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Low expression of cytosolic NOTCH1
predicts poor prognosis of breast cancer patients
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Abstract: The incidence of breast cancer is increasing, and is one of the leading causes of cancer death worldwide.
Dysregulation of NOTCH1 signaling is reported in breast cancer. In present study, bioinformatics was utilized to
study the expression of NOTCH1 gene in breast cancer from public databases, including the Kaplan-Meier Plotter,
PrognoScan, Human Protein Atlas, and cBioPortal. The relationship between NOTCH1 mRNA expression and sur-
vival of patients was inconsistent in public databases. In addition, we performed immunohistochemistry (IHC) stain-
ing of 135 specimens from our hospital. Lower cytoplasmic staining of NOTCH1 protein was correlated with cancer
recurrence, bone metastasis, and a worse disease-free survival of patients, especially those with estrogen receptor-
positive and human epidermal growth factor receptor 2-positive (HER2*) cancers. In TCGA breast cancer dataset,
lower expression of NOTCH1 in breast cancer specimens was correlated with higher level of CCND1 (protein: cyclin
D1). Decreased expression of NOTCH1 was correlated with lower level of CCNA1 (protein: cyclin A1), CCND2 (protein:
cyclin D2), CCNE1 (protein: cyclin E1), CDK6 (protein: CDK6), and CDKN2C (protein: p18). In conclusion, NOTCH1
mMRNA expression is not consistently correlated with clinical outcomes of breast cancer patients. Low cytoplasmic
expression of NOTCHZ1 in IHC study is correlated with poor prognosis of breast cancer patients. Cytoplasmic local-
ization of NOTCH1 protein failed to initial oncogenic signaling in present study. Expression of NOTCH1 mRNA was
discordant with cell cycle-related genes. Regulation of NOTCH1 in breast cancer involves gene expression, protein
localization and downstream signaling.
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Introduction incidence of breast cancer has increased by

35% from 1990 to 2017. Even with the improve-
Breast cancer is the second most common inci- ment of cancer therapy, breast cancer remains
dent cancer in women, and 1 in 18 women will one of the leading causes of cancer death

develop breast cancer over their lifetime. The worldwide [1]. The age-standardized incidence
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rate of breast cancer was 70.7 per 100,000
persons in 2015 in Taiwan, with an incremental
annual change of 3.5 per 100,000 [2]. Breast
cancer in Taiwan is characterized by early tumor
onset, with a peak age of diagnosis at 45-55
years [3]. A higher prevalence of luminal A sub-
type and a lower prevalence of histological
Grade lll tumor or basal-like subtype have been
reported [4]. The age-specific incidence of
breast cancer in Taiwan is entirely different
from that reported in the United States [5].
Ethnic differences in the populations in the
United States have been analyzed by the
Surveillance, Epidemiology, and End Results
(SEER) databases (n = 452,215). Asian women
are more likely to be diagnosed with early stage
cancer, and also have a lower risk of death,
than western patients [6]. From these epidemi-
ological studies, treatment for breast cancer
patients is an urgent and important issue
worldwide.

The NOTCH signaling pathway is evolutionarily
conserved and has functions in embryonic
development. There are four isoforms of NO-
TCH receptors (NOTCH-1, 2, 3, and 4) and five
NOTCH ligands [7]. The NOTCH receptor is a
type | single-pass transmembrane protein with
extracellular epidermal growth factor-like tan-
dem repeats and three Lin-12/NOTCH repeats;
a juxtamembrane domain, RBP-jk-associated
molecule (RAM); intracellular ankyrin-like re-
peat (ANK); and a proline-glutamate-serine-
threonine (PEST) sequence [8]. Binding of li-
gands induces proteolysis of the NOTCH recep-
tor by y-secretase and release of the NOTCH
intracellular domain (NICD). Nuclear localiza-
tion of NICD serves to initiate transcription of
downstream signaling, including cyclin D1 and
other cell cycle-related genes [9]. Increased
expression of nuclear NICD is detected in early
phases of breast cancer development [10].
Nuclear NICD, detected by immunohistochem-
istry (IHC) staining, is increased in invasive duc-
tal carcinoma compared to in adjacent non-
neoplastic breast tissue. High expression of
nuclear NICD is correlated with upregulated
N-cadherin and downregulated E-cadherin. The-
se results suggest a correlation between nucle-
ar NICD and the epithelial-mesenchymal transi-
tion of breast cancer cells [11]. Furthermore,
elevated expression of nuclear NICD is associ-
ated with lymph node metastasis, advanced
stage, and higher histological grade [12].
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However, the role of NOTCH1 in solid tumors
mainly depends on interactions with other on-
cogenic signaling pathways. Inhibition of y-se-
cretase suppresses the release of NICD and
activates epithelial growth factor receptor sig-
naling to promote cell proliferation [13]. A posi-
tive feedback loop between NOTCH1 and p53
has also been detected, and suppression of
NOTCH1 and p53 signaling in cervical cancer
and Ewing’'s sarcoma is necessary to main-
tain carcinogenesis [14]. NOTCH4 activity is
increased in breast cancer stem cells, where-
as NOTCH1 activity is decreased 4-fold [15].
NOTCH1 activation induces differentiation and
cell cycle arrest of skin cells, while loss of
NOTCH1 results in chemically induced skin car-
cinogenesis due to concomitant suppression of
the WNT-Hedgehog pathway [16]. The intricate
interactions between NOTCH1 and other onco-
genic pathways contribute to the poor respon-
se of NOTCH1 targeting or y-secretase inhibi-
tors in clinical trials. Indeed, the clinical benefit
of an anti-NOTCH1 monoclonal neutralizing
antibody was only 17% in a Phase | study [17].
In the present study, we performed IHC stain-
ing of intracellular NOTCHZ1 protein. Our results
were correlated with the demographics and
outcome of breast cancer patients. Further-
more, we collected high-throughput publicly
available datasets and validated the results
using bioinformatics to demonstrate that re-
gulation of NOTCH1 signaling in breast cancer.

