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Advances in Brief

A Single TargetedEts2 Allele Restricts Development of Mammary Tumors in
Transgenic Mice

Nickolay Neznanov? Albert K. Man, Hideyuki Yamamoto, Craig A. Hauser, Robert D. Cardiff, and
Robert G. Oshima3

The Burnham Institute, La Jolla, California 92037 [N. N., A. K. M., H. Y., C. A. H., R. G. O.]; and Department of Pathology, School of Medicine University of California at Davis,
Davis, California 95616 [R. D. C.]

Abstract induction of tumors by PyMT is dependent on the c-Src tyrosine

kinase (9). The potency of PyMT can be attributed, at least in part, to
its ability to activate both the Shc adapter protein (and subsequently,
Grb2-Sos, Ras, Raf, and MAP kinases) and RkiBase signaling

oncogene. Tumors from females with only one wild-typeéEts2 gene were pathways (10). Thus, .Whereas RyMT IS th a cause Of_ cancer in

approximately one-half the size of tumors from controls. The smaller size h_umans, transgenic mice expressing PyMT in mammary tissues pro-

of the tumors was correlated with a more differentiated state of early Vide an opportunity to identify mediators of signaling common to

hyperplastic growths and not to differential growth of the frank tumors or ~ growth factor receptors and multiple activated oncogenes implicated

to decreased middle T gene expression. Ets2 may regulate the progressionin human disease. Here, we investigate the potential role of Ets2 in

of these aggressive mammary tumors. mediating biologically relevant signaling in mammary tumor cells
in vivo.

Heterozygous female mice carrying a targeted mutation of the Ets2
transcription factor gene were mated with a mouse strain that develops
mammary tumors due to the expression of the polyoma virus middle T

Introduction

. e . Material Meth
The Ets family of transcription factors representd45 proteins (18 aterials and Methods

human proteins) that share a variant, winged helix-turn-helix DNA- RNA Analysis. Total RNA was purified from frozen tissues with acidic
binding domain (1). In botiCaenorhabditis elegarandDrosophila, phenol (11). The levels of Ets2, MMP-3, L-32, and PyMT RNAs were
Ets factors mediate growth factor stimulation of the Ras-Raf-KIARletermined by RNase protection assays, performed as described previously
kinase signal transduction pathway to trigger specific developmentging antisense transcripts of mouse Ets2 cDNA (292-bp fragment), mouse
decisions (2). Activated ErbB2 (neu), Src, Ras, and Raf can stimulaté2 CONA (187-bp fragment; Ref. 7), aityMT gene (368-bp fragment; Ref.
Ets2 mediated transcriptional activation in cultured mammalian cefts All these fragments were amplified by PCR and cloned into pGEM1

(1, 3, 4). The oncogene stimulation of this pathway activates tﬁ%\smid. The protected Ets2 and PyMT signals were normalized to the signals
y O, 4). 9

o - ) tained from the mouse L-32 ribosomal protein RNA.
transcriptional activity of Etsl and Ets2 by phosphorylation of a Tumor Formation and Analysis. Transgenic mammary tumor formation

specific threonine residue in thgointed domain (3). Ets factors a5 achieved by mating FVB/N-TgN(MMTVPYVT)634 Mul male transgenic
appear to be important mediators of transformation because domingple (MMTV-PyMT mice), which were obtained from The Jackson Labora-
inhibitory Ets constructs can block transformation by Ras or ErbB#ry (Bar Harbor, ME), withEtsZ* heterozygous mice bred in a Swiss/
Neu (5) and can partially reverse the transformed phenotype oBlack outbred backgroundE(s2™ ). All tumors were derived from females of
breast tumor cell line (6). Mice homozygous for a targeted mutatidime F;, generation of these crosses. Animals were inspected for visible tumors
of Ets2 die during early development due to extraembryonic tisswgekly. After tumors were first observed, the length and width of tumors were
deficiencies, which include low expression of MMP-9 (gelatinase Bl)jeasured with a calipers every 3 days until 90-95 days or until the host was

