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The Polycomb group protein enhancer of zeste ho-
molog 2 (EZH2), which has roles during development
of numerous tissues, is a critical regulator of cell type
identity. Overexpression of EZH2 has been detected
in invasive breast carcinoma tissue samples and is
observed in human breast tissue samples of morpho-
logically normal lobules up to 12 years before the
development of breast cancer. The function of EZH2
during preneoplastic progression in the mammary
gland is unknown. To investigate the role of EZH2 in
the mammary gland, we targeted the expression of
EZH2 to mammary epithelial cells using the mouse
mammary tumor virus long terminal repeat. EZH2
overexpression resulted in aberrant terminal end bud
architecture. By the age of 4 months, 100% of female
mouse mammary tumor virus-EZH2 virgin mice de-
veloped intraductal epithelial hyperplasia resembling
the human counterpart accompanied by premature
differentiation of ductal epithelial cells and up-regu-
lation of the luminal marker GATA-3. In addition,
remodeling of the mammary gland after parturition
was impaired and EZH2 overexpression caused de-
layed involution. Mechanistically, we found that
EZH2 physically interacts with �-catenin, inducing
�-catenin nuclear accumulation in mammary epithe-
lial cells and activating Wnt/�-catenin signaling. The
biological significance of these data to human hyper-
plasias is demonstrated by EZH2 up-regulation and
colocalization with �-catenin in human intraductal
epithelial hyperplasia, the earliest histologically iden-
tifiable precursor of breast carcinoma. (Am J Pathol

2009, 175:1246–1254; DOI: 10.2353/ajpath.2009.090042)

Breast cancer progresses through pathological stages
starting with a deregulated epithelial intraductal prolifer-
ation, progressing into atypical hyperplasia, carcinoma in
situ, and invasive carcinoma, which may develop metas-
tasis.1 Compelling pathological and epidemiological
studies have established that women with proliferative
epithelial lesions have an increased risk for developing
breast cancer.2 Intraductal epithelial hyperplasia is com-
posed of differentiated cells that proliferate in a disorga-
nized fashion inside breast ducts.1 The precise steps
involved in the progression from intraductal epithelial
hyperplasia to ductal carcinoma in situ and invasive car-
cinoma have not been elucidated.

Cell differentiation depends on expression and repres-
sion of specific genes through multiple cell divisions. The
differential gene expression patterns that define a cell
type need to be maintained during DNA replication and
at mitosis so that the daughter cells retain the differenti-
ated cell type of the parental cell. The Polycomb group
proteins act in conjunction with the Trithorax group pro-
teins to maintain repressed or active transcription states
of developmentally regulated genes.3–5 Enhancer of
zeste homolog 2 (EZH2) is an essential component of the
Polycomb repressive complex.6,7 Recent studies have
shown that EZH2 is also capable of transcriptional acti-
vation of genes, especially those involved in cell prolifer-
ation.3,4 EZH2 plays a fundamental role in cell differenti-
ation during development,8 and its deregulation can give
rise to preneoplastic lesions and carcinogenesis in vari-
ous organs.3,9
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Our laboratory has demonstrated that EZH2 protein
is elevated in a group of invasive carcinomas of the
breast and that it is an independent predictor of sur-
vival in women with breast cancer.10 Invasive carcino-
mas with high EZH2 expression are significantly more
likely to recur and metastasize than tumors with low
EZH2 expression. The importance of EZH2 up-regula-
tion as an early event in mammary tumorigenesis is
highlighted by the observation that low levels of EZH2
overexpression are detected in morphologically normal
lobules up to 12 years before breast cancer develops
and that the expression of EZH2 increases with in-
creasing severity of epithelial atypias in human breast
tissues.11

Although these studies in human breast samples
strongly suggest that EZH2 may be involved in the pro-
gression from normal epithelium to hyperplasia, which
increases the risk of breast cancer, direct evidence sup-
porting this contention is lacking. To gain further insight
into the causal relationship between EZH2 expression,
mammary gland development, and preneoplastic pro-
gression, we have established mice carrying mouse
mammary tumor virus (MMTV) long terminal repeat (LTR)
Simian virus 40-driven EZH2 overexpression in the mam-
mary gland. We discovered that specific overexpression
of EZH2 in mammary epithelial cells led to intraductal
epithelial hyperplasia and hyperbranching of mammary
ducts with up-regulation and nuclear accumulation of
�-catenin. We found that EZH2 physically interacts with
�-catenin in vivo in intraductal hyperplastic cells of EZH2
transgenic mice and in human breast tissue samples.
These data implicate EZH2 in the pathobiology of mam-
mary intraductal hyperplasia.

