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Abstract
External auditory canal squamous cell carcinoma (EACSCC) is an extremely rare and 
aggressive malignancy. Due to its rarity, the molecular and genetic characteristics of 
EACSCC have not yet been elucidated. To reveal the genetic alterations of EACSCC, 
we performed whole exome sequencing (WES) on 11 primary tumors, 1 relapsed 
tumor and 10 noncancerous tissues from 10 patients with EACSCC, including 1 with 
a rare case of synchronous bilateral EACSCC of both ears. WES of the primary tumor 
samples showed that the most frequently mutated gene is TP53 (63.6%). In addition, 
recurrent mutations in CDKN2A, NOTCH1, NOTCH2, FAT1 and FAT3 were detected in 
multiple samples. The mutational signature analysis of primary tumors indicated that 
the mutational processes associated with the activation of apolipoprotein B mRNA-
editing enzyme catalytic polypeptide-like (APOBEC) deaminases are the most com-
mon in EACSCC, suggesting its similarity to SCC from other primary sites. Analysis of 
arm-level copy number alterations detected notable amplification of chromosomes 
3q, 5p and 8q as well as deletion of 3p across multiple samples. Focal chromosomal 
aberrations included amplifications of 5p15.33 (ZDHHC11B) and 7p14.1 (TARP) as well 
as deletion of 9p21.3 (CDKN2A/B). The protein expression levels of ZDHHC11B and 
TARP in EACSCC tissues were validated by immunohistochemistry. Moreover, WES 
of the primary and relapsed tumors from a case of synchronous bilateral EACSCC 
showed the intrapatient genetic heterogeneity of EACSCC. In summary, this study 
provides the first evidence for genetic alterations of EACSCC. Our findings suggest 
that EACSCC mostly resembles other SCC.
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1  | INTRODUC TION

External auditory canal squamous cell carcinoma (EACSCC) is a 
rare and aggressive malignant disease originating from squamous 
epithelial cells of the external auditory canal, which reportedly 
occurs in 1 to 6 cases out of 1 000 000 individuals per year, with 
poor overall survival.1-5 Because of its rarity, an evidence-based 
treatment strategy for EACSCC has not yet been established; 
thus, it is clinically and biologically important to elucidate the mo-
lecular characteristics of EACSCC to discover novel therapeutic 
targets.

Recent studies based on next-generation sequencing technolo-
gies have identified genetic drivers of rare malignancies, resulting 
in the discovery of therapeutic vulnerabilities and clinical biomark-
ers.6,7 For EACSCC, a previous study using gene expression pro-
filing identified the long noncoding RNA lnc-MMP3-1 as a novel 
prognostic biomarker.8 However, the genetic basis of EACSCC and 
the mechanism that contributes to the development and progres-
sion of EACSCC remain poorly understood, in contrast to SCC from 
other primary sites, such as head and neck SCC (HNSCC)9 and cu-
taneous SCC.10

Here, we report genetic abnormalities in EACSCC for the first 
time. Using whole exome sequencing (WES) and bioinformatics anal-
yses, we uncovered the genetic alterations of 10 primary EACSCC 
cases. Moreover, by analyzing an extremely rare case of synchro-
nous bilateral primary EACSCC (ie, primary EACSCC of both ears) 
and a locally relapsed tumor, we revealed the intrapatient hetero-
geneity of EASCC, which is key to understanding its molecular basis 

and developing a therapeutic strategy for EACSCC. We also discuss 
the genetic characteristics of EACSCC by comparing them with 
those of SCC from other primary sites in this study.

2  | MATERIAL S AND METHODS

2.1 | Ethics statement

The protocol of this study was reviewed and approved by the institutional re-
view boards and ethics committees of Kyushu University (Protocol Number: 
700-2 and 30-268). All experiments with human samples were conducted 
according to the principles expressed in the Declaration of Helsinki.

