA 84, 7159-7163. 

Hunkapiller, M. W., Grundlund-Moyer, K., and Whiteley. N. W. (1986). 
Gas-phase proteinlpeptide sequencing. In Methods of Protein Micro- 
characterization, J. E. Shiveley, ed. (Clifton, New Jersey: Humana 
Press), pp. 223-247 

Kamps, M. P., and Sefton, B. M. (1988). Identification of multiple novel 
polypeptide substrates of v-src, v-yes, v-fps. v-m and v-erb6 onco- 
genie tyrosine protein kinases utilizing antisera against phosphotyro- 
sme. Oncogene 2, 305-316. 

Kaplan, D. R., Hempstead, B. L., Martin-Zanca, D., Chao, M. V.. and 
Parada. L. F. (1991). The trkprotooncogene product: a signal transduc- 
ing receptor for nerve growth factor. Science 252, 554-560. 

Krng. C. R., Kraus, M. H., and Aaronson, S. A. (1985). Amplification of 
a novel v-erbB-related gene in a human mammary carcinoma. Science 
229, 974-976. 

King, C. R., Borrello, I., Bellot, F., Comoglio, P., and Schlessinger, J. 
(1988). EGF binding to Its receptor triggers a rapid tyrosine phosphory- 
lation of the erbS-2 protein in the mammary tumor cell line SKBR-3. 
EMBO J. 7. 1647-1651 

Krng, C. R.. Borrello, I., Porter, L., Comoglio, P., and Schlessinger. J. 
(1989). Ligand-independent tyrosine phosphorylation of EGF-receptor 
and the erbB-2heu protooncogene product is induced by hypertonic 
shock. Oncogene 4. 13-18. 

Klein, R., Jing, S.. Nanduri, V.. O’Rourke, E., and Barbacid, M. (1991). 
The ?rkB proto-oncogene encodes a receptor for nerve growth factor. 
Cell 65, 189-197 

Kokai, Y., Dobashi. K., Weiner, D. B., Myers, J. N., Nowell, P. C., and 
Greene, M. I. (1988). Phosphorylation process induced by epidermal 
growth factor alters the oncogenic and cellular neu (NGL) gene prod- 
ucts Proc. Natl. Acad. Sci. USA 85, 5389-5393. 

Kraus, M. H., Popescu, N. C., Amsbaugh, S. C., and King, R. C. (1987). 
Expression of the EGF receptor-related protooncogene erbB-2 in hu- 
man mammary tumor cell lines by different molecular mechanisms. 
EMBO J. 6, 605-610. 

Land, H., Parada, L. F., and Weinberg, R. A. (1983). Tumongenic 
conversion of primary embryo fibroblasts requires at least two op- 
erating oncogenes. Nature 304, 596-602. 

Lee, J., Dull, T. J., Lax, I., Schlessinger, J., and Ullrich, A. (1989). 
HER-2 cytoplasmic domain generates normal mitogenic and trans- 
forming signals in chimeric receptor. EMBO J. 8, 167-173. 

Lehvaslaiho, H., Lehtola. L., Sistonen, L., and Alitalo, K. (1989). A 
chimeric EGF-R-neu protooncogene allows EGF to regulate neu tyro- 
sine kinase and cell transformation. EMBO J. 8, 159-166. 

Lonardo, F., DiMarco, E., King, C. Ft., Pierce, J. H.. Segatto, O., Aaron- 
son, S. A., and Di Fiore, P. P. (1990). The normal erbB2 product is an 
atypical receptor-like tyrosine kinase with constitutive activity in the 
absence of ligand. New Biol. 2, 992-1003. 

Lupu, A., Colomer, Ft., Zugmaier, G.. Sarup, J., Shepard, M., Slamon, 
D., and Lippman, M. (1990). Direct interaction of a ligand for the erbE-2 
oncogene product with EGF receptor and ~185~‘~~‘. Scrence 249, 
1552-1555. 