Ets2-deficient animals, rescued from early embryonic lethality agsibly affected by tumor burden. The volume of the tumor at 80, 85, 90, and
aggregation with tetraploid wild-type embryos, develop normally bu

5 days was estimated by interpolating the growth curve of each tumor. Tumor
. e . . vblume was calculated by the formula: (lengthwidth?)/2. For tumors from
as adults, resemble_ animals deficient in transformlng growth falmor'BO-day-oId mice, the sizes of the two largest tumors of each animal were
amember of the epidermal growth fa_ctor family of gl?OWth factors (7)neasured, and the excised tumors were weighed. A portion of each tumor was
ThePyMToncogene uses the same signal transduction pathways asgj in Bouins’ fixative or 4% paraformaldehyde in PBS for histology, and the

epidermal growth factor receptor members. Transgenic expressiondphainder was frozen in liquid nitrogen for RNA isolation.
PyMT in mammary gland results in early general hyperplasia andHistology. Excised mammary glands were mounted on glass slides, fixed
subsequent multifocal carcinomas, with 100% penetrance (8). Tiheacidic ethanol, and stained with carmine alum (12). Fixed tumors were
processed for paraffin sections and subsequent staining with H&E. Photo-
Received 5/20/99; accepted 7/19/99. graphic documentation was performed with SPOT digital camera and Adobe

The costs of publication of this article were defrayed in part by the payment of paf§10toshop software. Apoptotic tumor cells were identified in sections with the
charges. This article must therefore be hereby masgdrtisemenin accordance with use of the Apotag commercial kit (Oncor) for visualizing nicked nuclear DNA.

18 U.S.C. Section 1734 solely to indicate this fact. Mitotic activity was visualized by staining sections of tumors from animals

1 This work was supported by California Breast Cancer Research Program Gr . - - e
2IB-0109 (to R. G. O.) and in part by National Cancer Institute Grant RO1 CA74547 (fré]%cted with bromodeoxyuridine (1 mmol/100 g) 30 min before sacrifice. A

R.G. 0. and C. A. H.) and Cancer Center Support Grant P30 CA30199. A. K. M. wa@mmercial bromodeoxyuridine staining kit was used according to the manu-
supported by the Public Health Service/National Cancer Institute Predoctoral Trainifacturer’s instructions (Zymed Laboratories, Alameda, CA).
Grant T32 CA771009.

2 Present address: Department of Molecular Genetics, University of lllinois at Chica
Chicago, IL.

3 To whom requests for reprints should be addressed, at The Burnham Institute, 10901 . i .
North Torrey Pines Road, La Jolla, CA 92037. Phone: (858) 646-3147; Fax: (858) 646-Modification of Transgenic Mammary Tumor Growth by Ets2.

3193; E-mail: rgoshima@burnham-inst.org. ) ) ) To investigate the impact of altering the level of wild-type Ets2 on
4 The abbreviations used are: MAP, mitogen-activated protein; MMP, matrix metal-

Results

loproteinase; PyMT, polyoma virus middle T antigen; PI, phosphatidylinositol; MMTV,ranS%]enIC mammary tumors, we mated MMTV'PyMT males Wlth.
mouse mammary tumor virus. Ets2"/~ heterozygotes. We then compared tumor appearance and size
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of PyMT-positive females having either one or two wild-tyges2 tumor of Ets2™/~ heterozygotes was less than one-half of that of
alleles (PyMT/Ets2'~ and PyMT/Ets’"). Only F, animals were largest tumors of Ets2 wild-type animals. For each animal, compari-
compared to eliminate potential genetic background effects. The @ons of the average weights of either the largest tumors (Fig. 1
erage size of mammary tumors that arise as a consequence of Pyddlumns A or the average weights of both tumors were statistically
expression in wild-type anBts2"/~ heterozygotes is shown (Fig. 1).significantly different (Student’s test,P = 0.003). The excellent fit
All PyMT-positive females developed tumors. However, the tumoxd the growth of both types of tumors to an exponential function of
from PyMT/Ets2 /™ heterozygotes were smaller at all times of obsimilar slope (Fig. B) suggests that the difference in sizes of the
servation (Fig. A). To confirm that the significant difference in tumortumors is related to a delay or difference in progression of the tumors,
size depended on thEs2genotype, we weighed excised tumors fromrather than a difference in growth rate of the mature tumors.
animals of the same age (Fig. 1C). The average weight of the largestlammary Gland and Tumor Development. The possible de-
layed onset of exponential tumor growthRyMT/Ets2’~ heterozy-
gotes suggested that mammary gland development might be delayed
A 35004 in Ets2"/~ heterozygous females. However, no differences in mam-

