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Abstract

Transcriptional profiling has identified five breast cancer
subtypes, of which the basal epithelial is most aggressive and
correlates with poor prognosis. These tumors display a high
degree of cellular heterogeneity and lack established molec-
ular targets, such as estrogen receptor-A, progesterone
receptor, and Her2 overexpression, indicating a need for
definitive diagnostic markers. We present evidence that
nestin, a previously described marker of regenerative cells
in diverse tissues, is expressed in the regenerative compart-
ment of the normal human mammary gland. Colocalization
studies indicate two distinct populations of mammary
epithelia that express nestin: one expressing cytokeratin 14
(CK14) and #N-p63 and another expressing desmin. Immu-
nohistochemical analysis indicates that #N-p63 and nestin
are coordinately expressed during pregnancy in the murine
mammary gland. In the embryonal carcinoma cell line NT2/
D1, ectopic #N-p63-A disrupts retinoic acid–induced differ-
entiation, thereby preserving expression of nestin; however,
small interfering RNA–mediated ablation of nestin is insuffi-
cient to promote differentiation, indicating that whereas
nestin may identify cells within the regenerative compartment
of the mammary gland, it is insufficient to block differenti-
ation and preserve replicative capacity. Immunohistochemi-
cal analysis of basal epithelial breast tumors, including those
shown to carry BRCA1 mutations, indicates robust expression
of nestin and CK14, punctate expression of p63, and low to
undetectable levels of desmin expression. Nestin was not
detected in other breast cancer subtypes, indicating selectivity
for basal epithelial breast tumors. These studies identify
nestin as a selective marker of the basal breast cancer
phenotype, which displays features of mammary progenitors.
[Cancer Res 2007;67(2):501–10]

Introduction

Transcriptional profiling of large cohorts of human breast cancers
has resulted in the identification of five distinct subtypes (1). These
studies indicate that between 17% and 37% of human breast tumors
display a basal epithelial phenotype (2–4). These tumors are highly
aggressive, are poorly differentiated, and lack molecular targets

for endocrine or anti-Her2 therapy. The basal phenotype is
associated with an early age of onset and short times to relapse
and disease progression (5). A disproportionately high number of
these tumors are detected during normal screening mammography
intervals (6), reflecting the aggressive nature of these tumors. For
these reasons, the basal epithelial subtype contributes dispropor-
tionately to breast cancer mortality (7). Improved understanding of
the etiology of these tumors may help to identify selective markers
and therapeutic targets that will improve detection, diagnosis, and
treatment of the basal epithelial breast cancer subtype.

Throughout reproductive life, the epithelial portion of the
mammary gland undergoes multiple successive regenerative cycles
characterized by cellular proliferation and terminal differentiation
(8). During pregnancy, expansion of the epithelial compartment is
thought to be initiated by the mitotic division of the mammary
stem cells, resulting in production of a pool of mammary
progenitors. The progenitor population enters a highly proliferative
state that drives this expansion and is followed by cellular
differentiation. The regenerative cycle ends with extensive
apoptosis and tissue remodeling during post-lactation involution.
In non-pregnant females, a less-pronounced cycle of proliferation
and cell death occurs with each menstrual cycle (9). Continuous
regenerative cycles within the epithelial portion of the mammary
gland depend upon a population of mammary stem cells that
retain their proliferative capacity and resist terminal differentia-
tion. These features confer a prolonged replicative life span,
suggesting that mammary stem cells may be capable of accumu-
lating and harboring mutations and propagating these mutations
into the progenitor pool. This further suggests that mammary stem
cells may be the sites of breast cancer initiation, which is supported
by the finding that the mammary stem cell fraction is amplified
in the MMTV-Wnt1A murine breast cancer model (10). This
observation is consistent with other studies that indicate breast
cancer initiation is a condition of poorly regulated self-renewal (11)
and has focused attention upon the oncogenic potential of genetic
pathways that regulate self-renewal.

To repopulate the mammary gland and to achieve cellular
diversity during each regenerative cycle, while preserving self-
renewing capacity for subsequent regenerative cycles, the mitotic
offspring of mammary stem cells must execute the decision to
preserve or forfeit self-renewing capacity. There is abundant
evidence that the p53 family member TP63 plays a critical role in
this decision (12–15). The gene encoding TP63 uses proximal and
distal promoters to produce trans-activating (TA-p63) and NH2-
terminally deleted (DN-p63) isoforms (16). Other studies suggest
that in the adult mammary gland, p63 is required for the
preservation of self-renewal and cellular stasis (17). Mutations in
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TP63 have been shown to underlie a broad spectrum of syndromes
that have in common defects in cellular stasis of a variety of
epithelial and apocrine structures (14). These defects are believed
to result from a genetic program of non-regenerative differentia-
tion that ultimately leads to the depletion of the regenerative
compartment. Specifically relevant to the establishment and
preservation of the mammary regenerative compartment are
mutations within the a-specific COOH terminus of TP63 that
underlie limb-mammary syndrome (OMIM# 603543; ref. 18).
Patients bearing these mutations display severe to complete
hypoplasia of the mammary epithelia. Consistent with these
phenotypes, targeted ablation of TP63 in the mouse resulted in
hypoplasia of both embryonic and adult epithelial and apocrine
structures (13, 15). These studies indicate that TP63 is required for
the establishment and preservation of the regenerative compart-
ments of multiple epithelial structures. Additionally, studies using
isoform-specific antibodies indicate that DN-p63 predominates
in the basal epithelia of the mammary gland (19), which is a
component of the mammary regenerative compartment. This
indicates that DN-p63 may play an important role in the
maintenance and preservation of cellular stasis during the
mammary regenerative cycle.