Materials and methods
Bioinformatics analysis of NOTCH1

The Kaplan-Meier Plotter platform was used to
correlate the results of mMRNA microarray and
recurrence-free survival (RFS) of 3951 breast
cancer patients [18]. mRNA expression was
examined with Affymetrix (Santa Clara, Califor-
nia, United States) microarray chip using two
probes for NOTCH1, 218902_at and 223508_
at. The targeted region of two probes is located
in different part of NOTCH1 gene. The former
probe is the JetSet best probe set and target-
ed the 3’-untranslated region (3'UTR) of
NOTCH1 gene. The latter one is not the JetSet
best probe set and interacted with the sequen-
cing coding polypeptide PEST domain at the
C-terminus in Exon 34 [19]. The cut-off point of
low or high expression of NOTCH1 was based
on the median mRNA level. Redundant sam-
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ples and biased arrays were excluded. Survival
curves were estimated using the Kaplan-Meier
method, and compared using the log-rank test.
Hazard ratios (HRs) with 95% confidence inter-
vals (Cls) were used to measure the associa-
tion between the expression of NOTCH1 and
survival.

PrognoScan was built using multiple published
datasets from cancer microarrays, and also
contained clinical annotation and information
of the patients’ survival [20]. Information on
the array type, probe id, and primary study end
point were provided. The cut-off point of low or
high expression of NOTCH1 was based on the
default setting of the software. The optimal cut-
off point for the continuous variable of gene
expression was chosen based on the minimum
P value during survival analysis, according to
default setting of the software. Kaplan-Meier
curves with log-rank test, HR, and 95% CI of HR
were provided from the PrognoScan database.

The Human Protein Atlas contains multiple his-
tological sections from tissue microarrays of
breast cancer [21, 22]. IHC staining was per-
formed in 1075 breast cancer samples with
two primary antibody clones and labeled with
DAB (3,3-diaminobenzidine). The CABO08112
antibody was a rabbit polyclonal antibody, and
CAB022466 was a mouse monoclonal anti-
body; the epitopes of both antibodies were
directed to the intercellular domain of the
NOTCH1 protein. The annotation parameters
included immunoreactivity (high, medium, or
low), staining intensity (strong, moderate, or
weak), fraction of stained cells (> 75%, 75%-
25%, or < 25%), and subcellular localization
(nuclear, or cytoplasmic and nuclear). A Ka-
plan-Meier overall survival curve is presented,
and was used to compared low or high expres-
sion of NOTCH1 in IHC using log-rank test.

The cBioPortal platform collects multidimen-
sional cancer genomics and datasets [23, 24].
A total of 13 breast cancer datasets were
selected from cBioPortal, including those of pri-
mary and metastatic cancer. Breast fibroepi-
thelial neoplasms, xenografts of breast cancer,
or adenoid cystic breast cancer were exclud-
ed due to different tumor pathophysiology and
tumor growth conditions. Mutation, deletion,
insertion, truncating, fusion, and copy num-
ber alteration (CNA) of NOTCH1 genes were
explored. The altered group was defined as
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those with mutation, fusion, amplification, deep
deletion, and multiple alteration of NOTCH1
gene. The unalted group is set for those without
mutation, fusion, amplification, deep deletion,
or multiple alteration. A Kaplan-Meier disease-
free survival (DFS) curve is shown, and was
used to compare patients with altered and
unaltered NOTCH1 by log-rank test.

RNA sequencing of 1217 breast cancer sam-
ples was performed by Illumina platform and
raw data was downloaded from The Cancer
Genome Atlas Breast Invasive Carcinoma in
Genomic Data Commons Data Portal (GDC
TCGA-BRCA) [25]. The results were re-analyzed
using the latest Human Genome Assembly
hg38 and re-organized by University of Califor-
nia Santa Cruz Xena team [26]. The upper quar-
tile of the fragments per kilobase of transcript
per million mapped reads (HTSeqg-FPKM-UQ)
was selected. Expression of NOTCH1 and cell
cycle-associated genes was extracted for fur-
ther analysis. Survival status and times were
collected for evaluating overall survival.

