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Abstract
Esophageal squamous cell carcinoma (ESCC) is a malignant disease. At present, the 
genomic profiles of ESCC are known to a considerable extent, and DNA methylation 
and gene expression profiles have been mainly used for the classification of ESCC 
subtypes, but integrative genomic, transcriptomic, and epigenomic analyses remain 
insufficient. Therefore, we performed integrative analyses using whole- exome se-
quencing, DNA methylation, and RNA sequencing (RNA- seq) analyses of Japanese 
patients with ESCC. In cancer- related genes, such as NOTCH family genes, RTK/PI3K 
pathway genes, and NFE2L2 pathway genes, variants and copy number amplifica-
tion were detected frequently. Japanese ESCC cases were clustered into two muta-
tional signatures: an APOBEC- associated signature and an age- related signature. In 
imprinted genes, DNA methylation was aberrant in gene promoter regions and corre-
lated well with gene expression profiles. Nonsynonymous single- nucleotide variants 
and allelic expression imbalance were detected frequently in FAT family genes. Our 
integrative genome- wide analyses, including DNA methylation and allele- specific 
gene expression profiles, revealed altered gene regulation of imprinted genes and 
FAT family genes in ESCC.
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1  | INTRODUC TION

Esophageal cancer is a well- known malignant disease. It ranks seventh 
in terms of worldwide incidence and is tenth in Japan.1,2 Esophageal 
cancer is classified into two types: esophageal adenocarcinoma (EAC) 
or esophageal squamous cell carcinoma (ESCC). In Western countries, 
EAC is the predominant form of esophageal cancer. In contrast, ESCC 
is the predominant form in Asia, including Japan. Although there have 
been advances in surgical techniques and chemotherapy, ESCC re-
mains one of the most fatal cancers.3 Furthermore, effective molecular 
targeted therapies for ESCC have not been developed yet. Therefore, 
several genome- wide studies have been performed, and integrated 
landscapes of genome, epigenome, and gene expression are becoming 
clear. Somatic variants in TP53, PI3K pathway genes, NOTCH family 
genes, FAT family genes, and oxidative stress response genes, such 
as NFE2L2, have been identified as characteristics of ESCC by several 
groups of investigators, including The Cancer Genome Atlas (TCGA) 
Research Network.4- 10 The genomic profiles of ESCC have been elu-
cidated to a considerable extent, and DNA methylation and gene ex-
pression profiles have been mainly used for the classification of ESCC 
subtypes,4- 10 but integrative genomic, transcriptomic, and epigenomic 
analyses remain insufficient.

Therefore, we performed integrated analyses from a viewpoint 
different from previous studies using whole- exome sequencing 
(WES), DNA methylation, and RNA- sequencing (RNA- seq) analyses 
of Japanese patients with ESCC. In this study, in addition to genome 
analysis, we examined what functions and which pathways are in-
volved in aberrations through DNA methylation status. Furthermore, 
we revealed allelic expression imbalance (AEI) using RNA- seq data. 
If the allelic expression of genes harboring nonsynonymous variants 
is transcribed predominantly from only one allele and little from the 
paired allele in the tumor, this phenomenon may function as a delete-
rious mutation to cause altered functions of the corresponding genes. 
Our study reiterates the possible involvement of AEI and aberrant 
expression of imprinted genes in the pathogenesis of ESCC, provid-
ing a new concept for the development of therapeutic modalities for 
patients with ESCC.

2  | Mater ia ls  and methods

2.1 | Sample collection

Tumor samples of ESCC were obtained from two hospitals (68 sam-
ples from Tokyo Medical and Dental University [TMDU] Medical 
Hospital and 20 samples from The Cancer Institute Hospital of 

Japanese Foundation for Cancer Research [JFCR]). Clinical infor-
mation of samples analyzed in this study is shown in Table S1. All 
samples were fresh- frozen primary resections without previous 
chemotherapy or radiation. To perform integrative analyses, DNA 
and RNA used for whole- exome sequencing, DNA methylation analy-
sis, and RNA- seq were extracted from an identical piece of the clinical 
specimen. Written informed consent was received from all patients, 
and the study protocol was reviewed and approved by the internal 
review boards of TMDU and JFCR.

2.2 | Whole- exome sequencing and RNA- seq

DNA extracted from all 88 ESCCs and paired nontumor tissue sam-
ples was captured using SureSelect XT Human All Exon (Agilent 
Technologies), and captured DNA was sequenced by HiSeq2000 
(Illumina).

Total RNA was extracted from 57 ESCCs and paired nontumor 
tissue samples, and mRNA was sequenced by HiSeq2000 (Illumina).

The details of sequencing and data analyses are described in 
Supplementary Methods.

2.3 | Evaluation of DNA methylation status of 
imprinted genes

DNA methylation status of imprinted genes was evaluated in 67 
samples from TMDU Medical Hospital, which we previously ana-
lyzed using Illumina Infinium HumanMethylation450 BeadChip 
(HM450).11 In this study, we used 144 003 CpG sites located in pro-
moter regions. We used 87 genes as a human imprinted gene set ex-
tracted from Babak’s study excluding noncoding genes.12 The details 
of the analysis are described in Supplementary Methods.