mary gland development was apparenEis2"/~ females of ages 25,
30007 35, or 47 days compared with wild-type littermates, as judged by
g 25000 EqopH/+ mammary ductal tree development in whole mounts (Figa@d data
5 not shown). Furthermore, mammary development of a rescued, ho-
o 20004 mozygousEts2 '~ 50-day-old female was normal and not distin-
,_>__ n=9 guishable from a littermate. Thus, Ets2 is not essential for early
g 1500 mammary gland development, and delayed mammary-tree develop-
3 1000 ment is not the cause of the delayed tumor growth in bigeyi T/
Etgo-+- Ets2”~ females.
500 The development of mammary tumors was evaluated in whole
n=10 mounts and histological sections of mammary tissue from PyMT
0

females as a function of the presence or absence of the tafget2d

allele. At 35 days, the mammary tissues of bBYyMT/Ets2’* and

PyMT/Ets2’~ females revealed a focal, hyperplastic nodular mass

B 10000, beneath the nipple (Fig. 2B). Histological sections revealed that these

were composed of small highly cellular nests of dysplastic cells

separated by dense fibrous septae (data not shown). A relatively
normal mammary ductal system emanated from the subareolar mass
into the mammary fat pad.

At 47 days, multifocal cysts and solid nodules became evident in
the peripheral mammary tree of both genotypes, as described previ-
ously for PyMT/Ets2’* mice (8). Epithelial cysts were observed in
both genotypes but were far more common inRyMT/Ets2 '~ mice
Ets2+/- (Fig. 2,C andD). Frequently, a series of cysts rather than solid nests
12 =0.9917 of cells were found along the ducts of the heterozygous animals.
These cysts appear as short side buds off of the duct, suggesting that
they represent abortive attempts at alveolar differentiation. The fluid
in the spaces indicate transepithelial transport and a level of functional

days differentiation. Histological sections confirmed that the hollow, fluid-

C 1400 - =8 filled cysts were more common to tfRyMT/Ets?’~ animals (Fig. 2,

- E andF). The cysts were usually lined by multiple disorganized layers
of epithelium. Sections of the solid masses revealed more disorga-
nized epithelium that did not form well-organized, functional glands.

n=11 In contrast, thePyMT/Ets2’* mammary tree was dominated by the
solid nodular masses of cells. Sections of the solid nests revealed a
more disorganized epithelium composed of cells with large, hyper-
chromatic nuclei, scanty cytoplasm, and abundant mitotic figures.
Although cystic and solid lesions were evident in specimens from
both genotypes, theyMT/Ets2 /™ tissues were better differentiated,
with more cysts and fewer solid dysplastic lesions.

