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Transformation of NIH 3T3 Cells by Overexpression of the Normal
Coding Sequence of the Rat neu Gene

EDDI DI MARCO, JACALYN H. PIERCE, CHARLES L. KNICLEY, AND PIER PAOLO DI FIORE*

Laboratory of Cellular and Molecular Biology, National Cancer Institute, Building 37, Room IE24, Bethesda,
Maryland 20892

Received 27 November 1989/Accepted 13 February 1990

While the normal human erbB-2 gene is potently transforming when overexpressed in NIH 3T3 cells, its rat
homolog, the neu gene, seems to acquire transforming properties only upon alteration of its coding sequence.
In this study, we compared the effects of different levels of expression of normal erbB-2 and neu in NIH 3T3
cells. Our results revealed that the normal rat neu gene acts as a potent oncogene when sufficiently
overexpressed in NIH 3T3 cells.

The erbB-2lneu gene has been implicated in the genesis of
a number of experimentally induced (14, 18) or naturally
occurring (7, 11, 12, 17, 20, 21, 26) malignant diseases. The
rat neu gene was first identified as a dominant transforming
gene in rat neuroblastomas induced by ethylnitrosourea (14,
18). Subsequently, Bargmann et al. (2) reported that onco-
genic activation was due to a single point mutation in the
region coding for the transmembrane domain of the neu
proto-oncogene (henceforth referred to as neuN). The hu-
man homolog of the neu gene is known as erbB-2. It was
originally identified owing to its amplification in a mammary
adenocarcinoma (11) and has been subsequently found am-
plified or overexpressed or both at a high frequency in
human carcinomas (7, 17, 20, 21, 26). erbB-2 amplification in
mammary and ovary adenocarcinomas may correlate with a
more aggressive disease course (20, 21). The erbB-21neu
gene encodes for a growth factor receptor-like protein,
gp185, with intrinsic tyrosine kinase activity (1, 3, 4, 16, 22,
23) which shares extensive structural and sequence homol-
ogy with the receptor for epidermal growth factor (5).
Recently, evidence for the existence of an erbB-2lneu ligand
has been provided (25).

Studies have been performed to investigate the effect of
overexpression of the normal erbB-2 and neu coding se-
quences in model systems in vitro. We (6) and others (9)
demonstrated that the human normal erbB-2 gene acts as a
potent oncogene when overexpressed in NIH 3T3 cells.
Furthermore, we showed that a critical level of overexpres-
sion is necessary to achieve transformation of NIH 3T3 cells
(6). Overexpression of the normal rat neu gene has not been
reported to cause cell transformation (2, 3, 10). The basis for
the apparent discrepancy in transforming potential of human
erbB-2 and normal rat neu genes has not been resolved.
However, in the normal rat neu gene, no attempt has been
made to estimate the level of overexpression of its product,
gp185neuN (2, 3, 10), compared with the levels of gp185erbB-2
required to induce cell transformation.

In this study, we endeavored to study the effects of
different levels of overexpression of gp185neuN on the phe-
notype of NIH 3T3 fibroblasts. Our findings demonstrated
that normal rat neu acts as a potent oncogene when suffi-
ciently overexpressed in NIH 3T3 cells.

Engineering of LTR-based expression vector for normal rat
neu cDNA. In previous studies, we have demonstrated that
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different promoters can control the transcription of the
human normal erbB-2 cDNA in NIH 3T3 cells with different
efficiency (6). By use of simian virus 40 (SV40) early region
and Moloney murine leukemia virus long terminal repeat
(LTR) promoters, we were able to obtain around 10- and
100-fold overexpression, respectively, of gpl85erbB-2 (6).
Therefore, we engineered a eucaryotic expression vector,
LTR-2IneuN, in which the transcription of the normal rat
neu gene was controlled by Moloney murine leukemia virus
LTRs. The strategy followed to engineer this construct is
illustrated in Fig. 1. The open reading frame (ORF) of the
normal rat neu cDNA (neuN [2]) was cloned into the
previously described LTR-2 vector (6) (Fig. 1). This vector
was created from the proviral form of Moloney murine
leukemia virus by engineering an internal deletion spanning
from the PstI site at position 568 of the original sequence (19)
to the BamHI site at position 6538 and replacing this
sequence with the one coding for a unique XhoI cloning site.
This deletion removes the gag and pol genes and a large
fraction of the env gene, including its putative translation
start site (19). In addition, the translation initiation codon of
the gag gene is removed and no other ATGs followed by an
ORF are available upstream from the unique XhoI cloning
site. Therefore, translation has to start at the natural ATG
present in the cDNA to be expressed.
The efficiency of transcription in this vector is strongly