2.4 | Analysis of AEI

Single nucleotide variant (SNV) calling of aligned sequence reads for 
RNA- seq was performed for 56 samples having both WES and RNA- 
seq data from TMDU Medical Hospital by Genome Analysis ToolKit 
(GATK).13 AEI genes were defined as those bearing more than two 
SNVs that exhibited significant differences in allele frequency in 
reading transcripts of >30 between tumor and nontumor tissues. 
We excluded genes coded on chromosomes X and Y in this analysis 
due to X inactivation in females and frequent somatic loss of Y in 
cancer.

F I G U R E  1   Somatic variants detected by WES in 88 Japanese esophageal squamous cell carcinoma (ESCC) cases. A, The number of 
detected SNVs and insertions and deletions (indels) (vertical axis) in each sample (horizontal axis). B, The matrix of detected variants colored 
by the type of variant. Each row represents a gene and each column represents an individual sample. Blue, nonsynonymous SNVs; red, 
nonsense SNVs; purple, indels; green, splice- site SNVs; beige, copy number amplification; yellow, copy number loss. C, Copy number profiles 
analyzed by GISTIC2 across 88 ESCC samples. The left and right panels indicate the profiles of copy number amplification and copy number 
loss, respectively
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2.5 | Data visualization

The protein schematics were visualized using ProteinPaint (https://
prote inpai nt.stjude.org/).14 Sequence read data were visualized 
using Integrated Genomics Viewer (IGV).15- 17

3  | Result s

3.1 | Somatic variants and copy number alterations 
in Japanese ESCC samples

Tumor and paired nontumor DNA from 88 Japanese patients with 
ESCC was subjected to WES. The details of sequencing statistics for 
WES are shown in Table S1. Nonsynonymous somatic variants (NSVs), 
defined as SNVs, splice sites that are flanking regions of exon- intron 

junctions and frameshift insertions and deletions (indels) in this study, 
and copy number alterations were detected by the procedures de-
scribed in the Materials and Methods section. A total of 9301 vari-
ants were identified, of which 9138 were single- nucleotide alterations 
and 163 were frameshift indels. The mean number of variants was 
105 (range of 29- 405). The number of variants in each sample was 
plotted in Figure 1A, and the details of variants are shown in Table 
S2. The most frequently NSV- detected gene was TP53 (74/88, 84%), 
followed by TTN (41%), NOTCH1 (19%), MUC16 (19%), CSMD3 (18%), 
LRP1B (16%), PCLO (16%), CDKN2A (14%), HYDIN (13%), ZNF750 (13%), 
NFE2L2 (11%), SYNE1 (11%), and MUC4 (11%).

Exome- based copy number profiling was performed by 
GISTIC2. NSVs and copy number alterations in genes involved in 
the RTK/PI3K pathway, NOTCH family, and NFE2L2 pathway were 
detected in a mutually exclusive manner (Figure 1B). Copy number 
profiles analyzed by GISTIC2 across 88 ESCC samples were plotted 
in Figure 1C. Copy number alteration status of all genes is shown 
in Table S3. Copy number amplifications were frequently found at 
four hotspot regions: 11q13.3(57%, 50/88), 8q24.21(34%, 30/88), 

