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High Notch1 protein expression is an early event in breast cancer development and is
associated with the HER-2 molecular subtype

Aims: Activation of Notch signalling results in hyper-
plasia and tumorigenesis in murine mammary epithe-
lium. However, there is little information regarding the
expression of Notch1 in premalignant lesions and early
breast cancer. We investigated expression of Notch1 in
breast cancer development and its association with
molecular subtypes.
Methods and results: Immunohistochemical expression
of Notch1 was determined in a murine model of
mammary carcinogenesis and in breast tissue from two
cohorts of breast cancer patients, the first (n = 222)
comprising a histological progression series and the
second an outcome series of 228 patients with operable
invasive ductal carcinoma. Enhanced expression of

Notch1 protein was an early event in both murine and
human breast cancer development with progressive
increases in expression with the development of
hyperplasia and malignancy. High Notch1 was not
prognostic in the outcome cohort. There was, however,
a highly significant association of high Notch1 protein
with the HER-2 molecular subtype of breast cancer
(P = 0.008).
Conclusions: These data demonstrate that aberrant
Notch regulation is an early event in mammary
carcinogenesis and is associated with the HER-2
molecular subtype of breast cancer, and suggest the
Notch signalling pathway may be a potential thera-
peutic target worthy of further investigation.
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Abbreviations: ADH, atypical ductal hyperplasia; CK, cytokeratin; DAPT, N-[N-(3,5-difluorophenacetyl)-l-alanyl]-
S-phenylglycine t-butyl ester; DCIS, ductal carcinoma in situ; EGFR, epidermal growth factor receptor; ER, oestrogen
receptor; FFPE, formalin-fixed paraffin-embedded; FISH, fluorescence in situ hybridization; IDC, invasive ductal
carcinoma; LOESS, Locally weighted scatterplot smoothing; MIN, mammary intraepithelial neoplasia; N1ICD, Notch1
intracellular domain; PR, progesterone receptor; TMA, tissue microarray; UDH, usual ductal hyperplasia

Introduction

There is increasing evidence that dysregulation of
developmental signalling pathways such as Notch,
Wnt and Hedgehog is associated with the development
and progression of malignancy in a number of organs.
These developmental signalling pathways regulate self-
renewal and maintenance of normal stem cells in most
tissues and are proposed to contribute to the mainte-
nance of cancer stem cells.1

Notch signalling is critical in mammalian embryonic
development, particularly in neurogenesis, angiogene-
sis and in development of the breast, heart and
lymphoid systems.2 More recently, Bouras et al.3 have
described a key role for Notch signalling in the
regulation of mammary progenitor cells.

Notch signalling occurs through two separate path-
ways, CSL-dependent signalling (CBP ⁄ RBP-jj in verte-
brates, Suppressor of Hairless in Drosophila and Lag-1
in Caenorhabditis elegans) and Deltex protein signalling,
with the majority of signalling occurring through the
CSL-dependent pathway.4 In humans, Notch signalling
is mediated through the Notch transmembrane recep-
tors (Notch 1–4), which are activated by the Delta-like
(Delta-like 1, 3, 4) and Jagged (Jagged 1, 2) ligands.
Binding of ligand causes cleavage of the transmem-
brane receptor by an ADAM metalloproteinase and
c-secretase, leading to release of the intracellular
domain (NICD)5 and translocation to the nucleus
where it forms a trimeric activation complex with
CSL and Mastermind to induce transcription activation
of the HES6 and HERP5 gene families.

There is increasing evidence that aberrations in the
Notch pathway, in particular the Notch1 receptor, are
implicated in breast carcinogenesis. Constitutive acti-
vation of Notch1 causes mammary hyperplasia3 and
carcinogenesis in mice,7 and Notch1 overexpression
has been associated with a significantly poorer prog-
nosis in human breast cancer.8 Activation of Notch
signalling in mouse mammary epithelial cells is asso-
ciated with disorganized and invasive growth in
matrigel and collagen assays,9 and with transformation
of human breast epithelial cell lines through loss of
E-cadherin expression and resistance to apoptosis.10

There is relatively little published data regarding
the role of Notch signalling in early human breast

carcinogenesis; Farnie et al.11 have reported that
primary culture of human ductal carcinoma in situ
(DCIS) mammospheres had higher levels of Notch
activation than normal duct-derived mammospheres,
and increased Notch signalling in DCIS was associated
with an increased risk of recurrence.

Gene expression profiling has identified intrinsic
molecular phenotypes of breast cancer.12 There is
speculation that the breast cancer molecular subtypes,
i.e. luminal, basal-like, HER-2 and normal breast-like
cancers observed in expression profiles, may reflect
distinct cells of origin,13 although this is not universally
accepted.14 However, there is relatively little evidence to
date to link breast cancer molecular subtypes with
particular developmental pathways. For example, there
are conflicting data regarding the association of Notch
signalling pathway components with specific breast
cancer subtypes. Reedijk et al.8 observed that breast
cancers with high levels of Jagged1 ligand, Notch1 and
Notch3 receptors were almost exclusively triple nega-
tive [oestrogen receptor (ER)-negative, progesterone
receptor (PR)-negative, HER-2-negative] and that high
levels of Jagged1 were associated with expression of
basal cytokeratins (CK). Dontu et al.15 reported that
Notch pathway activity drove early progenitor cells
towards the development of myoepithelial cells, while
Bouras et al.3 have recently demonstrated that Notch
signalling regulates luminal cell-fate commitment. In
contrast, others have reported that Notch activity is
linked with HER-2 overexpression, suggesting both
positive16,17 and negative18 relationships between these
oncogenes. Most recently, Magnifico et al.19 identified
that Notch1 directly regulates HER-2. Thus, there is a
need to clarify further the role of aberrant Notch
signalling in the development of breast cancer and any
association with particular molecular subtypes of the
disease. Here, we investigated the potential associations
of immunohistochemical expression of Notch1 and
clinicopathological parameters and disease outcome in
tissue from two series of breast cancer patients.

