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Notch receptors regulate cell fate determination, stem cell self-renewal, proliferation and apoptosis. We
previously reported that elevated mRNA expression of the Notch ligand JAG1 identifies breast cancer patients
with a poor prognosis. Here we show through immunohistochemical analysis of the same breast cancer cases
(N¼ 127) that patients with tumors expressing high levels of JAG1 protein had a worse outcome than those with
tumors expressing low levels (10-year survival 26 vs 48%, and median survival 63 vs 108 months, respectively;
P¼ 0.03). We also describe the novel application of the Allred score to quantify JAG1 mRNA and protein
expression levels. Using the Allred score, patients with tumors expressing high levels of JAG1 mRNA had a
worse outcome than those with tumors expressing low levels (10-year survival 16 vs 47%, and median survival
43 months vs 100 months, respectively; Po0.001). Interestingly, when tumors were classified as either high or
low for JAG1 mRNA or protein expression, there was only 65% agreement (j¼ 0.08) between the two methods of
expression analysis. When JAG1 mRNA and protein data were combined, patients with tumors expressing low
levels of both had a 10-year survival of 53% and median survival of 131 months. In comparison, patients with
tumors expressing either high levels of JAG1 protein, mRNA or both had reduced 10-year survival and median
survival (31%, 19%, 11% and 77, 43, 23 months respectively; Po0.0001). There was marginal evidence of an
interaction effect (P¼ 0.055), which indicated that the prognostic value of JAG1 protein was limited to the JAG1
mRNA-low subgroup. These data show that the Allred score can be used to rapidly quantify JAG1 mRNA and
protein levels in breast cancer to identify patients who have a significant survival disadvantage and who may
benefit from therapies (such as c-secretase inhibitors) that target signaling through the Notch pathway.
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Breast cancer accounts for about 30% of malignan-
cies diagnosed in North American women, skin
cancer notwithstanding, it remains the second most
common cause of cancer-related mortality.1,2 Current
treatment regimens are guided by outcome predict-
ions based on clinical and pathological criteria
established by the St Gallen, National Institutes of
Health or Adjuvant! Online criteria.3–5 However,
accumulating evidence suggests that breast cancer
prognosis and response to therapy can be more

accurately predicted by gene expression patterns
characterizing specific breast cancer subtypes.6–10

We have recently identified a subtype of breast
cancer characterized by elevated expression of
mRNA encoding the Notch ligand JAG1, and poor
patient outcome.11

The Notch signaling cascade is highly conserved
and plays a crucial role in multiple cellular
processes including stem cell self-renewal, cell fate
determination, epithelial cell polarity/adhesion, cell
division and apoptosis in organisms from worms to
humans.12–14 Mammals have four Notch proteins
(NOTCH1–4) that function as receptors for five
Notch ligands (Dll1, 3, 4 and JAG1, 2). Binding of
ligands to Notch leads to proteolytic cleavage of the
receptor at a site just outside the plasma membrane
by ADAM-family proteases. This is immediately
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followed by cleavage at a site just inside the plasma
membrane. This second cleavage reaction by the
presenilin-g-secretase complex releases a cytoplas-
mic domain fragment from the plasma membrane,
NOTCHIC (NIC).15,16 NIC can then enter the nucleus
and interact with the RBP-Jk/CBF-1 transcription
factor. This interaction converts CBF-1 from a
transcription repressor to an activator, resulting in
increased expression of genes including those
which code for the HES and HEY family basic
helix-loop-helix (bHLH) transcriptional regulatory
proteins.13,17,18

Aberrant signaling within the Notch pathway is
reported in multiple malignancies.19 The possibility
that Notch may be important in human breast cancer
comes from studies on mouse mammary tumor
virus-induced neoplasms where Notch4 and Notch1
genes have been activated.20–22 In humans, loss of
Numb, a NOTCH inhibitor, is thought to be
important in a subset of breast tumors.23 In a
separate study, the accumulation of NIC (and
concomitant loss of Numb) was observed in a small
group of lobular and ductal carcinomas of the breast,
suggesting that Notch signaling was aberrantly
activated in these tumors.24

We have demonstrated that JAG1 overexpression
in carcinoma of the breast is associated with a poor
prognosis.11 In that study we described a method
using in situ hybridization and a complex image
analysis algorithm to quantify JAG1 mRNA levels in
paraffin-embedded breast cancer specimens. Here
we report a simplified method to determine JAG1
levels through the application of the Allred score25,26

to quantify JAG1 mRNA expression identified by
in situ hybridization. In addition, we describe
immunohistochemical analysis of JAG1 protein in
breast cancer and demonstrate an association
between elevated expression level and poor patient
outcome. These studies support a role for mRNA
and protein-based methods of JAG1 expression
analysis in breast cancer prognostication.

