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Abstract

NOTCHI mutations have been reported to occur in 10% to 15% of head and neck squamous cell carcinomas
(HNSCC). To determine the significance of these mutations, we embarked upon a comprehensive study of NOTCH
signaling in a cohort of 44 HNSCC tumors and 25 normal mucosal samples through a set of expression, copy
number, methylation, and mutation analyses. Copy number increases were identified in NOTCH pathway genes,
including the NOTCH ligand JAGI. Gene set analysis defined a differential expression of the NOTCH signaling
pathway in HNSCC relative to normal tissues. Analysis of individual pathway-related genes revealed over-
expression of ligands JAGI and JAG2 and receptor NOTCH3. In 32% of the HNSCC examined, activation of the
downstream NOTCH effectors HESI/HEY1 was documented. Notably, exomic sequencing identified 5 novel
inactivating NOTCHI mutations in 4 of the 37 tumors analyzed, with none of these tumors exhibiting HES1/HEY1
overexpression. Our results revealed a bimodal pattern of NOTCH pathway alterations in HNSCC, with a smaller
subset exhibiting inactivating NOTCH1I receptor mutations but a larger subset exhibiting other NOTCH1 pathway
alterations, including increases in expression or gene copy number of the receptor or ligands as well as
downstream pathway activation. Our results imply that therapies that target the NOTCH pathway may be more
widely suitable for HNSCC treatment than appreciated currently. Cancer Res; 74(4); 1091-104. ©2013 AACR.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is a
disease with significant morbidity and mortality. More than
50,000 new cases of HNSCC are diagnosed in the United States
yearly, with a mortality rate of 12,000 annually. As with lung
cancer, this malignancy is also predominantly related to
smoking with alcohol as a cocarcinogen, although infection
with the human papillomavirus has also been associated with
the majority of oropharynx cancers (1). Despite significant
progress in therapeutic interventions, including surgery, radio-
therapy, and chemotherapy, there have been only modest
improvements in the survival of patients with HNSCC in the
past 30 years.

HNSCC, like other solid tumors, develops through a pro-
longed multistage process involving the accumulation of
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genetic and epigenetic alterations. Investigators have uncov-
ered several critical genes and pathways important in the
tumorigenesis of HNSCC. These include 7P53 (2), CDKN2A
(3), Cyclin DI (4), PIK3CA (5), HRAS, and EGFR (6). However,
these molecular alterations do not fully recapitulate the patho-
genesis of HNSCC. To gain a comprehensive view of the genetic
alteration in HNSCC, Agrawal and colleagues (7) and Stransky
and colleagues (8) used a high-throughput next-generation
sequencing technique to analyze the HNSCC genome. Both
groups sequenced the exons of all known human genes in
tumor DNA and compared the sequence to that of the corre-
sponding normal DNA from the identical patient. In total, the
genomic landscapes of 32 and 74 tumors were examined.
Mutations were confirmed in genes that had been previously
known to play arole in HNSCC, such as 7P53, CDKN2A, PIK3CA,
PTEN, and HRAS. Both research groups reported novel muta-
tions in NOTCHI. In both studies, inactivating mutations of
NOTCHI were found in 10% to 15% of the HNSCC tumors,
making NOTCHI the second most frequently mutated gene
after 7P53. In several tumors, both alleles harbored mutations
in NOTCHI. More recently, Pickering and colleagues have
discovered changes in gene copy number and expression for
some other NOTCH pathway genes including increased copy
number changes in NOTCH receptor ligands JAGI and JAG2
and in NUMB that were associated with elevated mRNA (9).
NOTCH signaling pathway has been linked to multiple
biologic functions, including regulation of self-renewal capac-
ity, cell-cycle exit, and survival. The pathway is initiated when
one cell expressing the appropriate ligand (Jagged or Delta)
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interacts with another cell expressing a NOTCH receptor
(NOTCH1-4). Upon ligand binding, the transmembrane
NOTCH receptor is subsequently cleaved by ADAM metallo-
protease and y-secretase complex. The cleaved product, intra-
cellular fragment of NOTCH (NICD), translocates into the
nucleus where it interacts with the nuclear DNA-binding
factors, CSL/CBF1/RBPjk), and recruits coactivators (MAML
proteins) to turn on transcription factors of target genes.
The most prominent targets of the NOTCH pathway include
a set of basic-helix-loop factors of the Hes and Hey families
(10, 11). Several studies suggest that NOTCH mutation can
have either an oncogenic or a tumor-suppressive effect. In
T-cell acute lymphoblastic leukemia/lymphoma, NOTCH
signaling had previously been implicated as protumorigenic
by activating mutations and translocations observed in the
genes for NOTCH receptors or their regulators (12, 13), whereas
in chronic myelomonocytic leukemia, cutaneous, lung, and
HNSCC tumors, several of the NOTCH family mutations in
HNSCC encode inactivating mutations, suggesting a tumor
suppressor function (14-16).

Because of the discovery of NOTCH mutations in HNSCC,
a high priority is placed on a more comprehensive under-
standing of the complex molecular alterations of NOTCH
signaling pathway in HNSCC. In this study, we examined
the comprehensive genetic, epigenetic, and transcriptional
alterations of the NOTCH signaling pathway in a cohort
of primary HNSCC and report a systematic dysregulation
of the NOTCH signaling pathway in HNSCC. Further
analysis revealed that the NOTCH signaling pathway was
activated in a subset of HNSCC tumors and this pathway
activation was independent of the NOTCHI mutation status.
These findings provide important new insights of NOTCH
signaling pathway into the pathogenesis of HNSCC and
highlight the NOTCH pathway as a target for therapeutic
development.

Materials and Methods

A more detailed description of our methods and statistical
procedures is available in Supplementary Methods.

Human tissue samples

The tumor tissue samples from patients with HNSCC and
normal samples were obtained from patients surgically treat-
ed in the Department of Otolaryngology-Head and Neck
Surgery at Johns Hopkins Medical Institutions (Baltimore,
MD) using appropriate informed consent obtained after Insti-
tutional Review Board approval. Microdissection of frozen
tumor tissue was done to assure that more than 80% of tissue
contained HNSCC. The normal tissues consisted of tissues
obtained from non-cancer affected control patients that
underwent uvulopalatopharyngoplasty (UPPP). After review
by a pathologist, a section of dissected mucosal layer from
discarded UPPP specimens was immediately frozen in liquid
nitrogen. All specimens were stored at —80 °C until processing.
For microarray analysis, a cohort including 44 HNSCC tumors
and 25 normal mucosa tissues was used (Supplementary
Table S1). For quantitative real-time PCR analysis, in addition

to the above cohort used for microarray analysis, two separate
cohorts with one comprising of 31 HNSCC tumor tissues and
17 normal mucosa tissues and the other 63 HNSCC tumor
tissues and 30 normal mucosa were also used. The application
of different cohorts was based on the sample cohort
availability.