affected by the amount of 5' untranslated information
present in the cDNA to be expressed (P. P. Di Fiore,
unpublished observations). Therefore, we removed all the 5'
untranslated sequence preceding the translation initiation
codon of the neuN cDNA before insertion in the LTR-2
vector. To do this, the Bail site present at position 3887 after
the stop codon of the neuN cDNA was modified to SaiI and
a BclI (position 19)-Sail (position 3887) fragment of the neuN
cDNA was cloned in the XhoI site of the LTR-2 vector (Fig.
1). The Bcil site at position 19 overlaps the translation
initiation codon of the normal neu cDNA. Therefore, an
adapter oligonucleotide was used to join this Bcil site to the
5' XhoI cloning site, which also restored the proper neu ORF
with an intact initiation codon (Fig. 1).

Effect of neu expression vectors on phenotype of NIH 3T3
cells. To assess the transforming potential of the normal rat
neu cDNA, we transfected the LTR-2IneuN and SV40/neuN
(2) expression vectors into NIH 3T3 cells. For comparison,
we also transfected the analogous plasmids engineered with
the human erbB-2 gene, LTR-2/erbB-2 (6) and SV40/erbB-2
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FIG. 1. Engineering of the LTR-2/neuN eucaryotic expression vector. The modalities of engineering are detailed in the text. Arrows
indicate the transcriptional orientation of the individual promoters. M, Oligonucleotide used to restore the ORF of the neu cDNA. The
adapter oligonucleotide had the following structure: 5'-AATTCGCAGCGTCGACGCCGCAAT-3'. The LTR-21neuN construct was se-
quenced in the regions which underwent genetic manipulations to verify that the predicted structure was obtained. The region coding for the
transmembrane domain of the neu protein was also sequenced to ensure that the normal coding sequence was present.

(6). SV401neuN and SV40IerbB-2 did not induce detectable
foci of morphologically transformed cells (Fig. 2). In striking
contrast, the LTR-21neuN construct induced transformation
with an efficiency of around 103 foci per pmol of added DNA
(Fig. 2; Table 1). This effect was comparable to that obtained
with the LTR-2IerbB-2 expression vector (Fig. 2; Table 1).
As previously reported (2), the SV401neuT plasmid, which
contains a transmembrane mutation that activates the neu
product (2), was also capable of inducing cell transformation
(Table 1). The LTR-2 vector was not transforming when
transfected alone or when cotransfected at different molar
ratios with the SV401neuN construct (Fig. 2; Table 1).
As an independent approach to assess the transformed

phenotype of LTR-2IneuN transfectants, we investigated
their ability to display anchorage-independent growth, a
property known to correlate well with malignancy. LTR-
21neuN transfectants were able to form colonies in soft agar
at high efficiency (Table 1), comparable to that observed for
LTR-2IerbB-2 and v-H-ras transfectants. NIH 3T3 cells
transfected with SV401neuN or SV40IerbB-2 constructs did
not display any anchorage-independent growth under the
same conditions (Table 1). Transforming activity in vitro
paralleled the results obtained in a tumorigenicity assay in
nude mice. LTR-21neuN and LTR-2/erbB-2 transfectants
displayed comparable levels of malignancy in vivo and were
as tumorigenic as cells transformed by the highly potent
v-H-ras oncogene (Table 1). Of note, tumors appeared with
a short latent period and grew rapidly, excluding the possi-
bility that secondary alterations selected for in vivo were

responsible for the tumorigenic phenotype of these cells.
SV401neuN and SV40IerbB-2 transfectants did not form
tumors even when 106 cells were inoculated (Table 1).