Massague, J. (1990). Transforming growth factor b family. Annu. Rev 
Cell Biol. 6, 597-641. 

Moses, H. L., Branum, E. L., Proper, J. A., and Robinson, R. A. (1981). 
Transforming growth factor production by chemically transformed 
cells. Cancer Cells 47, 2842-2848. 

Peles, E., Ben Levy, R., Or, E., Ullnch, A, and Yarden, Y (1991). 
Oncogenic forms of the neulHER2 tyrosine krnase are permanently 
coupled to phospholipase C.. EMBO J. 70, 2077-2086. 

Rifkin, D. B., and Moscatellr, D. (1989). Recent developments in the 
cell biology of basic fibroblast growth factor. J. Cell Biol. 109. 1-6. 

Roberts, A. B., Anzano, M. A., Lamb, L. C., Smith, J. M., and Sporn, 
M. B. (1981). New class of transforming growth factors potentiated by 
epidermal growth factor. Proc. Natl. Acad. Sci. USA 78, 533995343. 

Schechter, A. L., Stern, D. F., Vardyanathan, L.. Decker, S. J., Drebin, 
J. A., Greene, M. I., and Weinberg, R. A. (1984). The neu oncogene 
and erbf3-2 related gene encoding a 185,000 Mr tumor antigen. Nature 
312, 513-516. 

Schoenenberger, C.-A., Andres, A.-C., Groner, B., van der Valk, M., 
LeMeur, M., and Gerlinger, P. (1988). Targeted c-mycgeneexpression 
In mammary glands of transgenic mice induces mammary tumors with 
constitutive milk protein gene transcription. EMBO J. 7, 169-175. 

Scott, G. K.. Dodson, J. M., Montegomery. P. A., Johnson, R. M., 
Sarup, J. C., Wong, W. L., Ullrich, A., Shepard, l-l. M., and Benz, 
c. c. (1991). p185”ER.Z signal transduction In breast cancer cells. J. 
Biol. Chem. 266, 14300-14305 

Semba, K., Kamata, N., Toyoshrma. K., and Yamamoto, T. (1985). A 
verb&elated protooncogene c-erbB-2, is distinct from the c-erbB-1 
epidermal growth factor-receptor gene and is amplified in human sali- 
vary gland adenocarcinoma. Proc. Natl. Acad. Sci USA 82. 6497- 
6501. 

Shoyab, M., McDonald, V. L., Bradley, J. G , and Todaro, G. J. (1988). 
Amphiregulm: a bifunctional growth-modulating glycoprotein pro- 
duced by the phorbol 12-myristate 13-acetate-treated human breast 
adenocarcinomacell line MCF-7. Proc. Natl Acad. Sci. USA 85.6528- 
6532. 

Slamon, D. J., Clark, G. M.. Wong, S. G., Levrn, W. J., Ullrich, A., and 
McGuire, R. L. (1987). Human breast cancer: correlation of relapse 
and survival with amplification of the HER-21Neu oncogene Science 
235, 177-182. 

Slamon, D. J., Godolphin, W., Jones, L A., Holt, J. A.. Wong, S. C., 
Keith, D. E.. Levin, W. J.. Stuart, S. G., Udore, J., Ullrich, A., and Press, 
M. F. (1989). Studiesof the HER-2/neu protooncogene in human breast 
and ovarian cancer. Science 244, 707-712 



Cdl 
216 

Sporn, M. B., and Roberts, A. 8. (1988). Peptide growth factors are 
multifunctional. Nature 332, 217-219. 

Stancovski, I., Hurwitz, E., Leitner, O., Ullrich, A., Yarden, Y., and Sela, 
M. (1991). Mechanistic aspects of the opposing effects of monoclonal 
antibodies to ERBBP receptor on tumor growth. Proc. Natl. Acad. Sci. 
USA 88, 8691-8695. 