Materials and methods

study populations

Two separate cohorts of breast cancer patient tissues
were used in these studies. The first cohort comprised
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a histological ‘progression’ series of 222 patients
diagnosed with invasive ductal carcinoma (IDC) or DCIS
between 1996 and 2005 at Royal Prince Alfred Hospital
(Sydney, NSW, Australia) retrospectively identified for
this study. This series was developed to include lesions
associated with increasing risk of developing breast
cancer, rather than implying a direct neoplastic
progression. A range of preinvasive and invasive lesions
was identified in the associated formalin-fixed paraffin-
embedded (FFPE) resected breast tissue using standard
diagnostic criteria by experienced breast pathologists
(S.A.O’T., E.K.A.M. or D.M.). This series comprised 724
independent lesions that were suitable for interpretation
of Notch1 expression: 66 morphologically normal ducts
adjacent to invasive carcinoma, four atypical ductal
hyperplasias (ADH), 15 usual ductal hyperplasias
(UDH), 511 cases of DCIS and 101 IDCs. ADH was
excluded from the analysis due to the small number of
cases. The use of clinical specimens and associated data
was approved by the Ethics Committee of the Royal
Prince Alfred Hospital (X05-0115).

The second cohort consisted of 292 patients with
operable IDC treated by a single surgeon (P.C.) between
February 1992 and August 2002 and has been
previously reported.20 The clinicopathological features
of the subset of 228 patients suitable for assessment of
Notch1 staining from this cohort are summarized in
Table 1. Prior approval for this study was obtained
from the Human Research Ethics Committee of St
Vincent’s Hospital, Sydney (HREC SVH H94 ⁄ 080,
HREC 06336 SVH H00036).

tissue microarrays and

immunohistochemistry

Two separate sets of tissue microarrays (TMAs) of FFPE
tumour tissue blocks were constructed for each cohort.
For the IDC cohort, each patient was represented by
two to six 1-mm cores. For the progression series four
representative cores from each donor block were taken
and deposited in the recipient array block for sampling
of DCIS. Three representative cores were taken when
sampling IDC.

TMAs were produced using the MTA-1 Manual Tissue
Arrayer (Beecher Instruments, Sun Prairie, WI, USA).
Haematoxylin and eosin slides for all arrays were
prepared and individual cores were reviewed by an
experienced breast pathologist (S.A.O’T. or E.K.A.M.).
A small number of whole tissue sections were stained for
Notch1 and compared visually with TMAs and the
pattern of immunoreactivity was found to be concordant.

Antigen retrieval was performed using Dako solution
pH 9.0, (s2367; Dako, Carpinteria, CA, USA) in a

boiling water bath for 40 min, followed by cooling for
15 min in a running waterbath. Following a thorough
wash in distilled water, endogenous peroxidase activity
was eliminated with 3% hydrogen peroxide for 5 min.
Slides were incubated for 1 h with the Notch1 H-131
antibody diluted 1:100 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Following a buffer wash,
detection employed Dako Envision+ rabbit secondary
reagent (Dako) for 30 min at room temperature,

Table 1. Clinicopathological features of the invasive ductal
carcinoma cohort (n = 228)

Clinicopathological features n

Median length of
follow-up (months)

68 (range 0–159)

Median age (years) 54 (range 24–87)

Tumour size (mm)
0–10 38 ⁄ 228 (17%)

11–20 96 ⁄ 228 (42%)

21–50 85 ⁄ 228 (37%)

>50 9 ⁄ 228 (4%)

Tumour grade
I 39 ⁄ 228 (17%)

II 89 ⁄ 228 (39%)

III 100 ⁄ 228 (44%)

Lymph node metastasis

0 128 ⁄ 228 (56%)

1–3 68 ⁄ 228 (30%)

4–10 22 ⁄ 228 (10%)

>10 10 ⁄ 228 (4%)

Oestrogen receptor positive 156 ⁄ 227 (69%)

Progesterone receptor positive 133 ⁄ 228 (58%)

HER-2+ (FISH) 38 ⁄ 218 (17%)

Total recurrences 54 ⁄ 228 (24%)

Breast cancer deaths 36 ⁄ 228 (16%)

Five-year recurrence-free survival 79%

Five-year breast cancer-specific
survival

85%

Notch1 positive 88 ⁄ 228 (39%)

FISH, fluorescence in situ hybridization.
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followed by Dako diaminobenzidine (DAB)+ chromo-
gen for 10 min. This antibody was selected because it
has previously been shown to be highly specific for
Notch1 expression in a study of transgenic mice with
inducible inactivation of Notch1.21 In our study,
endothelial cells22 were used as the positive tissue
control and a matched concentration isotype IgG was
used as the negative control.