Nestin is an intermediate filament protein that is expressed in
regenerative compartments of the central nervous system and
other tissues (20). It has been shown to colocalize with p63, as
detected by the pan-p63 monoclonal antibody 4A4, within a subset
of the limbal epithelia of the cornea (21). This suggests that nestin
may also be expressed in the regenerative compartment of
epithelial structures and is consistent with multiple findings
indicating that nestin is a marker of neural progenitors (22, 23).
In this article, we report that nestin is expressed in two distinct cell
types within the basal/myoepithelial layer of the mammary gland.
Two-color immunofluorescence identifies a cell type in which
nestin is coexpressed with cytokeratin 14 (CK14) and p63 and a
second that is positive for desmin. Analysis of nestin and DN-p63
expression in the murine mammary gland during pregnancy
indicates overlapping patterns of temporal and cell type–specific
regulation. We provide evidence that DN-p63-a is sufficient to
block cellular differentiation and preserve nestin expression in the
embryonal carcinoma cell line NT2/D1, and that small interfering
RNA (siRNA)–mediated repression of nestin in NT2/D1 was
insufficient to promote differentiation. Taken together, these
observations suggest that nestin is expressed in the regenerative
compartment in the mammary gland. Immunohistochemical
analysis indicates that nestin is robustly expressed in basal
epithelial breast tumors [defined here as triple negative for the
estrogen receptor-a (ERa), the progesterone receptor (PR), and
Her2] and undetectable in breast tumors representing other
molecular classifications. We also present data indicating that
nestin is strongly expressed in BRCA1-associated breast tumors,
which is consistent with the finding that BRCA1-associated tumors
possess a basal phenotype (3, 24). Further analysis of the triple-
negative tumors indicates high levels of CK14, variable expression
of p63, and undetectable levels of desmin, suggesting that these
tumors arose from components of the basal epithelia that express
nestin, CK14, and p63. This signature was absent in other breast
cancer subtypes, indicating that nestin expression identifies the
poor prognosis basal epithelial subtype. These studies also indicate
that the highly aggressive and poorly differentiated basal breast
cancer subtype displays biochemical features of the regenerative
compartment of the mammary gland.

Materials and Methods

Human tissue samples. Normal human mammary gland samples

derived from reduction mammoplasty were identified from archived

samples within the Tissue and Tumor Bank at Dartmouth Hitchcock

Medical Center. For breast tumors representing diverse subtypes, the files of

the Department of Pathology at Dartmouth Hitchcock Medical Center were

reviewed to identify formalin-fixed, paraffin-embedded (FFPE) samples

representing tumors that were either ER�/PR�Her2�, ER�/PR�/Her2+

[by fluorescence in situ hybridization (FISH)], or ER+/PR+. Identified tumors

were evaluated to ensure that sufficient tissue existed within the paraffin

blocks. Identification and collection of tissues and tumors were conducted

in strict adherence with regulations related to the protection of patient

identity. BRCA1-associated tumors were identified and selected from

archived material obtained through the Family Risk Assessment Program at

the Fox Chase Cancer Center (FCCC). These tumor tissue samples were

derived from patients that had undergone genetic testing through the

Clinical Molecular Genetics Laboratory at FCCC and were found to be

carriers of a deleterious BRCA1 mutation.

Murine tissue samples. C57/Black6 mice were mated at 8 weeks of age,

and pregnancy was confirmed by the presence of the anogenital plug.

Murine mammary glands were harvested by gross dissection at days 3, 7, 14,

and 20 of pregnancy. Glands were fixed in Bouin’s solution, dehydrated

though a series of graded alcohols, and embedded in paraffin. Four- to 5-Am
sections were prepared and fixed onto frosted glass microscope slides.

Immunohistochemistry was done as described below.
Immunohistochemistry. Tumors representing the basal breast cancer

subtype were identified by negativity for ERa, PR, and Her2. Additionally,

paraffin blocks representing tumors of the Her2 subtype (ER�/PR�/Her2+

by FISH) and tumors with a luminal epithelial phenotype (ER+/PR+) were

identified for comparative analysis. Additionally, FFPE samples of normal

human mammary gland derived from reduction mammoplasty were used

for analysis of marker expression in the normal mammary gland. Briefly,

4-Am-thick series sections were cut and applied to charged glass slides

(Superfrost Plus). Sections were deparaffinized in xylene, rehydrated

through a series of graded alcohol, placed in 10 mmol/L citrate buffer

(pH 6), and underwent antigen retrieval in a microwave oven for 15 min.

Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in

distilled water for 10 min. Samples stained for nestin, desmin, and p63 were

blocked in 5% donkey serum in 0.1% Triton X-100 in PBS. Samples stained

with CK5 and CK14 were similarly blocked with 5% horse serum. All

blocking was done for 30 min at 37jC. Immunohistochemistry was done

using an avidin-biotin peroxidase system. The following primary antibodies

were incubated for 45 min at 37jC: nestin (1:50, clone C-20; Santa Cruz

Biotech, Santa Cruz, CA) or nestin (1:50, clone 10C2; Santa Cruz Biotech),

desmin (1:50, clone Y-20; Santa Cruz, Santa Cruz, CA), pan-p63 (1:100, clone

4A4; BD Biosciences, San Diego, CA), CK14 (1:100, clone LL002; Neomarkers,

Fremont, CA), and CK5 (1:25, clone XM26; Neomarkers). Detection of DN-
p63 isoforms was conducted using a rabbit polyclonal antibody raised

during these studies and diluted 1:200. Following washes in PBST, a

biotinylated secondary antibody (Vector Laboratories, Inc., Burlingame, CA)

was applied for 30 min at 37jC. Detection of nestin and desmin staining

was blocked in 5% donkey anti-goat IgG (1:200). Detection of pan-p63, CK5,

and CK14 was blocked with horse anti-mouse IgG (1:400). Detection of the

DN-p63–specific staining was achieved with a goat anti-rabbit IgG (1:400).

Slides were incubated with streptavidin-linked peroxidase (1:400; Vector

Laboratories) for 30 min at 37jC and developed with 3,3¶-diaminobenzidine

tetrahydrochloride staining kit (Vector Laboratories). Mayer’s hematoxylin

was applied as a counterstain.
Two-color immunofluorescence. The pretreatment and preparation of

slides, including deparaffinization, rehydration, and antigen retrieval, were

identical to the protocols for immunohistochemistry. Blocking serum was

applied for removing nonspecific binding accordingly. Nestin or desmin

costained with pan-p63, CK5, and CK14 were blocked with 5% donkey

serum. Then, the samples were incubated with two different primary

antibodies together (nestin or desmin + pan-p63, CK5, CK14). Following a

series of wash steps in PBST, the slides were incubated with two different
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Alexa Fluor–conjugated secondary antibodies (1:200; Invitrogen, Carlsbad,
CA) together. Nestin (C-20) or desmin costained with nestin (10C2), pan-p63

(4A4), CK5, and CK14 were blocked with donkey anti-goat-Alexa Fluor 594

IgG and donkey anti-mouse-Alexa Fluor 488. Slides were mounted with

Vectorshield (Vector Laboratories) mounting solution with 4¶,6-diamidino-
2-phenylindole (DAPI) and imaged by fluorescence microscopy and

confocal microscopy. Double staining of nestin plus desmin, CK14 + pan-

p63 (4A4) is modified slightly due to identical host species of primary

antibodies. The staining with primary antibodies was conducted sequen-
tially. The first staining of the primary antibody was done as regular

immunohistochemistry protocol. The only difference was to use Avidin-

Alexa Fluor 488 (1:200; Invitrogen) to replace the streptavidin-peroxidase

complex reagent followed by microwaving in 10 mmol/L citrate buffer
(pH 6) for 15 min to remove nonspecific binding. Following treatment,

slides were stained with the secondary primary antibody and detected with

Alexa Fluor 594–conjugated IgG accordingly.
Cell culture. The embryonal carcinoma cell line NT2/D1 was cultured as

previously described, and differentiation studies were conducted by treating

cells with either 0.01% DMSO (vehicle) or 1 Amol/L retinoic acid (RA). Cells

were transfected using Fugene (Roche, Indianapolis, IN) according to the
manufacturer’s protocol. Ectopic expression of DN-p63-a was achieved by

adenoviral infection. siRNA-mediated repression of nestin was achieved by

tranfection of a pool of four nestin-specific siRNAs (ONTARGETplus

SMARTpool, Dharmacon, Lafayette CO). A similar pool of four nonspecific
siRNAs was used as negative control (ONTARGETplus SMARTpool,

Dharmacon). siRNAs were transfected in amounts recommended by the

manufacturer. Transfections were done using Oligofectamine (Invitrogen)
according to manufacturer’s protocol.

Northern analysis. RNA was isolated using the RNeasy system (Qiagen,

Valencia, CA). Seven to 10 Ag RNA was loaded per lane, and Northern

blotting was conducted as previously described. Nestin mRNA was detected
using an f1-kb EcoRI fragment derived from an IMAGE clone # 5493839

containing nestin cDNA sequences. RA receptor h (RARh) mRNA was

detected using a 615-bp EcoRI fragment derived from the RARh cDNA.

Northern blotting procedures were as previously described (25).
A2B5 immunodetection. Following treatment with DMSO or RA, NT2/

D1 cells were washed twice in cold PBS and incubated with an undiluted

cell culture supernatant from a hybridoma that produces an anti-A2B5
immunoglobulin. Incubation was carried out for 30 min at 37jC, and

samples were washed twice in PBS for 10 min each. Following washing, a

1:200 dilution of a goat anti-mouse-IgG linked to Alexa Fluor 488 was

incubated with the samples for 15 min at 37jC. Samples were washed, and
nuclei were stained with DAPI before fluorescence imaging.