Materials and Methods

Generation and Identification of Transgenic Mice

All procedures were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals
(http://www.nap.edu/openbook.php?record_id�5140,
last accessed July 27, 2009) and were approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Michigan. MMTV-EZH2 transgenic mice were
developed by cloning a cDNA containing the mouse
EZH2 into the EcoR1 site of plasmid p206, harboring the
MMTV LTR and the polyadenylation sequence of the
Simian virus 40 early region (kind gift of Dr. William Mul-
ler). The expression cassette was then prepared and
injected into one-cell zygotes of FBV/N mice with the
assistance of the University of Michigan Transgenic An-
imal Core. Five founders were obtained from the trans-
genic core. To identify transgenic animals, genomic DNA
was isolated from 0.5 cm clippings of mouse tails and
PCR-amplified using a primer that amplifies a portion of
EZH2 and of the MMTV vector (forward primer: 5�-GACCA-
CAGGATAGGCATCTTTGC�-3; reverse primer: 5�-GTCAG-
CAGTAGCCTCATCATC-3�) to generate a transgene-spe-
cific amplification product. PCR conditions included a

1-minute annealing step at 60°C and a 1-minute extension
at 72°C for 35 cycles.

RNA Expression Analysis

To identify mice expressing the MMTV-EZH2 transgene,
total mammary gland RNA was isolated using TRIzol (In-
vitrogen, Carlsbad, CA). Reverse transcription was per-
formed using a reverse transcription system (Promega, San
Luis Obispo, CA). Transgene expression was determined
by RNase protection analysis, using a riboprobe specific for
EZH2 (forward: 5�-TGAGGGTAGTCGACAGAAGTC-3�; re-
verse: 5�-GAAGGCACGGAAGCTCATGTG-3�). For normal-
ization, glyceraldehyde-3-phosphate dehydrogenase was
used as an internal control. In addition to EZH2, real-time
RT-PCR was performed to investigate the levels of GATA-3
(forward: 5�-CGCTCCTTGCTACTCAGGTGAT-3�; reverse:
5�-GACCACACTGCACACTGATTC-3�) and �-catenin (for-
ward: 5�-GCACACGAATGGATCACAAGA-3�; reverse: 5�-GC-
AAAGTCAGCACCACTACAGAT-3�).

Protein Extraction and Western Blot Analysis

Inguinal mammary gland samples were removed, ho-
mogenized in lysis buffer (50 mmol/L Tris, pH 7.4, 250
mmol/L NaCl, 5 mmol/L EDTA. 1% Nonidet P-40, and
0.1% SDS; protease inhibitor 1:100) and centrifuged at
16,000 � g (10 minutes, 4°C). Protein concentrations
were determined using the Bio-Rad protein assay kit.
Primary antibodies used included anti-EZH2 (612667, BD
Biosciences, San Jose, CA), anti-GATA-3 (sc-268, Santa
Cruz Biotechnology, Santa Cruz, CA), anti-�-catenin
(610153, BD Biosciences), and anti-cyclin D1 (sc-8396,
Santa Cruz Biotechnology). Verification of equal loading
was done by staining the membranes with Ponceau S
(Sigma-Aldrich, St. Louis, MO). This procedure was more
accurate than quantification of cytoskeletal proteins be-
cause the mammary tissues exhibited variable expres-
sion of these proteins, which did not correlate with the
measured protein concentrations or Ponceau S tech-
niques, as has been reported by others.12–14 Semiquan-
titative protein expression levels were determined by
densitometry using ImageJ 1.38x software.

Nuclear Fraction and Immunoprecipitation

Nuclear extraction was performed using NE-PER Nuclear
and Cytoplasmic Extraction Reagents (78833, Pierce
Chemical, Rockford, IL). Inguinal mammary gland sam-
ples were homogenized directly in CERI (500 �l of CERI
to 50 mg of tissue) and incubated on ice for 10 minutes.
Then 5.5 �l of ice-cold CERII per 100 �l of CERI was
added, and the solution was mixed for 5 seconds on the
highest setting and incubated on ice for 1 minute. The
samples were centrifuged for 5 minutes at 16,000 � g,
and the supernatant (cytoplasmic extract) was immedi-
ately transferred to a prechilled tube. The insoluble frac-
tion was resuspended in 100 �l of ice-cold NER and
centrifuged for 15 seconds. The sample was returned to
ice and centrifugation was continued for 15 seconds
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every 10 minutes, for a total of 40 minutes. Final centrif-
ugation was done at 16,000 � g for 10 minutes. The
supernatant (nuclear extract) fraction was immediately
transferred to a prechilled tube, and all extracts were
stored at �80°C.