TA B L E  1   Frequently amplified genes identified by GISTIC 
analysis

Gene Cytoband
Number of 
samples

FGF3 11q13.3 50

ANO1 11q13.3 49

FADD 11q13.3 49

PPFIA1 11q13.3 49

CTTN 11q13.3 49

SHANK2 11q13.3 47

FGF19 11q13.3 45

FGF4 11q13.3 45

CCND1 11q13.3 43

ORAOV1 11q13.3 43

TPCN2 11q13.3 39

MYEOV 11q13.3 39

MRGPRF 11q13.3 31

PVT1 8q24.21 30

IGHMBP2 11q13.3 30

MRGPRD 11q13.3 30

ATP11B 3q26.33 28

PCAT1 8q24.21 28

PRNCR1 8q24.21 28

CCAT1 8q24.21 28

CCAT2 8q24.21 28

POU5F1B 8q24.21 28

MYC 8q24.21 28

TA B L E  2   Frequently deleted genes identified by GISTIC analysis

Gene Cytoband
Number of 
samples

CDKN2A 9p21.3 30

MTAP 9p21.3 27

C9orf53 9p21.3 27

CDKN2B 9p21.3 27

DMRTA1 9p21.3 20

ELAVL2 9p21.3 12

LRP1B 2q22.1 11

IFNE 9p21.3 8

ROCK1P1 18p11.32 8

CIDECP 3p25.3 7

FBXW7 4q31.3 7

DEFB103A 8p23.1 7

DEFB103B 8p23.1 7

DEFB109P1B 8p23.1 7

DEFB4B 8p23.1 7

FAM66B 8p23.1 7

SPAG11B 8p23.1 7

USP17L1P 8p23.1 7

USP17L4 8p23.1 7

ZNF705G 8p23.1 7

IFNA1 9p21.3 7

F I G U R E  2   Somatic variants in NOTCH1. A, Comparison of variant frequency between Japanese esophageal squamous cell carcinoma 
(ESCC) and The Cancer Genome Atlas (TCGA) data. Each gene is represented as a dot. The x- axis indicates the frequency in Japanese ESCC. 
The y- axis indicates the frequency in TCGA ESCC. The left panel indicates the frequencies of genes detected in more than 5% of our samples 
and TCGA ESCC. The right panel is an enlarged panel of a part of the left panel. B, Schematic of variant types and positions in NOTCH1 
protein. The colors inside the square frame indicate protein motifs corresponding to a note on the bottom. The colors of the dots indicate 
the types of variants. Blue, missense; orange, nonsense; red, frameshift; purple, splice region. C, Effects of somatic variants in NOTCH1 and 
NOTCH3 on overall survival in a pooled data of our and Sawada et al.’s ESCC samples. The P- value was calculated by the log- rank test.

https://proteinpaint.stjude.org/).
https://proteinpaint.stjude.org/).
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3q26.33(32%, 28/88), and 7q22.1(15%, 13/88) (Table 1). The re-
gion most frequently affected was 11q13, which was observed in 
approximately half of our ESCC cases and contains CCND1, which 
has been reported to be amplified in many types of cancer. In ad-
dition to the above, 8q24.21 and 3q26.33, respectively, contain 
MYC and SOX2, which have also been reported to be frequently 
amplified in many cancers, including ESCC.4- 6 Copy number loss 
was frequently found at 9p21.3(34%, 30/88), where CDKN2A 
and CDKN2B genes locate, which has been previously reported in 
Japanese ESCC samples7 (Table 2). Loss of heterozygosity (LOH) 
variants were identified using VarScan, and we found that the 
RTK/PI3K pathway and NOTCH pathways, where NSVs were fre-
quently detected, had variants with LOH, which were also similar 
to the previous study.7 The details of identified variants with LOH 
were provided in Table S4.

3.2 | Notch family somatic variants in ESCC

To examine the difference in NSV frequencies between Japanese and 
non- Japanese ESCCs, we compared our results with TCGA esophageal 
cancer data. The TCGA database provided data of 95 cases of ESCC. 
The somatic variant frequencies of each gene in ESCC are shown in 
Figure 2A. Mutated genes previously reported in ESCC, such as TP53, 
NOTCH1, PIK3CA, and NFE2L2, were also detected in our cases.

Among them, we focused on NOTCH1 whose variants were 
detected frequently both in our ESCC cases and in TCGA ESCC 
cases. All amino acid alterations in NOTCH1 were localized in the N- 
terminal side of the transactivating domain, and 70% of alterations 
(12/17) were missense (Figure 2A). In other NOTCH family genes, 
NOTCH2, NOTCH3, and NOTCH4, the amino acid alterations were 
identified without location bias (Figure S1a). We evaluated the ef-
fects of NOTCH1 variants on overall survival. There was, however, 
no significant correlation (Figure S1b). To compare with other co-
horts, we performed the log- rank test using individual ESCC pa-
tient data obtained from Sawada et al.’s study7 (N = 144) and TCGA 
(N = 94), but no similar trends were found among these three groups 
(Table S5). To improve statistical power by increasing sample size, 
we performed a pooled analysis18,19 using our and Sawada et al.’s 
Japanese ESCC samples. The Kaplan- Meier plot of NOTCH1 was 
similar to the result using only TMDU- JFCR cases, although not sig-
nificantly (P = .4), and we found that the cases with NOTCH3 vari-
ants (N = 18) had a significantly (P = .02) worse prognosis than those 
without variants (N = 214) (Figure 2C). The results of the log- rank 
test of all genes using TMDU- JFCR and Sawada et al.’s samples are 
provided in Table S6.

3.3 | Mutational signature analysis of 
Japanese ESCC

Base substitution patterns of somatic variants (mutational signature) 
are considered to reflect tumor types or exogenous or endogenous 
mutagen exposure.20 Therefore, we analyzed mutational signatures 
using 12 415 SNVs (including synonymous SNVs) detected in 88 
Japanese ESCC cases. As a result, 44% (5510 SNVs) of SNVs were 
C>T transitions. In addition, C>G transversions flanked by a 5′ thy-
mine and any 3′ nucleotide (TCN>TGN) were identified frequently 
(1611 SNVs, 13%).

To classify our cases by mutational signatures, we performed 
cluster analysis using substitution patterns of each ESCC. The sam-
ples were clustered into two distinct groups (Figure 3A). The muta-
tion spectra of each cluster obtained by cluster analysis are shown in 
Figure 3B. The cluster 1 spectrum exhibited an APOBEC- associated 
signature, and the cluster 2 spectrum corresponded to the age- 
related COSMIC signature 1.20

Furthermore, we evaluated the correlation between mutational 
signature and overall survival. Although not significant (P = .1), the 
cases with an APOBEC- associated signature (N = 37) had a slightly 
better prognosis than those without an APOBEC- associated signa-
ture (N = 51) (Figure 3C).