Expression of gp185"e' in NIH 3T3 transfectants. To ana-
lyze the levels of gpl85neuN and gpl85erbB-2 in the various
NIH 3T3 transfectants, we obtained mass cell populations
after selection of the transfectants with mycophenolic acid
(13). An antiserum (Ml antibody) has been generated against
a peptide spanning residues 866 to 880 of the predicted
human erbB-2 product (5), a region identical to that in the
predicted neu protein. This antibody recognized both pro-
teins with similar efficiency in Western blot (immunoblot)
analysis. As shown in the immunoblot in Fig. 3A, a 185-
kilodalton protein was identified in SV40IneuN, LTRJneuN,
and LTR-2IerbB-2 transfectants. This recognition was spe-
cifically blocked by preabsorption of the antibody with the
specific peptide (data not shown). Densitometric scans of the
autoradiogram in Fig. 3A were performed on several expo-
sures taken in the linear range of signal intensity. They
revealed that the levels of expression of the erbB-21neu
product were comparable in LTR-2IerbB-2 and LTR-21neuN
transfectants and about 20-fold higher than those detected in
SV401neuN transfectants (ratio in arbitrary units, 1:19.6:20.7
for SV401neuN, LTRlneuN, and LTRIerbB-2, respectively;
see also legend to Fig. 3A).

In another series of experiments, we isolated one SV40/
neuN-transfected mass population which displayed high
levels of expression of gp185neuN by cotransfection with a
high ratio of SV40IneuN and pSV2/gpt (13). When this cell
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LTR-2/neuN LTR-2/erbB-2 Control

SV40/neuN SV40/erbB-2 LTR-2 + SV40/neuN
FIG. 2. Comparison of transforming activities of erbB-2 and neuN under LTR or SV40 control. NIH 3T3 cells were transfected with 1 F±g

of DNA from each construct by the calcium phosphate precipitation technique (8, 24). Plates were stained with hematoxylin at 21 days after
transfection. Control was calf thymus DNA. LTR-2 + SV40IneuN; Plates were transfected with 5 ,ug of both constructs. The data presented
are typical and representative of four independent experiments performed in duplicate.

line, designated NIH SV401neuNM, was assayed in immu-
noblot, it was found to express gpl85neuN at levels almost as

high as those detectable in LTR/neu transfectants and more

than 10-fold higher than those in SV401neuN transfectants
(see the legend to Fig. 3B for densitometric measurements).
The generation of an SV401neuN transfectant expressing
high levels of gp185neuN was a rare event. In fact, only one
such a transfected line was isolated during our experiments.
Interestingly, NIH SV401neuNM cells were tumorigenic in
vivo, forming tumors in four of four mice inoculated with 105
cells, and displayed high cloning efficiency of around 35% in
semisolid medium. Thus, the higher levels of erbB-21neu
expression, achieved under LTR or sporadically under SV40
influence, correlated with the appearance of transformed
phenotype.

It has been previously demonstrated that tyrosine phos-
phorylation of gpl85erbB-2 and gpl85neu correlates well with
their specific kinase activity and transforming potency (3, 4,
13, 16). Thus, we also analyzed the levels of in vivo tyrosine
phosphorylation of gpl85erbB-2 and gp185neuN in various
transfectants. The specific level of tyrosine phosphorylation
of gpl85neu and gpl85erbB- was similar, in that the reactivity
with antiphosphotyrosine correlated with receptor number
(Fig. 3C). Thus, we conclude that analogous to erbB-2 (6,
16), a certain level of kinase activity dependent on the level
of protein expression is required for gp185neuN to exert its
transforming effect.