DNA extraction and RNA isolation

DNA was extracted from all samples by digestion with
50 pg/mL proteinase K (Boehringer) in the presence of
1% SDS at 48°C overnight, followed by phenol/chloroform
extraction and ethanol precipitation (17). Total RNA was
isolated with TRIzol reagent according to the manufacturer's
instructions and then purified with an RNeasy Kit (Qiagen).

HPV analysis

The HPV status was determined as described previously
(18).In brief, specific primers and probes have been designed to
amplify the E6, E7 regions of HPV16. Their sequences are
available in a previous publication. All the samples were run
by quantitative TagMan PCR in duplicate. Primers and probes
to a housekeeping gene (B-actin) were run in duplicate and
parallel to normalize input DNA. HPV copy number more than
1 copy per cell for tumor samples were regarded as positive.

Copy number analysis

The cohort of 44 HNSCC tumor tissues and 25 normal
mucosa samples were run on Affymetrix SNP6.0 arrays for
copy number analysis. All arrays were run according to the
manufacturers’ instructions. DNA processing, preparation,
hybridization, and chip scanning were performed by the Johns
Hopkins Microarray Core Facility. The data was normalized
using the crlmm package and genome build HG18 annotations
(19). The 25 normal mucosa samples and 44 HNSCC samples
were then analyzed using the Tibshirani and Hastie outlier
statistical approach (20) and compared with 1.74 million values
generated by permutation of sample labels to generate an
empirical P value using the approximation of Smyth and
Phipson (21). Outlier samples were defined in the standard
way.

Methylation array analysis

Bisulfite conversion of genomic DNA from the above
cohort was done with the EZ DNA Methylation Kit (Zymo
Research, D5002) by following the manufacturer's protocol
with modifications for Illumina Infinium Methylation Assay
in the Johns Hopkins microarray core. We have applied the
same statistical analysis used for copy number looking for
hypomethylation outliers in NOTCH pathway genes defined
in the Kyoto Encyclopedia of Genes and Genomes (22).
NOTCH genes with a P < 0.05 were considered significant.

Gene expression profiling

RNA isolated from the cohort of 44 HNSCC tumor tissues
and 25 normal mucosa samples were run on Affymetrix HuEx
1.0 GeneChips for expression analysis. All arrays were run
according to the manufacturers’ instructions (19, 23, 24). To
look at the expression of NOTCH pathway genes on a tumor
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sample basis, we compared the expression level of each gene
in each individual tumor with the distribution of expression
levels in normal mucosa samples assuming a normal distri-
bution. We declared a gene as significantly differentially
expressed if the tumor expression level was 2 6s away from
the mean normal expression level, effectively setting a thres-
hold of o = 0.05.

Heat map

Heat maps of differential gene expression were created using
the R-package gplots. The visualized data comprised gene
by sample expression levels and expression was normalized
to Z-score on a gene-by-gene basis to convert all genes to the
same scale.

Gene set analysis

Gene set analysis was performed using a mean rank gene set
enrichment test (25), as provided in the limma R package (26).
Initial gene ranks were generated using an Empirical Bayes
statistic. Significance of the NOTCH signaling pathway gene set
(KEGG database) or Nguyen_Target_Set (Molecular Signature
Database from the Broad Institute; ref. 27) were measured.
Recently, Nguyen identified 85 differentially expressed genes as
a gene set (Named as Nguyen_NOTCHI_Targets in Molecular
Signatures Database of the Broad Institute) of NOTCH down-
stream targets that are concomitantly modulated by activated
NOTCHI in mouse and human primary keratinocytes (27).
With this gene set, we also assessed the expression status of
NOTCH signaling pathway in the above cohort of HNSCC
tumors.

Exome sequencing of NOTCHI1

The exome sequencing of NOTCHI was performed by
Asuragen (28-30). We retained only the high coverage
regions for analysis, high coverage being defined by having
more than 10% of the sample median coverage and above 100
reads. We also flagged the loci that are known to have
frequent false positive calls in our library. For each set of
matched samples, we filtered out variants that were present
in the lymphocytes as putative germline variants or as
sample specific systematic error. In our analysis, if the
matched normal loci were found to have more than 1%
variant reads, or the variant score difference is within the
99.5% percentile of all pairwise differences for non-annotated
loci across the matched pair, the background is considered
high and the variant is removed from the list. Variants were
annotated using gene structure from the NCBI RefSeq tran-
script set. Coding base substitutions were classified as mis-
sense, nonsense, splice site, or silent. In addition to NOTCH1,
we also performed targeted sequencing on 51 genes selected
from the COSMIC mutation database; those data will be
reported separately.

Quantitative real-time reverse transcription PCR

The same RNA samples used for microarray analysis, the
RNA samples from an independent HNSCC cohort as described
above, as well as RNA extracted from cell lines were assessed
for NOTCHI, HES1, and HEYI expression levels using quanti-

tative real-time reverse transcription (RT)-PCR (TagMan).
Reverse transcription was performed with random hexamer
primers and Superscript II Reverse Transcriptase (Invitrogen
Corp.) as described previously (17). Quantitative RT-PCR was
then carried out on the Applied Biosystems 7900 Sequence
Detection Instrument (Applied Biosystems). The primers and
probes (Integrated DNA Technologies) used in the analysis are
available upon request. In our analysis, serial dilutions of cDNA
product for each gene of interest were used for constructing
the calibration curves on each plate.

Immunohistochemistry

Fifty-six HNSCC and 11 non-cancer formalin-fixed and
paraffin-embedded samples were obtained from the Head and
Neck Tissue Bank at Johns Hopkins and were used to construct
a tissue microarray under Johns Hopkins University Institu-
tional Review Board-approved protocols. The protocol incor-
porated heat-induced antigen retrieval with citrate buffer (pH
6.0) followed by peroxide-blocking step and primary antibody
incubation for 15 minutes with rabbit polyclonal antibody
against HES1 (Millipore, AB5702, dilution 1: 200) for 30 minutes
with rabbit polyclonal antibody against HEY1(Abcam, ab22614,
dilution 1: 200) or 30 minutes with goat polyclonal antibody
against cleaved/activated NOTCHI (Santa Cruz Biotechnolo-
gy, sc-6014, dilution 1: 400). The tissues were analyzed using
Aperio software. The staining was categorizes as strong, mod-
erate, or none/weak for each individual tissue and averaged for
tissue quadruplicates.

Cell culture

Human HNSCC cell lines UPCI-SCC090 (090) and SCC61
were used in experiments. 090 was received from Dr. Susanne
Gollin, University of Pittsburgh (Pittsburgh, PA). SCC61 was
received from Dr. Ralph Weichselbaum (University of Chicago,
Chicago, IL). In our study, each cell line was authenticated
using a short tandem repeat analysis kit, identifier (Applied
Biosystems), as directed at the Johns Hopkins Genetic
Resources Core Facility. The results were shown in Supple-
mentary Table S2. Cell growth conditions were maintained at
37°C in an atmosphere of 5% CO,.