Patients and materials

A total of 135 patients were enrolled from July
2007 to December 2013 for IHC study. All
patients received curative surgery for breast
cancer, and the surgical specimens were pre-
served in the Department of Pathology and the
Human Biobank in Research Center of Clinical
Medicine, National Cheng Kung University
Hospital (NCKUH). Written informed consent
was obtained, and the protocol was approved
by the Institutional Review Board of NCKUH
(IRB number: A-ER-105-233). Only patients who
agreed to participate and donate part of their
specimens were enrolled. After surgery, all
patients received standard adjuvant therapy
according to suggestion from the attending
physicians. The patients received regular fol-
low-up with annual breast sonography, mam-
mography, and radiography of the thorax.
Computerized tomography or bone scintigraphy
were optional in cases with clinical suspicion of
metastasis. Clinical information and long-term
survival were collected by a retrospective chart
review. Cancer staging conformed to the
American Joint Committee on Cancer tumor,
node, and metastasis (AJCC TNM) classifica-
tion of 2010, 7th edition [27].
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Immunohistochemistry stain of NOTCH1 in
surgical specimens

Formalin-fixed, paraffin-embed (FFPE) tissue
specimens were obtained from surgical speci-
mens and collected by the Human biobank in
NCKUH. The slides were deparaffinized, rehy-
drated, and blocked endogenous peroxidase.
Antigen retrieval was performed by heat in
retrieval buffer (DAKO, Carpinteria, California)
using a pressure boiler. The primary polyclonal
anti-NOTCHZ1 antibody was synthesized corre-
sponding to amino acid 1755-67 of intracellu-
lar NOTCH1 (Abcam, Cambridge, United King-
dom). The epitope was not accessible in the
uncleaved form, and was only exposed follow-
ing cleavage by y-secretase. The slides were
incubated in primary antibody under 4°C for 16
hours, then the color was developed in amino-
ethyl carbazole (Zymed, San Francisco, Califor-
nia, United States) for 5 min. The slides were
counterstained in hematoxylin and mounted in
coverslips. In the negative controls, the primary
antibody was omitted from the above process.

All slides were evaluated by a single resear-
cher (H.P.H.). Only one sample expressed si-
multaneous nuclear and cytoplasmic NOTCH1
staining, and all other samples with positive
immunoreactivity only showed cytoplasmic
staining. Therefore, we only evaluated the
expression level of cytoplasmic NOTCH1 (cNO-
TCH1). The immunoreactivity of cNOTCH1 was
determined using the modified immunoreactive
score (MIRS). The percentage of positive cells
(every 10% as a stratum from 0% to 90%), and
intensity of staining (from no color to intense
reaction as 0, 1, 2, to 3) were multiplied to
determine the immunoreactive score (IRS)
score [28]. The score ranged from O to 270,
with a median of 20, and mean + standard
deviation of 33 * 45. The cut-off point of
cNOTCH1 staining was set as 20 (median).
Negative (mIRS score, 0-10) and weak immu-
noreactivity (mIRS score, 11-20) were grouped
as low expression of cNOTCH1; and moderate
(mIRS score, 21-160) and strong immunoreac-
tivity (mIRS score, 161-270) were defined as
high expression of cNOTCH1. The IHC results
correlated with the clinical information and out-
come of patients.

Statistical analysis

All statistical analyses were performed using
SPSS v17 (SPSS, Armonk, New York, United
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States) or software R version 4.1.2. Univariate
analysis was performed using chi-square
test or Fisher's exact test for categorical vari-
ables, and nonparametric Wilcoxon rank-sum
or Kruskal-Wallis test for two or more groups of
continuous variables. Survival curves were esti-
mated using the Kaplan-Meier method, and
compared between groups using the log-rank
test. Median split was used for turning a con-
tinuous variable into binary variable to visualize
the difference between groups in Kaplan-Meier
method. The Cox proportional regression model
was used to assess the association between
cNOTCH1 expression and survival, where the
hazard ratio (HR) with 95% confidence interval
(Cl) is the measure of effect. Spearman’s rank
correlation coefficient (p) was used to assess
monotonic relationships between two variables
(either continuous or discrete ordinal variables).
For multiple testing, P value was adjusted
by the Benjamini-Hochberg procedure [29].
Statistical significance was defined as a P value
< 0.05.

Results

Bioinformatics study of NOTCH1 mRNA in
breast cancer

Expression of NOTCH1 mRNA was compared to
the RFS of patients using the Kaplan-Meier
Plotter. The RFS showed no correlation with
either low or high expression of NOTCH1 mRNA
in all breast cancer patients (Figure 1A, 1B)
and ER* breast cancer patients (Figure 1C, 1D).
There was no significant difference of RFS
between the two probes. For HER2* breast can-
cer patients, low expression of probe 223508 _
at for NOTCH1 mRNA was correlated with a
better RFS (Figure 1F), and low expression of
probe 218902_at was correlated with a trend
of better survival (Figure 1E). The RFS of
patients with triple negative breast cancer
(TNBC) demonstrated better survival with low
expression of probe 218902_at (Figure 1G);
however, this phenomenon was not observed
with a different probe.