2.2 | Patients and sample collection

Ten patients who provided written informed consent were en-
rolled in this study. All patients were diagnosed with EACSCC 
and treated at Kyushu University Hospital Department of 
Otorhinolaryngology Head and Neck Surgery from September 
2015 to March 2019. Tumor clinical stage was defined using the 
modified Pittsburgh classification.11 Surgically resected or biopsy 
samples of EACSCC and matched peripheral blood samples were 
obtained from the patients. Among 10 patients, patient T939 was 
diagnosed with synchronous bilateral primary EACSCC of both 
ears. The primary tumor samples were obtained by tissue biopsy 
prior to chemoradiotherapy, and recurrent tumor samples in the 

TA B L E  1   The clinicopathological characteristics of EACSCC patients

Patient ID Sex
Age at 
Dx

Primary 
site Clinical stage Differentiation Treatment

210T F 64 L T2N0M0 Well-Mod Surgery (LTBR)

111T F 48 L T4N0M0 Well IC (TPFa ), Preoperative-CRT (CDDP 100 mg/m2 
x2, RT 66Gy), Surgery (LTBR)

097T M 66 R T3N0M0 Well IC (TPF), CRT (CDDP 100 mg/m2 x1, RT 66 Gy)

465T M 79 R T3N0M0 Well Surgery (LTBR), Postoperative-CRT (CDDP 
80 mg/m2 x2, RT 60 Gy)

331T F 78 R T4N1M0 Well CRT (CDDP 64 mg/m2 x2, RT 60 Gy)

704T M 83 L T3N0M0 Well Noneb 

328T F 67 L T1N0M0 Well-Mod IC (TPF), Surgery (LTBR)

501T F 66 R T3N0M0 Well IC (TPF), Surgery (LTBR)

981T F 88 L T3N0M0 Mod CRT (CDDP 64 mg/m2 x2, RT 66 Gy)

939T F 38 L and R L: T2N0M0, R: 
T4N2bM0

Well i.a. Chemotherapy + RT(DTX 60 mg/m2 + CDDP 
70 mg/m2 x2, RT 65.4 Gy), Systemic 
Chemotherapy (FP + Cmabc , Weekly PTX 
80 mg/m2 + Cmab 250 mg/m2)

Abbreviations: CDDP, cisplatin; CRT, chemoradiation therapy; Cmab, cetuximab; DTX, docetaxel; Dx, diagnosis; EACSCC, external auditory canal 
squamous cell carcinoma; F, female; i.a., intra-arterial; IC, induction chemotherapy; L, left; LTBR, lateral temporal bone resection; M, male; Mod, 
moderately differentiated; PTX, paclitaxel; R, right; RT, radiation therapy; Well, well differentiated.
a5-FU (600 mg/m2, days 1-5) + CDDP (60 mg/m2, day 1) + DTX (60 mg/m2, day 1), every 3 weeks, one to two cycles. 
bBest supportive care was selected due to synchronous bile duct cancer. 
c5-FU (800 mg/m2, days 1-4) + CDDP (80 mg/m2, day 1) + Cmab (400 mg/m2 at initial dose, followed by 250 mg/m2, day 1, 8 and 15). 
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right ear were collected. Detailed information on the patients and 
clinicopathological characteristics are described in Table 1. All col-
lected samples were immediately snap-frozen using liquid nitrogen 
and stored at −80°C until DNA extraction. To obtain matched non-
cancerous genomic DNA, we collected peripheral blood mononu-
clear cells (PBMC) from the peripheral blood of the patients.

2.3 | DNA extraction, library preparation and whole 
exome sequencing

The extraction of genomic DNA from the fresh frozen tumor tissues 
and the patient-matched PBMC was conducted using DNeasy Blood 
and Tissue Kits (Qiagen, Chatsworth, CA, USA). Library preparation 
from the extracted DNA and WES were performed at the Beijing 
Genomics Institute (Shenzhen, China). Library preparation was con-
ducted using an Agilent SureSelect All Exon V6 exome capture kit 
(Agilent Technologies, Santa Clara, CA, USA). The captured libraries 
were sequenced using Illumina HiSeq X Ten (Illumina, San Diego, CA, 
USA) with the paired-end 100-bp sequence read option according to 
the manufacturer’s protocols.