Transient transfection, NOTCH inhibition, and cell
proliferation assay

ON-TARGETplus Pool of siRNAs against NOTCHI, HEY1
non-targeting Pool of siRNA (Thermo Scientific) was used to
downregulate the expression of NOTCHI, HEYI or used as
control. Cells were seeded in 96-well plates and allowed
to grow until the cells were approximately 70% confluent.
Cells were transfected with siRNA using Lipofectamine
RNAIMAX Reagent (Invitrogen). NOTCHI was inhibited by
Gamma Secretase Inhibitor XXI, Compound E (GSI-XXI,
EMD Millipore). Cell metabolic activity was determined
every 24 hours using the CCK-8 colorimetric assay
(Dojindo). Values are mean + SEM for pentaplicates of
cultured cells. The transfection efficiency was confirmed
by quantitative real-time RT-PCR as described above for
primary tissues with primers and probes for NOTCHI, HEY1
and normalized to GAPDH at 48-hour time point.
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Analysis of The Cancer Genome Atlas HNSCC data

The Cancer Genome Atlas (TCGA) datasets, including DNA
copy number datasets from 288 HNSCC tumor tissues, RNA-
seq expression datasets from 279 HNSCC tumor tissues and 37
adjacent normal tissues, and NOTCHI mutation datasets from
281 HNSCC tumor tissues, were obtained from the public
access data portal (31). The DNA copy number, RNA expres-
sion, and NOTCHI mutation in HNSCCs were assayed using
Affymetrix 6.0 SNP arrays, RNAseq, and whole genome
sequencing, respectively. Among these datasets, 279 HNSCC
tumor tissues had full DNA copy number, RNA-seq expression,
and NOTCHI mutation data available, and hereby were used in
our study.

Statistical analysis

All RT-PCR analyses utilized an unpaired Student ¢ test to
determine statistical significance between experimental vari-
ables. All statistical tests were two sided without multiple
testing correction. A P value threshold of o = 0.05 was used to
indicate statistical significance. All computations were done
in R 2.15.2.

Results

DNA copy number and promoter methylation analysis of
NOTCH signaling pathway genes in HNSCC versus normal
mucosa

Recently, our laboratory and others have reported that
NOTCHI is a putative tumor suppressor gene mutated and
inactivated at a significant frequency (~15%) in HNSCC (7).
NOTCHI encodes a member of NOTCH signaling pathway, a
pathway comprised of 47 genes according to the KEGG data-

base annotation (Supplementary Table S3). The goal of this
study was to explore the comprehensive alterations of NOTCH
signaling pathway in HNSCC and their potential involvement
in HNSCC development. To achieve this goal, we analyzed the
DNA copy number, methylation, and expression array data
generated from 44 HNSCC tumor tissues and 25 normal
mucosa tissues in our laboratory. The microarray data was
uploaded to GEO with an accession number of 33205. The
demographic and clinical characteristics of this cohort are
presented in Supplementary Table S1.

We firstly performed DNA copy number array data analysis
on 38 of the 47 NOTCH signaling pathway genes from the above
cohort, as these genes had data available on Affymetrix SNP
6.0 arrays. Outlier sums were used to identify those NOTCH
signaling pathway genes with significant copy number gains,
highlighting 8 NOTCH signaling pathway genes, including
NOTCH ligand JAG1 (P = 0.040), MAML2 (P = 0.026), MAML3
(P = 0.006), NCOR2 (P = 0.003), NUMB (P = 0.039), NUMBL (P =
0.020), PSENI (P = 0.010), and NSCTN (P = 0.049; Fig. 1A). Our
analysis identified a number of samples exhibiting copy num-
ber gains in one or more of these 8 genes. These comprised
5,5,5,9,6,4,7, and 6 of the 44 HNSCC tumors for copy num-
ber gains of JAGI, MAML2, MAML3, NCOR2, NUMB, NUMBL,
PSENI, and NSCTC, respectively (Fig. 1A and B).

We then analyzed the promoter methylation status of
NOTCH signaling pathway genes using the DNA methylation
array data from the cohort of 44 HNSCC tumor tissues and
25 normal mucosal tissues. Preliminary analysis was con-
ducted using the 12, 023 probes on the arrays that included
>3 CpG islands probe using empirical Bayes comparisons
for all tissue types. Given that we were interested in NOTCH

Figure 1. Copy number analysis of
NOTCH signaling pathway genes
in the cohort of 44 HNSCC tumors
and 25 normal mucosa. A, NOTCH
signaling pathway genes showing
significant copy number gains in
HNSCC tumor tissues versus
normal mucosa. The copy number
levels in 44 HNSCC tumors and 25
normal mucosa were analyzed with
the Tibshiani and Hastie statistic,
and the P values were generated by
permutation of sample labels to
generate an empirical P value using

e o
i

A Genes P Mean.tumor Mean.normal Outlier tumor samples
JAGT 0.040 .06 2 X3, X15, X18, X22, X23
MAML2 0.026 2.03 1.99 X3, X10, X14, X15, X22
MAML3 0.006 2.05 1.96 X12, X16, X26, X32, X37
NCOR2 0.003 2.06 1.95 X7, X13, X15, X16, X22. X24, X32. X37, X43
NUMB 0.039 2.02 1.96 X3, X185, X19, X22, X26, X46
NUMBL 0.020 2.11 1.91 X7. X22, X23. X26
PSEN1 0.010 2.04 1.95 X2, X3, X19, X20, X22, X26, X46
NCSTN 0.049 2.04 1.96 X6, X15, X16, X22, X24. X32
B HNSCC tumors

the approximation of Smyth and

Phipson as described in Materials

and Methods. P < 0.05 was

= considered significant. B, copy

<X JAGT number status of the 8 NOTCH
pathway genes in A in the 44

xgn’zg HNSCC tumors. Gray, no copy
NCOR2 number gain; black, copy number
NUMB gain and also the outlier HNSCC
NUMBL tumor for given gene.

PSEN1

NCSTN
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Figure 2. Expression array analysis of NOTCH signaling pathway genes in the cohort of 44 HNSCC tumors and 25 normal mucosa. A, JAG1, JAG2, and
NOTCHS3 are overexpressed in HNSCC tumors versus normal mucosa. Expression of JAG1, JAG2, and NOTCH3 was assessed by Affymetrix HUEx
1.0 GeneChip platform in a cohort of 44 HNSCC tumors and 25 normal tissues. Dots, relative expression levels in different tissue samples. Boxes
represent the interquartile range (25th—75th percentile) and horizontal lines inside the boxes indicate median. Whiskers indicate the minimum and
maximum values. P value was calculated by using t test. N, normal mucosa; T, tumors. B, heat map of gene expression of NOTCH signaling
pathway and its downstream targets in the cohort of 44 HNSCC tumor tissues and 25 normal tissues. All HNSCC tumor samples are labeled black
and normal tissues gray. Genes in the heat map are shown in rows; each individual sample is shown in one column. For each gene, the scale bar shows
color-coded differential expression from the mean gene expression level of normal tissues in SD units. Red and green indicate over- or

underexpression, respectively.

pathway genes that are promoter hypomethylated and over-
expressed in HNSCC tumors, the outlier sums were applied in
the analysis to identify those NOTCH pathways exhibiting left-
tail outliers, indicating promoter hypomethylation in HNSCC
tumors in comparison with that in normal mucosa. With this
analysis, we found none of the NOTCH pathway genes is
significantly promoter hypomethylated in HNSCC tumors
versus normal mucosa. However, PSEN2 and PSENEN trended
toward promoter hypomethylation with P values of 0.052 and
0.072, respectively (data not shown).

