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Transgenic mice carrying the v-Ha-ras oncogene under the control of the mouse mammary tumor virus long
terminal repeat were produced. These mice exhibit several phenotypes: mammary tumors, bilateral hyper-
plasia of the harderian lacrimal gland, primary bronchio-alveolar lung adenocarcinoma, and splenomegaly.
High levels of the transgene RNA were detected in mammary, harderian, and lung tumors. Accumulation of
cells of the myeloid lineages was found in enlarged spleens. This phenotype may represent an indirect effect of
v-Ha-ras expression on myeloid progenitors. Our data illustrate the cell-specific effects of v-Ha-ras.

The Ha-ras proto-oncogene is a member of a larger family
of related proteins (Ras family) which have been frequently
found activated in several animal and human tumors and are
thought to play an important role in the emergence of these
malignancies (34). An activated c-Ha-ras oncogene has been
identified repeatedly in mammary carcinoma induced by
N-nitroso-N-methylurea and by dimethylbenzanthracene in
rats (37) and by dimethylbenzanthracene in mice (5). Simi-
larly, activated c-Ha-ras or K-ras oncogenes have been
detected in a number of human breast carcinoma cell lines
(17, 18, 23), and some specific Ha-ras alleles were found at a
higher frequency in patients with breast tumor than in
normal patients (19). In fact, most human breast carcinoma
revealed elevated levels of c-Ha-ras RNA and protein (4, 10,
33). These results suggest a role for this oncogene in the
initiation or progression of this malignancy or both.

Transgenic mice offer an attractive system to study the
effect of an oncogene in a given tissue under normal physi-
ological conditions. To study the role of the activated
v-Ha-ras oncogene in the development of mammary tumors,
we constructed transgenic mouse lines carrying the v-Ha-ras
oncogene under the control of the mouse mammary tumor
virus (MMTV) enhancer-promoter.
A 4.2-kilobase-pair EcoRI-NcoI fragment containing the

MMTV long terminal repeat (LTR) linked to the v-Ha-ras
oncogene was purified from pA9 DNA (15) (Fig. 1) and
microinjected into the male pronucleus of (C3H x C57BL/6)F2
zygotes (14). Five animals carrying the transgene (founders)
were produced. Four transmitted the transgene to their
progeny and were bred as lines (designated lines MR2 to
MR5) by mating with BALB/c J mice, as this strain is known
to be among the most susceptible to MMTV-induced mam-
mary carcinoma.
Predominant phenotypes of transgenic mice. Five pheno-

types not seen in control mice were observed in the trans-
genic mice: mammary tumors, exophthalmia, splenomegaly,
salivary gland tumors, and lung tumors.

Progressive exophthalmia (proptosis) occurred in a signif-
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icant percentage of animals from three of the five transgenic
lines at 2 to 5 months of age (Table 1). It was always
bilateral, and the periocular skin became edematous with
loss of hair. At dissection, massive enlargement of the
retro-orbital harderian gland was observed. Microscopic
examination disclosed a papillary and cystic hyperplasia of
the alveolar cells of the enlarged normally encapsulated
harderian gland (data not shown).
Mammary tumors arose after 4 to 10 months of age in

animals of four transgenic lines (Table 1). Each positive
mouse generally had multiple tumors of different sizes,
arising at different times. Tumors grew slowly but continu-
ally, and some reached diameters of over 2 cm. Histological
examination of these tumors revealed typical adenocarcino-
mas at different stages of differentiation and adenoacantho-
mas (Fig. 2). Three out of four mammary tumors tested
could be transplanted in syngeneic or nude mice (data not
shown), confirming their malignant nature.

In animals sacrificed because of their multiple mammary
and harderian gland tumors or because of their age, a third
phenotype, splenomegaly, was observed, mainly in mam-
mary tumor-bearing mice but also in 2 out of 11 (18%) mice
which had only harderian gland hyperplasia. Histological
examination revealed that the general architecture of the
splenic parenchyma was preserved but the red pulp was
markedly hypercellular and composed of immature elements
of both the granulocytic and erythroid lineages (Table 2). In
contrast, differential counts performed on blood and bone
marrow cytosmears appeared normal.
To further characterize these cellular populations, spleen