2.4 | Alignment and detection of somatic and 
germline variants

The sequence data were processed through the in-house pipeline 
Genomon 2.5.2 (http://genom on.hgc.jp). Briefly, the sequencing 
reads were aligned to the NCBI Human Reference Genome Build 
37 hg19 with BWA version 0.7.8 using default parameters (http://
bio-bwa.sourc eforge.net/). PCR duplicate reads were removed using 
Picard (http://www.picard.sourc eforge.net). Mutation calling was 
performed using the EBCall algorithm12 with the following param-
eters: (a) mapping quality score ≥30; (b) base quality score ≥15; (c) 
both the tumor and normal depths ≥8; (d) variant reads in tumors ≥4; 
(e) variant allele frequency (VAF) in the tumor samples ≥0.05; (f) VAF 
in the normal samples <0.1; (g) minus logarithm of P-value of Fisher’s 
exact test ≥1.3; and (h) minus logarithm of the P-value of EBCall ≥5. 
In patient T939, germline variants in the DNA derived from PBMC 
were detected in the same pipeline. Subsequently, the 122 curated 
pathogenic variants in 48 genes previously reported in a pan-SCC 
study13,14 and disease-associated SNP reported in GWAS cata-
log15 were screened, followed by manual curation using Integrated 
Genomic Viewer (IGV).16

2.5 | Analysis of mutational spectra and signatures

The spectra of single nucleotide variants (SNV) were visualized using 
the R package MutationalPatterns.17 For comparison with the muta-
tional signatures in the Catalogues Of Somatic Mutations In Cancer 
(COSMIC), mutations in the primary tumor samples were allocated 
to mutational patterns in the COSMIC (Mutational Signatures v3 

released in May 2019, https://cancer.sanger.ac.uk/cosmi c/signa 
tures/ SBS) using the same package.

2.6 | Estimation of somatic and germline copy 
number alterations

For estimation of the somatic copy number alterations (CNA) of 
EACSCC cells, CNVkit version 0.9.018 was used on the aligned WES 
data of the primary and metastatic tumors as well as the PBMC. 
The somatic CNA were inferred by applying the standard procedure 
with default parameters (https://cnvkit.readt hedocs.io/en/stabl e/
pipel ine.html). CNA of driver genes in SCC previously reported19 
were examined. The amplified and deleted regions were defined as 
log2-scaled ratios >0.20 and <−0.20, respectively. Subsequently, 
GISTIC220 was used to identify the significantly amplified and 
deleted chromosomal arms and focal regions across the primary 
tumor samples using the segmentation data generated by CNVkit. 
The threshold of the q-value was defined as 0.25. In patient T939, 
the germline CNA of the PBMC sample was estimated using the 
segment file by “call” command with the “--filter ci” option of the 
CNVkit.

2.7 | Targeted sequencing for validation of 
somatic mutations

For patient T939 with bilateral EACSCC, the Ion Ampliseq 
Comprehensive Cancer Panel 2 Kit (Thermo Fisher) was used to vali-
date somatic mutations of TP53 detected by WES according to the 
manufacturer’s instructions.

2.8 | Immunohistochemical analysis

The protein expression levels of TP53, CDKN2A, TARP and 
ZDHHC11B in each EACSCC tissue were evaluated by immuno-
histochemistry (IHC) as previously described.21-23 The antibod-
ies used in this analysis were as follows: TP53 (clone PAb1801, 
Calbiochem), CDKN2A (clone E6H4; CIN Histology Kit, Roche), 
TARP (ab90882, Abcam) and ZDHHC11B (HPA057886, Atlas an-
tibodies). The results of IHC were independently reviewed by two 
pathologists (TH and HY). The IHC status of EACSCC tissues was 
scored as positive or negative for TP53 and CDKN2A, and as high, 
low or negative for TARP and ZDHHC11B. TP53 was considered 
positive when more than 10% of the tumor cells had immunoreac-
tive nuclei.21 CDKN2A was considered positive when more than 
70% of the tumor cells showed strong and diffuse nuclear and 
cytoplasmic staining.24 For TARP and ZDHHC11B, the positivity 
was evaluated by the combination of the following two criteria 
referring to the method previously described.25 First, the propor-
tion was scored according to the percentage of immunoreactive 
tumor cells as follows: negative (0%), 0; focal (1%-50%), 1; and 

http://genomon.hgc.jp
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://www.picard.sourceforge.net
https://cancer.sanger.ac.uk/cosmic/signatures/SBS
https://cancer.sanger.ac.uk/cosmic/signatures/SBS
https://cnvkit.readthedocs.io/en/stable/pipeline.html
https://cnvkit.readthedocs.io/en/stable/pipeline.html


     |  3013SATO eT Al.

diffuse (>50%), 2. Second, the intensity was scored as negative, 
0; weak, 1; and strong, 2. The sum of each score was defined as 
follows: negative, 0; low, 2; and high, 3-4.