Immunoprecipitation was performed using protein G
PLUS-agarose immunoprecipitation reagent (sc-2002,
Santa Cruz Biotechnology). Mammary gland lysates (200
�g) of nuclear extracts were precleared by adding 1.0 �g
of normal mouse IgG, together with 20 �l of resuspended
volume of Protein G PLUS-Agarose. Anti-mouse antibod-
ies (Amersham, Piscataway, NJ) were used as secondary
antibodies. Blots were developed using ECL reagent and
treated as indicated above for Western blotting. Samples
were then incubated at 4°C for 30 minutes and centri-
fuged at 1000 � g for 5 minutes at 4°C. The supernatant
was transferred to a new tube and incubated for 1 hour at
4°C with 2 �g of anti-EZH2 or anti-�-catenin antibodies
and control normal mouse IgG. Subsequently, 20 �l of
resuspended volume of Protein G PLUS-Agarose was
added, and incubated overnight at 4°C on a rocker.
Immunoprecipitates were collected by centrifugation at
1000 � g for 5 minutes at 4°C, and the supernatant was
discarded. The pellet was washed 4 times with 1.0 ml of
PBS, each time repeating the centrifugation step and
resuspending the pellet in 40 �l of 1� electrophoresis
sample buffer before the immunoprecipitation protein
was subjected to immunoblotting. Anti-mouse antibodies
(Amersham) were used as secondary antibodies. Blots
were developed using ECL reagent and treated as indi-
cated above for Western blotting.

Histological and Whole-Mount Analyses

Mouse mammary gland tissue samples were collected
for whole-mount preparation or histological analysis.
Mammary gland whole mounts were prepared by mount-
ing the inguinal mammary fat pads on glass slides and
processed as described.15 In brief, glands were excised,
dehydrated, stained with alum carmine, and stored in
methyl salicylate (Sigma-Aldrich). Mammary gland tissue
samples for histological analysis were fixed overnight in
10% neutral buffered formalin (Sigma-Aldrich), pro-
cessed through graded alcohols, cleared in xylene, and
embedded in paraffin. Tissues were sectioned at 5 �m
and placed on charged slides. Sections were then
stained with hematoxylin and eosin.

Immunohistochemical and Immunofluorescence
Analyses

Paraffin-embedded sections of the mammary glands
were stained with hematoxylin and eosin or subjected to
immunohistochemical analysis. Slides were deparaf-
finized in xylene and rehydrated through graded alco-
hols. We applied antibodies against EZH2 (1:75, BD Bio-
sciences, San Jose, CA), GATA-3 (1:30, Santa Cruz
Biotechnology, Santacruz, CA), E-cadherin (1:4500, BD
Biosciences), cytokeratin-18 (1:100, Abcam, Cambridge,
MA), proliferating cell nuclear antigen (1:100, DakoCyto-

mation, Carpinteria, CA), p63 (1:100, NeoMarkers, Fre-
mont, CA), �-catenin (1:400, BD Biosciences), and CD68
(1:600, AbD Serotec, Raleigh, NC). Staining was visual-
ized with the DAB� Kit (DakoCytomation) with the exception
of EZH2, which was visualized with Permanent Red (Dako-
Cytomation). Slides were counterstained in hematoxylin,
blued in running tap water, dehydrated through graded
alcohols, cleared in xylene, and mounted with Permount.

For immunofluorescence, paraffin-embedded tissue
sections of five biopsy samples of human breast tissues
containing hyperplasia and normal breast from reduction
mammoplasties were sectioned at 5 �m and placed on
charged slides. Slides were deparaffinized in xylene and
rehydrated through graded alcohols. Heat-induced
epitope retrieval with target retrieval, pH 6.0 (DakoCyto-
mation) was performed in a microwave oven. Slides were
incubated in Image-it FX signal enhancer (Invitrogen) for
30 minutes at room temperature. Rabbit monoclonal anti-
�-catenin (1247-1, Epitomics, Burlingame, CA) diluted
1:600 and mouse monoclonal anti-EZH2 (612667, BD
Biosciences) diluted 1:300 were combined together in a
cocktail and applied simultaneously to the slide for 1.5
hours at room temperature in the dark. Antibodies were
detected simultaneously at room temperature for 1 hour
in the dark with a cocktail containing goat anti-mouse
AF568 (Invitrogen) and donkey anti-rabbit AF488 (Invitro-
gen), both diluted 1:2000. Slides were rinsed in distilled
water and cover-slipped with Prolong Gold antifade re-
agent with 4,6-diamidino-2-phenylindole (Invitrogen).