and bone marrow cells from transgenic mice sacrificed at late
stages of tumor development and from normal mice were
plated in methylcellulose cultures to quantify the different
hematopoietic precursors (GM-CFC, M-CFC, BFU-E,
CFU-GEMM, and CFU-E) (13). A marked increase of all
these precursors was detected in the spleens of transgenic
mice (Table 3) but not in their bone marrow (data not
shown). In these transgenic mice, the splenic stem-cell pool
represented a substantial proportion of the total stem cells of
the mouse. The splenic hematopoietic progenitors BFU-E,
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FIG. 1. Schematic representation of the MMTV v-Ha-ras fusion gene injected. The v-Ha-ras gene under the control of the MMTV LTR
was excised from the pA9 plasmid (15) as a 4.2-kilobase-pair NcoI-EcoRI fragment. A 300-base-pair SacI-KpnI fragment subcloned in Gem-3
was used to generate an antisense RNA probe. -, MMTV env; E, MMTV LTR; Eu, 30S sequences; _, v-Ha-ras; E, viral
sequences; -*, expected transcript. The restriction sites are BamHI (B), BglI (Bg), EcoRI (E), KpnI (K), NcoI (N), and Sacl (S).

GM-CFC, CFU-E, and CFU-GEMM were still dependent
on the presence of fetal calf serum for their growth (data not
shown). Similarly, all day-7 hematopoietic progenitors
(BFU-E, GM-CFC, and CFU-E) were dependent on the
presence of IL-3 or erythropoietin for colony formation. In
addition, the dose-response curves obtained with erythro-
poietin for CFU-E colony formation were comparable be-
tween cells from normal and transgenic mice (data not
shown). The nucleated cells (10') from enlarged spleens of
four transgenic mice were also tested for their malignant
potential by inoculation in nude mice. No tumor growth was
detected after a period of observation of 8 weeks.

Mice, predominantly of transgenic line MR5, showed an
additional phenotype, lung tumors which appeared as bilat-
eral and multifocal nodules in the lungs at the age of 4 to 13
months. These nodules varied in size (1 to 5 mm in diameter)
in each diseased mouse. These lung tumors were found in
mice showing other malignancies (mammary adenocarci-
noma) but also in mice with no other apparent tumors,
suggesting that these tumors were primary tumors of the
lung. Histologically, they were diagnosed as typical bron-
chio-alveolar adenocarcinoma with papillary formation (Fig.
2). Three out of four attempts to transplant these tumors
(from four different diseased mice) into nude mice were
successful, confirming their malignant nature.
Less frequently, mice from four of the five transgenic lines

also developed salivary gland adenocarcinoma (Table 1).
The incidence of these tumors was low but significantly
higher than that found in normal control mice, strongly
suggesting that the v-Ha-ras oncogene is also responsible for
the initiation or maintenance of these tumors or both.

Tissue-specific expression of the transgene was measured
in normal and tumor tissues by an RNase protection assay
with an antisense RNA probe (Fig. 1). Elevated levels of the
RNA transcripts were detected in all tumors tested: six
mammary and four pulmonary tumors and two hyperplastic
harderian glands (data not shown). Variable levels of RNA

were detected in hyperplastic spleens. High transgene
expression was found in some normal tissues such as sali-
vary glands (MR2), harderian glands (MR2), epididymis
(MR4B, MR5), seminal vesicle (MR4B and MR5 but not
MR2), and testis (MR4B and MR5 but not MR2). Low
transgene RNA was also found in other normal tissues such
as some spleens (MR2, MR4B, and MR5 but not MR3),
thymus (MR2 but not MR4), bone marrow (MR5), lungs
(MR2 but not MR3 or MR5), and harderian glands (MR3).
Other tissues have not revealed any expression of the
transgene: brain (MR2, MR3), heart (MR2), liver (MR2,
MR3), kidney (MR2, MR3), ovary (MR2, MR3), uterus
(MR2, MR3), and mammary fat pads (MR2, MR5).