2.9 | Analysis of publicly available dataset

The datasets of the somatic mutations for 33 types of malignancies 
in The Cancer Genome Atlas (TCGA) were downloaded from the 
MC3 TCGA dataset and analyzed using the R package TCGA muta-
tions.26 The mutational spectra of nonsynonymous SNV in the pri-
mary tumor samples in TCGA data and the primary EACSCC samples 
were combined into one dataset, followed by hierarchical clustering 
and estimation of the distribution of the COSMIC signatures in each 
tumor type. The CNA datasets of SCC in TCGA were obtained from 
cBioportal (https://www.cbiop ortal.org/).

2.10 | Data availability

The WES data have been deposited in the Japanese Genotype-
phenotype Archive (https://www.ddbj.nig.ac.jp/index -e.html) with 
the following accession number: JGAS00000000214.

3  | RESULTS

3.1 | The characteristics of patients with external 
auditory canal squamous cell carcinoma 

A total of 10 Japanese patients with EACSCC were enrolled in this 
study. The clinical and pathological features of all patients are shown 
in Table 1. Briefly, 70% of the patients (7/10) were female, the me-
dian age at initial diagnosis was 66.5 years (range: 38-88 years) and 
80% of the patients (8/10) were initially diagnosed with advanced 
stage disease (T3 or T4). Among the 10 patients, patient T939 had 
an extremely rare synchronous bilateral EACSCC of both ears at the 
initial diagnosis. In addition to obtaining primary tumor tissues from 
both ears, we obtained relapsed tumor tissue after chemoradiation 
therapy from this patient. In total, 11 primary tumors, 1 relapsed 
tumor and 10 patient-matched noncancerous PBMC were subjected 
to analyses.

3.2 | Mutational landscape of primary external 
auditory canal squamous cell carcinoma 

To clarify the genetic alterations of EACSCC, we performed WES 
on genomic DNA derived from the tumor tissues and the patient-
matched PBMC as the controls. The DNA samples were sequenced 
with a median sequencing depth of 98.16 (range: 84.00-108.3). 
A median of 84 (range: 27-160) nonsynonymous mutations was 
detected for each primary tumor sample (Figure 1A) using the 

Genomon pipeline. From these data, we estimated that each sam-
ple had a median mutation rate of 1.44 (range: 0.46-2.75) muta-
tions per megabase. We detected significantly mutated genes 
listed in the COSMIC Cancer Gene Census, such as TP53 (7/11), 
CDKN2A (5/11), NOTCH1 (5/11), FAT1 (3/11), FAT3 (2/11) and 
NOTCH2 (2/11), in multiple primary EACSCC samples (Figure 1A). 
The mutations of these genes were also observed in SCC from 
other primary sites in TCGA (Figure S1A). Consistent with pre-
vious studies,27,28 IHC for TP53 showed that a positive staining 
pattern of TP53 and the mutational status of TP53 are well cor-
related in EACSCC (P = 0.015, Fisher’s exact test, Figure 1A and 
Figure S1B). In contrast, CDKN2A (p16) was immunohistochemi-
cally negative in all of the cases examined (Figure 1A). The pro-
files of nucleotide substitution of the detected synonymous and 
nonsynonymous SNV showed that C to T transitions are the most 
common substitution in these primary tumors (Figure 1B and 
Figure S1C). The hierarchical clustering of nucleotide substitu-
tions of nonsynonymous mutations showed that EACSCC and 
SCC from other primary sites in the TCGA dataset belong to the 
same cluster (Figure S1D). To clarify the mutational patterns of 
EACSCC, we compared the distributions of the COSMIC single-
base-substitution mutational signatures (SBS) of EACSCC and SCC 
from other primary sites in the TCGA dataset. EACSCC showed a 
high proportion of signatures associated with endogenous muta-
tional processes, such as SBS2/13 (activation of APOBEC enzyme; 
27.59%) and SBS6 (defective DNA mismatch repair; 16.15%), while 
the smoking-related signature SBS4 was not observed in EACSCC 
(Figure 1C). Moreover, the hierarchical clustering of EACSCC and 
33 types of cancer in TCGA revealed that EACSCC is classified 
with other SCC, such as HNSCC and cervical SCC, in the same 
cluster where SBS2/13 are predominant (Figure S2). Together, 
these data suggest that EACSCC mostly resembles the mutational 
patterns of SCC from other primary sites.