ER, PR, CK5 ⁄ 6 and epidermal growth factor receptor
(EGFR) were also stained using the following antibodies:
ER 1:100 (clone 6F11; Dako) and PR 1:200 (clone PgR
636; Dako), CK5 ⁄ 6 1:80 (clone MAB1602; Chemicon
Int., Temecula, CA, USA), and EGFR 1:100 (clone H11;
Dako). HER-2 fluorescence in situ hybridization (FISH)
was assessed in the Australian National Reference
Laboratory. (Department of Pathology, St Vincent’s
Hospital, Sydney) using the Vysis PathVysion HER-2
DNA dual colour probe kit. A HER-2:chromosome 17
ratio >2.2 was classified as HER-2 amplification.

Cytoplasmic immunoreactivity for Notch1 was
assessed by two independent observers (S.J.Z. and
S.A.O’T.), including an experienced breast pathologist
(S.A.O’T.) and described in terms of the intensity
(0 = negative, 1+ = weak, 2+ = moderate and 3+ =
strong) and percentage of immunopositive cells. From
these indices a simplified ‘H score’ (i.e. intensity ·
percentage of positive cells) was calculated for each
core and a mean and median score for each index
calculated for each tumour.20 ER and PR were assessed
as positive if they had an H score of >10. CK5 ⁄ 6 and
EGFR were assessed as positive if there was any positive
cytoplasmic or membranous immunoreactivity present
at any intensity.

definit ion of intrinsic molecular phenotype

of breast cancer

This was approximated using a surrogate ‘signature’
similar to the immunohistochemical signature recently
described by Cheang et al.,23 but also using FISH to
determine HER-2 status.20 Five different subgroups
were defined: luminal A = ER+ and ⁄ or PR+, HER-2);
luminal B = ER+ and ⁄ or PR+, HER-2+; HER-2 = ER)
and PR), HER-2+; basal-like = ER), PR), HER-2), CK
5 ⁄ 6+ and ⁄ or EGFR+; unclassified = negative for all
five markers.

notch pathway genes mrna expression and outcome

Gene expression data from two publically available
datasets, the Naderi24 and Wang25 studies, were
employed to establish relationships between NOTCH1
mRNA levels and breast cancer outcome. The Naderi

cohort comprised 135 patients, with a median tumour
size of 18 mm and a median follow-up of 122 months
with 70% ER positivity. Data were presented from
Agilent Human 1A arrays which were available as raw
scanner data files and sourced from Array Express
(http://www.ebi.ac.uk/microarray-as/ae/) accession
E-UCON-1. Using the limma R package,26 background-
subtracted data were normalized by the global locally
weighted scatterplot smoothing (LOESS) technique
applied to non-control spots only. To combine informa-
tion from duplicate dye swap arrays, a linear model was
fitted to the normalized data using limma. Model fit
coefficients for each sample were then used as final
expression estimates, expressed relative to a pooled
reference RNA. The NOTCH1 probe was analysed for
frequency distribution of mRNA and its associations
with patient outcome using Cox proportional hazards
for univariate analysis. The mean score was used to
dichotomize the data to generate Kaplan–Meier curves.

The dataset of Wang et al.25 comprised 286 patients
with lymph node-negative primary breast cancer with
a mean age of 52 years, and 73% ER positivity. The
data presented were from the Affymetrix (Santa Clara,
CA, USA) oligonucleotide microarray U133a GeneChip,
which were scanned using standard protocols. Expres-
sion values were calculated by use of the Affymetrix
GeneChip analysis software MAS 5.0. For chip nor-
malization, probe sets were scaled to a target intensity
of 600.

mouse mammary gland tissues

The immunohistochemical expression of Notch1 was
also examined in a mouse model of mammary carcino-
genesis. The C3 ⁄ SV40T mouse model directs transgenic
expression of the SV40 large T antigen to the distal
mammary duct and prostatic ductal epithelium, result-
ing in multistage ductal dysplasia and ultimately
invasive cancer.27 Whole mammary gland tissue sec-
tions from these mice at various stages of carcinogenesis
were harvested, and routinely prepared as previously
described.28 All experiments involving mice were per-
formed under the supervision of and in accordance with
the regulations of the Garvan ⁄ St Vincent’s Animal
Experimentation Committee.

Essentially the same immunohistochemical protocol
for Notch1 was used as described above, with minor
modification due to the significantly shorter fixation
period of the mouse tissues; antigen retrieval was
performed in Dako pH 9 target retrieval solution for
15 min in a boiling water bath. Expression of Notch1
was assessed as described for the human tissues by an
experienced breast pathologist (S.A.O’T.).
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statistical analysis

Statistical evaluation was performed using Statview
5.0 Software (Abacus Systems, Berkeley, CA, USA). A
P-value of <0.05 was accepted as statistically signifi-
cant. Baseline characteristics of the cohort were defined
using simple frequency distributions.

Univariate analyses using the Kaplan–Meier and
Cox proportional hazards model were applied to the
cohort for established clinicopathological variables
using recurrence, distant relapse and breast cancer-
related death as end-points.