Distinct effects of v-Ha-ras in various tissues. When ex-
pressed in various tissues of transgenic mice, the v-Ha-ras
oncogene was found to have distinct effects. Alone, v-
Ha-ras had no transforming ability in any of the tissues
where it was expressed. However, in the harderian gland,
the expression of v-Ha-ras appeared sufficient by itself to
stimulate epithelial cell proliferation without inducing malig-
nant transformation (hyperplasia). In these cells, the action
of v-Ha-ras resembles the mitogenic effect of activated
Ha-ras or K-ras in quiescent cells in vitro; these oncogenes
have indeed been found to promote quiescent cells to divide
(8, 20). In the mammary glands, the expression of v-Ha-ras
causes a predisposition to mammary carcinoma but does not
seem sufficient by itself for tumor induction, suggesting that
additional genetic events (second hit) are required. To-
gether, these results illustrate the cell-specific effect of the
v-Ha-ras oncogene.
While this work was in progress, Sinn et al. (29) reported

similar phenotypes (harderian gland hyperplasia, mammary
and salivary gland adenocarcinoma) with the same trans-
gene, although the heterogeneity of types of mammary
tumors obtained was not reported. Also, the activated Ha-
ras oncogene under the control of the enhancer-promoter of
the whey acidic protein (wap) gene was found to induce

TABLE 1. Pathologies associated with transgenic mice carrying the MMTV v-Ha-ras fusion gene

% of mice affected (no./total) in line
Pathology

MR2 MR3 MR4A MR4B MR5

Harderian gland hyperplasiaa 92 (72/78) 0 (0/101) 0 (0/22) 87 (13/15) 26 (19/74)
Mammary adenocarcinomab 89 (32/36) 52 (25/48) 0 (0/12) 83 (5/6) 17 (6/36)
Pulmonary adenocarcinomac 6 (1/18) 7 (1/15) 0 (0/6) 0 (0/8) 58 (7/12)
Splenomegalyc d 100 (18/18) 73 (11/15) 0 (0/6) 63 (5/8) 75 (9/12)
Salivary gland adenocarcinoma 5 (4/78) 5 (5/101) 0 (0/22) 7 (1/15) 3 (2/74)

a Only data from animals (females and males) older than 2 months were included in this group.
b Only data from female mice older than 5 months were included in this group. Only 1 male out of 53 had a mammary tumor in line MR3.
These pathologies were observable at autopsy; thus, only autopsied animals are included in these groups.

d Hyperplastic spleen weights ranged from 190 to 1,750 mg and averaged 390 mg. Normal spleen weight was considered to be -170 mg.
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TABLE 2. Cellular compositions of spleens and bone marrow
from transgenic and normal mice

Percentage of cells from:

Spleen Bone marrow
Cell typea

Transgenic Normal Transgenic Normal

T7 T8 T9 N4 N5 T7 T9 N4

Blasts 5 3 3 0 0 3 2 1
Promyelocytes; 15 13 10 0 0 7 2 5

myelocytes
Metamyelocytes; 20 54 45 3 3b 69 71 68
polymorphonu-
clear leukocytes

Lymphocytes 41 24 30 93 95 9 16 21
Erythroblasts 9 3 3 0 0 3 2 2
Monocytes 6 3 4 2 1 5 1 2
Eosinophils 3 0 4 2 lb 3 7 5

a At least 300 cells were counted for each morphological determination.
bA parasitic infection in the colony at the time of the assay could account

for the low percentage of mature neutrophils and eosinophils found in the
spleens of normal mice.

salivary gland and mammary adenocarcinoma in transgenic
mice, but at a much lower frequency (1).
The splenomegaly observed in our transgenic mice was

unexpected and represents a complex phenotype, surpris-
ingly restricted to the spleen and not found in the bone
marrow. This disease resembles human myelodysplasia or
myeloid metaplasia. Interestingly, activation of genes of the
Ras family has been reported in human chronic myeloprolif-
erative disorders and myelodysplastic syndromes (12, 16).
This splenomegaly phenotype was not reported by Sinn et al.
(29) in the mice carrying the same transgene and presenting
mammary and harderian gland phenotypes. Some observa-
tions that favor the interpretation that this phenotype is
unrelated to v-Ha-ras expression are as follows. (i) Although
the expression of genes under the control of MMTV LTR in
the spleen is well documented (3, 29, 31), especially in
BALB/c mice (27), the levels of v-Ha-ras transcripts in our
transgenic mice were found to be often relatively low in the
spleen and did not seem to correlate with the degree of
splenomegaly. However, high levels of expression of the
transgene restricted to a small subpopulation of spleen cells
would not have been detected by the technique used. (ii)
Splenomegaly was also observed in C3H/OuJ mice carrying