Stern, D. J., and Kamps, M. P. (1988). EGF-stimulated tyrosine phos- 
phorylation of ~185”‘“: a potential model for receptor interactions. 
EMBO J. 7, 995-1001. 

Taverna, D., Groner, B., and Hynes, N. E. (1991). Epidermal growth 
factor receptor, platelet-derived growth factor receptor, and c-erbB-2 
receptor activation all promote growth but have distinctive effects upon 
mouse mammary epithelial cell differentiation. Growth Diff. 2, 145- 
154. 

Topper, Y. J., and Freeman, C. S. (1980). Multiple hormone interac- 
tions in the developmental biology of the mammary gland. Physiol. 
Rev. 60, 1049-I 106. 

Tsuda, H., Hirahashi, S., and Shimosato, Y. (1989). Correlation be- 
tween long-term survival in breast cancer patients and amplification 
of two putative oncogene co-amplification units: HST-llint-2 and 
c-e&B-2/erbB-1. Cancer Res. 49, 3104-3108. 

Ullrich. A., and Schlessinger, J. (1990). Signal transduction by recep- 
tors with tyrosine kinase activity. Cell 67, 203-212. 

van de Vijver, M., van de Bersselaar, R., Devilee, P., Cornelisse, C., 
Peterse, J., and Nusse, Ft. (1987). Amplification of the neu (c-erbB-2) 
oncogene in human mammary tumors is relatively frequent and is often 
accompanied by amplification of the linked c-erbA oncogene. Mol. 
Cell. Biol. 7, 2019-2023. 

Varley, J. M., Swallow, J. E., Brammar, W. J., Whittaker, J. L., and 
Walker, R. A. (1987). Alterations to either c-erbB-2 (Neu) or c-myc 
protooncogenes in breast carcinomas correlate with poor short-term 
prognosis. Oncogene 1, 423-430. 

Venter, D. J., Tsui, N. L., Kummar, S., and Gullick, W. J. (1987). Over- 
expression of the c-erbB-2 oncoprotein in human breast carcinomas: 
immunohistological assessment correlated with gene amplification. 
Lancet 2, 67-72. 

Wada, T., Qian, X., and Greene, M. I. (1990). Intermolecular associa- 
tion of the ~185”” protein and EGF receptor modulates EGF receptor 
function. Cell 61, 1339-1347. 

Yamamoto, T., Ikawa, S., Akiyama, T., Semba, K., Nomura, N., Miya- 
jima, N., Saito, T., and Toyoshima, K. (1986). Similarity of protein 
encoded by the human c-erbB-2 gene to epidermal growth factor recep- 
tor. Nature 379, 230-234. 

Yarden, Y. (1990a). Receptor like oncogenes: functional analysis 
through novel experimental approaches. Mol. Immunol. 27, 1319- 
1324. 

Yarden, Y. (1990b). Agonistic antibodies stimulate the kinase encoded 
by the neu protooncogene in living cells but the oncogenic mutant is 
constitutively active. Proc. Natl. Acad. Sci. USA 87, 2569-2573. 

Yarden, Y., and Peles, E. (1991). Biochemical analysis of the ligand 
for the Neu oncogenic receptor. Biochemistry 30, 3543-3550. 

Yarden, Y., and Ullrich, A. (1988). Growth factor receptor tyrosine 
kinases. Annu. Rev. Biochem. 57, 443-448. 

Yarden, Y., and Weinberg, Ft. A. (1989). Experimental approaches to 
hypothetical hormones: detection of a candidate ligand of the Neu 
protooncogene. Proc. Natl. Acad. Sci. USA 86, 3179-3188. 

Zhou, D., Battifora, H., Yokota, J., Yamamoto, T., and Cline, M. J. 
(1987). Association of multiple copies of the c-erbB-2 oncogenes with 
spread of breast cancer. Cancer Res. 47, 6123-6125. 