3.4 | DNA methylation profile and its correlation 
with gene expression of imprinted genes

Alterations of the DNA methylation status of human imprinted genes 
have been implicated in tumorigenesis. To clarify the DNA methyla-
tion profile and its correlation with gene expression of human im-
printed genes in ESCC, we analyzed epigenomic and transcriptomic 
profiles integratively.

We previously reported the genome- wide DNA methyla-
tion analysis of 67 Japanese ESCC cases using Illumina Infinium 
HumanMethylation450 BeadChip (HM450) to explore lymph node 
metastasis biomarkers in ESCC.11 First, we reanalyzed the DNA meth-
ylation data by the procedures described in Materials and Methods. As 
a result, the average numbers of hyper-  and hypomethylated CpG sites 
were 2122 (range 46- 13 557) and 2468 (range 38- 16 248), respectively. 
The details of CpG sites used in this study are provided in Table S7.

We further examined the degree of DNA methylation alteration 
of imprinted genes by the procedures described in Materials and 
Methods, and the results are shown in Figure 4. Among a total of 1572 
CpG sites in 87 imprinted genes, 63% (998/1572) of CpG sites in pro-
moter regions were significantly hyper-  or hypomethylated in tumor 

F I G U R E  3   Mutational signature analysis in Japanese esophageal squamous cell carcinoma (ESCC). A, Clustering heat map of substitution 
patterns. Each row represents a substitution pattern. Substitution patterns are divided into 96 patterns defined by the substituted base with 
flanking 5′ and 3′ nucleotides. Each column represents an individual sample. Color density is proportional to the frequency of substitution 
patterns. B, Mutation spectra of each cluster divided by clustering analysis. The x- axis indicates 96 substitution patterns. The y- axis indicates 
the number of CpG sites. C, Effects of an APOBEC- associated signature on overall survival. Samples with an APOBEC- associated signature 
correspond to cluster 1. The P- value was calculated by the log- rank test.
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samples compared with paired nontumor samples (q- values ≤ 0.05, 
Wilcoxon signed- rank test). In order to compare other functions or 
pathways, 912 gene sets extracted from MSigDB HALLMARK,21 
KEGG,22- 24 REACTOME,25,26 and COSMIC27 databases were eval-
uated by the same procedure, revealing human imprinted genes to 
be highly altered (q- value = 7.76 × 109, hypergeometric distribution) 
(Figure 4B,C). The results of the top 50 and all gene sets are listed in 
Table 3 and Table S8, respectively.

In individual patients, hyper-  or hypomethylated CpG sites 
were enriched in imprinted genes compared with tumor suppressor 
genes, such as APC, CDH1, and CDKN2A, which are well known to be 
involved in aberrant DNA methylation in tumors, including ESCC21 
(Figure 4D). The heatmaps of DNA methylation alteration also 
demonstrated a significant difference in methylation status of im-
printed genes compared with tumor suppressor genes (Figure 4E,F).

Next, we examined the correlations between delta- beta values 
and gene expression changes between 57 paired tumors and non-
tumor samples with both HM450 and RNA- seq data. The details 
of expression fold changes for all genes are provided in Table S9. 
In imprinted genes, 6.5% of CpG sites were negatively correlated 
(Pearson correlation coefficient ≤ - .3) between delta- beta values 
and gene expression fold changes, which were higher in the gene 
sets with more DNA methylation alterations, suggesting that DNA 
methylation changes affect gene expression (Table 3). CpG probe ID 
cg04029027 located in the promoter region of MEST (PEG1), a well- 
known imprinted gene, exhibited a significant negative correlation 
between DNA methylation and gene expression (Pearson correla-
tion coefficient = - .55) (Figure 4G). Another example of an imprinted 
gene, BLCAP, is shown in Figure 4H. CpG probe ID cg21733794 lo-
cated in the promoter region of BLCAP demonstrated a similar sig-
nificant negative correlation (Pearson correlation coefficient = - .67).

3.5 | Analysis of AEI in Japanese ESCC

In previous studies, several cancer related genes were found to be 
involved in AEIs not only in lung, breast, and liver cancers22- 24 but 

also in several cancer cell lines.25,26 However, the genome- wide 
profiles of AEIs remain unclear in Japanese ESCC. We analyzed 
AEIs using the data from 56 ESCC cases in a Japanese popula-
tion as described in the Materials and Methods section. In this 
study, nonsynonymous AEI genes were defined as genes whose 
transcripts were predominantly expressed from only one allele 
harboring nonsynonymous variants and little from the paired al-
lele, and a total of 1567 AEI genes (range 0- 104/cases) were iden-
tified, of which 1015 were nonsynonymous AEI genes (Figure 5A). 
Frequently detected nonsynonymous AEI genes are listed in 
Table 4.