Descriptive statistics for Notch1 protein expression in
the invasive carcinoma cohort were determined and the
frequency distribution of the scores assessed. No appar-
ent break points were observed to suggest an obvious
cut-point for dichotomization. The optimal cut-point
determination technique using serial survival analysis
(log rank P-value in Kaplan–Meier analysis) was then
used to search for a biologically significant cut-point, but
none was identified. Therefore the mean H score
(H > 85) was used to dichotomize the data for univariate
survival analysis. This cut-point of H ‡85 was subse-
quently also applied to the ‘progression’ cohort.

Subgroup analysis, to determine any prognostic
significance of Notch1 expression, was also performed
where possible. However, the smaller subgroups of
HER-2 and basal-like breast cancers lacked sufficient
statistical power for analysis. Clinicopathological vari-
ables were dichotomized using standard parameters.

Correlations between the determined cut-points for
each variable and clinicopathological variables were
tested for statistical significance using contingency
tables, applying the v2 test. The relationship between
Notch1 expression as a continuous variable and breast
cancer intrinsic phenotypes was explored using an
analysis of variance (anova) with Fisher’s post hoc test
of significance. H score was also used as a continuous
variable in anova of the progression series to charac-
terize the changing levels of Notch1 protein expression
with increasing architectural and cytological atypia
over the whole cohort of lesions.

Results

notch1 overexpression is an early event in the

development and progression of breast cancer

Although Notch pathway activation has been reported
to induce murine mammary gland hyperplasia and
neoplasia, there are relatively few data reporting the
expression of Notch pathway components in prolifer-
ative and premalignant tissues of the human breast.

Notch1 expression was observed in the cytoplasm of
epithelial cells ranging from weak (1+) to moderate
(2+) and strong (3+) (Figure 1B–D, respectively). The
specificity of immunoreactivity was confirmed by the
presence of immunopositivity in endothelial cells, with
no expression in smooth muscle cells (Figure 1A).
There was a range of expression of Notch1 observed in
normal, premalignant and invasive breast lesions;
using the mean H score of 85 (derived from the
invasive carcinoma cohort) to dichotomize the data in
the ‘progression series’, high Notch1 was seen in only
nine of 66 cases (13.6%) of morphologically normal
ducts with a progressive increase in the proportion of
lesions showing high relative Notch1 protein expres-
sion with 33% of UDH, 30% of nuclear grade 1 DCIS,
57% of nuclear grade 2 DCIS and 59% of nuclear grade
3 DCIS with high Notch1 (Figure 2Bii). Intriguingly,
there was a small but statistically significant
(P = 0.005) decline in Notch1 expression in IDC
when compared with DCIS, with 39% of IDCs in the
progression series showing high Notch1 (Figure 2Bi).

Photomicrographs showing the pattern of expression
in the human breast progression cohort are also
presented in Figure 2A with a graphical representation
of the anova of Notch1 H score in each of the human
breast lesions shown in Figure 2Bi. There was also an
increase in Notch1 protein expression between different
nuclear grades of DCIS (Figure 2Bii) with a progressive
increase between nuclear grades 1 and 2 DCIS (P <
0.001) and between DCIS grades 2 and 3 (P = 0.03).

We next investigated the expression of Notch1 in a
murine model of mammary carcinogenesis and
progression, the C3 ⁄ SV40T mouse model, and found
an almost identical pattern to that seen in the human
breast lesion progression series (Figure 2C,D). These
mice develop atypia of the mammary ductal epithelium
at about 8 weeks of age, progressing to mammary
intraepithelial neoplasia (MIN; analogous to human
DCIS) at about 12 weeks of age with the development
of invasive carcinomas at about 16 weeks of age
in 100% of female mice. The carcinomas have a
similar morphology to human infiltrating ductal
carcinomas.27

Mammary glands from 15 C3 ⁄ SV40T transgenic
mice were evaluated and the expression of Notch was
significantly elevated in hyperplastic lesions (n = 14),
MIN (a DCIS-like lesion, n = 12) and invasive car-
cinoma (n = 7) compared with morphologically normal
ducts (n = 15) (P < 0.05, Figure 2C,D). Furthermore,
ducts from syngeneic wild-type mice showed no
expression of Notch1 (Figure 2Ci). These data suggest
that aberrant expression of Notch1 is an early event in
both human and murine mammary neoplasia and
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progressively increases with the development of hyper-
plasia and malignancy.

high relative notch1 protein expression is

a common event in breast cancer but is not

prognostic

There have been a handful of reports describing the
expression of Notch1 in human breast cancer.8,29,30

However, to date the association with molecular
subtypes of breast cancer has only been rarely explored.
We investigated the expression of Notch1 by immuno-
histochemistry in 292 patients from a well-character-
ized, single-surgeon IDC cohort (n = 292). Once
uninformative cores (folded or missing) were excluded,
expression of Notch1 was assessable in 228 patients.
The clinicopathological features of this group are
shown in Table 1.

There was a range of Notch1 expression in this cohort;
4% of cases showed no expression of Notch1, whereas
46% showed weak (1+), 37% showed moderate (2+),

and 13% showed strong expression (3+) (Figure 1). The
mean H score in the IDC cohort was 85. In comparison,
the mean Notch1 H score in morphologically normal
ducts was 33.9, showing there is significantly higher
relative expression of Notch1 in invasive carcinoma. We
found a very similar mean Notch1 H score of 82.7 in
cases of IDC within an independent cohort, the ‘progres-
sion’ series. Using the mean H score to dichotomize the
Notch1 data, 39% of the IDC cohort showed high relative
Notch1 protein expression.