PrognoScan collected 20 mRNA microarrays
of breast cancer and analyzed the correlation
between expression of NOTCH1 and survival of
patients. No correlation could be established in
17 datasets, and three analyses claimed that
the patients with high expression of NOTCH1
had a higher hazard ratio (Figure S1A). The cut-
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Figure 1. Comparison of the expression of NOTCH1 mRNA and disease-free survival of breast cancer patients in the
Kaplan-Meier Plotter. There are two probes of the NOTCH1 gene: the 218902_at probe is targeted on the 3’-UTR,
and the 223508_at probe is targeted on Exon 34 of NOTCH1. A, B. All breast cancer patients. C, D. ER* breast can-
cer patients. E, F. HER2* breast cancer patients. G, H. TNBC patients. 3’-UTR: 3’-untranslated region; ER: estrogen
receptor; HER2: human epidermal growth factor receptor Type Il; HR: hazard ratio; mRNA: messenger ribonucleic

acid; TNBC: triple negative breast cancer.
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off point for low or high expression of NOTCH1
was different in these datasets, which resulted
in an imbalance of the number of patients in
the two groups (Figure S1B-D). The detection
platform and analytic parameters of survival
were different in the three datasets (relapse
free survival in GSE12276 [31], overall survival
in GSE9893 [32], and disease specific survival
in GSE3494) [33-35]. Thus, the relationship
between NOTCH1 mRNA expression and sur-
vival of patients was inconsistent, and further
evaluation with other methods is necessary
to determine NOTCH1 expression in breast
cancer.
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Figure 2. Comparison of NOTCH1 mutations in the
cBioPortal platform. A. Somatic mutations of NOTCH1
in 13 studies. The x-axis indicates the sequenc-
ing number of amino acids, and the y-axis indicates
the number of mutations in all studies. B. Details of
NOTCH1 gene alterations in 13 studies. C. Compari-
son of disease-free survival between patients with
altered or unaltered NOTCH1 genes. Altered group
includes the patients with mutation, fusion, ampli-
fication, deep deletion, multiple alteration, and all
forms of alteration of NOTCH1 gene. Unaltered group
includes patients with wild type NOTCH1 gene in ge-
nome-wide sequencing. CNA: copy number alteration.

Mutation of NOTCH1 in breast cancer

We selected combined datasets from 8,875
patients and 9,193 samples in 13 studies
of the cBioPortal platform. The frequency of
somatic mutations in NOTCH1 was 2.2% in all
samples, including 177 missense, 33 truncat-
ing, 3 deletion, 1 insertion, and 2 fusion with
other gene (NOTCH1-SEC16A and NOTCHI1-
CULS5) (Figure 2A). Mutation and deletion were
common forms of alterations, and amplifica-
tion of NOTCH1 was also detected in six datas-
ets (Figure 2B). The survival curve of pati-
ents with alteration of NOTCH1 (altered group,
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Figure 3. Immunohistochemistry (IHC) of NOTCH1 in Human Protein Atlas. A. IHC staining of NOTCH1 in tissue micro-
arrays. Left block: stain with CABO08112 antibody. Right block: stain with CAB022466 antibody. B. Results of IHC
of NOTCH1. Arrow: more than 75% of cells had positive NOTCH1 staining. Arrowhead: Nuclear staining of NOTCH1.
C. Comparison of overall survival between patients with low or high expression of NOTCH1.

including mutation, fusion, amplification, deep alteration) was crossed with the survival curve
deletion, multiple alteration, and all forms of of the unaltered NOTCH1 (Figure 2C), and log-

2090 Am J Cancer Res 2022;12(5):2084-2101



NOTCH1 in breast cancer

o " e

Extensive intraductal components

Nipple invasion

24%

46% High 25%

Low
High #» —
y P=0.087
o 2

. [ 8 o
Tumor size (cm)

[ EIC negative

G Tumor stage
1% 4% 1%

'-WI 19%

o, OA,
2 1

High

2 4 & 8
cNOTCH1 expression (%)
EIC positive [N Negative Positive

Nodal stage

30% l-ﬁ Low 63%

2 4 0] 1]
¢NOTCH1 expression (%)

| AJCC TNM stage

7.% High 61% .

° 4 5 &
GNOTCH?1 expression (%)

— Tis T1 -T2 T3 - T4 [ NO

2 4 5 8
cNOTCH1 expression (%)
N1 S N2 N3

1 [} 1

2 4 K] B
cNOTCH1 expression (%)
mm— Stage | Stage || W Stage Il

Figure 4. Immunohistochemistry (IHC) staining of cNOTCH1 in breast cancer. A. Negative immunoreactivity. B. Weak
immunoreactivity. C. Strong immunoreactivity. The main photos are 100x magnification with a 10-um-scale bar in
the left lower corner. The inserted photos in the right lower corner are 400x magnification with a 10-um-scale bar.
The tumors with negative and weak immunoreactivity are grouped as low cNOTCH1 expression, while those with
strong immunoreactivity are grouped as high cNOTCH1 expression. D-l. Comparison of different pathological factors
and expression of cNOTCH1 by IHC staining. D. Tumor size (P = 0.087). E. Extensive intraductal components (P =
0.009). F. Nipple invasion by cancer (P = 0.043). G. Tumor stage (P = 0.139). H. Nodal stage (P = 0.304). I. AJCC
TNM stage (P = 0.063). AJCC TNM stage: American Joint Committee on Cancer tumor, node, metastasis staging

system; cNOTCH1.: cytosolic NOTCH1 protein.

rank testing using the default setting of the
website showed statistical significance (P =
1.815 x 107%). The patients with altered NO-
TCH1 had a better DFS than those without
alteration after postoperative 220 months.