3.3 | Overview of copy number alterations 
in primary external auditory canal squamous 
cell carcinoma

Next, we estimated the CNA in these 11 primary EACSCC samples 
from the WES data using the computational inference algorithms 
CNVkit18 and GISTIC2.20 Gene-level CNA of driver genes in SCC19 
were observed; the cell-cycle regulatory tumor suppressor gene 
CDKN2A was deleted in 36% (4/11) of the samples, whereas on-
cogenes such as MYC (5/11), PIK3CA (4/11), TP63 (5/11) and SOX2 
(5/11) were amplified (Figure 1A). The significantly altered arm-
level CNA detected by GISTIC2 were amplifications of 3q, 5p and 
8q, as well as deletion of 3p (Figure 2A), which have been reported 
in a TCGA HNSCC cohort9 and a pan-SCC study.29 GISTIC2 analy-
sis identified the significantly amplified and deleted chromosomal 
loci in the primary tumor samples (Table S1). The notable ampli-
fied regions that harbor potential oncogenes included 5p15.33 
(ZDHHC11B, encoding Zinc Finger DHHC-Type Containing 11B) 

https://www.cbioportal.org/
https://www.ddbj.nig.ac.jp/index-e.html
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and 7p14.1 (TARP, encoding T-cell receptor γ chain alternate read-
ing frame protein) (Figure 2B). The amplification frequencies of 
ZDHHC11B and TARP in primary EACSCC were 45% (5/11) and 
100% (11/11), respectively (Figure 2C). Interestingly, a previous 
study showed that ZDHHC11B is overexpressed and acts as an on-
cogene in lymphoma cells.30 Likewise, overexpressed TARP report-
edly promotes tumor growth.23 In contrast to EACSCC, ZDHHC11B 
and TARP are not frequently amplified in other types of SCC, sug-
gesting that CNA of these genes might be specific to EACSCC 
(Figure S3). To examine the expression levels of ZDHHC11B and 
TARP, we conducted IHC for these proteins. Notably, the cytoplas-
mic overexpression of ZDHHC11B in tumor cells was observed in 
ZDHHC11B-amplified cases (Figure 2C and D). Moreover, TARP 
protein was immunohistochemically positive in 100% (11/11) of 
the cases examined (Figure 2C and D). These data suggest that 
amplifications of these genes could contribute to protein over-
expression. Importantly, 9p21.3, which harbors CDKN2A/B, was 
significantly deleted (Figure 2B). The deletion of this locus was 
observed in primary and metastatic HNSCC,31 esophageal SCC32 
and cutaneous SCC,33 suggesting that the loss of function of these 
genes is a driver event in the carcinogenesis of EACSCC as well as 
other SCC.

3.4 | Intrapatient heterogeneity of synchronous 
bilateral external auditory canal squamous cell 
carcinoma over space and time

Patient T989 had synchronously occurring bilateral EACSCC of 
both ears (Figure 3A and B). The primary tumors of the left and 
right ears were diagnosed as T2N0M0 and T4N2bM0, respec-
tively, and as inoperable. After primary chemoradiation therapy, 
the tumor of the left ear was diminished, while the tumor of the 
right ear showed relapse. Although systemic chemotherapies 
were performed as second-line and third-line treatments, the re-
lapsed tumor progressed and resulted in the death of the patient 
15.4 months after the first diagnosis (Figure 3A). We sequenced 
the pretreatment primary tumor samples and the relapsed tumor 
samples collected by tissue biopsy. Interestingly, none of the mu-
tations in the primary tumor of the left and right ears overlapped. 
Although both primary tumors (T939L and T939R) had pathogenic 
somatic mutations in TP53, their genomic positions were different 
(Figure 3C and Table S2). These results suggest that these tumors 
were possibly driven independently by different somatic diver mu-
tations. Because recent pan-cancer analysis revealed that patho-
genic germline variants are found in multiple types of cancer,13 we 