Western blotting. Western analysis of TA-p63-g was done as previously

described (26). DN-p63–specific Western blotting was conducted by blocking

filters in TBST-5% milk for 1 h at room temperature. The rabbit anti-DN-p63
antibody was incubated with the filter for 1 h at room temperature in TBST-

1% milk. Following a series of washes in TBST, a horseradish peroxidase–

linked goat anti-rabbit secondary antibody was used to detect the rabbit IgG,

and detection was carried by chemiluminescence.

Results

Nestin is expressed in the basal epithelial layer of the
normal mammary gland. Several studies have indicated that DN-
p63 is highly expressed in the basal/myoepithelial layer of the
mammary gland and other epithelial structures and is required
for the preservation of self-renewal (17, 19, 27). Studies of the
limbal epithelia of the cornea indicate that DN-p63-a is expressed
in the self-renewing population, and this expression is repressed as
cells forfeit their self-renewing capacity, enter a stage of transient
amplification, and achieve terminal differentiation (28). Other
studies show colocalization of nestin and p63 in a subset of cells
within the limbal epithelia (21). This study suggested that nestin
may be expressed in the regenerative compartment of the
mammary gland. FFPE samples of normal human mammary gland

tissue were sectioned and subjected to immunohistochemical
analysis of the expression of nestin, the basal epithelial marker
CK14, and p63. A goat polyclonal antibody directed against human
nestin detected robust expression of nestin (Fig. 1A) in the
subluminal compartment of the mammary gland. Similar studies
using a mouse monoclonal antibody directed against a distinct
epitope of nestin resulted in an identical pattern of expression
(Fig. 1B). Immunohistochemical analysis of CK14 and p63 (Fig. 1C
and D) confirms that each is present in the subluminal epithelia of
the mammary duct. Interestingly, we noted that CK14 expression
was restricted to the columnar basal epithelia of the ducts and was
present at low to undetectable levels in the lobules (Fig. 1C, right).
Two-color immunofluorescence using antibodies directed against
two distinct epitopes of nestin resulted in a high degree of overlap,
which increases confidence that the protein being detected is
nestin (Fig. 1E). In mammary ducts and lobules, nestin was
detected in two morphologically distinct cell types in the
subluminal compartment (Fig. 1A, inset). The first is a subset of
columnar basal epithelia (indicated by black arrowheads) in which
cytoplasmic nestin staining surrounds the nucleus. A second
filamentous cell type (indicated by red arrowheads) that is
distributed along the periphery of the duct also stained positively
for nestin. Importantly, regions within ducts and lobules are
identifiable, in which the filamentous nestin-positive cell type is
distinct and physically separate from the nestin-positive columnar
epithelia. This observation indicates that nestin is expressed in two
morphologically distinct subtypes in the subluminal compartment
of the human mammary gland and raises the possibility that nestin
may colocalize with CK14 and p63.

Nestin independently colocalizes with basal/myoepithelial
markers. To determine if nestin is expressed in the subluminal
layer of the mammary gland, two-color immunofluorescence was
used to measure the degree of colocalization between nestin and
p63 or CK14. Results indicate colocalization of nestin with p63
(Fig. 2A, left), and confocal imaging indicates that the cytoplasmic
nestin staining surrounds the nuclear p63 staining in multiple cells
(Fig. 2A, right). To confirm these studies, we sought to show
that nestin is coexpressed with the basal epithelial marker CK14.
Consistent with previous studies, two-color immunofluorescence
indicates that CK14 and p63 are coexpressed in cells within the
columnar basal epithelia of the mammary gland (Fig. 2B, left). This
result is also consistent with a recent study showing that CK14 is
a direct transcriptional target of DN-p63 isoforms (29). Confocal
imaging (Fig. 2B, right) clearly shows the cytoplasmic staining of
CK14 surrounding the nuclear staining of p63. Two-color
immunofluorescence also indicates that colocalization of nestin
and CK14 are coexpressed in these cells (Fig. 2C). We also noted
that no p63 or CK14 expression was detected in the nestin-positive
filamentous cells that appear along the periphery of the ducts and
lobules. The location and morphology of these cells suggests that
they represent myoepithelia, a myoepithelial precursor, or myofi-
broblasts. Other studies have noted that nestin is coexpressed with
the striated muscle neurofilament protein desmin in regenerating
skeletal muscle (30). To determine if the filamentous nestin-
positive cells were myoepithelial, two-color immunofluorescence
was conducted to determine if nestin was coexpressed with desmin
in these cells. Results (Fig. 2D) indicate that nestin and desmin are
colocalized in the filamentous myoepithelial cells. Additionally,
two-color immunofluorescence indicates no overlap between
desmin and p63 (Fig. 3E) or desmin and CK14 (Fig. 3F). Taken
together, these studies indicate that nestin is expressed in two
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morphologically and biochemically distinct cell types in the
subluminal compartment of the mammary gland. The colocaliza-
tion of nestin with p63 coupled to the abundant evidence that
nestin and p63 are expressed in the regenerative compartments of
diverse tissues may be consistent with a role for nestin in the
regenerative compartment of the mammary gland.
#N-p63 and nestin are coordinately regulated in the mouse