Immunohistochemistry staining of NOTCH1 in
breast cancer

The Human Protein Atlas includes IHC staining
of NOTCH1 from multiple tissue microarrays
(Figure 3A). The results of two anti-NOTCH1
antibodies were slightly different; the staining
density was higher in the samples stained wi-
th CABO0O8112 antibody, while a higher propor-
tion of nuclear staining was noted in those
stained with CAB0224466 (Figure 3B, arrow
and arrowhead, respectively). Twelve photos of
IHC staining from each primary antibody were
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provided in the website, and we selected 8
samples of each antibody for example. How-
ever, no information about other 1,051 sam-
ples was shown in the Human Protein Atlas
and the survival of patients cannot be com-
pared according to intracellular location of
NOTCHZ. The results of IHC staining of two anti-
NOTCH1 antibodies were merged together by
default setting of the website to analyze overall
survival of breast cancer patients. The expres-
sion of intracellular NOTCH1 had no clear
impact on the effect of overall survival of
patients (Figure 3B). The patients with high
expression of NOTCH1 had a trend of poor sur-
vival after 10 years (P = 0.22, Figure 3C).

Each tissue microarray sample size is around
1 mm, and a selection bias is possible. In the
present study, larger FFPE sections from surgi-
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Table 1. Characteristics of patients with breast cancer (n = 135), comparison between low and high

cNOTCH1 expression was done

cNOTCH1 expression
Characteristic Low High P value
(n=79) (n=56)
Age at surgery (years)? 52 (31-83) 53 (24-82) 0.711
Female gender 79 (100%) 56 (100%) >0.99
Diagnosis 0.570
Invasive ductal carcinoma 78 (99%) 54 (96%)
Invasive ductal carcinoma with predominant ductal carcinoma in situ 1 (1%) 2 (4%)
Operation methods 0.973
Partial mastectomy and sentinel lymph node biopsy 5 (6%) 4 (7%)
Partial mastectomy and axillary lymph node dissection 6 (8%) 4 (7%)
Total mastectomy and sentinel lymph node biopsy 12 (15%) 10 (18%)
Modified radical mastectomy 56 (71%) 38 (68%)
Tumor size (cm)? 2.5(0.2-8.0) 2.4 (0.8-6.5) 0.087
Tumor stage 0.139
Tis 1 (100%) 0
T1 15 (42%) 21 (58%)
T2 59 (64%) 33 (36%)
T3 3 (75%) 1(25%)
T4 1 (50%) 1 (50%)
Nodal stage 0.301
NO 36 (57%) 27 (43%)
N1 24 (52%) 22 (48%)
N2 8 (67%) 4 (33%)
N3 11 (79%) 3 (21%)
AJCC TNM stage 0.063
Stage | 9 (39%) 14 (61%)
Stage Il 50 (59%) 34 (41%)
Stage Il 20 (71%) 8 (29%)
Adjuvant chemotherapy 65 (82%) 49 (88%) 0.476
Subtypes 0.693
ER/PR-positive, HER2-negative 45 (57%) 36 (64%)
HER2-positive 22 (28%) 13 (23%)
Triple negative breast cancer 12 (15%) 7 (13%)

Abbreviations: AJCC TNM stage, American Joint Committee on Cancer tumor-node-metastases (TNM) staging system; ER, Estro-
gen receptor; HER, Human epidermal growth receptor type Il; cNOTCH1, Cytosolic NOTCH1 protein; PR, Progesterone receptor.

aValues are expressed as median (range).

cal specimens were used for IHC. Expression of
NOTCH1 was detected in IHC staining, and was
scored by mIRS (Figure 4; Table 1). Negative or
weak immunoreactivity were grouped as low
expression (Figure 4A, 4B), while moderate or
strong immunoreactivity were grouped as high
expression (Figure 4C). One specimen with st-
rong immunoreactivity had dual positive cyto-
plasmic and nuclear staining. In all other sam-
ples, only cytoplasmic staining of NOTCH1 was
recognized, and the nuclear location was not
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detectable. Expression of cNOTCH1 was not
associated with a larger tumor size (Figure 4D,
P = 0.087). Tumors with low cNOTCH1 had a
lower proportion of positive extensive intra-
ductal components (Figure 4E, P = 0.009)
and nipple invasion (Figure 4F, P = 0.043).
There was no significant association between
cNOTCH1 expression and tumor stage (Figure
4G, P = 0.139), nodal stage (Figure 4H, P =
0.304), and AJCC TNM cancer Stage Il or llI
(Figure 41, P = 0.063). Patients with low expres-
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Table 2. Disease-free survival events and number of deaths, comparison between low and high

cNOTCH1 expression
o cNOTCH1 expression
Characteristic - P value
Low (n=79) High (n = 56)

Disease-free survival events? 58 47 0.207

Breast cancer events 19 (24%) 5 (9%) 0.038
Lung metastasis 15 (75%) 5 (25%) 0.141
Liver metastasis 7 (9%) 3 (5%) 0.522
Bone metastasis 12 (15%) 2 (4%) 0.042
Brain metastasis 5 (6%) 1 (2%) 0.400
Regional lymph node recurrence 7 (9%) 1 (2%) 0.139
Distant lymph node recurrence 12 (15%) 4 (7%) 0.185
Local recurrence 3 (4%) 2 (4%) > 0.999
Skin recurrence 0 2 (4%) 0.170
Adrenal gland metastasis 2 (3%) 0 0.511

Non-breast cancer deaths 2 4 0.232
Cerebrovascular accident 0 2 0.170
Heart failure 1 0 > 0.999
Rectal cancer 1 0 > 0.999
Endometrial cancer 0 1 0.415
Hepatocellular carcinoma 0 1 0.415

Breast cancer-related deaths 8 5 > 0.999

Abbreviations: cNOTCH1, Cytosolic NOTCH1 protein. ?Excluding breast cancer-related and non-breast cancer-related events.

sion of cNOTCH1 tended to have advanced can-
cer, while cNOTCH1 expression had no correla-
tion with demographics, other pathological
factors, or subtypes of breast cancer (Eigure
S2; Table 1).