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick-End Labeling Assay

Sections of mammary glands from EZH2 transgenic and
wild-type mice at involution days 1, 3, 4, 7, and 14 (five
mammary glands per group per time point) were sub-
jected to terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) staining. This was per-
formed by using the DeadEnd Fluorometric TUNEL sys-
tem (TB235, Promega). After staining, the sections were
mounted with FluorSave mounting reagent (Calbiochem,
San Diego, CA) containing 1 �g/ml 4,6-diamidino-2-phe-
nylindole and observed by fluorescence microscopy
(IX-70, Olympus, Melville, NY). The number of TUNEL-
positive epithelial cells in 10 microscopic fields at 40�
were counted per slide. The number of TUNEL-positive
cells was normalized to the total number of epithelial cells
in each microscopic field.

Results

Mammary Gland Tissue Targeted Overexpression
of EZH2 Causes Aberrant Terminal End Buds and
Promotes Ductal Branching

To assess the effects of elevated EZH2 expression in the
development of preneoplastic alterations in mammary
epithelial cells in vivo, one-cell mouse zygotes of the
FBV/N strain were microinjected with an expression cas-
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sette in which the full-length cDNA of mouse EZH2 was
placed under the transcriptional control of the MMTV LTR
(Figure 1A). Five founder mice were obtained (Figure 1B).
Guided by our studies in human breast tissues showing that
various levels of EZH2 overexpression in morphologically
normal breast epithelial cells are associated with an in-
creased risk for development of invasive carcinoma, we
chose a transgenic line with intermediate EZH2 copy number
for subsequent experiments (Figure 1B, transgenic line 1).

Real-time PCR and Western blot analysis of mammary
glands showed that MMTV-EZH2 mice exhibit increased
EZH2 mRNA and protein expression in the mammary
epithelium at different ages compared with the low en-
dogenous levels of EZH2 in wild-type mice (Figure 1, C
and D). Immunohistochemical staining verified that EZH2
protein was elevated and restricted to the nuclei of mam-
mary epithelial cells of MMTV-EZH2 compared with low or
absent EZH2 expression in wild-type glands (Figure 1E).

Figure 2. EZH2 overexpression disrupts TEB ar-
chitecture and branching in 5-week-old nullipa-
rous mice. A: Whole mounts of inguinal mammary
glands stained with alum carmine from 5-week-old
virgin mice showing aberrant budding and hyper-
cellular TEBs of MMTV-EZH2 mice compared with
wild-type (wt) mice (a–d). Higher magnification
(�400) showing that whereas wild-type TEBs
are small and rounded and undergo dichoto-
mous branching, MMTV-EZH2 TEBs are en-
larged and hypercellular and fail to dichoto-
mously branch (c and d). H&E-stained sections
show that MMTV-EZH2 TEBs are larger than
wild-type TEBs (e and f). B: Bar graph of branch
point analysis reveals that MMTV-EZH2 mice
have increased secondary branches compared
with wild-type virgin mice at 5 weeks of age
(n � 5 in each group, Student’s t-test, *P �
0.002, error bars � SD). C: Bar graph showing
increased number of TEBs at the leading edge in
MMTV-EZH2 mice compared with wild-type
mice (each group n � 5, Student’s t-test, * P �
0.05, error bars � SD).