Of these, we focused on FAT family genes because several 
mutations have been reported in ESCC.5,6 AEIs and SNVs of 
FAT1 and FAT2 genes were detected without hot- spot regions 
(Figure 5B). One ESCC example, sample ID 49, in which AEI oc-
curred in FAT2, is shown in Figure 5C. Of 10 AEI variants support-
ing the existence of AEI in FAT2 in this case, four representative 
genomic positions (chr5: 150930345, 150925728, 150924769, 
and 150901261) are shown. WES data demonstrated that both 
alleles existed in tumor and nontumor tissues, suggesting no so-
matic variant at the genomic position. However, FAT2 was tran-
scribed from only one allele harboring a nonsynonymous variant 
in the tumor even though FAT2 was transcribed from both alleles 
in nontumor tissues. Of note, based on HM450 data obtained in 
our previous study,27 methylation levels of CpGs located in the 
FAT2 promoter region differed little between tumor and nontu-
mor tissues (Table S10), suggesting that allelic loss or DNA hy-
permethylations in promoter regions did not cause AEI, although 
the mechanism of AEI of FAT2 has not been clarified. In addition, 
32% (18/56) of ESCC cases with nonsynonymous SNVs or AEI in 
FAT family genes tended to be detected in a mutually exclusive 
manner, although not significantly, particularly between FAT1 
and FAT2 (Figure 5D). Our study using the combination of WES 
and RNA- seq revealed the skewed allelic expression of FAT fam-
ily genes involved in their genetic variants causing amino acid 
alterations. The details of identified AEI positions were provided 
in Table S11.

F I G U R E  4   DNA methylation status of imprinted genes and its correlation with gene expression. A, A scheme for the evaluation of 
DNA methylation alterations. DNA methylation alteration of each GpG site between tumors and paired nontumors was assessed using the 
Wilcoxon signed- rank test. CpG sites with q- values < 0.05 were treated as significantly altered CpG sites. Enrichment of significant CpG 
sites in a gene set was tested using hypergeometric distribution. The gene sets with q- values < 0.05 were treated as DNA methylation– 
enriched gene sets. Alteration scores = – log10(q- values). Correlations between delta- beta and gene expression fold change from RNA 
sequencing (RNA- seq) were assessed using Pearson correlation coefficients. Pat, patient; NS, not significant. B, Alteration scores of 913 
gene sets including imprinted genes. The bar color indicates the degree of correlation between delta- beta and gene expression fold change. 
Red, more than 10% of CpG sites are negatively correlated (Pearson correlation coefficient ≤ - .3); orange, more than 5% of CpG sites are 
negatively correlated; blue; <5% of CpG sites are negatively correlated. C, Alteration scores of the top 100 gene sets. D, Methylation status 
changes of individual patients in imprinted genes and tumor suppressor genes. Each dot indicates an individual patient. The y- axis indicates 
the percentage of hyper-  or hypomethylated CpG sites. Blue; hypermethylated; orange, hypomethylated. E, Clustering heat map of CpG 
sites in imprinted genes. Red, sky blue, and gray indicate hypermethylation (delta- beta >0), hypomethylation (delta- beta <0), and no change, 
respectively. Color density is proportional to the delta- beta values. Each row indicates a CpG site, and each column indicates an individual 
sample. F, Clustering heat map of CpG sites in tumor suppressor genes. G, Correlation between delta- beta of CpG site cg04029027 and 
gene expression in MEST (PEG1). The x- axis and y- axis indicate delta- beta in HM450 and fold change (log2) in RNA- seq, respectively. Each 
sample is represented as a dot. The P- value was calculated by the test for noncorrelation. H, Correlation between delta- beta of CpG site 
cg21733794 and gene expression in BLCAP
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TA B L E  3   Top 50 gene sets significantly enriched in DNA methylation alterations

Database Gene set
Genes in 
gene set

CpG sites 
in gene 
set

Significant CpG 
sites in gene set P- value q- value

Methylation- 
expression– correlated 
CpGs (%)