There was no prognostic significance of Notch1
expression, either on univariate survival analysis,
using Cox proportional hazards model or on Kaplan–
Meier survival analysis, in the cohort as a whole or in
subgroup analysis, where possible. The Kaplan–Meier
curves for breast cancer recurrence and breast cancer-
specific death are shown in Figure 3A,B.

v2 analysis was performed to determine any associ-
ation between high relative Notch1 protein expres-
sion and clinicopathological characteristics of the
patients. There was no association between Notch1

Figure 1. Range of expression of Notch1 in invasive ductal carcinoma. A, Notch1– IgG control. B, Weak Notch1 expression, intensity score 1

(matching section from IgG control in A). C, Moderate Notch1 expression, intensity score 2. D, Strong Notch1 expression, intensity score 3 (H&E).
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overexpression and tumour grade, tumour size, patient
age, lymph node status, hormone receptor status or
Her-2 immunohistochemistry or HER-2 FISH (P all
>0.05). However, ER) patients who were HER-2+ by
FISH or immunohistochemistry showed a significant
association with high Notch1 protein expression
(P = 0.02 FISH and P = 0.049 immunohistochemis-
try). In contrast, ER+, HER-2 FISH+ cases showed no
association with high Notch1 (P = 0.33 FISH and
P = 0.99 immunohistochemistry).

In view of previous studies reporting that Notch1
overexpression is associated with a poor prognosis,8,29,30

we investigated the expression of NOTCH1 mRNA in two

publically available breast cancer gene expression array
datasets.24,25 The probes for NOTCH1 in either dataset
showed no prognostic significance (P = 0.58 for breast
cancer recurrence in the Wang cohort and P = 0.51 for
breast cancer-related death in the Naderi dataset,
Figure 3C,D).

notch 1 is associated with the her 2 subtype

In view of our hypothesis that dysregulation of devel-
opmental signalling pathways may be associated with
specific breast cancer subtypes, the association
of Notch1 with each molecular subtype was then

Figure 2. Immunohistochemistry for Notch1 in human and murine mammary cancer development. A, Photomicrographs of (i) normal duct,

(ii) usual ductal hyperplasia, (iii) ductal carcinoma in situ (DCIS) and (iv) invasive ductal carcinoma. B, (i) anova of Notch1 expression in human

breast lesions and (ii) specifically in grades 1–3 DCIS. C, Photomicrographs of (i) normal ducts, (ii) hyperplasia, (iii) mammary intraepithelial

neoplasia and (iv) invasive carcinoma in the C3 ⁄ SV40T mouse. D, anova of Notch1 expression in C3 ⁄ SV40T mouse. *P < 0.05; **P < 0.01.
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determined. v2 analysis demonstrated that high relative
Notch1 protein expression was significantly associated
with the HER-2 subtype (defined as ER) and PR),
HER-2+ FISH); P = 0.008. There was no association
between Notch1 and any other subtype (Table 2).

Analysis of variance was then used to explore the
relationship between the Notch1 H score (as a contin-
uous variable) and the breast cancer subtypes, using
our modified definition of the molecular subtypes.
Figure 4 shows that there is enrichment of high
relative Notch1 protein expression in the HER-2
subtype, which is significantly elevated in this group
compared with all other subtypes (P < 0.05).

Discussion

There has been considerable recent interest in the role
of Notch signalling in breast cancer development and
progression. Bouras et al.3 have recently reported that
Notch signalling regulates mammary stem cell function
and that constitutive activation of Notch1 in luminal
precursor cells results in the development of hyper-
plastic nodules and subsequently invasive cancer. Here

we report that high expression of Notch1 protein is a
very early event in both human and murine mammary
carcinogenesis. Elevated expression of Notch1 was
noted first in morphologically normal ducts in breast
tissue containing invasive carcinoma and showed a
progressive increase in lesions of UDH and DCIS. We
also noted an increase in the expression of Notch1 from
DCIS grade 1 to grade 2, with a further increased level
noted in grade 3 DCIS. A similar pattern was also
observed in preinvasive lesions from the C3 ⁄ SV40T
mouse model of mammary carcinogenesis, which
shares significant homology with similar lesions in
the human breast. Interestingly, ducts from syngeneic
wild-type mice showed no expression of Notch1, in
contrast to that detected in morphologically normal
ducts from the C3 ⁄ SV40T mice, suggesting that
increased Notch1 expression accompanies very early
events in the development of mammary carcinoma.

There are relatively little previously published data
regarding a potential role for Notch early in breast
cancer development. Although aberrant activation of
the Notch signalling pathway results in the develop-
ment of adenocarcinomas in murine models, and

Figure 3. Relationship between expression of Notch1 and breast cancer patient outcome. Kaplan–Meier plots illustrating the relationship

between Notch1 protein expression and A, breast cancer recurrence or B, breast cancer-specific death and between NOTCH1 mRNA expression

and C, breast cancer recurrence in the Wang dataset23 and D, breast cancer-related death in the Naderi cohort.22
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overexpression of activated forms of the Notch1 recep-
tor can transform normal human epithelial cells in vitro,
only one report has previously supported a role in
preinvasive human disease.11 In this study Farnie and
coworkers developed a novel method of primary
culture of DCIS from human lesions, using techniques
similar to the mammosphere assay. Elevated levels of
the Notch1 intracellular domain (N1ICD) were noted in
these mammospheres, when compared with those
derived from normal breast tissue. The growth of
DCIS mammospheres could be inhibited by N-[N-(3,
5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl
ester (DAPT), a c-secretase inhibitor specific to Notch
pathway activity. These authors also examined expres-
sion of the N1ICD in a cohort of 50 patients with DCIS
and found that elevated N1ICD was associated with a
higher risk of recurrence. Our data add further support

to these reports postulating a significant role for Notch
signalling in early breast cancer development and
progression.