Role of erbB-2/neu overexpression in in vitro transformation

and in human tumors. The present studies demonstrated that
the normal rat neu gene acts as a potent oncogene when
overexpressed at sufficient levels in NIH 3T3 cells. Several
lines of evidence demonstrated that the transforming action
of the LTR-21neuN construct was due to the high levels of
gpl85neuN expressed and not to any other alteration induced
during the gene transfer manipulations. First, the method of
engineering of the LTR-2IneuN vector makes it extremely
unlikely that any ORF other than that for the neuN was
translated into this vector. Accordingly, the LTR-2 vector
alone did not induce morphological alterations of NIH 3T3
cells or render them tumorigenic, even if cotransfected with
the SV401neuN construct. In addition, we were able to
obtain a rare NIH SV40/neuN transfectant (NIH SV40/
neuNM) which was tumorigenic upon injection into nude
mice. This tumorigenicity correlated well with high levels of
gpl85neuN, comparable to those normally obtained in LTR-
21neuN transfectants. Thus, irrespective of the method of
achieving overexpression, gp185neuN levels above a certain
threshold invariably correlated with the acquisition of the
transformed phenotype.
Our results are at variance with previous reports which did

not detect transformation by the normal gpl85neuN (2, 3, 10).
It is possible that quantitative variations might in part
explain the observed discrepancies. This may be the case for
the experiments performed with the normal rat neu cDNA
under SV40 promoter influence (2). Our present results
indicate that the level of overexpression normally achieved
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FIG. 3. Comparison of gpl85 and its in vivo phosphorylation levels in NIH 3T3 cells transfected with the neuN or erbB-2 cDNA under

LTR or SV40 control. Mass cell populations transfected with the indicated DNAs were obtained after selection with mycophenolic
acid-containing medium (13). LTR transfectants were selected by taking advantage of the presence of the Ecogpt gene, conferring resistance
to mycophenolic acid (13) in the LTR-2 vector. SV40 transfectants were obtained by cotransfection of the SV40/neuN expression vector with
the pSV2/gpt plasmid, carrying the same Ecogpt gene (13), at a molar ratio of 20:1. The data presented are typical and representative of at
least three experiments performed on transfectants originated in three independent transfections. (A) Steady-state levels of gp185neuN and
gpl85erbB-2 in various transfectants. The indicated amounts of total cell lysates from the indicated cell lines were fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by immunoblot with the Ml antibody as previously described (6, 12).
Molecular size markers are shown in kilodaltons. (B) Steady-state levels of gpl85neuN in NIH SV401neuNM cells in comparison with
LTRIneuN and SV401neuN transfectants. The indicated amounts of total cell lysates were analyzed as described for panel A. Molecular size
markers are indicated in kilodaltons. (C) In vivo tyrosine phosphorylation. The indicated amounts of total cell lysates were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by immunoblot with a specific antiphosphotyrosine (anti-PTyr)
antibody prepared as described by Pang et al. (15). The specificity of the reaction was determined by immunostaining identical blots with the
antiphosphotyrosine antibody preabsorbed with phosphotyrosine, phosphoserine, or phosphothreonine. Molecular size markers are shown
in kilodaltons. Densitometric scans of the autoradiograms in panels A to C were performed on several exposures taken in the linear range of
signal intensity. Relative protein levels were calculated on the basis of the areas of the individual peaks, calculated in optical density x
millimeters, and converted to arbitrary units after normalization for the amount of protein loaded. In the autoradiogram in panel A, for
example, areas of 1.18, 5.78, and 6.11 optical density x mm were obtained for the lanes SV40/neu (40 jig) LTR/neu (10 tLg), and LTR/erbB-2
(10 jig). After correction for the amount of protein loaded, we obtained a ratio, in arbitrary units, of 1:19.6:20.7 for SV40/neuN, LTR/neuN,
and LTR/erbB-2 transfectants, respectively. Similarly, scans of the autoradiogram in panel B yielded values of 1:12.8:24.6 for SV401neuN,
NIH SV40/neuNM, and LTR/neuN. Scans of the autoradiogram in panel C yielded values of 1:26.8:25.5 for SV401neuN, LTR/neuN, and
LTR/erbB-2 transfectants, respectively.

under these conditions would not be sufficient to induce the
transformed phenotype. Direct attempts to further increase
the level of gpl85"e"N expression have also been made (3,
10), which resulted in higher levels of gpl85ne"N expression
but no detectable transformation. In the absence of a direct
comparison between the levels of overexpression achieved
under our conditions and those obtained in the previously
published studies (3, 10), this difference is not readily
explainable and warrants further investigation.

