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The mouse mammary tumor virus (MMTV) provirus
was found to target the Notch1 gene, producing in-
sertional mutations in mammary tumors of MMTV/
neu transgenic (Tg) mice. In these mammary tumors,
the Notch1 gene is truncated upstream of the trans-
membrane domain, and the resulting Notchl in-
tracellular domain (Notch1™"?), deleted of most
extracellular sequences, is overexpressed. Although
Notch1™"* transforms mammary epithelial cells in
vitro, its role in mammary gland tumor formation in
vivo was not studied. Therefore, we generated MMTV/
Notch1™** Tg mice that overexpress murine
Notch1™"* in the mammary glands. We observed that
MMTV/Notch1'™** Tg females were unable to feed
their pups because of impaired ductal and lobulo-
alveolar mammary gland development. This was as-
sociated with decreased proliferation of ductal and
alveolar epithelial cells during rapid expansion at
puberty and in early pregnancy, as well as decreased
production of B-casein. Notch1™"* repressed expres-
sion of the B-casein gene promoter, as assessed in
vitro with a P-casein/luciferase reporter construct.
The MMTV/Notch1'™** Tg females developed mam-
mary gland tumors, confirming the oncogenic po-
tential of Notch1**** in vivo. Furthermore, MMTV/
Notch3™"* Tg mice exhibited a very similar pheno-
type. Thus, these Tg mice represent novel models
for studying the role of Notchl or Notch3 in the
development and transformation of the mam-
mary gland. (4m J Patbol 2006, 168:973-990; DOI:
10.2353/ajpath.2006.050416)

The mammalian Notch genes are the homologues of
the Drosophila Notch, Caenorhabditis elegans lin-12 and
glp-1 and Xenopus Xotch genes. The mammalian
Notch1 belongs to the family of Notch genes (Notch1 to
Notch4) that play critical roles in cell fate determination
in many developmental systems."? Notch1 encodes a
large 330-kd transmembrane protein. Its extracellular
domain harbors 36 EGF-repeats, 3 Notch-Lin12 re-
peats, and two conserved cysteines (C'®%2 and C'68°)
close to the transmembrane domain. The intracellular
Notch1 domain (Notch1™"@) contains the domain |
(RAM 23), six CDC10/ankyrin repeats, and OPA and
PEST sequences at the C-terminus. Truncated versions
of Notch1 protein, containing only the intracellular part
of the receptor (Notch1'"@) behave as constitutively
active gain-of-function mutants in Drosophila,®* in C.
elegans,® in Xenopus embryos,®” and in mammalian
cells.®7'° The Notch3 gene has been detected only in
mammals. Its structure is similar to that of Notch7,
although its intracellular domain is shorter and lacks
the OPA region.’" In addition, several deletions, inser-
tions, and substitutions of amino acid residues distin-
guish Notch1'™"@ from Notch3'""@, Moreover, its intra-
cellular domain is a poor activator of HES-1 and HES-5,
in contrast to that of Notch1.'® The Notch4 protein
intracellular domain is significantly shorter than that of
Notch1 at the C-terminus.'® A number of deletions,
insertions, and substitutions of amino acid residues
also differ between the Notch1™@ and Notch4™"'@
domains.

To date, two members of the murine Notch gene
family, Notch1 and Notch4, have been implicated in
mammary gland development and neoplasia. The
Notch4/int3 gene was initially identified as a common
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provirus integration site in mammary tumors of mice
infected with mouse mammary tumor virus (MMTV)."*
ltwas also found to be truncated, through a similar
mechanism, by an intracisternal type A DNA provirus in
a mouse mammary tumor.’® Both MMTV and intracis-
ternal type A provirus integrations generated truncated
Notch4™@ domain that was overexpressed in mam-
mary tumors. Expression of this same Notch4™"@ in
transgenic (Tg) mice under the regulatory sequences
of the MMTV LTR also led to mammary tumor formation
and impaired mammary ductal and secretory lobule
development.'®'” The same gene expressed in Tg
mice under the regulation of the whey acidic protein
gene promoter (which is active only in the secretory
mammary epithelial cells), induced mammary tumors
and inhibited growth and differentiation of the secre-
tory lobules without affecting ductal growth.'® In mouse
mammary epithelial cells in vitro, activated Notch4™a
had a similar effect as in vivo and induced transforma-
tion of HC11 cells'® and inhibited the branching mor-
phogenesis induced by HGF and transforming growth
factor-B2 in TAC-2 cells.?® Together, these experi-
ments indicated that the activated form of Notch4
(Notch4™"@) has the capacity to transform mammary
epithelial cells and to block the growth of epithelial
ductal cells and the secretory lobules of the mammary
glands.

Similarly, our group also observed MMTV provirus
insertional mutagenesis of another Notch family mem-
ber, Notch1, in MMTV/neu Tg mice infected with
MMTV.2" Truncation of the Notch1 gene by the MMTV
provirus occurred in a region just upstream of the
exons coding for the transmembrane domain and re-
sulted in the activation of the remaining truncated in-
tracellular Notch? domain. The Notch1™"® domain was
found to have transforming ability in HC11 mammary
epithelial cells in vitro. This was the first indication that
the Notch1 gene could play an important role in mam-
mary gland tumorigenesis. However, more direct evi-
dence of the oncogenic potential of the truncated mu-
rine Notch1™"@ sequences was lacking. In addition, it
remains unknown whether the significant amino acid
sequence differences between the intracellular domain
of the members of the murine Notch family would affect
their oncogenic potential. However, a recent report
showed that Tg mice expressing human Notch1™"@ in
the mammary glands developed pregnancy/lactation-
dependent mammary tumors.??

We have now directly assessed the oncogenic po-
tential of murine Notch1™? and Notch3™% in vivo by
generating Tg mice expressing murine Notch1™@ or
Notch3™"@ in mammary epithelial cells under the regula-
tion of the MMTV LTR. These regulatory elements can
direct expression of the transgene in mammary glands, at
all of the different developmental stages as well as in
male reproductive organs.?®>3" Our results show that
murine Notch1™@ and Notch3™2, in contrast to human
Notch1™a affect the development and the cellular differ-
entiation of the mammary glands, as well as induce
tumors of the mammary glands, which are not preg-
nancy/lactation-dependent.

Materials and Methods

Generation of Tg Mice

The MMTV/Notch1™"@ transgene was constructed by li-
gating the Notch1 mutant A sequences (2.8 kbp)?” to the
MMTV LTR from the MMTVneuT construct (2.3 kbp)®?
through the Notch 1@ Sspl restriction site, thus spanning
nucleotides 5187 to 8064 of Notchl. The MMTV/
Notch3™"@ transgene was constructed by ligating the
polymerase chain reaction-amplified Notch3""@ DNA
fragment spanning nucleotides 5008 to 7189. One-cell
(C3H x C56BL/6) F2 embryos were collected, microin-
jected, and transferred into pseudopregnant CD1 fe-
males as described before.*? The resulting founder mice
were analyzed for the presence of the transgene by
Southern analysis of tail DNA with a Notch1 (probe K) or
SV40-specific probe.?' Notch1 probe K covers the entire
intracellular region, from the BamHI (nucleotide 4204) to
EcoRI (nucleotide 8064). Tg mice were bred on CD1
background for at least 6 generations and for 10 to 15
generations for most experiments presented. The pheno-
types described here have been observed throughout a
period of 4 and 3 years, respectively, for Notch1™"# and
Notch3""& Tg mice.

