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Abstract
Although the gross and microscopic features of squamous cell carcinoma arising from 
ovarian mature cystic teratoma (MCT-SCC) vary from case to case, the spatial spread-
ing of genomic alterations within the tumor remains unclear. To clarify the spatial 
genomic diversity in MCT-SCCs, we performed whole-exome sequencing by col-
lecting 16 samples from histologically different parts of two MCT-SCCs. Both cases 
showed histological diversity within the tumors (case 1: nonkeratinizing and kerati-
nizing SCC and case 2: nonkeratinizing SCC and anaplastic carcinoma) and had dif-
ferent somatic mutation profiles by histological findings. Mutation signature analysis 
revealed a significantly enriched apolipoprotein B mRNA editing enzyme catalytic 
subunit (APOBEC) signature at all sites. Intriguingly, the spread of genomic alterations 
within the tumor and the clonal evolution patterns from nonmalignant epithelium to 
cancer sites differed between cases. TP53 mutation and copy number alterations were 
widespread at all sites, including the nonmalignant epithelium, in case 1. Keratinizing 
and nonkeratinizing SCCs were differentiated by the occurrence of unique somatic 
mutations from a common ancestral clone. In contrast, the nonmalignant epithe-
lium showed almost no somatic mutations in case 2. TP53 mutation and the copy 
number alteration similarities were observed only in nonkeratinizing SCC samples. 
Nonkeratinizing SCC and anaplastic carcinoma shared almost no somatic mutations, 
suggesting that each locally and independently arose in the MCT. We demonstrated 
that two MCT-SCCs with different histologic findings were highly heterogeneous tu-
mors with clearly different clones associated with APOBEC-mediated mutagenesis, 
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1  |  INTRODUC TION

Mature cystic teratoma (MCT) is the most common ovarian germ 
cell tumor, accounting for 10%-20% of all ovarian tumors. Malignant 
transformation occurs in very rare cases, about 0.17%-2% of MCTs, 
of which approximately 80% are squamous cell carcinomas (SCC).1,2 
Squamous cell carcinoma arising from ovarian mature cystic tera-
toma (MCT-SCC) has been characterized by difficulty of preoper-
ative diagnosis, especially in the early stage. It is often diagnosed 
unexpectedly based on postoperative pathological examination.3 
Because of its rarity, the standard treatment for MCT-SCC has not 
been established. Furthermore, approximately 50% of MCT-SCC are 
stage II-IV cases with extraovarian extension, and the prognosis of 
these cases is poor because of treatment resistance.1,2,4 Therefore, it 
is particularly important to detect the potential for malignant trans-
formation early and develop novel therapies for advanced cases.

The molecular mechanisms of malignant transformation and 
treatment resistance in MCT-SCC were not elucidated although 
several comprehensive genomic, transcriptomic, and miRNA analy-
ses were performed in a small number of cases.4–6 We previously 
performed an integrated omics analysis of MCT-SCC and revealed 
a specifically high frequency of TP53 and PIK3CA mutations.4 Our 
previous study analyzed a cancer site of the primary tumor and the 
spatial spreading of gene alterations within the primary or meta-
static tumor remains unclear although TP53 and PIK3CA mutations 
may play a crucial role in MCT-SCC development. The gross and 
microscopic features of MCT-SCC vary from case to case, and the 
malignant component may overgrow the remaining part of MCT and 
cause diagnostic difficulties.7 Moreover, various histologic types of 
malignant tumors arise from MCT, including adenocarcinoma, carci-
noid tumor, thyroid carcinoma, sarcoma, adenosquamous carcinoma, 
and melanoma.8 Furthermore, several studies reported on different 
cancer components that coexist within the tumor.9–11 These find-
ings suggest that carcinomas arising from MCT may be a specifi-
cally highly heterogeneous tumor. Intratumor heterogeneity was 
observed in many tumors in cross-sectional carcinoma studies and 
implicated in tumor evolution, therapeutic resistance, and genomic 
instability.12,13 Cooke et al performed targeted sequencing of 151 
cancer-associated genes in 25 cases, of which five were evaluated 
at two or more cancer sites. They reported some shared or different 
somatic mutations,5 but no previous comprehensive molecular anal-
ysis has focused on intratumor genomic heterogeneity in MCT-SCC.