, Histological analysis of frank tumors from the animals of each

A B A B genotype of 80 days and older revealed the previously described,

Ets2+/+ Ets2+/- typical phenotype for PyMT-induced mammary tumors (8, 13). The

Fig. 1. Effect of Ets2 on the growth of mammary tumors in transgenic niitse™~  tumors were composed of poorly differentiated cords and nests of
_mice were mg_ted with the MMTV-PyMT transgenic Iirje. The sizes of‘the tumors arisingells forming sheets, ill-defined, slit-like glandular spaces, or, occa-
i PYMT positive fleom;)'/'fwsT‘f‘;)eJ;t{\?:?;;gisagfegg{ é’:ﬁ;ﬁf?ﬁ;g}gﬁioﬂ%ﬂ;ﬂf sionally, larger cystic spaces lined by a multilayered epithelium. Some
genotype;bars, SE.B, the data inA, plotted on a logarithmic scale. The correlationfOCi appeared to be surrounded by a basement membrane. However,
coefficients of exponential curve fitting are show, the two largest mammary tumors jnvasive foci were readily identified in older lesions. The invasive
were excised and weighed in PyMT females 80 days of @péumns A, largest tumor; . A .
columns B, smaller tumor. The differences among the larger and smaller tumor groups rgions most commonly formed as cords of cells 'nf”tratmg a dense
the average of both tumors were significaRt£ 0.003) by the Student'stest. connective tissue. Whereas it was difficult to distinguish cytologically
4243
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Fig. 2. Mammary gland development and histopa-
thology. A-D, the appearance of mammary tissues in
whole mountsA, normal ductule-tree development of
mammary gland of 50-day-olits2"'~ female.Scale
bar, 200um (A, C, andD). Arrow, terminal end bud.
B, whole mount of 35-daPyMT/Ets2/~ mammary
gland. Note the focal cellular mass beneath the nipplc§
area (arrow) Scale bar, 40Qum. C andD, multifocal
mammary gland lesions arising in 47-day-&§MT/
Ets2™* (C) andPyMT/Ets2’~ (D) females Arrows,
the common cystic structures &f and the smaller,
less-differentiated masses Gf E andF, histological
sections of contralateral mammary glands of the ani
mals shown irC andD. Scale bar, 10@m (E andF).
Note the large cystic structures shownRn

"‘1‘5‘?:.3._ £9]

'Y

between thyMT/Ets2 /" and thePyMT/Ets2/~ tumors, the tissues size, we measured Ets2 and PyMT RNAs by RNase protection. As
from the two groups had a consistent difference in the degree efpected, Ets2 mRNA was one-half as abundant in Ets2 heterozygotes
differentiation. The invasive carcinomas of wild-type mice, in comas it was in wild-type tumors (Fig. 3y andB). However, in the same
parison to the bigenic carcinomas, tended to be less differentiated amshors, the expression of PyMT RNA was unchanged (Fi@).3
have more tissue necrosis. Most of the bigenic carcinomas fornitdese results indicate that Ets2 did not limit PyMT expression.
well-defined glands. Furthermore, thRyMT/Ets2’* carcinomas Furthermore, a survey of 20 potential targets or interactive partners of
generally had more obvious invasive foci than feMT/Ets2’~  Ets2 did not reveal significant differences betw&T/Ets2 /" and
tumors at earlier time points. Lung metastases were present in bP?MT/EtsZ” tumors. These RNAs included c-fos, fral, fra2, Etsl,
groups at 79-81 days. Flil, GABPa, ERM, Net, Tel, p53, ErbB2, ErbB3, transforming
The degree of DNA synthesis by tumor cells from 80-day-old micgrowth factore, mK8, vascular endothelial growth factor-1, and
was judged by injecting bromodeoxyuridine 30 min before sacrifiggroblast growth factor-2 (data not shown). Variable levels of p21
and detecting its incorporation by immunohistochemistry. Howevegnd EIf3 were noted but without any correlation wits2genotype.
as expected from the similar growth rate of the tumors (F&), the RNAs for MMP-3 and MMP-9 were either undetectable or at ex-
PyMT/Ets2’~ tumors could not be distinguished froRyMT/ tremely low levels in tumors from 80-day-old mice. The identification

Ets2”* by this method. Similarly, the degree of apoptosis, alsgf Ets2-sensitive target genes responsible for the slower development
judged immunohistochemically, was low and similar in 80-day tumog pyMT/Ets2/~ tumors remains a future challenge.

(data not shown).
Tumor Gene Expression.Mammary tumors arise rapidly in pigcussion
MMTV-PyMT transgenic mice because of the high level of expres-
sion of PyMT RNA (8). To determine whether a lower level of PyMT The targetedEts2allele is responsible for a dramatic difference in
RNA might be responsible for the Ets2-dependent difference in tumihie size of mammary tumors initiated by tRgMT oncogene. This
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A @ alterations resulting in the appearance of a single-hit model. The
Ets2 targetedEts2 allele may restrict this high-frequency event or events,
resulting in a retardation of the progression to unrestricted growth.