A total of 19 patients in the low cNOTCH1 gr-
oup and 5 in the high cNOTCH1 developed can-
cer recurrence during follow-up (Table 2, P =
0.038). Lung metastasis was the most com-
mon pattern of recurrence, followed by bone,
distant lymph node, or liver metastasis (Table
2). Patients with low cNOTCH1 expression had
a higher ratio of bone metastasis (P = 0.042).
There were two nonbreast cancer deaths in
the low cNOTCH1 group, and four in the high
cNOTCH1 group. The incidence of breast-can-
cer-related deaths was not significantly differ-
ent between the two groups. Breast cancer
patients with low expression of cNOTCH1 had
a worse DFS (Figure 5A). Low expression of
cNOTCH1 had a tendency to correlate with a
worse DFS in patients with ER* (Figure 5B) or
HER2* cancer (Figure 5C). However, expression
of cNOTCH1 was not correlated with survival in
TNBC patients (Figure 5D). Several patients
refused standard chemotherapy after surgery,
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which may have interfered with the survival
analysis. We analyzed patients who received
standard chemotherapy, and low expression of
cNOTCH1 was correlated with a worse DFS
(Figure 5E). Breast cancer patients were strati-
fied, and low expression of cNOTCH1 was cor-
related with a worse DFS of patients with T2
tumor stage (Figure S4B) and AJCC TNM Stage
Il (Eigure S6B). In other subgroups, the expres-
sion of cNOTCH1 was not correlated with sur-
vival (Figure S3, by nuclear grade; Figure S4, by
tumor stage; Figure S5, by lymph node metas-
tasis; or Figure S6, by TNM stage).

Gene expression of NOTCH1 and cell cycle
proteins in breast cancer

RNA sequencing data from 1,217 breast can-
cer patients were obtained from The Cancer
Genome Atlas Breast Invasive Carcinoma in
Genomic Data Commons Data Portal (GDC
TCGA-BRCA) via the Xena platform [26]. The
scatter plot for the relationship between
NOTCH1 expression and other gene expression
was presented with a Spearman’s rank correla-
tion coefficient (p) and an adjusted P value
(Figure 6). Decreased expression of NOTCH1
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was correlated with lower level of CCNAL (pro-
tein: cyclin A1, Figure 6A), CCND2 (protein:
cyclin D2, Figure 6E), CCNE1 (protein, cyclin E1,
Figure 6F), CDK6 (protein: CDK6, Figure 6l),
and CDKN2C (protein: pl18, Figure 6L). How-
ever, decreased expression of NOTCH1 was
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Figure 5. Comparison of the expression of cNOTCH1
in immunohistochemistry (IHC) and disease-free
survival of breast cancer patients. A. All breast
cancer patients in the present study. B. ER* breast
cancer patients. C. HER2* breast cancer patients.
D. Triple negative breast cancer (TNBC) patients.
E. The patients received standard chemotherapy.
HER2: human epidermal growth factor receptor type
Il; cNOTCH1.: cytosolic NOTCH1 protein; TNBC: triple
negative breast cancer.

associated with higher level of CCND1 (protein:
cyclin D1, Figure 6D). Cyclin D and CDK4/6
complex triggers DNA replication and cell cycle
progression. Expression of Cyclin D and CD-
K4/6 mRNA in NOTCH1"" breast cancer was
inconsistent. Moreover, expression of cell cycle
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Figure 6. RNA sequencing data from The Cancer Genome Atlas Breast Invasive Carcinoma in Genomic Data Com-
mons Data Portal (GDC TCGA-BRCA) via the Xena platform. Scatter plots of NOTCH1 versus (A) CCNA1 (protein:
cyclin A1), (B) CCNA2 (protein: cyclin A2), (C) CCNB1 (protein: cyclin B1), (D) CCND1 (protein: cyclin D1), (E) CCND2
(protein: cyclin D2), (F) CCNE1 (protein: cyclin E1), (G) CDK2 (protein: CDK2), (H) CDK4 (protein: CDK4), (I) CDK6
(protein: CDK6), (J) CDKN1A (protein: p21), (K) CDKN1B (protein: p27), AND (L) CDKN2C (protein: p18). Adjusted P
value was calculated by Benjamini-Hochberg procedure.

regulating CDKN1A (protein: p21, Figure 6J)
and CDKN1B (protein: p27, Figure 6K) was simi-
lar in NOTCH1"e" and NOTCH1'"¥ breast cancer.
All these results implicated the complicated
regulation of cell cycle in breast cancer. The
survival status was obtained from 1194 breast
cancer patients and higher expression of NOT-
CH1 mRNA was correlated with poorer overall
survival (Figure S7, P = 0.028).
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Discussion