Figure 1. Targeted expression of EZH2 to the
mammary gland of transgenic mice. A: Expression
cassette used for the generation of MMTV-EZH2
mice. The mouse EZH2 cDNA followed by Simian
virus 40 polyadenylation fragment (SV40pA) was
inserted downstream of MMTV LTR, which was
used to drive selective targeted expression to the
mammary gland. B: Genotyping of the EZH2
transgenic mice by PCR analysis confirmed the
presence of MMTV-EZH2 in five lines of trans-
genic mice (lanes labeled 1 to 5). The wild-type
(wt) lane represents the negative control. The �
lane is the one-copy standard positive control.
�-Globin 1 serves as a loading control. C: Real-
time PCR analysis shows elevated EZH2 mRNA
levels in MMTV-EZH2 mammary glands at pu-
berty (5 weeks [5w]) and in virgin mice at 4
months (4 m) of age compared with wild-type
mice (n � 5 mice/group). Samples were pre-
pared in quadruplicate. and the experiment was
repeated three times. Student’s t-test, *P � 0.05.
Error bars represent SD. D: Immunoblot analysis
of EZH2 expression in mammary glands of
MMTV-EZH2 transgenic mice and wild-type
mice (n � 5 mice/group) at puberty (5 weeks)
and virgin mice at 4 months. Ponceau S staining
is the loading control. The number beneath each
band indicates the fold change in intensity of
the corresponding band relative to the control.
E: Immunohistochemical analysis shows ele-
vated levels of EZH2 protein in the nuclei of
mammary epithelial cells of MMTV-EZH2 mice
compared with rare expression of EZH2 in wild-
type mice at 5 weeks and 4 months of age virgin
mice. Original magnification, �400.
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To investigate whether mammary epithelium-specific
overexpression of EZH2 could perturb mammary gland
development, we performed whole-mount analyses on
the mammary glands of virgin female transgenic mice at
various ages (Figure 2A). At 5 weeks of age, MMTV-EZH2
mammary glands had increased secondary ductal
branches as well as more numerous and larger terminal
end buds (TEBs) (Figure 2, B and C). Whereas TEBs of
wild-type mice showed smooth contours and bifurcated
dichotomously, TEBs of MMTV-EZH2 mice were hyper-
trophic and hyperplastic (Figure 2A). By 4 months of age
all virgin MMTV-EZH2 transgenic mice had a phenotype
consisting of ductal hyperplasia, with significantly in-
creased numbers of secondary and tertiary ductal
branches (Figure 3, A and B).

EZH2 Induces Hyperplasia of Differentiated
Luminal Epithelial Cells

We next examined the ability of EZH2 overexpression to
cause intraductal epithelial hyperplasia. Histological as-
sessment of mature ducts of virgin 4-month-old mice
revealed epithelial intraductal hyperplasia with formation
of micropapillary structures, which contrasted with the
single-layer polarized columnar epithelium of wild-type
mice (Figure 4, A,a). EZH2 overexpression led to in-
creased proliferating cell nuclear antigen-positive epithelial
cells (Figure 4, A, b). The hyperplasia described in MMTV-
EZH2 transgenic mice resembles the epithelial hyperplasia
of the usual type that occurs in the human breast.

Figure 4. EZH2 overexpression induces intraduc-
tal epithelial hyperplasia. A, a: H&E-stained mam-
mary gland tissue sections of virgin MMTV-EZH2
and wild-type (wt) mice at 4 months of age. Mam-
mary specific expression of the MMTV-EZH2 trans-
gene induces a multilayered and disorganized duc-
tal epithelium with formation of epithelial tufts. b:
Proliferating cell nuclear antigen (PCNA) immuno-
staining of 4-month old MMTV-EZH2 and wild-
type (wt) mammary glands showing that EZH2
up-regulation increases the proliferation of epithe-
lial cells. Error bars indicate mean � SD, Student’s
t-test, *P � 0.001. B, a: Real-time PCR analysis
shows elevated GATA-3 mRNA levels in MMTV-
EZH2 mammary glands compared with wild-type
mice. 4 m, 4 month; L, lactating; 4 I, involution day
4. Samples were prepared in quadruplicate, and
the experiment was repeated three times. Student’s
t-test, *P � 0.05, error bars � SD. b: Immunoblot
analysis of GATA-3 expression level in MMTV-
EZH2 transgenic and wild-type mice mammary
tissues. Ponceau S staining is used as the loading
control. The number underneath each band indi-
cates the fold change in intensity of the corre-
sponding band relative to the control. c: Immuno-
histochemical staining for GATA-3 in mature ducts
of 4-month-old virgin wild-type and MMTV-EZH2
mice. Note that GATA-3 is up-regulated in the nuclei
of epithelial cells of EZH2 transgenic mice com-
pared with those of wild-type mice.