In contrast to the earlier findings of Reedijk et al.,8

who reported that high levels of NOTCH1 mRNA were
associated with a poorer prognosis, which had even
greater prognostic significance when combined with
high levels of JAG1 mRNA, our data failed to demon-
strate any prognostic significance for high Notch1
protein expression. There are a number of possible
reasons for these differences. Although the cohorts in
both these studies were of comparable size, (n = 184
and 228, respectively), there were significant differ-
ences in cohort composition as evidenced by the
clinicopathological variables. For example, the patients
in one of the Reedijk cohorts had larger tumours
(average size 37 mm compared with 21 mm in our
cohort) as well as a higher proportion of grade 3
tumours (63% versus 44%). Furthermore, it has been
demonstrated for JAG1 that there is a poor correlation
between mRNA levels and protein expression,31 which
may also be true for Notch1.

To test this possibility, we performed in silico analysis
of the prognostic significance of relative mRNA levels of
NOTCH1 in two publically available gene expression
array data for patient cohorts with similar clinicopath-
ological characteristics to our cohort. In keeping with
our immunohistochemical findings, we found no prog-
nostic significance of high relative NOTCH1 mRNA
expression in either cohort.

Another novel finding of our study is a significant
association between elevated expression of Notch1 and
the HER-2 subtype of breast carcinoma. There is some
experimental evidence to support a role of Notch
pathway signalling in HER-2-expressing tumours. Chen
et al.32 identified that a palindromic binding site within
the promoter region of HER-2 (ERBB-2) was identical to
that for RBPJj, which transports the intracellular
domain of Notch receptors to the nucleus, where it acts
as a site-specific DNA binding partner leading to tran-
scription of Hes1. Binding of RBPJj to the promoter
region of HER-2 resulted in increased transcriptional
activity, which was further augmented by addition of
Notch-IC. In the light of these data, it is possible that
elevated Notch1 receptor expression may be linked
mechanistically to augmented HER-2 transcription.

However, there are conflicting data regarding an
association between Notch1 and HER-2. Osipo et al.18

in studies in human breast cancer cell lines demon-
strated an inverse relationship between levels of HER-2
and Notch transcriptional activity, such that inhibition
of HER-2 resulted in elevation of Notch activity, which
was abrogated by a Notch inhibitor, c-secretase. It is

Figure 4. Notch1 protein expression in breast cancer subtypes.

Analysis of variance demonstrates a statistically significant increase

in Notch1 expression in the HER-2 subtype of breast cancer,

compared with all other molecular subtypes (basal-like, luminal A,

luminal B and unclassified). *P < 0.05; **P < 0.01.

Table 2. Associations of high relative Notch1 protein expres-
sion with breast cancer subtypes

Breast cancer
subtype

Number (%) cases
with high Notch1 v2 P-value

Luminal A 54 ⁄ 141 (38) 0.40

Luminal B 5 ⁄ 21 (23) 0.24

HER-2 12 ⁄ 17 (70) 0.008

Basal-like 11 ⁄ 31 (35) 0.84

Unclassified 2 ⁄ 14 (14) 0.09
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interesting to note that this group also reported that
inhibition of Notch activity (either by a c-secretase
inhibitor or by a Notch1 siRNA) increased sensitivity of
cell lines to the growth-inhibitory effects of trast-
uzumab, and suggested that inhibition of Notch
signalling may be a promising therapeutic approach
in cases of trastuzumab-resistant HER-2+ cancers. This
disparity with our findings is not entirely surprising, as
there are likely to be significant differences between
Notch1 transcriptional activity as measured by a
luciferase reporter gene in three breast cancer cell
lines18 and Notch1 protein levels as assessed by
immunohistochemistry in human breast tissue samples.
This is also supported by a recent report by Rizzo et al.,33

who found a poor correlation between Notch-induced
transcriptional activity and Notch receptor levels. It is
also interesting that a recent abstract presented by the
Osipo group18 reports that constitutively active Notch1
increased tyrosine phosphorylated ErbB-2 (HER-2) and
reversed the inhibition of a c-secretase inhibitor,16

showing a direct positive relationship between Notch1
and HER-2, in contrast to their recent paper,18 and
these data may provide evidence of a negative feedback
loop between Notch and HER-2.

Yamaguchi et al.34 reported no evidence of growth
inhibition of ERBB2 (HER-2)-positive cell lines follow-
ing treatment with siRNA targeting NOTCH1,
although they found that a NOTCH3 siRNA inhibited
the growth of some ERBB2– cell lines. In contrast, a
positive association between Notch2 and HER-2
protein expression was reported by Florena et al.17 in
a small cohort of 98 invasive breast cancers.