mammary gland during pregnancy. Immunohistochemical
analysis of p63 expression using the commercially available 4A4
monoclonal antibody indicates high levels of p63 expression in the
subluminal compartment of the mammary gland. Because this
antibody was raised against a region of p63 that is common to all
p63 isoforms, it fails to distinguish between TA-p63 and DN-p63. To
address this, we raised a rabbit polyclonal antibody against a 14-

amino-acid peptide that is encoded by the DN-p63–specific exon 3¶.
Affinity-purified fractions of this serum are capable of detecting
DN-p63-a but not TA-p63-g when each was overexpressed in
H1299 cells (Fig. 3A). Immunohistochemical analysis of normal
human mammary gland using this antibody indicated that DN-p63
isoforms predominate in the subluminal epithelia of the mammary
gland (Fig. 3B). This finding is consistent with previous studies (19)
and is also consistent with the finding that DN-p63-a is the
dominant isoform in both stem cells and transient amplifying cells
of the limbal epithelia of the cornea (28). These studies coupled to
the observation that p63 and nestin colocalize in the subluminal
epithelia of the mammary gland suggest that nestin and DN-p63
may be coordinately regulated during the regenerative cycle of the
mammary gland. To test this, mammary glands were harvested

Figure 1. Nestin is expressed in two
morphologically distinct subluminal mammary
epithelial cell types. A, FFPE samples of
normal human mammary gland, derived from
reduction mammoplasty, were sectioned,
applied to charged glass microscope slides,
and subjected to immunohistochemical
analysis for expression of nestin. Using a goat
anti-nestin polyclonal antibody, staining of both
ducts and lobules was observed in a layer of
cells that is one cell removed from the luminal
epithelia. Two specific cell morphologies
were observed: columnar (black arrows ) and
filamentous (red arrows ). Sections were
counterstained with hematoxylin. B, to confirm
the specificity of the goat anti-nestin polyclonal,
similar analyses were conducted with a
mouse anti-nestin monoclonal. Similar patterns
were observed, confirming that the staining
detected was due to the presence of nestin.
Sections were counterstained with
hematoxylin. C, staining with the basal
epithelial marker CK14 was done using a
mouse anti-human CK14 monoclonal antibody.
Staining was detected in all ducts but
only rarely in mammary lobules. Right,
representative section of mammary lobule in
which no CK14 staining is evident. Sections
were counterstained with hematoxylin.
D, detection of p63 by the pan-p63 monoclonal
antibody 4A4 is restricted to the basal epithelia
of mammary ducts and lobules. Sections were
counterstained with hematoxylin. E, two-color
immunofluorescence indicates that the goat
anti-nestin polyclonal antibody (left) and the
mouse anti-nestin monoclonal antibody
(middle ) stain with identical patterns as
displayed in the merged image (right ).
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from mice at time points during pregnancy and analyzed for
expression of DN-p63 and nestin. Results (Fig. 3C) of this study
indicated that the expression of nestin and DN-p63 was
undetectable during early pregnancy (P3 and P7) but was detected
in the columnar cells of the subluminal compartment at day 14 of
pregnancy (P14). Additionally, it was observed that by late
pregnancy (P20), nestin expression was restricted to the myofibro-
blasts, and DN-p63 was undetectable. Importantly, staining for
CK14 indicates that the basal epithelial cells are present
throughout the time course of this pregnancy (Fig. 3C, right).
These studies indicate that nestin and DN-p63 are coordinately
regulated in the columnar basal epithelia during pregnancy in the
mouse mammary gland.
#N-p63-A blocks cellular differentiation and preserves

nestin expression. Coordinated expression and colocalization of
nestin and DN-p63 coupled to the established role for DN-p63 in
the preservation of self-renewing capacity in the mammary gland
and other epithelial structures indicate that nestin is expressed in
cells with self-renewing capacity. This further suggests that
expression of nestin may be differentially regulated during the
preservation or forfeiture of self-renewal. To test this, we employed
the NT2/D1 embryonal carcinoma cell culture model, in which
robust levels of nestin are observed to decline in response to
all-trans-RA–induced cellular differentiation (31). Additionally, we

noted that these cells did not express measurable levels of any DN-
p63 isoform (data not shown). Treatment of NT2/D1 cells with
0.01% DMSO (vehicle) or 1 Amol/L RA indicated that RA-induced
differentiation repressed nestin expression at 72 and 96 h post-
treatment and activated expression of RARb , a canonical RA target
gene (Fig. 4A). Consistent with these results, RA-induced differen-
tiation leads to immunodetection of A2B5, a glycolipid that is a
well-characterized marker of NT2/D1 differentiation (refs. 31–33;
Fig. 4B). To determine if ectopic DN-p63-a is sufficient to block
RA-induced repression of nestin expression, NT2/D1 cells were
transfected with either green fluorescent protein (GFP; control)
or DN-p63-a followed by treatment with either 0.01%DMSO
(vehicle) or 1 Amol/L RA. RNA was collected at 0, 24, 48, 72, and
96 h posttreatment and subjected to Northern analysis. Results
(Fig. 4C) indicate that GFP had no effect on repression of nestin or
induction of RARh by RA. In contrast to GFP, ectopic DN-p63-a was
sufficient to block RA-induced repression of nestin expression.
Importantly, the induction of RARh by RA was still observed in the
presence of DN-p63-a, but at somewhat lower levels, suggesting
that DN-p63-a may elevate the threshold necessary for RA-induced
differentiation. Immunodetection of A2B5 (Fig. 4D, top) and nestin
(Fig. 4D, bottom) under identical conditions indicated that ectopic
expression of DN-p63-a blocked differentiation of NT2/D1 cells by
RA (Fig. 4D) and preserved expression of nestin. This result