REACTOME SIGNALING- BY- GPCR 829 4685 2814 0 0 2.6

KEGG OLFACTORY- 
TRANSDUCTION

320 887 751 0 0 0.6

KEGG CYTOKINE- CYTOKINE- 
RECEPTOR- INTERACTION

244 1327 792 0 0 3.3

REACTOME NEURONAL- SYSTEM 274 2249 1227 0 0 2.4

REACTOME PEPTIDE- LIGAND- 
BINDING- RECEPTORS

181 1100 743 0 0 2.6

KEGG HEMATOPOIETIC- CELL- 
LINEAGE

82 443 279 0 0 6.3

KEGG AUTOIMMUNE- THYROID- 
DISEASE

39 241 158 0 0 5.4

REACTOME GABA- A- RECEPTOR- 
ACTIVATION

12 131 99 0 0 0.0

REACTOME G- ALPHA- S- SIGNALLING- 
EVENTS

117 932 515 2.34E- 11 2.38E- 
09

2.5

REACTOME SEROTONIN- RECEPTORS 12 87 72 4.67E- 11 4.06E- 
09

0.0

REACTOME DEFENSINS 39 126 114 4.90E- 11 4.06E- 
09

0.7

REACTOME IMMUNOREGULATORY- 
INTERACTIONS- 
BETWEEN- A- LYMPHOID- 
AND- A- NON- LYMPHOID- 
CELL

60 389 259 6.62E- 11 5.04E- 
09

7.9

REACTOME NEUROTRANSMITTER- 
RECEPTOR- BINDING- 
AND- DOWNSTREAM- 
TRANSMISSION- IN- THE- 
POSTSYNAPTIC- CELL

133 1062 594 9.14E- 11 6.22E- 
09

2.5

REACTOME GPCR- LIGAND- BINDING 388 2599 1590 9.54E- 11 6.22E- 
09

2.9

KEGG ASTHMA 28 150 112 1.12E- 10 6.83E- 
09

4.0

REACTOME CLASS- A1- RHODOPSIN- 
LIKE- RECEPTORS

289 1760 1160 1.30E- 
10

7.17E- 09 2.8

REACTOME AMINE- DERIVED- 
HORMONES

14 103 80 1.35E- 10 7.17E- 09 0.0

REACTOME LIGAND- GATED- ION- 
CHANNEL- TRANSPORT

21 197 140 1.56E- 10 7.17E- 09 0.0

REACTOME TRANSLOCATION- OF- ZAP- 
70- TO- IMMUNOLOGICAL- 
SYNAPSE

13 65 56 1.67E- 10 7.17E- 09 2.9

KEGG NEUROACTIVE- LIGAND- 
RECEPTOR- INTERACTION

265 1817 1175 1.67E- 10 7.17E- 09 1.9

REACTOME AMINE- LIGAND- BINDING- 
RECEPTORS

36 247 169 1.72E- 10 7.17E- 09 0.8

REACTOME G- ALPHA- I- SIGNALLING- 
EVENTS

187 1296 765 1.73E- 10 7.17E- 09 3.0

REACTOME GPCR- DOWNSTREAM- 
SIGNALING

721 3876 2456 1.95E- 10 7.51E- 09 2.4

(Continues)
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Database Gene set
Genes in 
gene set

CpG sites 
in gene 
set

Significant CpG 
sites in gene set P- value q- value

Methylation- 
expression– correlated 
CpGs (%)

REACTOME TRANSMISSION- ACROSS- 
CHEMICAL- SYNAPSES

182 1508 817 1.97E- 10 7.51E- 09 2.4

REACTOME BETA- DEFENSINS 31 101 92 2.16E- 10 7.76E- 09 0.0

REACTOME ION- CHANNEL- TRANSPORT 54 421 258 2.28E- 10 7.76E- 09 4.3

REACTOME G- ALPHA- Q- SIGNALLING- 
EVENTS

175 1189 699 2.37E- 10 7.76E- 09 4.5

Babak et al. 
Nat. Genet.

Imprinted genes 87 1572 998 2.38E- 
10

7.76E- 09 6.5

REACTOME GASTRIN- CREB- 
SIGNALLING- PATHWAY- 
VIA- PKC- AND- MAPK

196 1356 760 2.65E- 10 8.33E- 
09

4.5

KEGG GRAFT- VERSUS- HOST- 
DISEASE

37 235 166 2.76E- 10 8.41E- 
09

5.5

KEGG ALLOGRAFT- REJECTION 35 238 155 3.22E- 10 9.30E- 
09

5.4

REACTOME OLFACTORY- SIGNALING- 
PATHWAY

264 647 616 3.26E- 10 9.30E- 
09

0.0

KEGG TYPE- I- DIABETES- MELLITUS 41 309 195 3.80E- 
10

1.05E- 
08

4.2

HALLMARK KRAS- SIGNALING- DN 197 1394 786 4.13E- 10 1.11E- 
08

5.2

REACTOME CHEMOKINE- RECEPTORS- 
BIND- CHEMOKINES

53 267 186 4.57E- 10 1.19E- 
08

3.0

REACTOME POTASSIUM- CHANNELS 98 805 451 5.13E- 10 1.30E- 
08

2.5

KEGG CELL- ADHESION- 
MOLECULES- CAMS

130 912 504 5.75E- 10 1.42E- 
08

6.2

REACTOME GAP- JUNCTION- ASSEMBLY 18 148 104 7.38E- 10 1.77E- 
08

18.9

KEGG COMPLEMENT- AND- 
COAGULATION- 
CASCADES

68 327 202 9.00E- 10 2.11E- 
08

4.0

REACTOME ORGANIC- CATION- ANION- 
ZWITTERION- TRANSPORT

13 112 81 3.06E- 
09

6.98E- 
08

0.9

HALLMARK ALLOGRAFT- REJECTION 197 1411 740 4.00E- 
09

8.91E- 
08

7.2

REACTOME INCRETIN- SYNTHESIS- 
SECRETION- AND- 
INACTIVATION

21 162 109 6.56E- 
09

1.43E- 
07

0.6

KEGG DRUG- METABOLISM- 
CYTOCHROME- P450

67 334 201 1.06E- 
08

2.26E- 
07

15.4

REACTOME O- LINKED- 
GLYCOSYLATION- OF- 
MUCINS

53 346 207 1.28E- 
08

2.66E- 
07

3.5

KEGG INTESTINAL- IMMUNE- 
NETWORK- FOR- IGA- 
PRODUCTION

46 276 169 2.81E- 
08

5.71E- 
07

4.3

REACTOME GABA- RECEPTOR- 
ACTIVATION

52 455 261 4.59E- 
08

9.03E- 
07

2.0

TA B L E  3   (Continued)
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4  | Discussion