Our data are also supported by the recent findings of
Magnifico et al.,19 who have identified that Notch1
signalling directly regulates HER-2 expression levels in
tumour initiating cells, so that inhibition of Notch1
resulted in a reduction of HER-2 cell surface levels.

There are also extensive data linking Notch signal-
ling to the basal-like subtype of breast carcinoma.
Notch pathway activity in a mammosphere assay, an
in vitro model of stem cell and early mammary
development, increased the differentiation of progenitor
cells into a myoepithelial lineage,15 while Rizzo et al.33

demonstrated that in a series of breast cancer cell lines,
Notch receptor levels are highest in ER), HER-2 non-
overexpressing cells, analogous to clinical triple-nega-
tive phenotype, a group that includes most basal-like
breast cancers. The apparent discrepancies between
these data and those reported here may be attributable
to examination of different components of the pathway,
different parameters of expression, i.e. protein com-
pared with mRNA, and the different criteria employed
to assign patients to the different molecular subtypes.

Reedijk’s group defined the HER-2 subgroup as any
patients with positive HER-2 expression, basal-like
tumours as those lacking ER and expressing CK5,
whereas luminal cancers were simply defined as those
expressing ER. These definitions are less stringent than
the surrogate molecular signatures as described by
Livasy,35 and more recently by Cheang et al.,23 and
have had a significant influence on the proportion of
patients assigned to each phenotypic subgroup. For
example, Reedijk’s definition of luminal excludes lumi-
nal B patients (ER+ and HER-2+), whereas the HER-2
group will include luminal B patients. A further
confounder is the method of assessment of HER-2
status in Reedijk’s cohort, in that three different
methods were used to assess HER-2 status–polymerase
chain reaction, Southern blot and slot blot, whereas
HER-2 status in our cohort was performed using FISH,
currently regarded as best practice of assessment of
HER-2 status.36 Validation of these findings in a larger
cohort would add substantially to our understanding of
this relationship.

In summary, these data indicate that there is an
association between aberrant expression of Notch1 and
HER-2, and that high relative Notch1 protein expres-
sion is an early event in both human and murine
mammary development and progression. Although it
remains to be determined whether high Notch1 recep-
tor protein expression correlates with Notch pathway
activity, our data combined with other recent
reports16,18 suggest that Notch signalling may present
a novel therapeutic target for the future management
of breast cancer, particularly in the poor prognosis
HER-2 subtype.

Acknowledgements

The Cancer Institute NSW, National Health and
Medical Research Council of Australia, the RT Hall
Trust, the Sydney Breast Cancer Foundation and the
Petre Foundation supported this work. The authors
wish to thank Ms Alice Boulhhourjian, who provided
assistance with immunohistochemistry, Ms Anne
Holliday for data management and Ms Joanne Scorer
for her assistance in editing of the manuscript.

References

1. Zardawi SJ, O’Toole SA, Sutherland RL, Musgrove EA.

Dysregulation of Hedgehog, Wnt and Notch signalling

pathways in breast cancer. Histol. Histopathol. 2009; 24;

385–398.

2. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell

fate control and signal integration in development. Science 1999;

284; 770–776.

Notch is an early event in breast cancer development 295

� 2010 The Authors. Journal compilation � 2010 Blackwell Publishing Ltd, Histopathology, 56, 286–296.



3. Bouras T, Pal B, Vaillant F et al. Notch signaling regulates

mammary stem cell function and luminal cell-fate commitment.

Cell Stem Cell 2008; 3; 429–441.

4. Brennan K, Brown AM. Is there a role for Notch signalling in

human breast cancer? Breast Cancer Res. 2003; 5; 69–75.

5. Bray SJ. Notch signalling: a simple pathway becomes complex.

Nat. Rev. Mol. Cell Biol. 2006; 7; 678–689.

6. Iso T, Kedes L, Hamamori Y. HES and HERP families: multiple

effectors of the Notch signaling pathway. J. Cell. Physiol. 2003;

194; 237–255.

7. Hu C, Dievart A, Lupien M, Calvo E, Tremblay G, Jolicoeur P.

Overexpression of activated murine Notch1 and Notch3 in

transgenic mice blocks mammary gland development and

induces mammary tumors. Am. J. Pathol. 2006; 168; 973–

990.

8. Reedijk M, Odorcic S, Chang L et al. High-level coexpression of

JAG1 and NOTCH1 is observed in human breast cancer and is

associated with poor overall survival. Cancer Res. 2005; 65;

8530–8537.

9. Soriano JV, Uyttendaele H, Kitajewski J, Montesano R. Expression

of an activated Notch4(int-3) oncoprotein disrupts morphogen-

esis and induces an invasive phenotype in mammary epithelial

cells in vitro. Int. J. Cancer 2000; 86; 652–659.

10. Stylianou S, Clarke RB, Brennan K. Aberrant activation of notch

signaling in human breast cancer. Cancer Res. 2006; 66; 1517–

1525.

11. Farnie G, Clarke RB, Spence K et al. Novel cell culture technique

for primary ductal carcinoma in situ: role of Notch and epidermal

growth factor receptor signaling pathways. J. Natl. Cancer Inst.

2007; 99; 616–627.

12. Perou CM, Sorlie T, Eisen MB et al. Molecular portraits of human

breast tumours. Nature 2000; 406; 747–752.

13. Sims AH, Howell A, Howell SJ, Clarke RB. Origins of breast

cancer subtypes and therapeutic implications. Nat. Clin. Pract.