Materials and methods

Breast Tumor Tissue

Breast cancer tissue microarray slides were obtained
from the Cooperative Breast Cancer Tissue Resource
(CBCTR), funded by the National Cancer Institute
(NCI). The tissue microarrays included 192 samples
of primary invasive breast cancer, with 64 cases each
of node-negative, node-positive, and metastatic
breast cancer. For 127 tumors, both JAG1 in situ
hybridization and immunohistochemistry data were
obtained (see below).

In Situ Hybridization

In situ hybridization analysis of breast cancer has
previously been reported in detail elsewhere.11

Briefly, JAG1 cDNA probe for in situ hybridization
was made using 33P-UTP-radiolabeled cRNA. Using
routine techniques, the tissue microarray sections
were hybridized with the radiolabeled antisense
probe, washed and treated with Kodak NTB-2
nuclear emulsion. The tissue microarrays were
stored at 41C for several weeks prior to development
in Kodak D-19 solution; they were subsequently
fixed in Kodafix and counterstained with 0.1%
toluidine blue.

Immunohistochemistry

Immunohistochemistry was performed using stan-
dard techniques. Briefly, 4-mm paraffin-embedded
tissue microarray sections were dewaxed in xylene
and rehydrated in graded alcohols. Endogenous
peroxidase was blocked using 3% hydrogen per-
oxide. Antigen retrieval was accomplished using
10mM citrate buffer (pH 6.0) in TT Mega Milestone
(ESBE Scientific, Markham, Ontario, Canada). Non-
specific protein binding, avidin and biotin were
blocked by 15min incubations with goat serum,
avidin-blocking reagent and biotin-blocking re-
agents (R&D, Minneapolis, MN, USA), respectively;
these treatments were alternated with rinses in
Tris-buffered saline (TBS). The slides were then
treated with polyclonal goat anti-human JAG1 (1:10;
R&D, Minneapolis, MN, USA) for 1 h at room
temperature. Next, they were rinsed with TBS and
incubated with biotinylated secondary antibody
(R&D). This was followed by a rinse in TBS,
incubation with HSS-HRP, DAB chromogen staining
and counterstaining with Mayer’s haematoxylin
blue in Scott’s water.

Quantification

mRNA expression of JAG1 was quantified in two
ways: (i) image analysis as previously described11

and (ii) through application of the Allred score,25,26

modified as follows: activated silver grains (result-
ing from hybridized 33P-UTP-radiolabeled cRNA)
overlying and immediately adjacent to malignant
cell nuclei were assigned an ‘intensity score’ (0¼no
activated silver grains; 1¼weakly positive;
2¼ intermediately positive; 3¼ strongly positive).
Next, the ‘proportion score’ was assigned for the
dominant intensity pattern of in situ hybridization
(0¼no cells positive; 1¼o1/100 cells positive;
2¼ 1/100–1/10; 3¼ 1/10–1/3; 4¼ 1/3–2/3; 5¼42/3);
combined, a ‘total score’ ranging from 0 to 8 was
assigned to each tissue core.

Protein expression of JAG1 was quantified by
immunohistochemical staining of the tissue micro-
array and application of the Allred score.

High-level expression was arbitrarily defined as
JAG1 mRNA or protein expression in the upper
quartile of the expression range. The top quartile of
expression was determined by ranking the Allred
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scores for all tumors on the tissue microarray, and
identifying the highest quarter. Since there were
many tied scores, the top quartile of the expression
range did not necessarily include a quarter of the
tumors. For JAG1 mRNA, tumors with Allred scores
Z5 were in the top quartile of the expression
range and were labeled ‘high’; for JAG1 protein
expression, the top quartile of tumors had Allred
scores Z4.

Statistical Methods

In comparing the Allred Scoring method to that of
image analysis, a k measure of agreement was
performed. The k values r0.4 were considered to
represent poor agreement, 0.4–0.75 good agreement
and Z0.75 excellent agreement. Overall survival
was measured from diagnosis to last follow-up or
death. Kaplan–Meier curves were calculated for the
high and low expression of JAG1 mRNA, and
protein. Survival between groups was compared
using the log-rank test. The coexpression of high
levels of JAG1 mRNA and protein were similarly
investigated. Cox proportional hazard regression
was used to look for a dose–response relationship
between level of JAG1 expression and survival and
to test whether JAG1 mRNA and protein level were
independently related to survival. Hazard ratios
(HRs) for continuous variables were expressed over
a change equal to the size of the interquartile range
(IQR; difference between the third quartile and first
quartile values). P-values r0.05 were considered
statistically significant.