In this study, we revealed the landscape of genomic, DNA- 
methylation, and gene- expression profiles in ESCCs in a Japanese 
population by omics analyses. In WES analysis, SNVs and focal 
amplification in the RTK/PI3K pathway, NOTCH family, and 
NFE2L2 pathway were detected in a mutually exclusive manner 
in our ESCC cases. The TCGA Research Network demonstrated 
that most ESCC cases are classified into two subtypes by multi-
omics profiles: One is characterized by mutations in the NFE2L2 
pathway and the other is characterized by mutation of NOTCH1 
or ZNF750.4 This report is consistent with our study. Moreover, 
our study suggested the existence of a subtype characterized by 
genomic alterations in RTK/PI3K pathway genes in addition to the 
two subtypes mentioned above.

We found that 26% (23/88) of ESCC cases harbored somatic 
variants in NOTCH family genes, similar to previous reports.4- 7 
The effects of NOTCH1 variants are context dependent. For exam-
ple, NOTCH1 variants in the hematopoietic system are frequently 
detected on the C- terminal PEST domain and are considered to 
be gain- of- function.28- 30 On the other hand, NOTCH1 variants in 
several solid tumors are loss- of- function.31- 34 Consequently, the 
variants we identified in our ESCC cases are probably loss- of- 
function variants. ESCC caused by the lack of NOTCH functions 
may be less malignant than ESCC caused by other factors because 
the cases with NOTCH1 variants had a better prognosis than those 
without NOTCH1 variants, although not significantly (Figure 2C). 
Indeed, a recently published study found a marked overrepresen-
tation of NOTCH1 mutations in physiologically normal esophageal 
epithelia compared with ESCC.35 The presence of NOTCH1 vari-
ants can accelerate carcinogenesis, but the correlation between 
ESCC malignancy and presence of NOTCH1 variants remains un-
clear. Furthermore, the cases with NOTCH3 variants had a signifi-
cantly worse prognosis than those without variants (Figure 2C). 
Although the relevance between NOTCH3 variants and prognosis 
is still unknown, it has been reported that NOTCH3 downregu-
lation decreases chemotherapy sensitivity through activation 
of epithelial- mesenchymal transition (EMT), which may lead to 
worsening prognosis.36 Considering that numerous mutations 

Database Gene set
Genes in 
gene set

CpG sites 
in gene 
set

Significant CpG 
sites in gene set P- value q- value

Methylation- 
expression– correlated 
CpGs (%)

KEGG STEROID- HORMONE- 
BIOSYNTHESIS

51 304 183 4.65E- 
08

9.03E- 
07

6.2

REACTOME GENERATION- OF- SECOND- 
MESSENGER- MOLECULES

26 133 90 8.37E- 
08

1.59E- 
06

2.2

REACTOME COMPLEMENT- CASCADE 28 116 80 1.23E- 
07

2.29E- 
06

0.9

REACTOME PHOSPHORYLATION- OF- 
CD3- AND- TCR- ZETA- 
CHAINS

15 64 49 2.24E- 
07

4.09E- 
06

2.9

TA B L E  3   (Continued)

TA B L E  4   Frequently identified nonsynonymous allelic 
expression imbalance (AEI) genes

Gene Location
Number of 
samples

TNC 9q33.1 14

SERPINB5 18q21.33 11

CTNNAL1 9q31.3 8

KIAA0368 9q31.3 8

FAT2 5q33.1 8

TBC1D2 9q22.33 7

AHNAK2 14q32.33 7

HGS 17q25.3 7

MAP3K1 5q11.2 7

SETX 9q34.13 7

SVIL 10p11.23 7

SPINK5 5q32 7

KANK1 9p24.3 6

TMEM245 9q31.3 6

LRRFIP1 2q37.3 5

FRMD4B 3p14.1 5

CDH3 16q22.1 5

PSMB6 17p13.2 5

PI4K2B 4p15.2 5

PSD3 8p22 5

PDCD6IP 3p22.3 5

PTPN13 4q21.3 5

IKBKAP 9q31.3 5

UBP1 3p22.3 5

FAT1 4q35.2 5

PTBP3 9q32 5

DSC3 18q12.1 5

GNL3 3p21.1 5

MKI67 10q26.2 5

CCDC137 17q25.3 5

ITGB4 17q25.1 5
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in NOTCH family in solid tumors have been reported as loss- of- 
function,31- 34 we think our result supports these findings.