Tissue Analysis

For mammary gland development study, groups of three
Tg and three non-Tg mice were sacrificed at the age of 3,
5, 7, and 12 weeks, at days 6.5 and 18.5 of pregnancy,
and at day 4 postnatally (involution). Mammary glands 1,
2, 3, 6, 7, and 8 were removed and frozen with liquid
nitrogen for RNA extraction. Gland 9 (right inguinal) was
dissected carefully, spread on a clean slide, and pro-
cessed for whole mounts. Mice were then perfused with
4% paraformaldehyde and gland 4 (left inguinal), and a
piece of intestine was postfixed by 1 hour immersion in
fixative disection and embedded in paraffin using a
Shandon tissue infiltrator (Hypercenter XP, Pittsburgh,
PA), sectioned at 5 um, and stained with hematoxylin and
eosin (H&E), as described previously®® or processed for
terminal dUTP nick-end labeling (TUNEL) or immunohis-
tochemistry (IHC). For mammary tumorigenesis studies,
tumors were excised, immersed in paraformaldehyde,
embedded in paraffin blocks, and sections (5 um) were
obtained for further staining or in situ hybridization.

Whole Mount Preparations of Mammary Glands

Mammary glands were processed as described,* ac-
cording to the protocol in Biology of the Mammary Gland
(http://mammary.nih.gov). The glands were spread on
glass slides, fixed in Carnoy’s fixative (six parts 100%
ethanol, three parts chloroform, one part glacial acetic
acid) for 4 hours at room temperature, washed in 70%
ethanol for 15 minutes, changes gradually to distilled
water, rinsed in distilled water for 5 minutes, and stained
overnight in carmine alum [1 g of carmine (C1022; Sigma,
Toronto, ON, Canada)] and 2.5 g of aluminum potassium



sulfate (A7167, Sigma) dissolved in 500 ml of H,O. Tis-
sues were dehydrated in an increasing ethanol series
(75%, 95%, and 100% for 15 minutes each) followed by
xylene (1 hour) and mounted with Permount (Fisher, Ot-
tawa, ON, Canada) and coverslip.

Immunohistochemistry (IHC)

IHC was performed essentially as described.®*¢ After
dewaxing, sections were treated with 0.3% hydrogen
peroxide in phosphate-buffered saline (PBS), then
blocked with 1% gelatin in PBS for 3 minutes at room
temperature before incubation with rabbit polyclonal an-
tibody to B-casein (1:1600) for 1 hour at room tempera-
ture. This antibody was kindly provided by Dr. Ernst
Reichmann (Ludwig Institute for Cancer Research, Laus-
anne, Switzerland). This was followed by treatment with
Vectastain ABC kit (Vector Laboratories, Inc., Burlin-
game, CA), as described by the manufacturer. Finally,
the positive signal was visualized with 4,4-diaminobenzi-
dine tetrahydrochloride (DAB).

Cell Proliferation

Bromodeoxyuridine (BrdU) (Sigma) was administered by
intraperitoneal injection at 200 ug/g mouse weight. Mice
were sacrificed by anesthesia with Avertin 90 minutes
after BrdU administration and rinsed by intracardiac PBS
perfusion and fixed with 4% paraformaldehyde, as de-
scribed.®® BrdU-positive cells on tissue sections were
detected with the BrdU in Situ Detection Kit Il (BD Bio-
sciences, Toronto, ON, Canada). The technique was es-
sentially that recommended by the manufacturer. Mam-
mary gland tissue analyzed was included in paraffin
blocks together with several other tissues including small
intestine and inguinal lymph nodes. These internal posi-
tive controls (intestinal epithelial cells in deep crypts and
clusters of lymph node follicular cells were BrdU-positive)
were checked before analysis and used to exclude a
false BrdU signal.

TUNEL Assay

The detection of DNA fragmentation in cells undergoing
apoptosis was made by using the TUNEL assay in situ on
5-um paraffin sections from the same blocks used for
BrdU incorporation. The technique was similar as be-
fore®® except that Biotin 11-dUTP (Roche, Laval, QC,
Canada) and streptavidin-horseradish  peroxidase
(DAKO, Carpinteria, CA) and DAB substrates were used.
To exclude a false TUNEL signal, the internal positive
controls (apical intestinal epithelial cells and clusters of
lymph node follicular cells were TUNEL-positive) were
checked also before analysis.

Northern Blot and Reverse Transcriptase-
Polymerase Chain Reaction Analysis

Total RNAs were isolated from different tissues with the
Trizol reagent (Invitrogen, Toronto, ON, Canada), and 15
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Figure 1. Structure of the MMTV/Notch1™ transgene. A: The cDNA encod-
ing the intracellular domain of murine Notch1 was ligated to the MMTV LTR
promoter (open box). The 2.8-kbp Notch1”""* ¢cDNA includes the trans-
membrane domain (black bar), the six ankyrin (Ank) repeats (strippled
boxes), and the OPA/PEST sequences (striped bars). S, Sacl; B, BamHI. B:
Reverse transcriptase-polymerase chain reaction analysis of transgene RNA
expression in mammary glands of pregnant (18.5 days) Tg (+) and control
non-Tg (—) mice (F47400).

ng was electrophoresed on 1% formaldehyde-agarose
gels, transferred by the Northern blot procedure to Hy-
bond-N membranes (Amersham Co., Baie d’'Urfé, QC,
Canada) and hybridized with 3?P-labeled probes as de-
scribed previously.?! The Notch1 probe K was previously
described.?’ The Hes1 probe represents a 396-bp frag-
ment at the 5’ end of the cDNA, starting at the first ATG
(+1). The U5 LTR probe represents a 210-bp Sacl-BamHI
fragment of the MMTV LTR (Figure 1). Probes were pre-
pared by the random primer method, as described pre-
viously.?" Reverse transcriptase-polymerase chain reac-
tion analysis was performed as described previously.®’

Microscopic Analysis and in Situ Hybridization

Organs to be assessed were fixed with paraformalde-
hyde or periodate-polylysine-paraformaldehyde fixative,
embedded in paraffin, and processed for in situ hybrid-
ization, as previously described.?’ The Notch1™"2 ribo-
probe used represents a 279-nucleotide-long Bru36l
fragment from the pMN7 construct.®” This fragment cov-
ers the intracellular C-terminal region of Notch1 from nu-
cleotides 5357 to 5636. Tissues from non-Tg control an-
imals hybridized with sense and anti-sense probes, as
well as tissues from Tg mice hybridized with a sense
probe, failed to exhibit any specific signal. For his-
topathological analysis, sections were stained with H&E.