F I G U R E  1   The landscape of genetic alterations in primary external auditory canal squamous cell carcinoma (EACSCC). A, Recurrently 
mutated genes in primary EACSCC (n = 11, upper panel). The mutational frequency of each gene per sample (right bars) and the numbers 
of mutations per sample (upper bars) are shown. The heatmap represents log2 copy number ratios (red, amplifications; blue, deletions) of 
the previously reported driver genes in squamous cell carcinoma (middle panel). In the lower panel, the status of immunohistochemistry for 
TP53 and CDKN2A are shown. See the Materials and Methods section for details about gene selection. B, Stacked bar plots representing 
the spectra of single nucleotide variants in 11 primary EACSCC samples. C, Heatmap showing the relative contribution of the COSMIC single 
base substitution (SBS) signatures to the mutational profiles of EACSCC and SCC of different primary sites obtained from TCGA. Signatures 
with no signals across all cancer types were removed. BLCA; bladder urothelial carcinoma; CESC, cervical squamous cell carcinoma; ESCC, 
esophageal squamous cell carcinoma; HNSC, head and neck squamous cell carcinoma; LUSC, lung squamous cell carcinoma.
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further examined whether such germline variants or CNA such as 
deletions of tumor suppressor genes are found in the DNA derived 
from the PBMC sample of this patient (see Materials and Methods). 
However, we did not observe any curated pathogenic germline 
mutations or disease-associated CNA in this sample. Next, we 
searched for disease-associated single nucleotide polymorphisms 
(SNP) in the PBMC sample using the online database of genome-
wide association studies (GWAS).15 Interestingly, we found that 
this patient harbored SNP rs1057941 on 1q22 locus, which is re-
portedly associated with the risk of multiple cancer types, includ-
ing lung SCC,34,35 despite the functional contribution in the onset 
of EACSCC being unknown (Table S3).

The relapsed tumor sample (T939R-rec) retained 84.8% (28/33) 
of the mutations observed in the primary tumor sample (T939R). In 
addition to these “shared” mutations, 23 mutations were observed 
only in the relapsed tumor sample, while none of these mutations 
uniquely found in the relapsed tumor sample have been reported 
as pathogenic mutations or deposited in COSMIC (Figure 3C). The 
mutation rate of the relapsed tumor sample was increased from 0.57 
to 0.85 mutations per megabase, indicating that this relapsed tumor 
does not show a hypermutation phenotype.36 In contrast to somatic 
mutations, we observed that deletion of 2q and amplification of 7p 

are predominant in the relapsed tumors compared to the primary 
tumors (Figure 3D). We did not observe CNA of driver genes in the 
relapsed tumor compared with the primary tumor (Figure S4). Our 
data suggest that arm-level CNA may contribute to the recurrence 
of EACSCC.

4  | DISCUSSION

In this study, we determined the genetic landscape of 10 EACSCC 
cases using WES. The analysis of CNA revealed significantly ampli-
fied and deleted chromosomal regions in EACSCC samples that are 
found in primary and metastatic HNSCC. Moreover, we clarified not 
only the genetic alterations of the primary EACSCC tumors but also 
the spatiotemporal changes of the EACSCC genomes in a rare case 
of bilateral primary and recurrent EACSCC. To our knowledge, this is 
the first study to examine the genetic alterations of EACSCC.

The analysis of somatic mutations demonstrated that the most 
commonly altered gene in EACSCC is TP53, which is the most fre-
quently mutated tumor suppressor gene in human cancer, including 
SCC.9 We also found that EACSCC harbors recurrent mutations in 
several genes listed in the COSMIC Cancer Gene Census; mutations 