MMTV-induced mammary tumors, suggesting that it might
represent a paraneoplastic phenotype. However, other facts
favor the interpretation that this phenotype is related to the
expression of the transgene. (i) Among the transgenic mice,
splenomegaly was observed only in lines expressing the
transgene and some tumor phenotype. (ii) Splenomegaly was
not observed in normal BALB/c littermates caged in the
same room. (iii) Splenomegaly was also observed in a few
macroscopic malignant tumor-free transgenic mice from
lines expressing the transgene (MR2, MR4B). The genetic
background may be responsible for the appearance of this
additional phenotype reported here. If splenomegaly is the
result of the transgene effect, our results are best explained
by postulating that the expression of v-Ha-ras in a specific
spleen cell subpopulation (possibly stromal cells) leads to the
secretion of a factor stimulating all myeloid progenitors.
Lung tumors in transgenic mice. Lung tumors arose at a

significant frequency in transgenic mice of line MR5. This
finding was unexpected, since lung tumors were not reported
by Sinn et al. (29), despite expression of the transgene in the
lungs of their transgenic mice. Again, as with the splenomeg-
aly, the genetic background of the mice may be critical for
the outcome of the disease. In mice, susceptibility to lung
tumors is primarily controlled by genetic influence, and the
BALB/c mice used in our experiments are relatively suscep-
tible (25).
There are good reasons to believe that these tumors are

primary tumors of the lung and not metastases. (i) They have
been found in two tumor-free male animals. (ii) The pathol-
ogy is unique and distinct from that of the mammary
adenocarcinoma analyzed. (iii) These tumors are pathologi-
cally indistinguishable from the spontaneous lung tumors of
the A/J mice classified as adenocarcinoma (9).
Lung tumors, which arose relatively late and stochasti-

cally, are most likely dependent on v-Ha-ras expression for
initiation or maintenance or both, since very high levels of
the transgene RNA were detected in all tumors tested (4 of
4), while low or undetectable levels of transcripts were found
in the normal transgenic lungs. However, measurement of
RNA transcripts from cells of the total organ would not be
sensitive enough to detect them appropriately in a rare-cell
population such as the epithelial cells lining the bronchioles,
a cell population previously found to express transcripts
under the control of MMTV LTR (30). However, although
the expression of v-Ha-ras in some cells in the lung predis-
poses them to transformation, it does not appear sufficient,

TABLE 3. Hematopoietic progenitors in spleens of transgenic and normal mice

Total no. of progenitors in spleena

Progenitor Transgenic Normal

Ti T2 T3 T6 T7 Ni N2 N3

CFU-E 135,600 1,000,000 200,000 1,950,000 640,000 36,100 ndb 21,000
BFU-E 7,600 23,500 5,000 32,800 8,300 1,500 200 1,000
CFU-GEMM 1,600 7,000 2,700 5,800 5,200 500 200 200
GM-CFC 9,400 29,200 23,000 125,600 56,000 3,600 800 1,700
M-CFC 13,600 ndb 9,700 32,100 11,200 2,400 600 1,200

Sex of mouse M F M F F M F M
Age (mo) 5.5 8.0 5.0 8.5 13.0 4.0 10.0 10.0

a Total number of progenitors per spleen was obtained by multiplying the frequency of each type of progenitor by the total number of nucleated cells recorded
after dispersion of spleen cells by homogenization.
bnd, Not determined.
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and an additional genetic event(s) (second hit), as well as the
presence of appropriate susceptibility genes, is most likely
required to fully transform these lung cells. Interestingly, a
good correlation has been shown between a K-ras-2 EcoRI
polymorphism and the differential susceptibility of mice to
development of pulmonary adenocarcinoma (25). N-ras has
also been found to be activated in a Lewis lung carcinoma
(35). Recently, lung tumors have also been reported to arise
in transgenic mice carrying the v-Ha-ras oncogene under the
simian virus 40 promoter linked to the human immunoglob-
ulin heavy-chain enhancer (32). Furthermore, activation of
ras proto-oncogenes has been reported in human lung tu-
mors (7, 24) or lung tumor cell lines (2, 6, 21, 22, 26, 28, 36),
and rare alleles of Ha-ras-1 gene have been found in patients
with non-small-cell carcinomas as compared with normal
patients or with patients with small-cell carcinoma (11).
Therefore, our lung tumors represent an attractive and novel
model to study spontaneously arising lung tumors in ani-
mals.
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