Image Analysis

Quantification of mammary gland characteristics was
performed on digital images of whole mount tissue, of
H&E-stained sections and of TUNEL and IHC sections of
inguinal mammary glands, by using Northern Eclipse 6.0
software (Empix Imaging, Mississauga, ON, Canada).
The sections were scanned and color images were cap-
tured by using Zeiss Axiophot supported with Northern
Eclipse. On whole mount tissue, penetration length nipple
to front edge, diameter of primary and secondary
branches, the number and diameter of terminal end buds
(TEBs) were measured in virgin females of different ages.
In addition, the length of tertiary branches and the density
of alveoli from tertiary branches were counted in 12-
week-old virgin females and during early (6.5 days) preg-
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nancy. On H&E-stained sections, the percentage area
occupied by fat, by alveoli, and by secretory vesicles was
estimated in late (18.5 days) pregnancy and at 4 days of
involution, by randomly choosing 10 images at X 10 and
x20 from each section. For evaluation of BrdU- and
TUNEL-positive cells, the percentages of positive cells of
the mammary epithelium were counted along with nega-
tive cells, by randomly choosing 10 images at x40 from
each section. At least 6000 cells were counted for each
structure such as TEBs, ducts, and alveoli. For quantita-
tion of B-casein production during pregnancy (18.5
days), nine images (Xx20) from each section were ran-
domly taken from each inguinal mammary gland section
with B-casein IHC staining visualized by DAB (without
counterstaining). In total, 677 alveoli in Tg and 644 alveoli
in non-Tg tissues were quantitated by measuring the dark
brown area (um?) in each alveolus with Northern Eclipse
software.

B-Casein/Luciferase Reporter Assays

The prolactin receptor (PRLR) and the B-casein-lucif-
erase constructs (containing 2.8 kbp of sequences up-
stream of the rat B-casein gene) were given by Dr. J. M.
Boutin, Hotel-Dieu Hospital, Montréal, QC, Canada. The
Notch1™" construct has previously been described.?’
Notch3™" was constructed similarly in pcDNA3 vector.
The dominant-negative human RBP-Jk construct®® was
provided by Dr. Aly Karsan, BC Cancer Research Centre,
Vancouver, BC, Canada. Transfection was performed as
described earlier.3°4° Briefly, the human 293T cells were
grown in Dulbecco’s modified Eagle’s medium (Life
Technologies, Inc., Grand Island, NY) containing 10%
fetal calf serum. Two days before transfection, cells were
passaged at a density of 2.5 X 10°/well, and transfected
by using the calcium phosphate technique with a mixture
of DNA constructs: the PRLR cDNA (0.2 ug), Notch1™@
or Notch3™"2 (0.8 ng), B-galactosidase (0.005 or 0.5 ug),
and B-casein reporter gene construct (0.5 ug). Tran-
siently transfected 293T cells were induced with insulin (5
ng/ml), dexamethasone (1 wmol/L), and oPRL (5 ug/ml)
for 48 hours. Cells were harvested and the B-galactosi-
dase activity was measured for normalization of lucif-
erase activity. All experiments were repeated a minimum
of three times.

Statistical Analysis

All data from Tg and non-Tg groups were tabulated as
means * SEMs. These include the number and diameter
(um) of TEBs, the length of penetration (mm), the diam-
eter (wm) of primary, secondary, and tertiary branches,
the length (um) of tertiary branches, the density (number/
mm) of alveoli from tertiary branches, the area occupied
by B-casein-positivity in each alveolus or fat area on
surface area or vesicles (%) relative to that occupied by
alveoli (%), the percentage of TUNEL- and BrdU-positive
cells. Comparison between Tg and non-Tg groups was
performed by using an impaired two-tailed Student’s t-

test. Differences were considered significant if P was
<0.05.

Results

Construction and Phenotypes of the MMTV/
Notch1™"@ Tg Mice

The biological role of mutated truncated murine
Notch1™"@ in mammary gland development and tumori-
genesis was assessed in Tg mice expressing this gene in
mammary epithelial cells under the regulatory sequences
of the MMTV LTR (MMTV/Notch1™@) (Figure 1A). Four
MMTV/Notch1™@ Tg founders (F) were generated
(F47400, F39580, F45347, and F51256). With the excep-
tion of one female founder 39580 that had a sterile male
as offspring, the remaining founders transmitted the
transgene to their progeny in a Mendelian ratio. Southern
blot analysis showed that the structure of the Tg was
grossly intact (data not shown). Mice were bred as het-
erozygotes with CD1 mice, for at least 6 generations and
for 10 to 15 generations for most studies. Mice from two
of the four Tg lines (F45347, F51256) did not show any
abnormal phenotype, expressed low levels of the trans-
gene, and were not studied further (data not shown). Tg
males from lines expressing the transgene (Figure 1B)
were sterile (to be reported separately). Female Tg
founder mice F47400 and F39580 were fertile and ex-
pressed the transgene (see below and data not shown).
They were mated successfully and carried their pups to
term, but were unable to feed them. The pups died within
48 to 72 hours with no visible milk in their stomach. In
view of this failure of lactation, these Tg lines were thus
maintained by foster nursing to non-Tg CD1 mothers.

Impaired Ductal Growth and Ductal Dysplasia in
the MMTV/Notch1™@ Tg Mammary Glands

The defective milk production observed in MMTV/
Notch1""@ Tg females was indicative of an impaired de-
velopment of the mammary glands. We therefore first
assessed the growth of the mammary gland ductal tree in
these Tg mice. In normal mice, the ductal system does
not develop until puberty (5 to 6 weeks). During puberty
(5 to 8 weeks) a progressive outgrowth of the primary
ducts with secondary and tertiary branching fills the sub-
cutaneous fat pad. This process is driven by the growth
of a highly proliferative cell mass, designated the TEBs,
which eventually disappear in mature virgin animals (12
weeks), once arborization is completed.

Whole mount and histological analysis of the mammary
glands of prepubescent Tg mice (3 weeks) showed that
the ducts appear normal, as compared to those from
control non-Tg littermates (data not shown), suggesting
that overexpression of Notch1™@ did not affect the pre-
cursor cells giving rise to the primitive ductal tree. A
similar whole mount analysis performed in Tg mice at
puberty (5, 7, and 12 weeks) revealed no significant
differences between Tg and non-Tg females. The struc-
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Figure 2. Histological evaluation of mammary glands from virgin MMTV/Notch1™* Tg mice. Mammary glands from young (12 weeks) (A, B) and older (10
months old) (C, D) virgin non-Tg (A, C), and Tg (B, D) mice. Note the dysplasia and the hyperplastic zones of epithelial cells and the enlarged ducts in the
mammary gland of an older Tg mouse. Insets (C, D) show the areas delineated by a square at higher magnification. Note at the left of the arrow in D a multilayer
epithelium adjacent to apparently normal epithelium at the right of the arrow. Original magnifications: X10; X40 (insets in C, D).

tures evaluated include penetration length, diameter of
primary and secondary branches, the number and diam-
eter of TEBs, the length of tertiary branches, and density
of alveoli from tertiary branches (data not shown). How-
ever, in some Tg mice, some ducts were dilated and
show small foci of hyperplasia (Figure 2B). Older (6 to 12
months) virgin Tg mice were found to have enlarged
primary ducts and reduced secondary and tertiary
branches (data not shown). The paucity and enlargement
of the Tg ducts in older Tg mice was confirmed on his-
tological sections. Moreover, in these older Tg mice,
dysplasia of the ducts was evident (Figure 2D).