F I G U R E  2   Copy number alterations in primary external auditory canal squamous cell carcinoma (EACSCC). A, Overview of the copy 
number alterations (CNA) in EACSCC. Bar plots represent the frequencies of the amplifications (red) and deletions (blue) in chromosomal 
regions across 11 primary EACSCC samples. Asterisks indicate the significantly amplified or deleted chromosomal arms detected by GISTIC2 
(q-value < 0.25). B, Significantly altered chromosomal loci detected by GISTIC2 (left, amplifications; right, deletions). Green lines represent 
the threshold of significance (q-value <0.25). C, The heatmap represents log2 copy number ratios (red, amplifications; blue, deletions) of 
ZDHHC11B and TARP (upper panel) in primary EACSCC samples. Asterisks indicate significant amplifications (log2 copy number ratios >0.2). 
Lower panel indicates the status of immunohistochemistry (IHC) for ZDHHC11B and TARP. D, Representative pictures of H&E staining (left 
panel), IHC for ZDHHC11B (upper right panel) and TARP (lower right panel) of primary EACSCC. The original magnifications are shown in the 
lower right of each picture.
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in CDKN2A, NOTCH1, FAT1 and NOTCH2 are commonly found in 
multiple types of SCC,19 suggesting that the major driver mutations 
of EACSCC are similar to those of other SCC. In addition to these 
well-characterized somatic mutations, missense mutations in FAT3 
were detected in two primary EACSCC samples and are recurrently 
found in SCC from other primary sites in TCGA, although the molec-
ular significance of this mutation is still unclear. Moreover, our muta-
tional spectra and COSMIC signature analysis indicated that EACSCC 
and other SCC in the TCGA dataset belong to the same cluster. These 
data all suggest that the mutational patterns of EACSCC mostly re-
semble those of SCC from other primary sites. Unlike lung SCC or 
HNSCC, tobacco and alcohol use are unlikely to be major carcino-
gens of EACSCC; previous clinical studies have reported that chronic 
inflammation in the external auditory canal induced by habitual ear 
picking and other mechanical stimuli may cause EACSCC,37,38 but the 
exact etiology has remained controversial. In this regard, the muta-
tional pattern of EACSCC in which APOBEC signatures are dominant 
suggests its link to the mutagenic process associated with chronic 
tissue damage, as a previous genetic study of aggressive cutaneous 
SCC demonstrated that chronic inflammation-induced APOBEC mu-
tagenesis drives carcinogenesis.39

We did not observe overexpression of CDKN2A (p16) protein in 
any primary EACSCC tissues in this study, even in TP53-wild-type 
cases. This result suggests that EACSCC cases in this study are 
not likely associated with human papilloma virus (HPV) induced- 
carcinogenesis, which is well characterized in oropharyngeal SCC.36 

However, because a previous study has demonstrated the presence 
of HPV DNA in EACSCC tissues,40 further study is required to clarify 
the clinical and functional importance of HPV infection in EACSCC.

The CNA in EACSCC also support its genetic similarity to other 
SCC. A recent pan-SCC study reported that the amplification of 
chromosome 3q is one of the common CNA in SCC.29 Importantly, 
chromosome 3q harbors ACTL6A and the master transcription factor 
delta-Np63 (N-terminal truncated isoform of TP63 gene), which re-
press squamous cell differentiation and activate the YAP1 oncogenic 
transcription factor in a coordinated manner in HNSCC.41 Although 
GISTIC2 analysis did not detect a significant focal gain of these loci, 
the gain of function of these genes induced by arm-level amplification 
of chromosome 3q may be an important driving force of carcinogen-
esis and progression of EACSCC as well as other SCC. Moreover, the 
focal deletion of the CDKN2A/B locus detected in the present study 
is frequently observed in primary and metastatic solid tumors, includ-
ing SCC,42,43 indicating that the deregulated cell cycle control induced 
by inactivation of these genes might be an important early event in 
the carcinogenesis of EACSCC. Interestingly, the amplification of 
5p15.33 and 7p14.1, which harbor ZDHHC11B and TARP, respec-
tively, were observed in primary EACSCC, although amplification of 
these loci has not been reported in other SCC. Dzikiewicz-Krawczyk 
et al. (2017) reported that ZDHHC11B promotes the proliferation of 
lymphoma cells through a coordinated action with MYC and MYB.30 
Moreover, TARP is overexpressed in several types of cancer and pro-
motes proliferation and invasion of cancer cells.23,44,45 Importantly, 