Breast cancer is the most common female
malignancy in Taiwan, with increased incidence
rates and early onset at middle age. In the pr-
esent study, we first verified the publicly av-
ailable datasets in Kaplan-Meier Plotter and
PrognoScan. The correlation between high ex-
pression of NOTCH1 mRNA and prognosis of
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patients was inconsistent. The frequency of
somatic mutations in NOTCH1 was 2.2% in the
cBioPortal platform. Genetic alterations along
the whole NOTCH1 gene were reported in bre-
ast cancer patients. Furthermore, IHC staining
of intracellular NOTCH1 in tissue microarray in
the Human Protein Atlas failed to detect the
correlation between NOTCH1 expression and
overall survival of patients. We employed large
samples of breast cancer obtained from surgi-
cal resection to detect NOTCH1 in heteroge-
neous cancer. High expression of cNOTCH1
was associated with a higher proportion of
positive extensive intraductal components and
nipple invasion. However, breast cancer pa-
tients with low expression of cNOTCH1 had a
higher incidence of bone metastasis, and a
trend of worse DFS. In subtype analysis, low
expression of cNOTCH1 predicted poor progno-
sis in breast cancer patients with ER* or HER2",
but not in TNBC patients. In TCGA breast can-
cer dataset, higher expression of NOTCH1 in
breast cancer specimens was correlated with
lower level of cylin D1 and a worse prognosis of
breast cancer patients. Our study provides evi-
dence that cytoplasmic accumulation of NOT-
CH1 fails to correlate with advanced cancer.
Dysregulation of NOTCH1 decreases transcrip-
tion of cyclin D1. Therefore, comprehensive
assessment of NOTCH1 signaling should be
performed before giving anti-NOTCH1 agents
for breast cancer patients.

Two previous reports have performed IHC st-
aining of NOTCH1. Cao et al. utilized TMA sam-
ples and a rabbit polyclonal antibody against
cytoplasmic components of NOTCH1 to show
that increased expression of NOTCH1 in breast
cancer is correlated with lymph node metasta-
sis [11]. Moreover, Wan et al. utilized speci-
mens from surgical resection and a rabbit poly-
clonal antibody against the same epitopes as
our study, and showed that activated NOTCH1
is associated with lymph node metastasis,
advanced cancer stage, higher nuclear grade,
and worse survival of patients [12]. The Human
Protein Atlas utilized two types of antibodies,
rabbit polyclonal and mouse monoclonal, ag-
ainst the NICD, and demonstrated that the
expression of NICH protein is not correlated
with survival of patients [21, 22]. In the current
study, we utilized specimens from surgical
resection and a rabbit polyclonal antibody
against the juxtamembranous, intracellular
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NOTCH1 protein. Our results showed that bre-
ast cancer patients with low cNOTCHZ1 expres-
sion had a higher ratio of advanced cancer and
worse survival. Furthermore, only one of the
included samples demonstrated nuclear stain-
ing, and only cytoplasmic staining of NOTCH1
was detected in the other samples with NOT-
CH1 immunoreactivity. Failure of NICD to local-
ize to the nucleus is one possible explanation
for our results. The accumulation of cytoplas-
mic NOTCH1 proteins prevents the initiation of
transcription of downstream genes. Therefore,
malposition of NICD proteins could not be eval-
uated by mRNA microarray or copy number
analysis.

Somatic mutations of breast cancer are com-
mon, and somatic mutations of TP53, PIK3CA,
and GATA3 genes occur in all subtypes of bre-
ast cancer [35]. Aberrant RNA splicing and
mutation of NOTCH1 gene in cancer results in
different variants or isoforms of RNA [36]. The
mutation sites in NOTCH1 spread over the
whole genome, and the patient number of a
specific mutation was not sufficient for analy-
sis. Understanding the protein structure of
NOTCH1 may help to speculate the phenotypes.
The intracellular domains of NOTCH1 contain
RAM, furin-like convertase, ANK repeats, nucle-
ar localization signals, and the PEST domain
[7]. Mutations in intracellular domains might
alter the protein structure and prohibit entry
into the nucleus. In the present study, function
of NOTCH1 in breast cancer was investigated
in MRNA and protein levels. In mRNA studies,
the survival analysis of two NOTCH1 probes in
Kaplan-Meier Plotter showed dissimilar results.
This could result from these two probes recog-
nized different region of NOTCH1 gene. The
survival analyses in Kaplan-Meier Plotter were
different from results in the TCGA database.
This could be attributed to the different plat-
forms for analyzing the levels of NOTCH1 mRNA.
The former was performed in microarray and
the latter was analyzed using RNA sequenc-
ing. In protein studies, expression of NOTCH1
protein was not correlated with survival in
Human Protein Atlas while merging IHC results
from two kinds of primary antibody. We used
one kind of polyclonal anti-NOTCH1 antibody
and found that the NOTCH1 protein was pro-
nuced in cytoplasm but not in ther nucleus.
The function of NOTCHL1 in breast cancer is
complicated. Gene mutations, the aberrant
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splicing of mMRNA, and the intracellular localiza-
tion of NOTCH1 protein could dysregulate the
function and downstream effectors of NOTCH1
signaling.