Results

In Situ Hybridization and Application of the Allred
Score to Quantify JAG1 mRNA Expression

Our in situ hybridization expression analysis of
JAG1 mRNA in breast cancers from a cohort of 192
patients on the CBCTR tissue microarray has been
described elsewhere.11 In that study, the level of
JAG1 mRNA expression for each tumor sample was
determined from the concentration of activated
silver grains overlying regions of malignant cells.
This approach was based on a previous report
demonstrating a linear relationship between the
concentration of hybridized 33P-UTP-radiolabled
cRNA probe and activated silver grain density.27 To
quantify silver grain density in the breast cancers
studied, we developed a highly reproducible but
labor-intensive image analysis algorithm. Here we
describe re-analysis of the same breast cancer
specimens using the Allred method, modified to
score silver grain density and distribution (Figure 1a
and 1b).25,26 This method was found to have good
intra- and interobserver reliability (data not shown).
By comparing these results to those previously
obtained using image analysis, an 83% agreement

for labeling tumors as expressing either high or low
JAG1 mRNA levels was demonstrated (k¼ 0.51).
Similarly, reanalysis of the CBCTR tissue microarray
using a NOTCH1 cRNA probe demonstrated 82%
agreement (k¼ 0.4) between image analysis and
Allred quantitation.

Similar to previous observations using image
analysis, JAG1 expression level determined by the
Allred method was found to correlate with a
negative patient outcome. Patients whose tumors
expressed high levels of JAG1 mRNAwere found to
have a significantly worse outcome compared to
patients whose tumors expressed low levels of JAG1
(10-year survival 16 vs 47%, and median survival 43
vs 100 months, respectively; Po0.001) (Table 1;
Figure 2a). Additionally, JAG1 expression analysis
using the Allred score showed a continuous expres-
sion level-dependent relationship with negative
outcome and this relationship was stronger than
that found with image analysis (compare HR¼ 2.18,
95% CI: 1.36–3.49 over IQR¼ 4 units, P¼ 0.0013 for
Allred score vs HR¼ 1.42, 95% CI: 1.03–1.95 over
IQR¼ 3 units, P¼ 0.03 for image analysis). Further-
more, high JAG1 mRNA expression was found to be
an independent predictor of poor outcome in
bivariate analyses with other known predictors of
outcome including patient age, metastases, tumor
size, estrogen receptor positivity and tumor grade
(data not shown). Bivariate analysis with lymph
node status did not reach significance.

High-Level JAG1 Protein is Associated with Poor
Outcome in Breast Cancer

In order to test whether JAG1 protein levels in
breast cancer correlated with patient outcome, the
CBCTR tissue microarray was screened using a
commercially available JAG1 polyclonal antibody
and expression quantified by applying the Allred
score (Figure 1c and 1d). Analysis of the tumor
tissues on the CBCTR tissue microarray revealed
staining that was primarily cytoplasmic in nature;
however, variable membranous and nuclear
patterns were also observed. The scoring system
was reproducible as an agreement of 82% (k¼ 0.50)
was achieved when two independent reviewers
scored the tissue microarrays. Outcome analysis
revealed that patients with tumors expressing
high levels of JAG1 protein had a worse outcome
than those with tumors expressing low levels
(10-year survival 26 vs 48%, and median survival
63 vs 108 months, respectively; P¼ 0.03) (Table 1;
Figure 2b). High JAG1 protein was found to be
an independent predictor of poor outcome in
bivariate analyses with age, estrogen receptor
positivity and tumor grade. Bivariate analysis with
tumor size reached borderline significance (P¼ 0.06)
and analyses with lymph node status and metastases
did not reach significance for high JAG1 protein
expression.
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High-Level JAG1 mRNA and Protein Identify Two
Distinct Subgroups of Patients with Poor-Outcome
Breast Cancer