Gene expression analysis of NOTCH signaling pathway
genes in HNSCC tumors versus normal mucosa

We then extended our analysis on the transcriptional
levels of the NOTCH pathway genes using the expression
array data from the same cohort described above. Forty-
three of the 47 NOTCH pathway genes illustrated by KEGG
database are available on the Affymetrix HuEx 1.0 GeneChip
(Supplementary Table S3). When the differential expression
of these individual genes was analyzed, we found 15 genes
showing a significant differential expression (P < 0.05).
Among the 15 genes, the mRNA levels of JAGI, JAG2,
NOTCH3, NCSTN, ADAM17, DTX3L, DVL3, HES1, HDAC2,
NCOR2, and NUMBL were significantly higher in primary
HNSCC tumors than in normal mucosa, whereas the mRNA
levels of KAT2B, MAML3, DTXI, and MFNG significantly

lower in HNSCC tumors than in normal mucosa (Supple-
mentary Table S4). Of note, JAGI and JAG2 ligands and
NOTCH3 receptor were among the NOTCH pathway genes
significantly overexpressed in tumors (JAG1, log, mean, 9.4;
JAG2,log, mean, 7.9; NOTCH3, log, mean, 8.3) compared with
those in normal mucosa (JAGI, log, mean, 8.5, P < 0.001;
JAG2, log, mean, 7.4, P < 0.001; NOTCH3, log, mean, 8.0,
P = 0.007; Fig. 2A).

We constructed a heat map depicting the differential
expression of the NOTCH signaling pathway genes in the
cohort of 44 HNSCC tumors and 25 normal mucosa (Fig. 2B).
Importantly, we found 29.5% (13/44), 34.1% (15/44), and
18.2% (8/44) of HNSCC tumors showed overexpression of
JAGI, JAG2, and NOTCH3 when compared with the normal
mucosa. Of note, in our gene set analysis, we observed a
marginal statistical trend (P = 0.067) that NOTCH signaling
pathway genes tended to be differentially expressed. We
also found that there was significant differential expression
of the gene set of Nguyen_NOTCHI_Targets (P < 0.001) in
the HNSCC tumor cohort, suggesting that NOTCH signaling
pathway is dysregulated on a pathway basis in HNSCC. Of
note, the value of the Nguyen_NOTCHI_Targets set in evalu-
ation of the NOTCH signaling pathway status in HNSCC
tumors may be limited, given that the gene set was identified
in primary keratinocytes and that it may differ from the
NOTCH downstream targets in HNSCCs.
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Figure 3. Microarray expression analysis of downstream activation of NOTCH signaling pathway in the cohort of 44 HNSCC tumors and 25 normal
mucosa. A, NOTCH downstream targets HEST and HEY1 are overexpressed in HNSCC tumors. Expression of HES1 and HEY1 was assessed by
Affymetrix HUEx 1.0 GeneChip platform in a cohort of 44 HNSCC tumors and 25 normal tissues. N, normal mucosa; T, tumors. Boxes represent
the interquartile range (25th-75th percentile) and horizontal lines inside the boxes indicate median. Whiskers indicate the minimum and

maximum values. P value was calculated by using t test. B, heat map expression of downstream target genes (HES1 and HEY1) for NOTCH signaling
pathway in the cohort of 44 HNSCC tumor tissues and 25 normal tissues. As proposed by literature, expression of NEUROG3, GAA, CDKN18,
RCOR1, and CFD are regulated by HES1; expression of GATA4 and GATAG are regulated by HEY1. Thus, these genes were used to assist the
estimation of the HES1/HEY1 expression. All HNSCC tumor samples are labeled black and normal tissues gray. Genes in heat map are shown in
rows; each individual sample is shown in one column. For each gene, the scale bar shows color-coded differential expression from the mean gene
expression level of normal tissues in SD units. Red and green indicate over- or underexpression, respectively. C, GATA4 and NEUROG3 had decreased
expression in HNSCC tumors with HES1/HEY1 overexpression in comparison with those without HEST/HEY1 overexpression. N, normal mucosa;
T-HES1/HEY1, HNSCC tumors without HES1/HEY1 overexpression; T+HES1/HEY1, HNSCC tumors with HES1/HEY1 overexpression. Boxes
represent the interquartile range (25th—75th percentile) and horizontal lines inside the boxes indicate median. Whiskers indicate the minimum and
maximum values. P value was calculated by using t test.

In addition, we compared the gene expression levels of the vation of targets genes, HESI and HEY1. We therefore analyzed
eight NOTCH pathway genes (exhibiting copy number the mRNA expression of HESI and HEYI using expression
gains; Fig. 1) among the tumors with increased copy number array data from the above cohort. We found that the mRNA
gains, the tumors without increased copy number gains, and expression of HESI and HEYI was significantly higher in
normal tissues of our study cohort. Among these genes, our HNSCC tumors than (HESI, log, mean, 8.1; HEY1, log, mean,
results showed the significant overexpression of JAGI (P = 6.8) in normal mucosa (HES1, log, mean, 7.8, P = 0.017; HEY1,
0.014) and PSENI (P = 0.015) in the tumors with increased copy log, mean, 6.7, P < 0.001; Fig. 3A). Using the same threshold
number gains in comparison with that in the normal tissues as defined above to declare a gene was overexpressed in an
(Supplementary Fig. S1). individual sample, we found that 14% (6/44) and 25% (11/44)

of HNSCC tumors showed overexpression of HESI and HEYI
NOTCH signaling pathway activation in HNSCC tumors when compared with the normal mucosa (Fig. 3B). In total,

Given the extensive NOTCH signaling pathway alterations we found 31.8% (14/44) of HNSCC tumors showed overexpres-
identified in HNSCC tumors and to determine the functional sion of HESI and/or HEYI. Given the likelihood of low expres-
status of NOTCH signaling, we next determined whether the sion status of HESI and HEY1 as transcription factors in certain
NOTCH signaling pathway is activated in HNSCC. It is known tumor samples, we also analyzed their downstream target
that the NOTCH pathway signals through transcriptional acti- genes as additional indicators of HESI or HEY] overexpression.
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On the basis of literature report, genes downregulated by
HESI included NEUROG3 (32), GAA (33), CDKN1B (34), RCORI,
and CFD and genes downregulated by HEYI, GATA4 and
GATAG6 (35). Our results revealed that all those HNSCC tumors
showing downregulation of one or more HESI/HEYI target
genes demonstrate overexpression of HESI or HEYI. Of
note, the mRNA expression of GATA4 and NEUROG3 were
found significantly lower in HNSCC tumors with HESI/HEYI
overexpression compared with those HNSCC tumors without
HESI1/HEY1 overexpression (P = 0.008) and compared with
normal mucosa (P = 0.02), respectively; The mRNA expression
of NEUROG3 showed significant downregulation in HNSCC
tumors with HESI/HEYI overexpression compared with
those HNSCC tumors without HES1/HEY1 overexpression and
showed a trend toward downregulation (P = 0.03) when
compared with the normal mucosa (P = 0.067; Fig. 3C). Taken
together, these results suggested that NOTCH signaling path-
way is activated in 31.8% of HNSCC tumors.