Figure 3. The MMTV-EZH2 transgene induces
precocious hyperplasia in nulliparous female
transgenic mice. A: Whole mount of mammary
glands from 4-month-old nulliparous female
wild-type (wt) and MMTV-EZH2 mice showing
ductal hyperplasia in the MMTV-EZH2 glands.
Note the increased numbers of secondary and
tertiary ductal branches and larger TEBs in
MMTV-EZH2 mice. B: MMTV-EZH2 mice have
increased secondary and tertiary branches com-
pared with wild-type virgin mice at 4 months of
age (n � 5 in each group, Student’s t-test, *P �
0.001 for both, error bars � SD).
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The proliferating cells in MMTV-EZH2 mammary
glands exhibited a phenotype of differentiated luminal
epithelial cells, because they expressed E-cadherin and
cytokeratin-18 (Supplemental Figure S1, see http://ajp.
amjpathol.org), as well as the luminal differentiation
marker, GATA-3. As shown in Figure 4B, GATA-3 mRNA
and protein levels were up-regulated in MMTV-EZH2
mice at different stages of life. Immunohistochemical
staining shows elevated GATA-3 protein in the nuclei of
hyperplastic epithelial cells of MMTV-EZH2 mice com-
pared with wild-type mice (Figure 4, B, c).

EZH2 Overexpression Leads to Delayed
Mammary Gland Involution

Although no defects in lactation were observed and pups
nursed normally, EZH2-overexpressing mammary glands
had defective involution. To make a valid comparison of
mammary glands during the involution process, 4-month-
old mothers during their first pregnancy were chosen.
Pups were removed from EZH2-expressing and wild-type
mothers directly after parturition, and the process of in-
volution was studied at multiple time points as illustrated
in Figure 5. Figure 5A shows the altered involution of
MMTV-EZH2 mammary glands compared with wild-type
glands. By day 7 of involution, mammary glands of wild-
type mice showed collapsed alveolar structures and adi-
pocytes became the most prominent cell type. In con-
trast, MMTV-EZH2 glands remained secretory with scant
adipose cells (Figure 5A).

The duct structure was also different in MMTV-EZH2
and wild-type mice. At day 14 of involution whole-mount
staining of the mammary glands showed that MMTV-
EZH2 glands had enlarged and distended ducts com-
pared with those of wild-type mice (Figure 5B, a and b).
At this time, histological analysis revealed that whereas
wild-type mammary glands underwent complete remod-
eling to resemble the mature virgin gland, MMTV-EZH2
glands contained enlarged ducts filled with dense eosin-
ophilic inspissated milk protein (Figure 5B, c and d).
MMTV-EZH2 mammary glands retained foci of secretory
alveolar structures with intracellular vesicles indicating
continued secretory activity, and numerous macro-
phages (Figure 5B, e and f). No differences in apoptosis
were observed between EZH2-overexpressing and wild-
type involuting mammary glands as revealed by the
TUNEL assay performed at involution days 1, 3, 4, 7, and
14 (Supplemental Figure S2, see http://ajp.amjpathol.org).
These data demonstrate that sustained overexpression of
EZH2 impairs the ability of the mammary glands to invo-
lute and regenerate after cessation of lactation.

EZH2 Interacts with �-Catenin in Vivo

We noted that the intraductal epithelial hyperplasia in-
duced by EZH2 overexpression was similar to that occur-
ring in the human breast. This hyperplasia also had ele-
ments of those reported in Wnt transgenic mice.16–18 We
hypothesized that EZH2 may promote mammary hyper-
plasia by activating Wnt/�-catenin signaling. Quantitative

real-time RT-PCR revealed that MMTV-EZH2 mammary
glands had increased �-catenin mRNA levels compared
with those of wild-type glands (Supplemental Figure S3,
see http://ajp.amjpathol.org). By immunohistochemical
and immunoblot analyses EZH2 overexpression resulted
in accumulation of �-catenin in the cytoplasm and nuclei
of hyperplastic epithelial cells (Figure 6, A and B). In
contrast, �-catenin protein was predominantly localized
to the cellular membranes of wild-type glands (Figure
6A). Providing further support for the effect of EZH2 on
�-catenin up-regulation and activation, the �-catenin tar-
get gene cyclin D1 was up-regulated in EZH2-overex-
pressing mammary glands compared with wild-type
glands (Figure 6B). Of note, reciprocal immunoprecipita-
tion using �-catenin or EZH2 antibodies revealed a direct
association between the two proteins in MMTV-EZH2
mammary glands but not in wild-type glands (Figure 6C).