Figure 2. Nestin expression independently
colocalizes with basal progenitor markers and
with myoepithelial markers. A, two-color
immunofluorescence of FFPE normal human
mammary gland indicates that nestin and p63
are coexpressed in a subset of the basal
epithelia of mammary ducts. Note (inset ) that
the red fluorescent signal indicating nestin
surrounds the green nuclear signal that
indicates p63. Right, representative confocal
micrograph in which the cytoplasmic staining
of nestin is observed to surround the
nuclear staining of p63. B, two-color
immunofluorescence indicates colocalization
of CK14 and p63. Right, representative
confocal micrograph showing the cytoplasmic
staining of CK14 surrounding the nuclear
staining of p63. C, two-color
immunofluorescence indicates colocalization
of nestin and CK14. Note the yellow staining
that is the result of merged images of CK14
(red) and nestin (green ). Right, representative
confocal micrograph indicating substantial
overlap of nestin and CK14. D, two-color
immunofluorescence indicates colocalization of
nestin and desmin in the filamentous cells
arranged at the periphery of the ducts.
E, two-color immunofluorescence indicates
that desmin and p63 do not colocalize.
Note the regions of desmin staining (red )
that are distinct and physically separate
from p63 staining (green ). F, two-color
immunofluorescence indicates that nestin and
CK14 do not colocalize in the human mammary
gland. Note the distinct red signal of desmin
and the distinct green signal of CK14 along
with the absence of a yellow signal that would
indicate colocalization.
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indicates that DN-p63-a opposes RA-mediated differentiation
signals and is consistent with the role of DN-p63-a in the
preservation of self-renewal. It also implies that nestin expression
is reflective of the regenerative capacity of cells.

The observation that DN-p63-a was able to block the repression
of nestin during differentiation suggested that nestin expression
may also oppose cellular differentiation. To test this, a pool of four
nestin-directed siRNAs or a pool or four negative control siRNAs
was transfected into NT2/D1 cells. Northern analysis indicates that
nestin expression was substantially reduced by the nestin-specific
pool at 24 h but began to recover by 48 h after transfection
(Fig. 5A). Following transfection under these conditions, cells were
treated with 0.01% DMSO or 1 Amol/L RA, and immunodetection of
A2B5 was measured at 0, 24, 48, 72, 96, and 120 h posttreatment.
Results (Fig. 5B) indicated that siRNA-mediated repression of
nestin over this time course was insufficient induce the A2B5
display or accelerate RA-induced A2B5 display. These results

indicate that whereas repression of nestin occurs during differen-
tiation induced by RA, direct ablation of nestin is insufficient to
induce differentiation as measured by immunodetection of A2B5.
Taken together, these studies indicate that DN-p63-a is able to
oppose RA-induced cellular differentiation, thereby preserving
expression of nestin and are consistent with previous work
indicating that nestin expression is a feature of undifferentiated
cells.

Breast tumors with a basal epithelial phenotype express
nestin, #N-p63, and CK14. The tumor stem cell theory of breast
carcinogenesis implies that breast cancers may initiate within a
population of cells capable of self-renewal (34). This may further
suggest that highly aggressive and poorly differentiated tumors
display features of stem cells. Based on this, we hypothesized that
the poorly differentiated basal epithelial breast cancer subtype
would express nestin and other markers of the regenerative
compartment of the mammary gland. Tumors that were triple

Figure 3. Expression of DN-p63 and nestin
are coordinately regulated in the murine
mammary gland during pregnancy. A, Western
analysis indicates that DN-p63-a, but not
TA-p63-g, is selectively detected by an antisera
raised against a DN-p63–specific epitope.
H1299 cells were mock infected (control) or
infected with adenoviruses programmed to
express LacZ, DN-p63-a, and TA-p63-g. Cell
lysates were subjected to Western analysis
with an affinity-purified DN-p63–specific
antisera or a a-specific polyclonal antibody
(Cell Signaling, Danvers, MA).
B, immunohistochemical analysis of
normal human mammary tissue using an
affinity-purified DN-p63–specific antisera
indicates that DN-p63 isoforms are expressed
in the basal epithelia of the mammary gland.
C, immunohistochemical analysis of nestin and
DN-p63 in the murine mammary gland during
pregnancy indicates temporally coordinated
expression of DN-p63 and nestin. Black
arrows, immunodetection of DN-p63 and nestin
in samples taken from pregnancy day 14.
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negative for ERa, PR, and Her2 were selected for analysis of nestin,
p63, and CK14 expression. For each marker, positivity was defined
as detectable expression within the tumor and not merely at the
periphery of the tumor. For example, a ductal carcinoma in situ
(DCIS), in which the in tact basal/myoepithelial layer stains
positive but the cells within the core of the DCIS do not, would be
scored as negative. Results indicate that in 14 of 16 triple-negative
tumors, nestin expression was readily detectable. Figure 6A shows

a representative sample of nestin staining of a triple-negative
tumor. Similarly, 16 of 16 basal breast tumors were positive for
CK14 and indicated a range of signal intensities from intermediate
to high. Figure 6B shows a representative sample of high-intensity
CK14 staining of a basal epithelial tumor. Analysis of p63
expression in these tumors indicated that 8 of 16 tumors were
positive and displayed a range of expression patterns from
punctate (Fig. 6C, left) to intermediate (Fig. 6C, middle) to uniform