In addition, to compare the pattern and intensity of
HES1/HEY1 in tumor versus normal epithelium and corre-
late these with NOTCH1 at the protein levels, we constructed
a tissue microarray comprising 56 primary HNSCC and 11
normal control mucosa, and performed immunohistochem-
ical analysis using commercially available antibody for
HES1, HEY1, as well as activated NOTCHI1. Because of the
availability of the samples, we were able to include 5 HNSCC
tumors on the tissue microarrays that originated from the
same HNSCC cohort used for our microarray genomic
analysis. The patient demographic and clinical variables
were similar to the original 44 tumors and 25 normal tissues.
Our results showed that that (i) NOTCHI protein is signi-
ficantly overexpressed in tumor samples, as compared with
normal tissues (P = 0.02); (ii) HES1 and HEY1 were over-
expressed in 17.9% (10/56) and 14.3% (8/56) tumor samples;
either HES1 or HEY1 were overexpressed in 26.8% (15/56)
of HNSCC samples which is comparable with that in our
expression array data (31.8%); (iii) 10 HNSCC tumors with
elevated levels of NOTCH1 have overexpressed HESI or
HEY1; and (iv) among the five tumor samples originating
from the same patient samples used for our microarray ana-
lysis, two (X7 and X11) demonstrated strong correlation of
RNA and protein for HES1, HEY1, and NOTCHI expression
(Supplementary Fig. S2).

Quantitative RT-PCR validation of NOTCH ligand,
receptor, and target overexpression HESI, HEYI in
primary HNSCC

To validate the reliability of HESI and HEY1 overexpres-
sion as assessed by expression microarrays in the cohort
of 44 HNSCC tumors and 25 normal mucosa, we performed
quantitative RT-PCR analysis on the same cohort. Our
quantitative RT-PCR results confirmed the significant over-
expression of HESI and HEYI1 in HNSCC tumors versus
normal mucosa. The mean logl0 mRNA levels for HESI and
HEY1 in primary HNSCCs were 1.1 (loglO range, 0.4-2.0)
and 1.0 (logl0 range, 0.1-1.8); in normal mucosa, the mean
log10 mRNA levels for HESI and HEYI were 0.8 (logl10 range,
0.1-1.4, P = 0.013) and 0.8 (logl0 range, 0.4-1.1, P = 0.043),

showing that Hesl and Heyl was significantly overexpress-
ed (Fig. 4A).

We further validated the overexpression of HESI and HEYI
in an independent HNSCC cohort with 31 HNSCC tumors and
17 normal mucosa in non-cancer controls by quantitative
RT-PCR. As expected, significantly increased expression levels
of Hes1 and Heyl were found in HNSCC (HES1,10g10 mean, 1.0;
HEY1, logl0 mean, 0.9) versus normal mucosal tissues (HESI,
log 10 mean, 0.7, P < 0.01; HEY1, logl0 mean, 0.5, P < 0.01;
Fig. 4B). We also validated the overexpression of JAGI in this
independent cohort. Our quantitative RT-PCR assay showed
significantly increased levels of JAGI expression in HNSCC
tumor tissues (logl0 mean, 1.1) in comparison with normal
mucosa (logl0 mean, 0.6, P < 0.001; Fig. 4C). Furthermore,
we validated the overexpression JAG2 in a cohort of 63
HNSCC tumors versus 30 normal mucosa. The mRNA levels
of JAG2 were significantly increased in HNSCC tumors (log10
mean, 1.1) in comparison with that in normal mucosa (log10
mean, 0.9, P < 0.001; Fig. 4D). The application of different
cohorts for quantitative RT-PCR validation showing similar
alterations validates the initial findings in our discovery cohort.

A subset of wild-type NOTCHI HNSCC tumors has
increased HES1/HEYI expression

To determine the potential relevance of NOTCHI genetic
mutations to the transcriptional alterations in the NOTCH
signaling pathway, we performed selected exome sequencing
on 37 HNSCC tumors from the above cohort (6 samples
including X14, X15, X20, X26, X30, and X37 were eliminated
for sequencing due to inadequate DNA; an additional sample
X3 was eliminated for not passing quality control criteria) and
their paired normal lymphocytes. A total of 5 NOTCHI muta-
tions were identified in 4 of 37 (10.8%) HNSCC tumors. Con-
sistent with our previous study, next to TP53, NOTCHI was
found the most frequently mutated gene found in the 37
HNSCC tumors (Fig. 5A). Also, the NOTCHI mutation rate in
this study was found similar to that in our former reported
cohort. Four of the NOTCHI mutations were predicted to
truncate the protein product, whereas 1 was missense. Among
the four nonsense mutations (R56*, Q154*, E1294*, W1843*),
one mutation of W1843* was clustered in the RBP-Jk-associ-
ated module (RAM) domain, whereas the other 3 mutations
next to or in the N-terminal EGF-like ligand binding domain.
Similarly, the 1 missense mutation (T1138I) was also clustered
in the N-terminal EGF-like ligand binding domain (Fig. 5B).
While NOTCHI contains activating mutations in T-cell acute
lymphoblastic leukemia and chronic lymphocytic leukemia
[mainly lying at the heterodimerizaion (HD) domain and
C-terminal polypeptide-enriched proline, glutamate, serine,
and threonine (PEST) domain of NOTCHI; ref. 13], the muta-
tions we found in the study cohort appeared to be loss-of-
function mutations, consistent with those recently described
in myeloid leukemia and HNSCC tumors (7, 8, 15).