Oncol. 2007; 4; 516–525.

14. Gusterson B. Do ‘basal-like’ breast cancers really exist? Nat. Rev.

Cancer 2009; 9; 128–134.

15. Dontu G, Abdallah WM, Foley JM et al. In vitro propagation and

transcriptional profiling of human mammary stem ⁄ progenitor

cells. Genes Dev. 2003; 17; 1253–1270.

16. Clementz AG, Osipo C. Notch-1 activates ErbB-2 through a

PEA3-dependent mechanism. Cancer Res. 2009; 69; 362s.

17. Florena AM, Tripodo C, Guarnotta C et al. Associations between

Notch-2, Akt-1 and HER2 ⁄ neu expression in invasive human

breast cancer: a tissue microarray immunophenotypic analysis

on 98 patients. Pathobiology 2007; 74; 317–322.

18. Osipo C, Patel P, Rizzo P et al. ErbB-2 inhibition activates Notch-

1 and sensitizes breast cancer cells to a gamma-secretase

inhibitor. Oncogene 2008; 27; 5019–5032.

19. Magnifico A, Albano L, Campaner S et al. Tumor-initiating cells

of HER2-positive carcinoma cell lines express the highest

oncoprotein levels and are sensitive to trastuzumab. Clin. Cancer

Res. 2009; 15; 2010–2021.

20. Millar EK, Anderson LR, McNeil CM et al. BAG-1 predicts patient

outcome and tamoxifen responsiveness in ER-positive invasive

ductal carcinoma of the breast. Br. J. Cancer 2009; 100; 123–133.

21. Croquelois A, Blindenbacher A, Terracciano L et al. Inducible

inactivation of Notch1 causes nodular regenerative hyperplasia

in mice. Hepatology 2005; 41; 487–496.

22. Takeshita K, Satoh M, Ii M et al. Critical role of endothelial

Notch1 signaling in postnatal angiogenesis. Circ. Res. 2007;

100; 70–78.

23. Cheang MC, Voduc D, Bajdik C et al. Basal-like breast cancer

defined by five biomarkers has superior prognostic value than

triple-negative phenotype. Clin. Cancer Res. 2008; 14; 1368–

1376.

24. Naderi A, Teschendorff AE, Barbosa-Morais NL et al. A gene-

expression signature to predict survival in breast cancer across

independent data sets. Oncogene 2007; 26; 1507–1516.

25. Wang Y, Klijn JG, Zhang Y et al. Gene-expression profiles to

predict distant metastasis of lymph-node-negative primary breast

cancer. Lancet 2005; 365; 671–679.

26. Limma SG. Linear models for microarray data. In Gentlemen V,

Carey S, Dudoit R, Irizarry R, Huber W eds. Bioinformatics and

computational biology solutions using R and Bioconductor. New

York: Springer, 2005; 397–420.

27. Green JE, Shibata MA, Yoshidome K et al. The C3(1) ⁄ SV40 T-

antigen transgenic mouse model of mammary cancer: ductal

epithelial cell targeting with multistage progression to carci-

noma. Oncogene 2000; 19; 1020–1027.

28. Oakes SR, Robertson FG, Kench JG et al. Loss of mammary

epithelial prolactin receptor delays tumor formation by reducing

cell proliferation in low-grade preinvasive lesions. Oncogene

2007; 26; 543–553.

29. Dickson BC, Mulligan AM, Zhang H et al. High-level JAG1 mRNA

and protein predict poor outcome in breast cancer. Mod. Pathol.

2007; 20; 685–693.

30. Parr C, Watkins G, Jiang WG. The possible correlation of Notch-1

and Notch-2 with clinical outcome and tumour clinicopatholog-

ical parameters in human breast cancer. Int. J. Mol. Med. 2004;

14; 779–786.

31. Reedijk M, Pinnaduwage D, Dickson BC et al. JAG1 expression is

associated with a basal phenotype and recurrence in lymph

node-negative breast cancer. Breast Cancer Res. Treat. 2008; 111;

439–448.

32. Chen Y, Fischer WH, Gill GN. Regulation of the ERBB-2 promoter

by RBPJkappa and NOTCH. J. Biol. Chem. 1997; 272; 14110–

14114.

33. Rizzo P, Miao H, D’Souza G et al. Cross-talk between notch and

the estrogen receptor in breast cancer suggests novel therapeutic

approaches. Cancer Res. 2008; 68; 5226–5235.

34. Yamaguchi N, Oyama T, Ito E et al. NOTCH3 signaling pathway

plays crucial roles in the proliferation of ErbB2-negative human

breast cancer cells. Cancer Res. 2008; 68; 1881–1888.

35. Livasy CA, Karaca G, Nanda R et al. Phenotypic evaluation of the

basal-like subtype of invasive breast carcinoma. Mod. Pathol.

2006; 19; 264–271.

36. Wolff AC, Hammond ME, Schwartz JN et al. American Society

of Clinical Oncology ⁄ College of American Pathologists guide-

line recommendations for human epidermal growth factor

receptor 2 testing in breast cancer. J. Clin. Oncol. 2007; 25;

118–145.

296 S J Zardawi et al.

� 2010 The Authors. Journal compilation � 2010 Blackwell Publishing Ltd, Histopathology, 56, 286–296.