Figure 4. Ectopic DN-p63-a blocks
differentiation and preserves expression of
nestin. A, Northern analysis of NT2/D1 cells
treated with DMSO (vehicle) or 1 Amol/L RA
shows that expression of nestin (top )
declines at 72 and 96 h posttreatment. Middle,
induction of RARh by RA, which serves as
a control for the actions of RA. Bottom,
distribution of the 28S and 18S ribosomal
subunits, which serve as loading controls.
B, treatment of NT2/D1 cells with RA results in
immunodetection of the A2B5 glycolipid
(green ). Nuclei are stained with DAPI.
C, ectopic expression of DN-p63-a preserves
expression of nestin following RA treatment.
NT2/D1 cells were transfected with EGFP
(control) or DN-p63-a, and cells were treated
with DMSO or RA. RNA was collected at 0, 24,
48, 72, and 96 h posttreatment. Northern
analysis of nestin (top ) indicates that DN-p63-a
blocked RA-induced repression of nestin.
Ectopic expression of DN-p63-a also blocked
RA-induced expression of RARh. Bottom,
distribution of the 28S and 18S ribosomal
subunits, which serve as a loading control.
D, ectopic DN-p63-a blocks RA-induced
immunodetection of A2B5 and RA induced
repression of nestin.
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(Fig. 6C, right). Finally, analysis of these tumors indicated that none
showed any evidence of desmin expression (data not shown). These
studies indicate that basal epithelial breast tumors are positive for
nestin, CK14, and p63 and negative for desmin and suggest that
basal breast tumors have a phenotype that is similar to cells within
the regenerative compartment of the mammary gland.

To determine if nestin is a selective marker of the basal breast
cancer subtype, we evaluated 16 tumors that were representative of
the Her2 subtype (ER�/PR�Her2+ by FISH) and 16 tumors with a
luminal epithelial phenotype (ER+/PR+). Under the same conditions
in which nestin was detected in the basal tumors, we failed to
detect nestin in these other subtypes. Consistent with our analysis
of the basal breast tumors, a positive signal for nestin was defined
as immunodetectable expression within the tumor. Nestin
expression was detected at the periphery of ducts and in DCIS
but not in the tumor itself, and these tumors were scored as
negative. These studies (summarized in Table 1), although limited
by low sample numbers, indicate that nestin may be a selective
marker of the basal breast cancer subtype.

Nestin expression is common in BRCA1-associated tumors.
Global transcriptional profiling of human breast cancers has
indicated that tumors that are associated with mutations in BRCA1
cluster within the basal breast cancer subtype (3). We therefore
sought to determine if expression of nestin was detectable in

BRCA1-associated tumors. Immunohistochemical analysis of these
tumors with either the goat anti-nestin polyclonal antibody or the
mouse anti-nestin monoclonal antibody indicated robust nestin
(Fig. 6D) expression in six of eight individual cases. Similar to the
basal breast tumors studied above, expression of CK14 and p63 was
also detected in the BRCA1-associated tumors. These studies
indicate that nestin expression is correlated with BRCA1 associated
tumors and are consistent with the finding that BRCA1-associated
tumors are classified as a basal breast cancer. This data coupled
to our studies indicating that in normal mammary gland nestin is
coexpressed with markers of the basal/myoepithelia may indicate
that BRCA1-associated tumors display a progenitor-like phenotype.
They further suggest that nestin may be a marker of BRCA1-
associated tumors.

Discussion

We describe here the identification of nestin as a selective
marker of the basal breast cancer subtype. We present evidence
that nestin is expressed in two morphologically and biochemically
distinct subtypes within the basal/myoepithelial layer of the
normal human mammary gland. In one of these cell types, nestin
is coexpressed with DN-p63, which coupled to the role of DN-p63
in preservation of self-renewal, suggesting that nestin may be