We then compared downstream activation of NOTCH
signaling pathway driven by transcriptional changes between
the HNSCC tumors with and without NOTCHI mutations.
We examined the association of NOTCHI mutations and
HES1/HEY1 expression status. We found the significant lower
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Figure 4. Quantitative RT-PCR analysis validation of HES1, HEY1, JAG1, and JAG2 expression in different cohorts of HNSCC tumors and normal mucosa.
A, quantitative RT-PCR analysis of HES7T and HEY1 expression in the original study cohort of 44 HNSCC tumors and 25 normal mucosa. Expression of
HES1 and HEY1 was significantly higher in HNSCC tumor tissues in comparison with normal tissues. Experiments were performed by TagMan real-time
RT-PCR in triplicate and the data were normalized to ACTIN per sample. B-D, quantitative RT-PCR analysis of HES7 and HEY1 (B), and JAGT (C)
expression in a separate cohort of 31 HNSCC tumors and 17 normal mucosa, and JAG2 expression in a additional cohort of 63 HNSCC tumors and 30
normal mucosa (D). Expression of HES1, HEY1, JAG1, and JAG2 was significantly higher in HNSCC tumor tissues in comparison with normal tissues.
Experiments were performed by TagMan real-time RT-PCR in triplicate and the data were normalized to ACTIN or GAPDH per sample.

expression of HESI (P = 0.013) and/or HEYI (P = 0.003) in
HNSCC tumors with mutant type NOTCHI than those with
wild-type NOTCHI (Fig. 6A). Of note, the mRNA levels of HESI
(P=0.104) or HEY1 (P=0.970) in HNSCC tumors with NOTCH1
mutant were similar to those in the normal mucosa, and none
of these 4 HNSCC tumors with NOTCHI mutant exhibited
HES1/HEY1 overexpression, consistent with the loss-of-func-
tion of NOTCHI mutations described above. Intriguingly, we
found that among the 33 HNSCC tumors with wild-type
status, 10 (30.3%, 10/33) exhibited HESI/HEY1 overexpression,
implicating NOTCH pathway activation in these HNSCC
tumors. Thus, by comparison of the pattern of copy number
alteration, transcriptional alteration and downstream activa-
tion of NOTCH pathway activation in wild-type NOTCHI
tumors, we found in the wild-type NOTCHI HNSCC tumors,
there exist a group of NOTCHI pathway-activated HNSCC
tumors (Fig. 6B).

In the 44 HNSCC from our initial study cohort, 13 were
HPV-positive. We hereby determined the association
between HPV status and NOTCHI mutation status, as well
as the mRNA levels of HESI and HEYI. We found that the
association between HPV status and NOTCH1I status was not

statistically significant (P = 0.55, Fisher exact test); No
statistically significant differences in mRNA levels of HESI
(P = 0.37, Student ¢ test) and HEYI (P = 0.96, Student ¢ test)
between HPV-positive and HPV-negative HNSCC tumors
were observed (data not shown). Therefore, we did not
perform the NOTCH signaling pathway analyses in HPV-
positive or HPV-negative tumors separately in this study.

The subset of wild-type NOTCHI HNSCC tumors with
increased HES1/HEYI expression is validated in TGCA
HNSCC cohort

To validate the pattern of NOTCHI pathway alterations
revealed in our HNSCC cohort, we further analyzed the avail-
able NOTCHI mutation, copy number, and expression data
of NOTCH pathway in the TCGA HNSCC cohort (including
NOTCHI mutation, copy number and expression datasets from
279 HNSCC tumors, and expression dataset from 37 adjacent
normal tissues). Similar to the alterations revealed in our
initial HNSCC cohorts, increased expression of JAGI (P <
0.001), JAG2 (P < 0.001), and NOTCH3 (P = 0.004) were found
in HNSCC tumors versus adjacent normal tissues in the TCGA
HNSCC cohort (Supplementary Fig. S3A). The significant
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A

Symbol AAchange Chr. Pos. Ref.  Alt. Mut. type CDS Sample
base base change ID

NOTCH1 p.R56* 9 139418406 G A STOP_GAINED Cga/Tga X39

NOTCH1 p.Q154* 9 139417584 G A STOP_GAINED Cag/Tag  x17

NOTCH1 p.T1138I 9 139402504 G A NON_SYNONY aCa/aTa X12
MOUS

NOTCHt p.E1294* 9 139401189 C A STOP_GAINED Gag/Tag X48
NOTCH1 p.W1843* 9 139396309 C T STOP_GAINED tgG/tgA  X12

B
X X WX HDC., X
\ o 0 W o c
L EA
EGF-like repeats LNR TMDRAM ANK NLS PEST

Figure 5. NOTCH1 mutations identified in the 37 HNSCC tumor tissues from the initial cohort of 44 HNSCC tumors and 25 normal mucosa. A, NOTCH1 mutations
in the 37 HNSCC tumor tissues identified by whole exome sequencing. B, schematic depiction of mutations in NOTCH7. LNR, Lin12-NOTCH repeats; HDY,
N-terminal heterodimerization domain; HDC, C-terminal heterodimerization domain; TMD, transmembrane domain; RAM, recombination signal-binding protein

1 for J-x (RBPjx) association module; NLS, nuclear localization signal; PEST, proline, glutamic acid, serine/threonine-rich motifs. Black arrow (missense mutation)
and "X" (truncating mutation) depict mutations observed in 4 out of the 37 HNSCC tumors observed in this study by targeted exome sequencing.

overexpression of JAGI (P < 0.001) and PSENI (P < 0.001) in HNSCC cohort. Moreover, in the TCGA HNSCC cohort, we
HNSCC tumors with increased copy number gains compared found that JAGI and PSENI were overexpressed in the tumors
with that in normal tissues were also validated in the TCGA with increased copy number gains in comparison with those
L] w i
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Figure 6. Asubset of wild-type NOTCH1 HNSCC tumors increased HES1/HEY 1 expression. A, comparison of HES1/HEY 1 expression among normal mucosa,
NOTCH1 mutant, and wild-type HNSCC tumors. NOTCH1-mutant HNSCC tumors decreased HES1/HEY1 expression in comparison with those in NOTCH1
wild-type HNSCC tumors and were similar to those in normal mucosa. N, normal mucosa, Mt, NOTCH7-mutant HNSCC tumors, Wt, NOTCH1 wild-type
HNSCC tumors. Boxes represent the interquartile range (25th-75th percentile) and horizontal lines inside the boxes indicate median. Whiskers indicate the
minimum and maximum values. P value was calculated by using t test. B, heat map display of copy number alteration (JAGT), transcriptional alteration (JAGT,
JAG2, and NOTCH3), and downstream activations (HES1 and HEY1) of NOTCH pathway in 4 NOTCH1mutant and 33 NOTCH1 wild-type HNSCC tumors as
defined in Fig. 5. Gray, HNSCC tumor with wild-type NOTCH1; black, HNSCC tumor with mutant type NOTCH1. Red and green indicate over- or

underexpression, respectively.
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Figure 7. Validation of the subset of wild-type NOTCH1 HNSCC tumors with increased HES1/HEY1 expression in TCGA HNSCC cohort of 279 tumor
tissues and 37 adjacent normal tissues. A, comparison of HES1/HEY1 expression among adjacent normal mucosa, NOTCH1-mutant and wild-type
HNSCC tumors. NOTCH17-mutant HNSCC tumors have decreased HES1/HEY1 expression in comparison with those in NOTCH1 wild-type HNSCC
tumors. N, adjacent normal mucosa, Mt, NOTCH17-mutant HNSCC tumors, Wt, NOTCH1 wild-type HNSCC tumors. Boxes represent the
interquartile range (25th—75th percentile) and horizontal lines inside the boxes indicate median. Whiskers indicate the minimum and maximum values.
P value was calculated by using t test. B, heat map display of copy number alteration (JAG7), transcriptional alteration (JAG1, JAG2, and NOTCH3) and
downstream activations (HES7 and HEY1) of NOTCH pathway in 52 NOTCH1 mutant and 50 NOTCH1 wild-type HNSCC tumors (with HEY1
overexpression) from the TCGA HNSCC cohort. Gray, HNSCC tumor with wild-type NOTCH1; black, HNSCC tumor with mutant type NOTCH1. Red and

green indicate over- or underexpression, respectively.

tumors without increased copy number gains. (Supplementary
Fig. S3B).