Overexpression of erbB-2, with or without gene amplifi-
cation, is the most frequently detected alteration affecting
this gene in human tumors (7, 11, 12, 17, 20, 21, 26). There
are several reasons to believe that the gp185erbB-2 overex-
pressed in some human tumors is normal. First, gpl85erbB-2
expressed in human tumor cell lines possesses normal intrin-
sic kinase activity compared with the enhanced activity
displayed by activated transmembrane mutants (16). In
addition, the erbB-2 gene cloned from two human tumors
possesses the normal transmembrane sequence (21). There-

fore, our present and previously published results (6, 16)
lend support to the hypothesis that overexpression of the
normal product of the erbB-21neu gene contributes to the
development of some human tumors. However, the question
remains as how the oncogenic potential of erbB-21neu is
activated under conditions of overexpression. In this regard,
it is interesting that, unlike other growth factor receptors,
the normal erbB-21neu product displays constitutive levels of
kinase activity in the absence of exogenously added ligand
(3, 4, 16, 23). This could reflect production of its putative
ligand (25) by an array of cell types or a constitutive
unstimulated enzymatic activity. This latter possibility is
supported by our recent finding that the chronic activation of
gp185erbB-2 is, at least in part, due to a strong upregulation of
kinase activity exerted by its carboxy-terminal domain (6a).
Although the participation of a ligand cannot be excluded at
the present, these results indicate that control of the levels of
gp185erbB-2 expression is critical to regulate the signalling
ability of its constitutively active kinase. An imbalance in the
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TABLE 1. Transforming activity of neu and erbB-2
expression vectors

Transforming Tumorigenicityc
efficiency Growth

DNA (focus- in agar No. of T Latency
forming (%)b cells incidence period

units/pmol)a injected (wks)

SV40/neuN <100 <0.01 106 0/8
SV401neuT 3.0 x 103 37 105 8/8 1
SV40IerbB-2 <100 <0.01 106 0/8
LTRIneuN 1.4 x 103 28 i05 8/8 2
LTRJerbB-2 2.6 x 103 32 105 8/8 2
LTR-2 <100 <0.01 106 0/8
LTR-2 + <100 <0.01 NTe
SV401neuNd

v-H-ras 4.2 x 103 45 105 8/8 1

a Transfection was performed with 40 ,ug of calf thymus DNA as the carrier
and 10-fold serial dilutions of specific circular plasmid DNA (10 to 0.001 ,ug)
by the calcium phosphate precipitation technique (8, 24). Focus formation on
NIH 3T3 cells was scored at 14 to 21 days on duplicate plates. Transforming
efficiency was calculated in focus-forming units per picomole of added DNA
based on the relative molecular weights of the respective plasmids and after
normalization for the efficiency of colony formation in parallel dishes treated
with mycophenolic acid containing medium for LTR-based constructs. Typ-
ically, we obtained around 5 x 103 mycophenolic acid-resistant colonies per
pmol ofDNA when circular LTR-based constructs were used. Data represent
average of four independent experiments performed in duplicate. In two
experiments, three independent clonal isolates of the LTRIneuN expression
vector were used. The three plasmid clones yielded identical results.

b All transfectants were isolated from plates that received 1 p.g of cloned
DNA and were selected for their ability to grow in the presence of mycophe-
nolic acid (13). For the anchorage-independent growth assay in soft agar, cells
were plated at 10-fold serial dilution in 0.45% soft agar medium containing
10o calf serum. Visible colonies comprising >100 cells were scored at 14
days. Data represent average of three independent experiments performed in
duplicate.

c NFR nude mice were injected subcutaneously with the indicated mass cell
populations from two independent transfections selected as indicated in
footnote b. Tumor formation was monitored at least twice weekly for up to 30
days.

d Cotransfection of the LTR-2 vector with the SV401neuN expression
vector was performed at 1:1 and 10:1 molar ratio (LTR-2:SV40/neuN), using
1 and 5 p.g of SV401neuN.
eNT, Not tested.

equilibrium caused by overexpression above a critical
threshold might, therefore, contribute to the progression of
the cell along the malignant pathway.
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