F I G U R E  3   The spatial and temporal intrapatient heterogeneity of bilateral external auditory canal squamous cell carcinoma (EACSCC) 
in patient T939. A, The clinical time course of patient T939 with bilateral EACSCC. Red arrowheads represent the primary and relapsed 
tumors. B, Computed tomography (CT) images of patient T939 with bilateral EACSCC. Red arrowheads represent the primary tumors. 
Otoscopic views of primary tumors are shown in the lower panels. C, The mutational landscape of primary and relapsed tumors in patient 
T939. The somatic mutations exclusively observed in the recurrent tumor (T939R-rec) are indicated as red-lettered gene symbols. D, 
Heatmap representing the CNA (red, amplifications; blue, deletions) of the primary and relapsed tumors in patient T939. CDDP, cisplatin; 
Cmab, cetuximab; DTX, docetaxel; ia Chemo, intra-arterial chemotherapy; PTX, paclitaxel; RT, radiation therapy; Systemic Chemo, systemic 
chemotherapy; 5FU, 5-fuluorouracil.
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IHC of the primary EACSCC tissues showed that the overexpression 
of ZDHHC11B and the copy number amplification are positively cor-
related, and that TARP is expressed in all of the cases. Thus, their 
amplification and overexpression might be novel oncogenic mecha-
nisms that promote the development and proliferation of EACSCC. 
Further investigation is needed to clarify their functional contribution 
in EACSCC development.

We profiled the genetic aberrations of the primary and relapsed 
tumors in an extremely rare case with synchronous bilateral EACSCC, 
patient T939. Our data suggest that two primary EACSCC occurred 
synchronously through distinct somatic genetic alterations. In addi-
tion, we did not observe any pathogenic germline alterations in this 
patient. In other bilateral malignancies, germline alterations of genes 
involved in DNA mismatch repair such as BRCA1/2 in breast cancer46 
and MSH2/6 in ovarian cancer47 are reported. Although we did not ob-
serve such mutations, it is interesting to note that this patient harbors 
rs1057941, an SNP associated with risks of multiple cancer types.34 
To elucidate the clinical significance of this SNP, GWAS for EACSCC 
is warranted.

The relapsed tumor of this patient showed additional somatic mu-
tations and CNA. Although this relapsed tumor was highly resistant 
to several different chemotherapeutic regimens, the mutation rate of 
this tumor indicated that it does not show a hypermutation phenotype, 
suggesting the absence of chemotherapy-induced hypermutation.36 
We did not detect curated driver mutations specific to recurrence; 
however, it is noteworthy that specific CNA, such as amplification of 
7p, became predominant in this relapsed tumor. A computational anal-
ysis of pan-cancer genomic data indicated that chromosome 7p har-
bors potential oncogenes48; indeed, several studies have reported that 
some genes on 7p act as oncogenes through overexpression and gain 
of function induced by arm-level amplification of the chromosome, 
with their expression levels positively correlated with aggressive phe-
notypes.49,50 Thus, the amplification of 7p may contribute to relapse of 
EACSCC through these mechanisms.

We acknowledge that there are two limitations in the present 
study. First, the sample size is limited compared with previously re-
ported large-scale cohorts such as TCGA. Second, integrated analysis 
in which RNA-seq and ChIP-seq are combined with genomic analysis 
may provide advantages for a deep understanding of the molecular 
characteristics and microenvironment of EACSCC; however, we did 
not conduct such a combined analysis in the current study. Recent 
studies have shown that dysregulated transcriptional programs not 
predicted by somatic mutations are powerful driving forces of malig-
nant initiation and progression,51-53 indicating that these mechanisms 
may be a key to understanding the aggressiveness of EACSCC and 
uncovering its therapeutic vulnerabilities. Because previous histo-
pathological studies of EACSCC demonstrated that the presence of 
laminin5-γ2-stained tumor cells in the primary tumor tissues is pos-
itively correlated with poor survival of EACSCC patients,54,55 tran-
scriptomic dysregulation that induces such alterations might be an 
important mechanism in the progression of EACSCC. Further study is 
required to elucidate the bona fide mechanism of carcinogenesis and 
progression in EACSCC.

In summary, this study provides the first evidence for genetic ab-
normalities in a rare cohort of EACSCC, as well as the intrapatient ge-
netic heterogeneity of EACSCC. Our data could help to understand 
the molecular pathophysiology of EACSCC and may contribute to the 
development of therapeutic strategies for the treatment of EACSCC.
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