EZH2 and �-Catenin Colocalize in Human
Intraductal Hyperplasia Tissue Samples

To determine whether the connection between EZH2 and
the �-catenin signaling pathway has biological rele-
vance, we assessed their expression by immunofluores-
cence on human breast tissue samples. Figure 6D shows
that EZH2 protein is up-regulated in intraductal hyperpla-
sia compared with normal non-hyperplastic acini.
Whereas �-catenin is principally localized to the cellular
membranes of epithelial cells in normal acini, we ob-
served that several hyperplastic cells exhibited cytoplas-
mic and nuclear �-catenin accumulation, indicative of
activation.19 EZH2 and �-catenin proteins colocalized in
the nuclei of cells in hyperplastic lesions but not in normal
acini. Collectively, these data show that EZH2 interacts
directly with �-catenin in the nuclei of human epithelial
hyperplastic cells in tissue samples, which may underlie
the effect of EZH2 in the development of epithelial
hyperplasia.

Discussion

To evaluate the causal relationship between EZH2 gene
expression, breast tissue morphogenesis, and preneo-
plastic hyperplasia, we generated mice overexpressing
EZH2 in their mammary glands. The initial morphological
abnormalities exhibited by virgin MMTV-EZH2 mice were
the appearance of increased numbers of enlarged and
disorganized TEBs with an abnormal branching pattern,
which contrasted with the delicate TEBs of wild-type mice
that bifurcate dichotomously.

At 5 weeks of age, MMTV-EZH2 mice had increased
ductal branching, which became more prominent by 4
months. In addition to exaggerated ductal branching,
MMTV-EZH2 mammary glands exhibited intraductal epi-
thelial hyperplasia recapitulating the histological features
of usual intraductal epithelial hyperplasia in human
breast tissue samples. These consisted of piled-up and
disorganized proliferating epithelial cells forming tufts
and micropapillae. Similar to human hyperplasia, the
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Figure 5. Targeted overexpression of EZH2 impairs mammary gland involution. A: H&E-stained sections of the mammary glands of wild-type and MMTV-EZH2
mice at the indicated day of involution (i) (n � 5 mice/group/day were analyzed). Note the persistence of amorphous debris and secretory lobules in the
mammary glands of MMTV-EZH2 mice at all phases of involution. B, a and b: Whole-mount carmine-stained mammary glands from EZH2 overexpressing mice
at day 14 of involution retained epithelial clusters and enlarged ducts filled with membranous materials (arrows). c and d: H&E-stained sections of MMTV-EZH2
and wild-type mammary glands show that although wild-type glands underwent complete involution at day 14, MMTV-EZH2 retained abnormally dilated ducts
with eosinophilic proteinaceous material. e and f: CD68 staining by immunohistochemistry reveals that MMTV-EZH2 mammary glands at day 14 of involution have
multiple macrophages indicative of persistent involution, whereas there are no remaining macrophages in the wild-type gland.

Figure 6. EZH2 binds to �-catenin and induces
�-catenin nuclear accumulation. A: Immunohisto-
chemical staining for �-catenin protein in the
mammary glands of 4 months virgin mice. Note
the accumulation of �-catenin in the nucleus of
hyperplastic epithelial cells of EZH2 transgenic
mice (arrows) that contrasts with the crisp mem-
brane �-catenin in wild-type glands (�400). B:
Immunoblot analysis for �-catenin and cyclin D1
in MMTV-EZH2 and wild-type mammary glands.
Nuclear and total protein lysates were prepared
from 4-month-old virgin mice. MMTV-EZH2 glands
show up-regulation of nuclear �-catenin and total
cyclin D1 levels compared with wild-type glands.
Ponceau S staining shows equal loading. The num-
ber beneath each band indicates the fold change in
intensity of the corresponding band relative to the
control. C: EZH2 interacts with �-catenin in mam-
mary gland tissues from 4-month-old virgin mice.
Immunoprecipitation (IP) of EZH2 or �-catenin
followed by reciprocal EZH2 or �-catenin immu-
noblotting from nuclear extracted lysates of EZH2
transgenic and wild-type mammary glands. Inputs
represented 10% of extracts. Immunoprecipitation
with IgG was used as the negative control and
immunoprecipitation with EZH2 and �-catenin
served as the positive controls. D: Immunofluores-
cence of human breast tissue samples. EZH2 and
�-catenin proteins colocalize in the nuclei of sev-
eral hyperplastic epithelial cells but not in normal
acini. Intraductal epithelial hyperplasia exhibits
up-regulation of EZH2 in the nuclei as well as
colocalization of EZH2 and �-catenin proteins in
the nuclei of hyperplastic epithelial cells (arrow).
EZH2 is red, �-catenin is green, colocalized pro-
teins are yellow, and 4,6-diamidino-2-phenylin-
dole (DAPI) stains the nuclei blue. Original mag-
nification, �600.
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EZH2-induced hyperplasia was composed principally of
differentiated luminal cells expressing high levels of the
GATA-3 transcription factor, essential for specification
and maintenance of the luminal cell fate in the mammary
gland.20