In the TCGA cohort, a total of 67 mutations in NOTCHI,
comprised of 14 frame-shift deletions, 1 in-frame deletion,
51 nonsense mutations, and 1 splice site-associated muta-
tion, were found in 52 HNSCC tumors. We observed that
decreased expression of HESI had a borderline signifi-
cance (P = 0.064) in NOTCHI mutant type versus wild-type
HNSCC tumors, whereas increased expression of HEYI has
a statistically significant difference (P = 0.012; Fig. 7A). It
should be of note that in the TGCA HNSCC cohort, we were
not able to validate the overexpression of HESI in HNSCC
tumors versus adjacent normal tissues although a borderline
significance trend was shown; this may be due to the fact
that the adjacent normal tissues used in the TCGA cohort
were collected from patients with HNSCC and include non-
mucosal tissues, whereas the normal mucosal tissues in our
initial HNSCC cohort include only mucosal tissue from non-
cancer patients. Accordingly, overexpression of HEYI
instead of HESI was used as an indication of the NOTCH
pathway activation in this TCGA cohort. Of interest, we
found that among the 227 NOTCHI wild-type HNSCC
tumors, 50 (22.0%) exhibited overexpression of HEY1, con-
firming a subset of NOTCH pathway activation, wild-type
NOTCHI HNSCC primary tumors (Fig. 7B).

To test the feasibility of the NOTCH pathway as target for
future directed therapy, we explored the functional conse-
quences when NOTCHI is inhibited by siRNA in NOTCHI

wild-type cells (090 and SCC61). As shown in Supplementary
Fig. S4, following transfection with NOTCHI siRNAs, NOTCH1
wild-type 090 and SCC61 cells showed dramatic and modest
decrease in cell proliferation, respectively. To validate the
different functional consequences mediated by inhibition
with NOTCHI siRNAs in NOTCHI wild-type cells, we then
examined the growth effects upon siRNA inhibition of HEY1I.
Consistent with the results showing the siRNA inhibition of
NOTCHI, we noted a significant decrease of cell growth in
NOTCHI wild-type 090 cells inhibited with HEY1 siRNAs
(Supplementary Fig. S5). Similarly, when NOTCH pathway
inhibitor GSI-XXI was applied, the cell growth in NOTCHI
wild-type 090 cells was modestly inhibited (Supplementary
Fig. S6).

Discussion

The NOTCH signaling pathway regulates many facets of
cancer biology, including stem cell renewal, proliferation,
tumor angiogenesis, and metastasis (36). The NOTCH sig-
naling pathway has been implicated in the tumorigenesis of
several solid tumor malignancies including, but not limited
to, non-small cell lung adenocarcinoma (37), melanoma,
and ovarian carcinoma (38). However, the molecular altera-
tions of the NOTCH signaling pathway in HNSCC are less
well defined. We have previously reported that NOTCHI
mutations occur in approximately 15% of patients with
HNSCC, implicating a critical role of NOTCH signaling
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pathways in HNSCC tumors (7). Here, we extend our study to
analyze the comprehensive molecular alterations of NOTCH
signaling pathway genes and the NOTCH signaling pathway
downstream activation status in HNSCC tumors. To better
define the alterations of NOTCH signaling pathway, we have
conducted DNA copy number, methylation, expression, and
mutation analysis from a cohort of 44 HNSCC tumors and 25
normal mucosa.

Our data demonstrate the frequent occurrence of aberrant
DNA copy number gains of NOTCH signaling pathway genes
in HNSCC tumors compared with that in normal mucosa. We
reported that 8 NOTCH pathways genes exhibited increased
DNA copy numbers in HNSCC tumors versus normal mucosa
based on outlier analysis. We observed that there are outlier
HNSCC tumors with copy number gains of these NOTCH
pathway genes. The broad copy number alterations identified
in this study imply that in addition to NOTCHI mutations,
copy number gains of NOTCH signaling pathway genes may
contribute to HNSCC tumor development. Among these
genes featuring copy number gains in HNSCC tumors, the
identification of NOTCH ligand JAGI is intriguing. In support
of the findings of the copy number increase of JAGI in this
study, previously studies from our laboratory and others
using SNP6.0 microarrays or high-resolution microarray
comparative genomic hybridization showed that chromo-
some 20p, a region containing JAGI, is amplified at high
frequency in HNSCC tumors (39). Moreover, our expression
array analysis demonstrated that JAGI was significantly
overexpressed (30%) in HNSCC tumors compared with that
in normal mucosa. Our study suggests that genomic ampli-
fication in part contributes to the overexpression of JAGI in
HNSCC (Pearson correlation coefficient between copy num-
ber levels and mRNA expression: 0.6, data not shown).
Recently, studies on the function significance of JAGI in
cancer development have been published. For example, the
upregulation of JAGI in breast cancer implicated metastatic
disease and correlated with poor prognosis (40) and JAGI
plays a critical role in the promotion of bone metastatic
outgrowth of breast cancer (11). In addition, we note that 4 of
5 patients with JAGI gains also have a gain in either NUMB or
NUMBL, which are known inhibitors of the NOTCH pathway.
In this respect, it remains unclear whether expressing the
NOTCH ligand JAGI and NOTCH regulating genes such as
NUMB and NUMBL within the same tumors would actually
contribute to NOTCH signaling or instead result in cis-inhi-
bition of the pathway.

To identify the potential epigenetic alterations of NOTCH
signaling pathway genes, in particular promoter methyla-
tion in HNSCC tumors, we performed methylation analysis
using Ilumina’s Infinium methylation data generated from
the above cohort. We report that none of the NOTCH
pathway genes present in on the methylation array exhibit
promoter hypomethylation in HNSCC tumors compared
with that in normal mucosa although two genes (PSEN2
and PSENSEN) with borderline significance were noted,
implicating that methylation alterations may play a less
common role in regulating Notch pathway genes during
HNSCC tumor development.