During gestation, additional ductal branching oc-
curred both in Tg and non-Tg mice. However, the ductal
arborization in early (6.5 days) (Figure 3B) or late (18.5
days) (Figure 3F) pregnancy, including length of tertiary
branches (Figure 3C) and density of alveoli from tertiary
branches (Figure 3D) were much less pronounced in Tg
than in non-Tg mice. In older pregnant Tg mice, the ducts
became enlarged, distorted, and dysplasic, having two
to four layers of epithelial ductal cells, as compared to a
single layer in non-Tg mice (data not shown).

Finally, during the involution of the gland after the first
pregnancy, a minority of Tg ducts remained larger and
failed to regress as completely as those of non-Tg animals
(Figure 4B). Histological observations confirmed these re-
sults (data not shown). This phenotype was even worse
after a first pregnancy at older age (data not shown) and
after the third pregnancy, in which very large Tg ducts were
observed (Figure 4, C and F). In older Tg mammary tissues,
a severe dysplasia, with larger and abnormally formed
ducts, was observed and a severe hyperplasia of the ductal
epithelial cells was apparent (data not shown). These re-
sults indicated that overexpression of murine Notch1™2
prevents a normal development of the mammary ducts and
induced dysplasia and hyperplasia of the ductal tree, ren-
dering it refractory to the involution process.

Impaired Alveolar Growth and Development in
the MMTV/Notch1™@ Tg Mammary Glands

In normal mice, the lobules and their alveoli are formed at
puberty and remain in a primitive form at puberty and in
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Figure 3. Whole mounts and histological analysis of mammary glands from pregnant MMTV/Notch1™"** Tg females. Inguinal mammary glands from Tg females
and control non-Tg littermates (line 47400) were compared by whole mount (A-F) or histological (G-L) analysis. Mammary glands from early (6.5 days) (A-D)
and late (18.5 days) (E-L) pregnancy. Length of tertiary branches (C), density of alveoli (number per mm) (D), and area occupied by fat (I) and by secretory
vesicles (per alveoli) (L) were evaluated. Original magnifications: X10 (G, H); X40 (J, K).
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Figure 4. Whole mounts, histological, and TUNEL analysis of mammary ductal changes in MMTV/Notch1™"* Tg mice at 4-day involution. Inguinal mammary
glands from female Tg (F47400) and their non-Tg littermates were compared by whole mount (A—C) and by histological (H&E staining) (D—F) and TUNEL (G-I)
analyses. Mammary glands at 4-day involution after the first (B) or the third (A, C, D-I) pregnancy. Note that enlarged ducts were rarely observed in young Tg
mice after the first pregnancy (B, square) but frequently after the third pregnancy (C, F, H). Enlarged Tg ducts are surrounded by less connective tissue (F, H)
than non-Tg ones (D, G). I: TUNEL-positive epithelial cells in normal-size or enlarged Tg ducts as well as in non-Tg ducts were quantitated. Statistical analyses
was performed with the Student’s #test. Symbols: asterisks in D-F: ductal lumen; arrows in G and H: TUNEL-positive cells. Original magnifications: X10 (D-F);

X40 (G, H).

virgin mice. They start to grow significantly in early preg-
nancy and continue their growth and differentiation dur-
ing pregnancy to form an epithelial rich glandular struc-
ture with mature alveoli.

Whole mount analysis showed that the lobules devel-
oped during pregnancy of Tg mice, but these lobules re-
mained small and their numbers were severely reduced as
compared to those of non-Tg littermates. This was observed
both in early (6.5 days) (Figure 3B) and late (18.5 days)
(Figure 3F) pregnant Tg females. In pregnant Tg mice, the
lobulo-alveolar proliferation never resulted in the complete
filling of the fat pad at parturition, as seen in the non-Tg
mammary glands (Figure 3, A and B and E and F). On
histological sections, underdeveloped small lobules with
small alveoli could be observed (Figure 3, H and K). The Tg
alveoli were also undifferentiated and their cells contained
less fat droplets and a lower percentage area of secretory
vesicles than in non-Tg mice (Figure 3, J-L). This resulted in
a significant increase in interstitial fat area (Figure 3I). Dur-
ing involution, after weaning, after the first pregnancy the
underdeveloped lobular/alveolar Tg structure regressed at

a slower rate as compared to those of non-Tg mice, as
evaluated in the percentage of fat area (Figure 3, G-I;
regression of 35% in non-Tg versus 14% in Tg mice). To-
gether, these results indicated that murine Notch1™ over-
expression in mammary glands not only affects ductal de-
velopment, but also the lobulo-alveolar proliferation
associated with pregnancy.

Notch1™"@ Represses the Production of B-
Casein in Vivo and the Transcriptional Activity of
the B-Casein Gene Promoter

To determine whether this apparent lobulo-alveolar prolifer-
ation defect of the mammary glands of MMTV/Notch 1" Tg
mice was also reflected in the milk composition, the levels of
B-casein, a major milk protein, were measured by IHC.
Production was high during gestation of normal non-Tg
mice as expected, but was much lower in Tg mammary
glands (Figure 5, A and B). A similar decrease in p-casein
protein levels was also documented in murine mammary



980 Huetal
AJP March 2006, Vol. 168, No. 3

B g T
.; _: s00 +
oo
£2 w p<0.0001
3 ]
- 300
‘ﬂ g‘
E:‘E‘ 200
L
‘..J 5 100
=
O -+
Non-Tg Tg
¢ p<0.0001
T p<0.0001 T I 1
a0 p<0.0001
1

p=0.05
])40 05

il P
o

Notchii=m;  —
Induced: -

Notch3mm;  —
RBP-Jx DN:

11+ + 8

Relative Luciferase
Activity (%)
L 8.8 B
P+ 11 B
1+ I

rr o+
1o+ +
L+ + 1 B

+1 ++
+1 + +

|

Figure 5. Expression of the milk B-casein protein in mammary glands of
MMTV/Notch1™" Tg mice. A: Mammary glands from pregnant (18 days)
female mice were analyzed by IHC for expression of the milk B-casein
protein, using rabbit anti-B-casein antibodies on tissue sections. B: Data were
quantitated by image analysis (P < 0.0001). C: B-Casein/luciferase reporter
assay in 293T cells in the presence (+) or absence (—) of Notch1™",
Notch3™" or RBP-Jk dominant-negative mutant (1.0 and 2.5 ug). The
dotted line indicates that these experiments were done separately. Original
magnifications, X20.

epithelial HC11 cells overexpressing Notch1™@ relative to
control HC11 cells (data not shown).