Figure 5. siRNA-mediated repression of
nestin is insufficient to enhance differentiation
of NT2/D1 cells. A, NT2/D1 cells were
transfected with a pool of four nestin-specific
siRNAs or a pool of four nonspecific siRNAs.
Northern analysis indicates a significant
reduction of nestin mRNA at 24 h after
transfection. B, A2B5 staining indicates that
siRNA-mediated repression of nestin was
insufficient to stimulate A2B5 immunodetection
or accelerate RA-mediated A2B5
immunodetection. Cells were transfected as
above followed by treatment with DMSO or RA.
At 120 h posttreatment, cells were stained
for A2B5.
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expressed in the regenerative compartment within the mammary
gland. Analysis the mammary glands of pregnant mice indicated
that the timing and cell type specificity of nestin and DN-p63
expression are coordinately regulated. Our data indicate that DN-
p63-a is sufficient to block RA-induced differentiation of NT2/D1
cells, and that this ability is linked to the preservation of nestin
expression. Although the precise relevance of this observation to
the relationship between DN-p63 isoforms and nestin in mammary
progenitors is unclear, this finding does indicate that DN-p63-a is
able to preserve a state of dedifferentiation in RA-treated NT2/D1
cells and in doing so preserves expression of nestin. Breast tumors
representing the basal breast cancer subtype (ER�/PR�/Her2�)
express robust levels of nestin and CK14 and display a diverse
pattern of DN-p63 expression, suggesting a basal/myoepithelial
phenotype. This is likely to be consistent with the aggressive
nature and poorly differentiated phenotype of the basal epithelial
class of breast tumors. Our studies also identify nestin as a
potential target for molecular detection and diagnosis of breast
cancers with a basal phenotype, including those with known
BRCA1 mutations.

Analysis of p63 expression in basal epithelial breast tumors
indicated that 8 of 16 samples were observed to express p63,
whereas none of the Her2-associated or luminal tumor types
showed any detectable expression of p63. The expression pattern of
p63 varied from punctate to uniform, indicating that expression of
p63 isoforms is unlikely to be a clinically useful marker. Although
it is unclear if p63 expression identifies tumor stem cells, that p63
is required for self-renewal may indicate that these cells retain the
capacity for self-renewal. Further analysis of mammary tumor stem
cells will be required to determine if p63 expression underlies the
self-renewing capacity of tumor stem cells in the basal epithelial
subtype.

Our study indicates that nestin is expressed in the basal/
myoepithelial layer of the mammary gland and is a selective
marker of the basal epithelial breast cancer subtype. Although
the precise function of nestin remains to be elucidated, several
studies indicate that it may play a role in the regulation of mitosis
(20, 35, 36). These findings coupled to the use of nestin as a marker
of neural progenitors and the nestin promoter to selectively target
neural progenitors suggest a role for nestin in the progenitor pools

Figure 6. Nestin, CK14, and p63 are
selectively expressed in basal epithelial breast
tumors and BRCA1-associated tumors. Tumors
that were previously known to lack expression
of ERa, PR, and Her2 were prescreened for
expression of CK5/6 to confirm the basal
epithelial phenotype. A, representative
immunohistochemical staining of FFPE breast
tumors with a basal phenotype indicates
robust expression of nestin. Anti-nestin
immunohistochemistry was done as described
in Materials and Methods. B, representative
immunohistochemical staining of FFPE breast
tumors with a basal phenotype indicates
robust expression of CK14. Anti-nestin
immunohistochemistry was done as described
in Materials and Methods. C, expression of p63
was detected in 8 of 16 breast tumors with a
basal epithelial phenotype. Expression patterns
ranged from punctate (left ), to intermediate
(middle ), to uniform (right ). BRCA1-associated
breast tumors express robust levels of nestin,
CK14, and p63. Breast tumors with confirmed
mutations in BRCA1 were identified from
the tissue and tumor bank at FCCC.
D, immunohistochemical analyses reveal
robust detection of nestin in BRCA1-associated
tumors. E, immunohistochemical analyses
reveal robust detection of CK14 in BRCA1-
associated tumors. F, immunohistochemical
analyses reveal intermediate detection of p63
in BRCA1-associated tumors.

Table 1. Expression of nestin, CK14, and p63 in breast cancer subtypes

Subtype Markers Nestin CK14 p63

Basal ERa�/PR�/Her2� 14/16 (2.6e�9) 16/16 (3.77e�11) 8/16 (6.77e�5)

Her2 associated ERa�/PR�/Her2+ (FISH) 0/16 0/16 0/16

Luminal ERa+/PR+ 0/16 0/16 0/16
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of diverse tissues. Our finding that siRNA-mediated repression of
nestin was insufficient to promote cellular differentiation indicates
that nestin is unable to actively preserve self-renewing capacity in
stem cell populations. Additionally, the observation that ectopic
DN-p63-a blocks differentiation thereby preserving nestin expres-
sion coupled to the studies indicating a potential role in the
regulation of mitosis is consistent with the conclusion that nestin
is expressed in a population of cells with retained proliferative
capacity. We believe this is consistent with the poorly differentiated
phenotype of the basal epithelial subtype of breast tumors.
Additionally, the finding that nestin expression was restricted to
the most aggressive and least differentiated breast tumor subtype
coupled to the finding that ectopic expression of DN-p63-a was
sufficient to preserve nestin expression during differentiation may
suggest that the degree of progenitor-like features correlates with
the aggressiveness and differentiation state of the tumors. This

would further imply that the presence of nestin within a tumor
might correlate with poor clinical prognosis and is consistent with
the clinical features of the basal epithelial breast cancer phenotype.
Further analysis of the function of nestin in mammary progenitors
may provide greater insight into self-renewal processes. Addition-
ally, larger retrospective studies will be necessary to evaluate the
prognostic significance of nestin.
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