Approximately half of our ESCC cases had an APOBEC- 
associated mutational signature, consistent with previous studies.7,8 
However, nonsynonymous variants in APOBEC1 were detected in 
only two cases, and no variants in other APOBEC family genes were 
detected in our ESCC cases. Roberts et al. reported that an APOBEC- 
associated mutational signature is correlated with APOBEC mRNA 
levels; however, the association was relatively low, so they suggested 
that other factors play a role in an APOBEC- associated mutational 
signature.37 In our ESCC cases, we found no significant correlations 
between an APOBEC- associated mutational signature and mRNA 
expression levels of APOBEC family genes (Figure S2). Further anal-
ysis is required to identify factors causing an APOBEC- associated 
mutational signature.

We demonstrated that the profiles of DNA methylation and 
gene expression are aberrant in imprinted genes in ESCCs. Although 
loss of imprinting (LOI) of imprinted genes was previously reported 
in cancer,38- 40 we newly identified that the aberration levels of 
DNA methylation and gene expression are higher across the im-
printed genes than in other gene sets in ESCCs. In particular, LOI of 
MEST (PEG1) has been reported in breast cancer41 and lung cancer 
cell lines,42 and our study demonstrated LOI of MEST in our ESCC 
cases. Although we were unable to detect alteration of AEI status in 
MEST due to limitations of AEI analysis using RNA- seq data, LOI and 
skewed allelic expression of the MEST gene may play important roles 
in ESCC tumorigenesis.

Although AEI has been reported in several cancer- related 
genes, few genome- wide analyses of AEI in cancer have been re-
ported. As RNA- seq analysis can widely detect AEI genes, we per-
formed genome- wide AEI analysis of ESCCs in Japanese patients. 
As a result, 21% (12/56) of ESCC tumors had allele- specific tran-
scripts in FAT1 and FAT2 genes. The AEI of FAT family genes has 
not been reported in ESCC, although FAT2 AEI was reported in 
oral squamous cell carcinoma43 and Lin et al. previously reported 
that ESCC frequently harbors exclusive truncations in FAT1, FAT2, 
and FAT3 in a mutually exclusive manner.5 One possible cause of 
AEI is LOH. Indeed, frequent LOH of the FAT1 locus was reported 
previously in astrocytic tumors.44 However, all ESCCs with AEI in 
FAT1 or FAT2 had no LOH in these loci because sequence reads 
of these samples by WES suggested the existence of both al-
leles (Figure 5B and Figure S3). Furthermore, silencing of FAT1 
or FAT2 genes due to DNA methylation was not detected except 

in one case (Table S10), suggesting that AEI genes are induced in 
an epigenetic manner, including histone modification other than 
DNA methylation in the ESCCs we analyzed. Indeed, Inoue et al. 
reported that DNA methylation– independent allele- specific ex-
pression is caused by maternal histone H3K27 trimethylation in 
mice.45 Further exploration, including histone modification anal-
ysis, is required to elucidate the mechanism of AEI involved in 
FAT1 and FAT2 in ESCCs.

FAT family genes encode transmembrane proteins and mem-
bers of the cadherin superfamily. It is generally assumed that FAT 
family genes are tumor suppressor genes.46 Several nonsynony-
mous variants in FAT family genes were previously reported, and 
most of them are loss- of- function variants.5,47 Thus, nonsynony-
mous AEI of FAT family genes identified in this study may result 
in functional loss of these genes, which leading to ESCC tumor-
igenesis. RNA- seq analysis enabled us to detect nonsynonymous 
AEI of FAT family genes in 21% (12/56) of our ESCC cases. On the 
other hand, WES detected SNVs only in 10% (6/56). However, the 
correlation between variants or AEI in FAT family genes and clinical 
information has not been clarified (Figure S4). The combination of 
WES and RNA- seq analyses is required to identify the precise func-
tional status of FAT family genes.

In this study, we performed integrative genome, DNA- 
methylation, and gene expression analyses, and identified the 
landscape of genome and epigenome profiles in Japanese ESCCs. 
Integrative analysis of multiomics data is a powerful tool for genome 
medicine and cancer biology.
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F I G U R E  5   Analysis of allelic expression imbalance (AEI). A, The number of genes with AEI (vertical axis) in each sample (horizontal 
axis). The blue bar represents nonsynonymous AEI genes, which express transcripts with predominantly amino acid alterations. The red 
bar represents synonymous AEI genes without subsequent amino acid alterations. B, Schematics of amino acid alterations caused by SNVs 
and AEI in FAT1 and FAT2 proteins. The colors inside the square frame indicate protein motifs corresponding to a note on the right side. 
The colors of the dots indicate the types of amino acid changes caused by somatic variants or AEI. Blue, missense; red, frameshift; green, 
nonsense; black, AEI. C, RNA sequencing (RNA- seq) and WES data of FAT2 nucleotide alterations suggested AEI in a Japanese esophageal 
squamous cell carcinoma (ESCC) patient (sample ID 49) visualized by integrative genomics viewer (IGV). The gray area indicates aligned 
sequence reads and the horizontal axis indicates genomic coordinates. Other colors indicate nucleotides differing from reference sequences. 
Red, thymine; brown, guanine; green; adenine; blue, cytosine. D, The matrix of detected variants and nonsynonymous AEI in FAT family 
genes [Correction added on 19 August 2021, after first online publication: Figure 5C has been corrected.]
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