Notch1™" has been shown to behave as a transcrip-
tional factor.*’ To determine whether the repression of
the B-casein gene expression by Notch1™? was tran-
scriptional, we used a luciferase reporter gene ex-
pressed under the regulation of the rat B-casein promoter
region (2.8 kbp) (B-casein/luc). The analysis was per-
formed in 293T cells co-transfected with the rat prolactin
cDNA and B-casein/luc DNA constructs. Notch1™"@ was
able to repress the B-casein-dependent luciferase ex-
pression (Figure 5C), suggesting that the Notch1™a-
mediated repression occurs at the level of the B-casein
gene promoter itself. However, although this promoter
contains two CSL binding sites, the inhibitory action of
Notch1""@ on this promoter was not relieved by expres-
sion of a dominant-negative mutant of RBP-Jx/CBF1 (Fig-
ure 5C), suggesting that this repression is CBF1-inde-
pendent. Moreover, Hes1 was not significantly enhanced
in mammary glands from pregnant (18.5 days) Tg fe-
males (data not shown), suggesting that the development
of the mammary phenotypes in MMTV/Notch1™@ Tg
mice may be Hes1-independent.

Decreased Proliferation of Ductal and Alveolar
Epithelial Cells of MMTV/Notch™"@ Tg Mammary
Glands during Rapid Expansion at Puberty and
in Early Pregnancy

The dysplasia observed in the ductal epithelial cells sug-
gested that murine Notch1"™"@ was affecting proliferation
of these cells. To determine whether cells of the Tg mam-
mary gland proliferated at a different rate than in non-Tg
mice, proliferation was directly measured by counting the
percentage of cells stained with anti-BrdU antibodies
after a BrdU-labeling period in vivo (Figure 6, A-H). This
analysis revealed that proliferation of ducts was signifi-
cantly reduced in young (5 weeks), but not in older (12
weeks) Tg virgin females (Figure 6G), whereas the pro-
liferation of TEBs in young (5 weeks) virgin Tg mice was
not significantly affected (Figure 6G). During pregnancy,
the proliferation of ducts was reduced early (6.5 days),
but enhanced significantly later (18.5 days) (Figure 6, B
and G). A similar analysis of alveoli revealed a significant
decrease in incorporation of BrdU in Tg females during
early pregnancy (Figure 6, D and G), but paradoxically
an increase in late pregnancy (Figure 6G). During invo-
lution (4 days) after the first pregnancy, there was a trend
for increased proliferation in Tg ducts or lobules as com-
pared to non-Tg ones (Figure 6G and data not shown),
but this did not reach a statistical significance, even after
a second experiment (data not shown). However, at
4-day involution after the third pregnancy, proliferation of
the epithelial cells of the enlarged Tg ducts (but not those
of the normal-size Tg ducts) was significantly increased,
as compared to those from the non-Tg ducts (Figure 6, E,
F, and H). In contrast, proliferation of Tg alveolar epithe-
lial cells remained unchanged relative to that of non-Tg
mice at this stage (data not shown).

These data indicate that murine Notch1™@ impairs
proliferation of ducts and alveoli, at a time they expanded
significantly (early virgin for ducts and early pregnancy
for both ducts and alveoli). Subsequently, as pregnancy
progresses, Notch1™"@ appears to have an opposite ef-
fect, stimulating proliferation of both tubular and alveolar
cells, consistent with its oncogenic potential (see below).

Apoptosis of Ductal and Alveolar Epithelial Cells
of Mammary G{ano’s Remains Unchanged in
MMTV/Notch1™"@ Tg Mice

In normal mice, apoptosis is mainly responsible for the
regression of the ductal tree and of the lobulo-alveolar
structure that occurs during involution. The fact that, dur-
ing involution, the Tg ducts remained large and dysplas-
tic and that Tg alveoli poorly regressed, suggested that
apoptosis may be impaired and/or delayed. We mea-
sured the levels of apoptosis in mammary glands of Tg
mice and of their non-Tg littermates at the same stage of
gland development using the TUNEL assay. The percent-
age of TUNEL-positive cells in ducts and TEBs of virgin (5
weeks), in alveoli during pregnancy (18.5 days), and
during involution of mammary glands after the first preg-



nancy was not statistically different for Tg and non-Tg
females (data not shown). However, at 4-day involution
after the third pregnancy, the percentage of apoptotic
ductal epithelial cells was significantly increased in the
Tg enlarged ducts, but not in the normal-size Tg ducts, as
compared to the non-Tg ones (Figure 4, G-I). These
results indicated that murine Notch1™"@ does not appear
to affect the apoptotic process at different stages of the
mammary gland development at an early age, but defin-
itively has a major proapoptotic effect during involution of
the gland after successive pregnancies.

Mammary Tumorigenesis in MMTV/Notch 1™
Tg Mice

The histological examination of mammary glands from
medium-age Tg females, revealed the presence of focal
cell proliferation arising next to the normal mammary
epithelial tissue (Figure 7D) (data not shown). These le-
sions thus suggested a premalignant condition. As these
Tg females from lines 47400 (n = 25) and 39580 (n = 1)
aged and after a few months of breeding, they developed
rapidly growing, solid tumors by 7 to 10 months of age
(Figure 7A). Three of four mammary tumors (line 47400)
injected in nude mice were able to grow (data not
shown), confirming their malignant nature. However,
there was no evidence of metastases in lungs and liver.
These data indicated that mammary tumors developed in
Notch1""@-expressing mammary glands of Tg mice after
one or a few pregnancies.

To determine whether these tumors were pregnancy-
dependent, as reported for other mouse mammary tumors,
a group of virgin Tg females were allowed to age and were
observed for the development of mammary tumors. The
proportion (50%) of these virgin Tg mice that develop mam-
mary tumors within 12 months was comparable to that of
parous Tg females (Figure 7B), indicating that mammary
tumors induced by overexpression of murine Notch1™™@
can be totally pregnancy/lactation-independent.

Northern blot analysis on RNA extracted from these
mammary tumors showed that the Tg was expressed at
high levels, at the expected 3 kb size (Figure 7C). More-
over, in situ hybridization with a Notch1-specific ribo-
probe revealed that the proliferating mammary epithelial
cells in the tumors expressed much higher level of the
transgene than the adjacent morphologically nonneo-
plastic mammary glands (Figure 7D).