NOTCH1 signaling is important in mammary
gland development and breast cancer carcino-
genesis [37]. Activation of NOTCH signaling
causes transcription of target genes, including
cyclin D1, p21, and other cell cycle-associated
genes [9]. Small molecule Notch pathway inhib-
itors targeting y-secretase should be very pow-
erful for NOTCH-rich cancer; however, most
clinical trials are suspended or terminated cur-
rently. NOTCH signaling is essential for normal
development, and y-secretase is important for
maintaining cellular function. Drugs targeting
NOTCH signaling or y-secretase induce intoler-
able toxicity in clinical trials. NOTCH also func-
tions as a tumor suppressor in certain types of
cancer [38, 39]. Furthermore, downstream of
NOTCH1 signaling is very complicated. In then
present study, higher expression of NOTCH1 in
breast cancer specimens was correlated with
lower level of cylin D1. The breast cancer pa-
tients with low cNOTCH1 expression had a
higher ratio of advanced cancer and worse sur-
vival. Dysregulation of NOTCH1 signaling fails to
initiate transcription of downstream genes in
breast cancer cells, and it might cause poor
efficacy of NOTCH inhibitors in clinical trials.

The limitation of the present study was the
inadequate number of patients. We collected
135 specimens for IHC staining. The inade-
quate sample size restricted the statistical
power. In survival analysis, the number of
events also affects statistical power to detect
the difference. We only detected a trend of bet-
ter survival from high cNOTCH1 expression in
IHC staining. We employed bioinformatical
tools and publicly available databases to verify
our findings. The information was fragmented,
and the experimental methods were dissimilar
in different studies. Bias from confounders was
possible because of unknown patients’ infor-
mation. Over the past decade, several clinical
trials have been conducted with y-secretase
inhibitors, although, no reliable result for breast
cancer patients has yet been reported [40].
One Phase | clinical trial using anti-NOTCH1
monoclonal neutralizing antibody demonstrat-
ed that the clinical response rate is only 17%
[17]. Mutation of the extracellular domains of
NOTCH1 may be one reason for the poor thera-

2097

peutic response. Further study is indicated to
better understand the mechanism of NOTCH1
signaling in breast cancer.

Conclusion

In conclusion, somatic mutations of NOTCH1
spread across the whole genome. Regulation of
NOTCH1 signaling depends on gene regulation
and protein expression. In the present study,
we demonstrated that lower cytoplasmic stain-
ing of NOTCH1 was correlated with larger tumor
size, advanced stages, cancer recurrence with
bone metastasis, and a worse DFS of ER* and
HER* breast cancer patients. NOTCH1 signaling
in breast cancer is complex, and targeted ther-
apy against NOTCH1 should be approached
cautiously.
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Figure S1. Comparison of the expression of NOTCH1 mRNA and survival of breast cancer patients in PrognoScan.
Significant correlations were detected in three datasets. A. Information on these three datasets. B. Results of
GSE12276. C. Results of GSE9893. D. Results of GSE3494. Upper part: histogram of expression. The cut-off point
is shown as a blue horizontal line to categorized low or high expression. Lower part: Kaplan-Meier plots of survival

probability.
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Figure S2. Correlation of pathological factors with immunohistochemistry (IHC) of cNOTCH1 in breast cancer. The re-
sults were compared between low and high expression of cNOTCH1.. A. Nuclear grade of histological differentiation.
B. Lymphatic tumor emboli. C. Fascia invasion. D. Skin invasion. E. Extranodal extension. F. Expression of nuclear
protein Ki-67 in cancer cells (%). G. Number of axillary lymph nodes with metastasis. H. Number of dissected axil-
lary lymph nodes. I. Ratio of positive lymph nodes (number of positive lymph nodes divided by number of dissected
axillary lymph nodes). J. Positive expression of estrogen receptor (= 1% nuclear staining in IHC stain). K. Positive
expression of progesterone receptor (= 1% nuclear staining in IHC stain). L. Positive expression of HER2 receptor
(3+ in IHC stain or amplification in FISH study).
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Figure S3. Comparison of the expression of cNOTCH1 in immunohistochemistry (IHC) and disease-free survival of
breast cancer patients. A. Breast cancer patients with nuclear grade | cancer. B. Breast cancer patients with nuclear
Grade Il cancer. C. Breast cancer patients with nuclear Grade Ill cancer.
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Figure S4. Comparison of the expression of cNOTCH1 in immunohistochemistry (IHC) and disease-free survival of
breast cancer patients. A. Breast cancer patients with T1 cancer. B. Breast cancer patients with T2 cancer.
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Figure S5. Comparison of the expression of cNOTCHZ1 in immunohistochemistry (IHC) and disease-free survival of
breast cancer patients. A. Breast cancer patients without lymph node metastasis. B. Breast cancer patients with
lymph node metastasis.
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Figure S6. Comparison of the expression of cNOTCH1 by immunohistochemistry (IHC) and disease-free survival of
breast cancer patients. A. Breast cancer patients with stage | cancer. B. Breast cancer patients with Stage Il cancer.
C. Breast cancer patients with Stage Ill cancer.
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Figure S7. Comparison of the expression of NOTCH1 mRNA in TCGA database and overall survival of breast cancer
patients.