A unique aspect of these experiments is the recognition that the
PyMT transgene initially results in the formation of a dysplastic or
hyperplastic subareolar mass. Although these cells appear undifferen-
tiated, normal ductal structures emerge from the mass. Furthermore,
the mass appears to be self-limiting, rarely growing to the size of the

L32 more peripheral tumors. This suggests that the subareolar region of the
mammary gland, which is primarily the lactiferous ducts, has a unique
biology and warrants further attention.

The effect of the targetedts2 allele on tumor size stimulates
consideration of Ets2 itself as a possible genetic modifier of human
tumor development. Expression of Ets2 is elevated in prostate cancer
(14). In humans, Ets2 is located on human chromosome 21. The
neurocranial, viscerocranial, and cervical skeletal abnormalities in-
duced by modestly elevated Ets2 expression in transgenic mice sug-
gests a possible role for Ets2 in the phenotypic alterations and in-
creased risk of leukemia associated with Down’s syndrome (15).

5 e Mo 11a Genes that influence the level of expression of Ets2 could impact on
+/+ Ets2 /- +/+ tumor development in both mice and humans.
Ets2-sensitive target genes could be in either the epithelial or
stromal cellular components, but their identity remains to be deter-
C .04 PyVT RNA mined. In fibroblastic cells, MMP-3 is particularly sensitive to the
level of Ets2 (7). MMPs are important for the vascularization, inva-
sive behavior, and metastasis of tumors (16, 17). However, lung

B ©°° Ets2 RNA

Ets2/L32

N
3 metastases were found in PyMT animals of b&th2genotypes, and
E the similar exponential growth of the tumors suggests that, once
established, the tumors do not appear to be restricted by blood vessel
availability.
12 3 4 5 6 7 8 9 10 11 12 Several Ets transcription factors are capable of mediating transcrip-

Ets2 *+/- L) tional activation resulting from stimulation of the Ras-Raf-MAP ki-
il i 5 +/+ nase pathway by activated oncogenes or receptor-mediated tyrosine
Fig. 3. Expression of Ets2 and PyMT RNAs in mammary tumors. RNase protectifinases. An example that is relevant to breast cancer is that oncogenic
analysis was performed on tumor RNA of the indicate$2 genotypesA, autoradio- ErpB2 (Neu) activates Etsz_dependent reporter genes, and a dominant
graphic image of Ets2 and L-32 RNAB, Ets2 signal measured by phosphor imagingi hibit Ets? truct blocks the t f . tivit £
normalized to the signal generated by the L-32 rRNA pr@hesignals for PyMT mRNA n '_ lory ElsZ construc _OC s the _rans _ornjlr_wg activity or onco-
detected by phosphor image analysis and normalized to the L-32 ribosomal protein Rigenic Neu (5). The expression of dominant inhibitory mutant forms of
Ets2 inhibits anchorage-independent growth of breast cancer cell lines
(6) and ras-mediated cellular transformation (18). The importance of
effect may be due to a delay in the progression to invasive carcinorttze Ras pathway for PyMT tumor formation has been demonstrated by
The similar exponential growth of the palpable tumors and the simildre dependence of PyMT-initiated tumors on the Grb2 adapter protein,
histology and gene expression profiles of both genotypes suggestswiéch functions upstream of Ras (19). Because PyMT and ErbB2 both
existence of an Ets2-dependent step in the early neoplastic progaegivate Ras-MAP kinase pathways, Ets2 may also modulate the
sion of the tumors, rather than a limitation on tumor growth. Thprogression of tumors arising due to the expression of activated ErbB2
histological similarity of the tumors arising in boyMT/Ets2’*  (20).
and PyMT/Ets2’~ mice and the absence of dramatic differences in
: PR : : : : ﬁgknowledgments
apoptosis or mitotic indices are consistent with this suggestion. T
/7
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