Histological examination of the mammary gland le-
sions showed that they were of epithelial origin and
ranged from hyperplasia to invasive carcinoma (Figure
8). The hyperplastic changes included an increased
number of ducts and intraductal epithelial proliferation of
various pattern and intensity. In some ducts, the epithelial
cells formed tufts and papillary fronds projecting into the
lumen (Figure 8A). The epithelial proliferation was often
more florid filling and distending the ducts with residual
lumina being reduced to narrow spaces (Figure 8, B and
C). Foci of atypical hyperplasia and of carcinoma in situ
were present (data not shown). Poorly (Figure 8E) to
moderately (Figure 8D) differentiated invasive carcino-
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mas were observed. The moderately differentiated carci-
nomas presented gland-like differentiation and secretion
(Figure 8D). Marked nuclear polymorphism and numer-
ous mitosis were observed (Figure 8E). Areas of necrosis
were often found within the tumors (Figure 8F). Together,
these data indicated that Notch1™"@ behaves as an on-
cogene when overexpressed in mammary glands of Tg
mice. However, exophthalmia (caused by Harderian
gland hyperplasia) and salivary, submandibular, or nasal
mucosal/submucosal gland hyperplasia were not ob-
served (data not shown), in contrast to that reported for
MMTV/Notch4™"@ Tg mice.'®

Impaired Mammary Gland Development and
Mammary Tumorigenesis in MMTV/Notch3™"@
Tg Mice

Because  overexpression of truncated  murine
Notch4"a'6:18 or murine Notch1™"@ (Figures 3 and 8)
were found to prevent mammary gland development and
to induce mammary tumors in Tg mice, we investigated
whether expression of another member of the murine
Notch gene family, Notch3, will also induce similar devel-
opmental and oncogenic phenotypes in mammary
glands. Notch3 has been reported to be overexpressed
in human breast tumors.*? In addition, Notch3""@ has
already been reported to induce T-cell leukemia when
expressed in T cells of Tg mice.*344

The MMTV/Notch3™@ DNA having a structure very
similar to that of the MMTV/Notch1™"@ was constructed
(Figure 9A). Eight Tg founders (F85824, F85825, F85826,
F85827, F85834, F85835, F85836, F85837) were gener-
ated. Among these, three founders (F85827, F85834,
F85835) did not give rise to progeny and were consid-
ered sterile. One female founder (F85836) was found
dead before a line could be established. Among the mice
from other founders from which lines could be estab-
lished, only one (F85824) expressed the transgene in
mammary glands, while the three others (F85825,
F85826, F85837) did not. In fact, expression of the
Notch3™"2 transgene in the F85824 founder was much
higher than that of Notch1™"@ (F47400), when measured
with a probe (U5 LTR) common to both transcripts (Figure
9B). Tg mice from this latter founder (F85824) were ex-
panded. Expression of Hes1in mammary glands of preg-
nant MMTV/Notch3™"@ Tg mice was much higher than in
non-Tg mice (Figure 9C). This contrasted with the ab-
sence of detectable induction of Hes1 in mammary
glands of MMTV/Notch1™" Tg mice (see above).

The clinical phenotypes of these MMTV/Notch3™2 Tg
mice were very similar to those of MMTV/Notch1"@ Tg
mice. The Tg males were sterile and the Tg female mice
could not feed their pups and did not produce milk.
Moreover, these Tg females also developed mammary
tumors at high frequency, but after a long latency (Figure
9D). Further analysis of the mammary glands at the dif-
ferent stages (virgin, pregnancy at 6.5 and 18.5 days,
and involution) showed similar abnormalities in MMTV/
Notch3™"@ Tg mice as those described above for MMTV/
Notch1™@ Tg mice: those include enlarged primary
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Figure 7. Incidence of tumor formation and transgene RNA expression in mammary tumors from MMTV/Notch1™™ Tg females. A: Tg females (7 = 25) (line
47400) (filled squares) and control non-Tg female littermates (72 = 25) (open squares) bred on a mixed BALB/c-CD1 background and allowed to have multiple
pregnancies were observed for the appearance of mammary tumors for up to 15 months. B: In a second experiment, virgin (filled squares) and breeding
(asterisks) Tg females bred on the CD1 background for at least eight generations were studied and compared to non-Tg females (open squares). Ts,: Time
required for 50% of Tg mice to develop large mammary tumors requiring the sacrifice of the diseased mice. C: Northern blot analysis. Total RNA extracted from
distinct tumors (T) and from lactating mammary glands (MG) from two MMTV/Notch1™"* Tg mice (line 47400) were hybridized with a **P-labeled Notch1 probe
K. A Notch1-specific RNA species of the expected size (3 kb) is observed. Ethidium bromide of the agarose gel is presented as control for the loading of RNAs.
D: In situ hybridization of sections of mammary tumors from a Tg female (line 47400) were hybridized with *>S-labeled Notch1™™ anti-sense and control sense
riboprobes. Note that very high levels of expression of the Notchl Tg is observed with the anti-sense probe in the neoplastic tissue. Original magnifications, X10.

Figure 6. Proliferation of epithelial cells from mammary glands of MMTV/Notch1™™ Tg mice. Proliferation was assayed by BrdU incorporation after intraperi-
toneal inoculation of non-Tg (A, C, E) and Tg (B, D, F) mice. BrdU-positive cells (some shown with arrows) were detected by IHC with anti-BrdU antibodies.
Ducts (A, B) and alveoli (C, D) were evaluated independently during early pregnancy (6.5 days). The same experiment was also performed in virgin and late
pregnancy and during 4-day involution after the first pregnancy (G), as well as during involution (4 days) after the third pregnancy (E, F, H). Statistical analysis
was performed with Student’s #test. **P < 0.003, ***P < 0.0005. Original magnifications, X40.
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Figure 8. Histopathology of mammary lesions from MMTV/Notch1™"* Tg females. Representative sections of various types of mammary gland lesions from
MMTV/Notch1™"* Tg females (lines 47400 and 39580) are shown. A: Epithelial hyperplastic changes with increased number of ducts (left) and formation of tufts
and papillary excrescences protruding into the lumina (right). B: Intraductal epithelial hyperplasia with lumina induced to slit-like spaces (left) and adjacent
invasive carcinoma (right). C: Higher magnification of ductal hyperplastic changes (left) composed of epithelial cells with small regular nuclei contrasting with
adjacent invasive carcinoma in which the nuclei are enlarged and hyperchromatic. D: Moderately differentiated carcinoma forming glandular structures with open
lumina. E: Poorly differentiated carcinoma showing a solid growth pattern and numerous mitoses (arrows). F: Focus of necrosis (top middle third) in a
carcinoma. H&E stain. Original magnifications, X20.

ducts in older virgin Tg mice, reduced ductal Tg arboriza- and in ducts and in alveoli of 6.5-day pregnant Tg mice
tion, and decreased density of Tg alveoli in early preg- (data not shown), lower number of secretory vesicles
nancy, reduced proliferation in ducts of virgin Tg mice (Figure 9, H and J), severe decrease of B-casein produc-



tion (Figure 9J), and significantly enhanced proliferation
of alveoli during late pregnancy (Figure 9, L and M)
relative to non-Tg mice (Figure 9K). In addition,
Notch3""@ was as efficient as Notch1™@ in repressing
the B-casein promoter (Figure 5C). However, in late (18.5
days) pregnancy, some phenotypes were clearly differ-
ent from those observed in MMTV/Notch1™"@ Tg mice. In
particular, in contrast to the reduced lobulo-alveolar de-
velopment of MMTV/Notch1™@ Tg mice, the Notch3™'"@-
expressing lobules and alveoli were significantly ex-
panded (Figure 9F) as compared to those of non-Tg mice
(Figure 9E). The proliferation of ductal epithelial cells was
not enhanced, but rather showed a modest decrease
(Figure 9M). The alveolar epithelial Tg cells were hyper-
plastic, showing an increased cell density with large,
dark nuclei and paucity of cytoplasm (Figure 9H). More-
over, apoptosis was significantly enhanced in alveoli and
ducts of these pregnant (18.5 days) Tg mice relative to
that of non-Tg alveoli (Figure 9, N-P). Therefore, it ap-
pears that constitutive overexpression of murine
Notch3™"2 |ike murine Notch1™2 in mammary glands
severely affects mammary gland development and leads
to tumor formation.