Having established that elevated expression of
JAG1, analyzed either by mRNA in situ hybridiza-
tion or by protein immunohistochemistry, predicted
poor outcome in breast cancer, we wished to
determine the measure of agreement between these
two methods of expression analysis. While both
tests identified 74 and nine (of 127 patients) as low
and high for JAG1 expression, respectively (65%
agreement), for 44 patients (35%) there was dis-
agreement in assignment of expression level. An
agreement measure of k¼ 0.08 indicated that the two
methods of JAG1 expression analysis did not agree

well and identified distinct subgroups of patients.
We therefore compared outcome in the groups
labeled as either high or low JAG1 expression by
one or both tests. When JAG1 mRNA and protein
data were combined, patients with tumors expres-
sing low levels of both had a 10-year survival of 53%
and median survival of 131 months (Table 1; Figure
3a). In contrast, compared to patients with low
levels of both JAG1 mRNA and protein, patients
with tumors expressing either high levels of JAG1
protein, mRNA or both had significantly reduced
10-year survival and median survival (31%, 19%,
11% and 77, 43, 23 months, respectively; Po0.0001)
(Table 1; Figure 3a and b).

We next examined whether high levels of JAG1
mRNA and protein were independent predictors of

Figure 1 Photomicrographs demonstrating the application of the Allred score to JAG1 expression. Tissue microarray cores that have
undergone in situ hybridization with JAG1 cRNA probe (as identified by activated silver grains), Allred score 6 (a) and Allred score 0
(b). Tissue microarray cores showing immunohistochemistry for JAG1, Allred score 6 (c) and Allred score 0 (d). Photomicrographs are all
shown using � 40 objective, with �10 objective (inset).
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survival. In a bivariate Cox regression model, both
JAG1 mRNA and protein remained significant
(HR¼ 2.5, 95% CI: 1.5–4.2, Po0.001 and HR¼ 1.6,
95% CI: 1.0–2.6, P¼ 0.05, respectively). There was
marginal evidence of an interaction effect (P¼ 0.055)
which indicated that the prognostic value of JAG1
protein was limited to the JAG1 mRNA-low sub-
group (Figure 3a and b). This is illustrated by the
difference in the 10-year survival rates (Table 1).
In the JAG1 mRNA low subgroup, the difference in
10-year survival between the low and high JAG1
protein groups was 22% (protein low: 53% vs
protein high: 31%). In contrast, the survival differ-
ence in the JAG1 mRNA high subgroup was 8%
(protein low: 19% vs protein high: 11%).

Discussion

Gene expression patterns are emerging as powerful
tools for prognostication and predicting response to
treatment in breast cancer. The present study
confirms the utility of two methods to quantify
JAG1 expression in paraffin-embedded breast cancer
tissue for these purposes. The first method relies on
in situ hybridization to determine JAG1 mRNA
expression levels. The second is based upon
immunohistochemical detection of JAG1 protein.
Both methods involved the application of the Allred
score to quantify JAG1 expression levels, and are
readily applicable by clinical pathologists and
investigators.

We demonstrated good agreement between our
previously described image analysis technique and
the Allred score to identify tumors having low vs
high expression of JAG1 mRNA. Similarly, reana-
lysis of tissue microarrays probed with NOTCH1
cRNA using the Allred scoring system and originally
scored by image analysis showed good agreement
between the two methods. Our results demonstrate
that use of the Allred score to interpret an in situ

hybridization signal offers a rapid means to repro-
ducibly quantify mRNA.

As was found previously using image analysis,
Allred quantification of JAG1 in situ hybridization
results on the CBCTR tissue microarray showed that
patients whose tumors express high levels of JAG1
had a worse prognosis than those with low-level
expression of JAG1 mRNA. In addition, the Allred
score demonstrated a continuous expression level-
dependent relationship with negative outcome that
was stronger than that found with image analysis.
The analysis of JAG1 protein levels on the CBCTR
tissue microarray in this study reaffirmed the
relationship between JAG1 expression and survival.

High JAG1 expression was found to be an
independent predictor of poor outcome in bivariate
analyses with all other known predictors of outcome
tested (including patient age, estrogen receptor
status, tumor size and tumor grade) with the
exception of metastases (in the JAG1 protein
analysis) and lymph node status (in both the JAG1
in situ hybridization and protein analyses). Sample
size may have limited the predictive power of high
JAG1 protein in the analysis with metastases, a
marker of uniformly poor prognosis. Nodal status
was missing in 25 of the 127 patients (19.7%)
studied and the patients who had missing nodal
status were disproportionate in the group with
elevated JAG1 expression in both the in situ
hybridization (32% of patients with missing nodal
status had tumors with elevated JAG1 expression,
while only 15% of patients not lacking nodal status
had tumors with elevated JAG1 expression) and the
immunohistochemical (40 and 28%, respectively)
analyses. The relationship between missing nodal
status and JAG1 level makes the observed lack of
independence between the two variables less reli-
able.