We found that MMTV-EZH2 mammary glands had a
delay in the process of involution compared with wild-
type glands, which persisted up to 14 days after cessa-
tion of lactation. It is intriguing that the alterations in the
involution process observed in MMTV-EZH2 mice were
not associated with a decrease in apoptosis. This result is
not surprising, however, based on previous studies by
our group as well as those of other investigators, who
failed to demonstrate an effect of EZH2 in apoptosis
using cell line models.21 Given that EZH2 does not influ-
ence apoptosis during involution, EZH2 might influence
the involution process by inducing premature cellular
differentiation of epithelial cells in the mammary gland
leading to the reduced plasticity needed to regenerate
and remodel the mammary gland after cessation of lac-
tation. This hypothesis is supported by our data showing
that EZH2 overexpression results in hyperplasia of differen-
tiated luminal epithelial cells expressing cytokeratin-18, E-
cadherin, and GATA-3 proteins. The defective involution
caused by EZH2 overexpression in the mammary gland
provides a possible mechanism to explain the reported
association between EZH2 protein up-regulation in hu-
man breast tissues and an increased breast cancer
risk.11 This link is further strengthened by recent epide-
miological studies showing that in humans lobular invo-
lution is associated with reduced risk of breast cancer
and that aberrantly involuted lobules may predispose to
breast carcinogenesis.22

In humans and mice, the development of carcinomas
is preceded by an expansion of cells with the ability to
initiate preneoplastic progression.23 Women with intra-
ductal epithelial hyperplasia have a greater risk of devel-
oping breast cancer than women without this abnormal-
ity.2 We have found that EZH2 protein increases during
hyperplasia and preneoplastic progression to atypical
hyperplasia and carcinoma in human breast tissue sam-
ples.10,11 The mechanism by which EZH2 promotes duc-
tal and epithelial hyperplasia is unknown. Our data sug-
gest that EZH2 may induce mammary hyperplasia
through up-regulation and activation of �-catenin signal-
ing. The Wnt/�-catenin signaling pathway plays a central
role in mammary gland growth and differentiation. Trans-
genic mice overexpressing several Wnt factors and an
activated form of �-catenin develop lobuloalveolar hyper-
plasia followed by focal carcinomas.16–18 At this time, we
have not observed mammary tumors in the MMTV-EZH2
transgenic mice. Further work is needed to determine
with certainty whether EZH2 overexpression leads to
mammary tumorigenesis and whether additional specific
oncogenic events are necessary to develop carcinoma in
the setting of EZH2 overexpression.

Consistent with our data, Shi et al24 recently reported
that EZH2 interacts with �-catenin and activates the tran-
scription of c-Myc and cyclin D1 using an in vitro system.
However, the in vivo relationship between EZH2 and
�-catenin and the biological relevance to human hyper-

plasias was unknown. We provide the first in vivo evi-
dence that EZH2 binds to �-catenin and that it regulates
�-catenin expression and nuclear accumulation in mam-
mary epithelial cells. Detection of �-catenin protein in the
nucleus and/or cytoplasm is a hallmark of active Wnt
signaling.19 EZH2-overexpressing acini showed accu-
mulation of �-catenin protein in the nuclei of several
mammary epithelial cells, whereas �-catenin was local-
ized to the epithelial cell membranes of wild-type glands.
The direct interaction between EZH2 and �-catenin in the
nuclei of hyperplastic cells resulted in up-regulation of
cyclin D1. Our studies in human breast tissues show that
normal human breast acini exhibit low to absent EZH2
protein and crisp membranous localization of �-catenin.
Human epithelial hyperplasia shows up-regulation of
EZH2 and nuclear accumulation of �-catenin. Further-
more, �-catenin and EZH2 co-localize exclusively in the
nuclei of hyperplastic cells. These data provide a likely
mechanistic explanation for the function of EZH2 in the
development of intraductal epithelial hyperplasia in the
human breast.10,11

In summary, targeted EZH2 overexpression to the
mammary gland induces abnormal TEB development
and precocious epithelial intraductal hyperplasia his-
topathologically similar to that of the human breast and
with similarities to the hyperplasia triggered by Wnt/�-
catenin overexpression. Mechanistically, our data estab-
lish the first in vivo link between EZH2 and �-catenin
activation during mammary gland development and
demonstrate its biological significance in the process of
mammary epithelial hyperplasia.
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