Discussion

We previously reported the involvement of Notch1 in
mammary tumor development by finding MMTV provirus
insertional mutants of Notch1 (generating truncated
Notch1™"®) and by showing that Notch1™@ exhibits
transforming ability in HC11 mouse mammary epithelial
cells in vitro.?" To further investigate the tissue-specific
oncogenic potential of activated Notch1™@ jn vivo and to
establish an in vivo system amenable to genetic studies,
we extended these initial studies and we generated Tg
mice expressing murine Notch1™@ or Notch3"@ under
the regulation of the MMTV LTR. This viral promoter can
direct expression of surrogate genes in mammary glands
as well as in the male reproductive system. Our results
show that Notch1™@ or Notch3™" expression in these
tissues has severe consequences.

Expression of Murine Notch1™"@ or Notch3""2
Blocks the Development of Mammary Glands

One striking phenotype observed in these MMTV/
Notch1™"@ or MMTV/Notch3""@ Tg females is their inabil-
ity to nurse and feed their pups. Whole mount and histo-
logical analysis of MMTV/Notch1™2 Tg mice showed
inhibition of mammary gland development, affecting both
ductal and alveolar growth. This developmental defect
resulted in decreased B-casein milk protein levels and
impaired milk production. The small amount of residual
milk being produced in the glands may not be secreted
either, because pups from Tg females had no visible milk
in their stomach.

The role of Notch1 or Notch3 signaling in mammary
gland development has not been studied extensively.
The fact that Notch1™™"@ or Notch3™"@ is capable of hav-
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ing such a profound effect on mammary gland develop-
ment, suggests that the mammary epithelial cells express
their downstream effectors. Gain-of-function mutants of
Notch1, such as Notch1™"@ have previously been shown
to affect mammalian cell fate determination and to
prevent differentiation of other cells, namely myeloid
cells,*5~47 CD34* progenitor cells,*® myoblasts,'©49-5"
neurons, '° oligodendrocytes,®® and T-cells.®*5% Our re-
sults extend this effect of Notch1 or Notch3 to another
tissue, the mammary gland.

A very similar phenotype of impaired mammary gland
differentiation has previously been reported in Tg mice
expressing murine Notch4™"@ under the regulation of the
whey acidic protein or MMTV promoter,'®'® suggesting
that overexpressed Notch1, Notch3, and Notch4 intra-
cellular domains are likely to interact through the same
effector(s) in mammary epithelial cells. Because
Notch4™"@ s shorter than Notch1™™" or Notch3™"2, only
motifs shared by the three molecules are likely to be
involved in such interactions. These results were not un-
expected considering that these molecules share rela-
tively a high degree of structural homology. However,
they nevertheless remained intriguing in view of a recent
report showing that Tg mice expressing human
Notch1™"@ do not exhibit impaired mammary gland de-
velopment (see below).??

Defective mammary gland development has also been
reported in other mutant mice, harboring overexpressed
genes, such as 81,4 galactosyltransferase,®” parathyroid
hormone or parathyroid hormone-related protein,®® whey
acidic protein,®® mutant p53,%° neuregulin, and hepato-
cyte growth factor.®" Also, impaired mammary gland dif-
ferentiation has been reported in some gene-deficient
mutant mice. This is notably the case for mice made
defective for cyclin D1,%2 EGF and amphiregulin,®® pro-
gesterone®* and prolactin® receptors, activin/inhibin
RB,%¢ A-myb,®” C/EBPS,%%%° CSF-1,”° TIMP-1,"" osteo-
protegenin ligand/RANKL/TRANCE and RANK,”? 1d2,”3
or Statsa’* gene. Although some characteristics of these
mutant mice are similar for some aspects to the
Notch1™"2 or Notch3™"@ phenotype observed here, they
nevertheless show distinct features,®272-7# making com-
parison between these phenotypes not easy and possi-
bly hazardous. Future work may determine whether
Notch1 or Notch3 signaling involves the transcriptional
down-regulation of the expression of some of these mol-
ecules, as we have documented for B-casein. These
pathways may not be identical in view of some differ-
ences observed between Notch1™@ and Notch3""@ Tg
mice: hyperplasia and expansion of Notch3™"-express-
ing alveoli versus reduced expansion of Notch1™™-ex-
pressing alveoli.

Murine Notch1™"@ and Notch3™@ Behave as
Oncogenes in Mammary Epithelial Cells

We found that overexpression of Notch1™"@ or Notch3™tra
was not only affecting mammary gland development, but
also induces mammary tumors at high frequency in Tg
mice. Tumor types were diverse and represented the full
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spectrum of differentiation from hyperplasia, in situ ductal
carcinoma, glandular adenocarcinoma, to poorly differ-
entiated adenocarcinoma. These results on the onco-
genic function for Notch1™"® jn vivo confirm and extend
our previous data in vitro showing that Notch1™@ can
transform HC11 mammary epithelial cells in culture.?’
Mammary tumor formation occurs in these Tg mice after
a relatively long latency (4 to 15 months) and stochasti-
cally, suggesting that Notch1™@ or Notch3™? is not
sufficient by itself to promote transformation and requires
the action of other oncogenes or the inactivation of tumor
suppressor genes. The transforming ability of Notch1"t@
or Notch3™@ documented here for mammary epithelial
cells has previously been reported for T cells.**4475 |n
addition, overexpression of Notch1 and Notch3 in human
breast tumors has recently been reported to be associ-
ated with poor overall survival.*> However, Notch{"@
may have an oncogenic potential more restricted than
other oncogenes. In contrast to the activated Ha-Ras"'?
or the truncated erbB2/neu or int3/Notch4™" oncogenes
that induce frequent hyperplasia of the Harderian glands,
when expressed under the regulation of the same MMTV
LTR,'6:89:3276.77 \we have not observed such a pheno-
type with Notch 1@ or Notch3™"@. MMTV/Notch1"@ did
not develop either hyperplasia and adenocarcinoma of
salivary glands and hyperplasia of mucosal/submucosal
glands described in MMTV/Notch4™™@ Tg mice."® It is
possible however that levels of Tg expression in these
tissues may explain some of these differences.