The level of agreement between in situ hybridiza-
tion and immunohistochemistry-based methods to
identify tumors as high or low for JAG1 expression
was poor. In a bivariate analysis with JAG1 mRNA

Table 1 National Cancer Institute TMA—comparison of tumors expressing high and low levels of JAG1 mRNA and protein

n 10-year survival rate (95% CI) Median survival (95% CI) P

JAG1 mRNA
Low 104 47% (36–57) 100 months (77–139) o0.001
High 23 16% (4–34) 43 months (12–71)

JAG1 protein
Low 88 48% (36–59) 108 months (76–155) 0.03
High 39 26% (13–41) 63 months (34–80)

JAG1 mRNA/protein
Low/low 74 53% (40–64) 131 months (85–189) 0.055a

Low/high 30 31% (15–49) 77 months (34–83) o0.0001b

High/low 14 19% (3–45) 43 months (19–102)
High/high 9 11% (0–39) 23 months (11–71)

a
Test for interaction.

b
Test for any difference between the groups.
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expression, JAG1 protein level was found to be an
independent predictor of outcome. These data
suggest that elevated JAG1 mRNA and protein
expression identify overlapping, but distinct sub-
groups of patients with poor-outcome breast cancer.

There are several possibilities to explain the
disagreement between in situ hybridization and

immunohistochemistry-based methods of JAG1
quantification. Biologic explanations for the dis-
agreement may include tumor-specific differences
in JAG1 mRNA/protein stability or differences in
post-transcriptional regulation of JAG1 expression.
Technical causes contributing to the disagreement
may relate to sample fixation,28 age of stored

Figure 2 Kaplan–Meier curves showing relationship between high-level JAG1 mRNA and protein expression and overall survival in
patients with breast cancer. Patients expressing high levels of JAG1 (high) mRNA scored using in situ hybridization and the Allred
technique (a) or high levels of JAG1 protein scored using immunohistochemistry and the Allred technique (b), have a significantly
shorter survival compared to those expressing low levels of JAG1 (low) (JAG1 in situ hybridization Po0.001; JAG1 immunohisto-
chemistry P¼ 0.03).
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samples,28 nature of antibody,29 specificity of the
cRNA probe or antigen retrieval technique.30 Hetero-
geneous concordance rates between mRNA and
protein expression, for various reasons, have been
reported in numerous systems.31–35 In adenocarci-
noma, variable rates of concordance have been
observed when comparing qualitative real-time
RT-PCR, immunohistochemistry and FISH-based
methods of HER2/neu expression analysis.30,36,37

Without further studies, it remains difficult to
explain the present disagreement between in situ
hybridization and immunohistochemistry-based
methods of JAG1 quantification.

While the reason for the discordance between in
situ hybridization and immunohistochemistry-
based methods of JAG1 quantification is unex-
plained, it is clear that patients with tumors
expressing high levels of JAG1 (mRNA, protein or
both) have worse outcome than patients whose
tumors show no evidence of JAG1 overexpression.
In this context, it is interesting that we identified
nine patients with tumors demonstrating combined
high-level JAG1 mRNA and protein and who
demonstrated the worst 10-year and median survival
of all subgroups in our study (11% and 23 months,
respectively). The present study was not sufficiently
powered to determine whether this finding is
statistically significant but this trend will be further
explored in future work.

In summary, we have confirmed that JAG1 mRNA
and protein are useful biomarkers in breast cancer,

and indicative of a poor patient outcome; this, using
a simplified method of quantification based on the
Allred score. This technique is reproducible, effi-
cient and readily applicable in a research or clinical
setting. JAG1 overexpression is increasingly recog-
nized in human cancers and may have a role as a
prognostic marker or as a predictor of chemotherapy
response.38 JAG1 in situ hybridization and/or im-
munohistochemistry may be useful alone or in
combination with other known biomarkers as part
of a prognostic/predictive biomarker platform.
Furthermore, high-level JAG1 expression may iden-
tify tumors susceptible to treatments that target the
Notch pathway. Potential approaches may include:
g-secretase inhibitors, which exploit the depen-
dence of NOTCH receptor on enzyme processing
for its activity; Notch ligand/Fc fusion proteins that
inhibit binding and signaling through the NOTCH
receptor, and inhibitory siRNA structures that
target mRNA encoding NOTCH receptors or their
ligands.39
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