We next examined the transcriptional alterations of
NOTCH signaling pathways genes in HNSCC tumors using
the expression array data from the cohort of 44 HNSCC
tumors and 25 normal mucosa. These include genes involved
in the molecular and biochemical events occuring during
ligand-receptor recognition, receptor activation, intramem-
brane proteolysis, and target gene selection (41). Our result
revealed that 11 genes, including JAGI, JAG2, NOTCHS3,
NCSTN, DTX3L, ADAM17, DVL3, HESI, HDAC2, NCOR2, and
NUMBL, were significantly upregulated, and 4, including
KAT2B, MAML3, DTX1, and MFNG, downregulated. Of the
overexpressed genes, JAG2 was found to promote lung adeno-
carcinoma metastasis through a miR-200-dependent path-
way in mice (42). In nasopharyngeal carcinoma, Man and
colleagues studies indicate that the activation of NOTCH3
pathway is a critical oncogenic event in nasopharyngeal
carcinoma development (43). NCSTN, encoding a y-secretase
component, was recently shown to be a potential driver
genes in human liver carcinoma by genome-wide screening
(44). DTX3L, a member of the deltex family of proteins that
function as E3 ligases and modify NOTCH signaling, has
shown amplification and overexpression in cervical cancer
(45); and consisted with our result, ADAM17 (ADAM metal-
lopeptidase domain 17) was reported with an elevated ex-
pression in malignant cells in HNSCC (46). In addition, we
observed a marginal statistical trend that NOTCH pathway
genes tend to be differentially expressed. Taken together,
these results suggest that NOTCH signaling pathway genes
are altered at the transcriptional levels in HNSCC tumors.

Given the prevalence of the transcriptional alterations of
NOTCH signaling pathway we observed in HNSCCs, we
further investigated the activation of the NOTCH signaling
pathway in HNSCC. To date, the best characterized gene
targets indicating NOTCH signaling pathway activation
are members of the hairy and enhancer of split (HES) and
the Hes related-repressor protein (HERP) families of bHLH
transcriptional repressors such as HESI and HEYI (41, 47).
In our study, we found that HESI and HEY1 were significant-
ly overexpressed in HNSCCs in comparison with that in
normal mucosa. Our results revealed that approximately
31.8% (14/44) of HNSCC tumors exhibited overexpression
of HESI and/or HEYI. Notably, the overexpression of HESI
and/or HEYI was supported by the downregulation of their
downstream responsive genes. The findings that HESI and
HEY1 were overexpressed in our HNSCC cohort shown in
expression microarray were also validated by quantitative
real-time RT-PCR analysis in the same HNSCC cohort as
well as an additional validation cohort. In addition, we found
a significant differential expression of Nguyen NOTCHI_
Target gene set (differentially expressed genes concomitantly
modulated by activated NOTCHI in mouse and human
primary keratinocytes) in 44 HNSCC tumor tissues (27).
Although the estimating power of Nguyen gene set in evalu-
ating the NOTCH signaling pathway status may be moderate
given the evidence that this gene set originated from primary
keratinocyte rather than head and neck epithelial cells, this
result supports the notion that NOTCH signaling pathway
is dysregulated in HNSCCs.
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To gain a more complete understanding of the NOTCH1
mutations relevant to the transcriptional alterations of
NOTCH signaling pathway and to the NOTCH signaling
pathway activation, we performed selected exome sequenc-
ing using the massive parallel next generation sequencing
techniques on 37 HNSCC tumors used for the above micro-
array expression analysis. We observed 5 NOTCHI muta-
tions occurring in approximately 10.8% (4/37) HNSCC
tumors. Of these NOTCHI mutations, 4 predicted to result
in loss of the majority of amino acids from the translated
protein; the remaining 1 missense mutation located in
N-terminal EGF-like ligand-binding domain. A dual biologic
of NOTCHI as either cancer promoting or tumor suppres-
sing has been highlighted by literature. It is reported that
gain-of-function NOTCHI mutations are found in leukemia
cluster in the negative regulatory region and the C-terminal
PEST domain (13), whereas the loss-of-function NOTCH
mutations in cutaneous and lung squamous cell carcinoma
span ectodomain and the N-terminal portion of the intra-
cellular domains that include nonsense mutations leading
to receptor truncations (14). Thus, it is likely that gain- and
loss-of-function mutations occur at different regions of the
NOTCHI gene. Our and others' study of sequence analysis
and in HNSCC tumors demonstrated that that the majority
of NOTCHI mutations in HNSCC affect either the EGF-like
ligand-binding domain or the NICD domain, suggesting
loss-of-function (7, 8). Our data support the notion that
the NOTCHI mutations found in this study are loss-of-
function mutations and play a tumor-suppressive role dur-
ing HNSCC development.

Moreover, our result showed that the HNSCC tumors with
NOTCHI mutation exhibited decreased HESI/HEY1 expres-
sion in comparison with that in HNSCC tumors with
NOTCHI wild-type. However, we reported that the mRNA
levels of HES1/HEY1 in HNSCC tumors with NOTCHI mutant
is similar to that in the normal mucosa and overexpression
of HES1/HEY1 was found in none of the HNSCC tumors with
NOTCHI mutant. These data are in agreement with a lack of
NOTCH activation in NOTCHI-mutant HNSCC tumors. It
is notable that although the absence of elevated HES1/HEYI
correlated with NOTCHI mutations, these 4 patient samples
also appear to have lower NOTCH3 compared with many of
the samples.

Interestingly, our data also suggest that a large subset of
HNSCC tumors with NOTCHI wild-type sequence exhibit
NOTCH pathway copy number increase, increased expres-
sion and downstream activation (Figs. 6 and 7). In our
HNSCC initial cohort, a subset of NOTCHI wild-type
(~30.3%) HNSCC tumors had HESI/HEYI overexpression
(downstream activation). This subset of HNSCC tumors
featuring wild-type NOTCHI status and HESI/HEYI over-
expression was also validated in TCGA HNSCC cohort. In
support of this notion, our initial functional results showed
that in the NOTCHI wild-type 090 HNSCC cells, siRNA
inhibition of NOTCHI or HEYI significantly decreased cell
growth; and the application of GSI-XXI, a NOTCH pathway
inhibitor to 090 HNSCC cells also inhibited cell growth. It
is possible that one explanation for the differential response

of two wild-type cell lines (090 and SCCé61) to NOTCH
pathway inhibition may be the presence of HPV (090, HPV
positive; SCC61, HPV negative); however, other concurrent
pathway alterations may also explain this response.

In summary, the present study demonstrated systematic
transcriptional alterations of NOTCH signaling pathway
in HNSCC tumors by using a large cohort comprised of
HNSCC tumors and normal mucosas. The study provides
strong evidence supporting the prevalent activation of
NOTCH signaling pathway in HNSCC tumors and an overall
bimodal pattern in HNSCC. In HNSCC tumors with NOTCHI
mutant, there is a lack of NOTCH pathway activation due to
the loss-of-function mutations; whereas in HNSCC tumors
with NOTCH]I wild-type, there is a larger subset of HNSCC
tumors that exhibit ligand receptor copy number increase,
increased expression, and downstream pathway activation.
Our studies may suggest that in a subset of HNSCC tumors,
the NOTCH pathway may be driving the growth is a potential
therapeutic target; yet it is unclear whether in other HNSCC
tumors, the signaling may actually impair the growth of
wild-type tumors to some degree. The findings reported in
the present study may have important implications for
development of NOTCH pathway targeting therapies, in
particular for those NOTCH wild-type, NOTCH pathway-
activated HNSCC tumors that may be targeted by NOTCH
inhibiting therapies.
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