The mammary tumor phenotype induced by
Notch1™"@ or Notch3™@ Tg mice is very similar to the
phenotype reported by Jhappan and colleagues™® in
MMTV/int3/Notch4™"@ Tg mice. In both cases, the mam-
mary tumors are diverse and at different stages of differ-
entiation. However, one important difference could be
noticed: whereas mammary tumors develop in both male
and female MMTV/Notch4™"@ Tg mice,'® we did not ob-
serve mammary tumors in males of our MMTV/Notch 1@
or MMTV/Notch3™@ Tg mice. This may simply reflect the
different background of the mouse used in both experi-
ments. Alternatively, it could suggest that the molecular
requirement for transformation of the male mammary
glands may be more stringent and that the Notch1™"@ or
Notch3™"@ protein is lacking elements, present in
Notch4™™"2 to meet these requirements.

In the Notch1™@ and Notch3™"@ Tg mice studied here,
the levels of expression of Notch3™"® were much higher
than those of Notch1™™@ In addition, expression of
Notch3™" in mammary glands induced high expression
of Hes1, whereas Hes1 was not induced in Notch1™a-
expressing mammary glands. Yet, the oncogenicity of
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Notch3™"@ is not higher, but rather appears lower than
that of Notch1™"@ suggesting intrinsic differences be-
tween these two molecules in their oncogenic potential.
This may be reflected in the reported statistically stronger
association of high-level Notch1 than Notch3 expression
with overall survival in patients with breast cancer.*? In-
triguingly, Hes-1 was reported to be up-regulated in lac-
tating Tg mice expressing human Notch1™™@ in mammary
glands.?® Because Hes-1 levels were not measured in
that study at the same stages of mammary gland devel-
opment as we did (late pregnancy), direct comparison of
these data remains difficult.

7in tra

Is the Sequence Evolution of Notch
Biologically Relevant?

Surprisingly, phenotypes of impaired mammary gland
differentiation and of mammary tumor formation observed
here in Tg mice expressing murine Notch1™ contrast
significantly with recent data obtained in similar Tg mice
expressing human, instead of murine, Notch1 intracellu-
lar domain under the control of the same MMTV LTR
promoter.22 First, in these Tg mice, alveolar development
did not appear to be compromised and absence of lac-
tation was not observed, although some elongated ducts
and reduced side branching could be documented in
5-week-old Tg mice. Second, increased ductal prolifera-
tion was observed in these young (5 weeks) virgin Tg
females, in contrast to the decreased duct proliferation
we observed at this stage (Figure 6G). Finally, the
mammary tumor phenotype reported for the human
Notch1™™_expressing Tg mice®? contrasts significantly
with the one induced by murine Notch1™@ Notch3nta
(this study), and Notch4™™"2 1618 |n Tg mice expressing
any of these murine or human Notch genes, nonregress-
ing mammary tumors were induced after a relatively long
latency, suggesting common mechanisms. However, Tg
mice expressing human Notch1™"@ developed a novel
phenotype of lactation-dependent regressing mammary
tumors, not observed with the other murine Notch1"@,
Notch3™"@ and Notch4™@ transgenes, suggesting per-
turbation of a novel pathway by the human Notch1™"@
molecule.

It is not clear why such distinct phenotypes were ob-
served. This may be related to the genetic mouse back-
ground used [CD1 (this study) versus mixed C3H X
C57BL/6 X FVB], although unlikely. It could also reflect
different levels of expression of the transgene, although
this is not very likely either in view of the fact that both
groups of Tg mice (mouse versus human Notch1™™"?)

Figure 9. Analysis of MMTV/Notch3™™" Tg mice. A: Structure of the MMTV/Notch3™"* transgene construct. B: Tg RNA expression. Expression was measured on
total RNA (20 pg) from mammary glands of pregnant (18.5 days) MMTV/Notch3™" (N3'“) or MMTV/Notch1™ (N1'“) Tg (+) and non-Tg (—) mice by Northern

blot analysis using the 32

P-labeled U5 LTR probe specific to both transgenes. The membrane was washed and rehybridized with the actin probe (bottom). C:

Hesl expression. Expression was measured as described above in B, using the Hes1 probe. D: Incidence of tumor formation. Parous Tg females (asterisks) and
control non-Tg female littermates (open squares) were observed for the appearance of mammary tumors for up to 16 months. E-P: Analysis of mammary glands
from pregnant female mice at their first pregnancy (18.5 days). E and F: Whole mounts. Note the enhanced and much condensed lobules and alveoli in Tg mice.
G and H: Histological sections of alveoli. Reduced number of secretory vesicles and hyperplasia are observed in Tg alveoli. I and J: B-Casein expression. IHC
analysis was performed with rabbit anti-B-casein antibodies on tissue sections. K=M: Assessment of proliferation. Proliferation of alveolar epithelial cells was
measured after BrdU incorporation as described in the legend to Figure 6, and quantitated (M). N-P: Assessment of apoptosis. TUNEL assay was used to measure
the number of apoptotic alveolar epithelial cells and the percentage of apoptotic epithelial cells was quantitated (P). Statistical analysis in M and P was performed
with the Student’s #test. *P < 0.05, **P < 0.003, ***P < 0.0005. Original magnifications: X20 (I-L); X40 (G, H, N, O).
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developed nonregressing mammary tumors at high inci-
dence. Rather, the different phenotype elicited by human
and murine Notch1™@ may be directly related to their
different amino acid sequences. These changes could
prevent or favor the interaction of human Notch1™@ with
key murine effector(s) required to elicit such a block of
differentiation or such pregnancy/lactation-dependent
tumor growth. Comparison of murine and human
Notch1™" amino acid residues in fact reveals complete
identity of the transmembrane and the cdc1, -2, -5, and -6
ankyrin repeats and the PEST domain, very high identity
of the cdc3 and -4 domains (with a single conserved
amino acid difference in each), as well as of the RAM
domain (a single amino acid difference, D1836S). How-
ever, the two molecules show significant differences in
the amino acid residues of the region C-terminal to the
last ankyrin repeat, including several conservative mod-
ifications and 18 nonconservative changes, 15 of which
involve a proline. However, despite these differences, the
human Notch1™@ construct still behaves as the murine
Notch1™"in the B-casein/luciferase reporter assay (data
not shown).

This comparative analysis suggests that the region
C-terminal to the last ankyrin repeat may be involved in
the biological differences observed after expression of
human or murine Notch1™"@ in the mammary glands of
Tg mice. It appears that this motif has significantly
changed during evolution to a point of being incapable of
interacting with murine effectors from the mammary
glands, and possibly from other organs in a similar way
as murine Notch1"@,

In conclusion, the MMTV/Notch1™?@ and MMTV/
Notch3™" Tg mice represent novel animal models to
study Notch1 or Notch3 signaling in vivo, especially in
mammary epithelial cells, both in the context of differen-
tiation and oncogenesis. This appears relevant in view of
the recent observation that their high levels in some hu-
man breast tumors is associated with poor overall
survival.*?
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