Thus, this study collected 16 samples (nine fresh-frozen [FF] 
samples and seven formalin-fixed paraffin-embedded [FFPE] 

samples) from histologically different parts of two advanced MCT-
SCCs and performed whole-exome sequencing. We demonstrated 
the spatial genomic diversity and the clonal evolution pattern from 
nonmalignant epithelium to cancer sites in two MCT-SCCs by evalu-
ating somatic mutation profiles, copy number alterations, and muta-
tion signatures at multiple sites, thereby elucidating the mechanisms 
of malignant transformation and treatment resistance in MCT-SCC.

2  |  MATERIAL S AND METHODS

2.1  |  Patients and samples

Both patients had advanced MCT-SCC and underwent primary de-
bulking surgery. We collected surgical samples from multiple sites 
within the primary and disseminated tumor.

2.2  |  DNA extraction from FF samples

We extracted DNA from FF samples and blood samples as previ-
ously described.14 Tumor DNA extraction was performed with the 
Tissue Genomic DNA Extraction Mini Kit (Favorgen) and blood DNA 
was extracted with the QIAamp DNA Blood Maxi kit (Qiagen) fol-
lowing the manufacturer's instructions. Genomic DNA was quanti-
fied using a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific).

2.3  |  DNA extraction from FFPE samples

DNA was collected from FFPE samples using laser microdissection 
to evaluate specimens from sites where FF samples could not be 
collected and for a more detailed evaluation of differences in each 
histological type. Laser microdissection was performed as described 
in our previous study.15 DNA was extracted using the QIAamp DNA 
micro kit (Qiagen).

2.4  |  Whole-exome sequencing and analysis

Whole-exome sequencing was performed as described in our 
previous study.16 Briefly, DNA samples were fragmented using a 
NEBNext dsDNA Fragmentase (New England Biolabs). DNA col-
lected from FFPE samples was repaired with a NEBNext FFPE 

suggesting the importance of evaluating intratumor histological and genetic hetero-
geneity among multiple sites of MCT-SCC.

K E Y W O R D S
APOBEC, genomic diversity, malignant transformation, mature cystic teratoma, squamous cell 
carcinoma



    |  2147TAMURA et al.

DNA Repair Mix (New England Biolabs). Sequencing libraries were 
constructed with a NEBNext Ultra II DNA Library Prep Kit for 
Illumina (New England Biolabs). Target gene enrichment was con-
ducted with an IDT xGen Exome Research Panel v2 (Integrated DNA 
Technologies). The libraries were sequenced via an Illumina NovaSeq 
6000 platform with a 2 × 150 bp paired-end module (Illumina). The 
Illumina adapter sequences were trimmed using TrimGalore (ver-
sion 0.6.3) (https://www.bioin​forma​tics.babra​ham.ac.uk/proje​
cts/trim_galor​e/) as a quality control step. Low-quality sequences 
were excluded or trimmed with Trimmomatic (version 0.39).17 The 
filtered sequence reads were aligned with the human reference ge-
nome (GRCh38) containing sequence decoys and virus sequences 
generated by the Genomic Data Commons of the National Cancer 
Institute using BWA-MEM (version 0.7.17).18,19 The sequence align-
ment map files were sorted and converted to the binary alignment 
map (BAM) file format with SAMtools (version 1.9).20 The BAM files 
were processed using Picard tools (version 2.20.6) (http://broad​insti​
tute.github.io/picar​d/) to remove polymerase chain reaction dupli-
cates. Base quality recalibration was conducted using GATK (version 
4.1.3.0).21,22 The average depths and the coverages of the target re-
gions were calculated with SAMtools.20 BEDOPS (version 2.4.36)23 
and BEDTools (v2.28.0)24 were used in the handling of FASTA, VCF, 
and BED files. The average depths and the coverages of the target 
regions in all samples are shown in Table S1.

2.5  |  Variant detection and mutation annotation

Variant detection and mutation annotation were performed as de-
scribed in our previous study.16 Somatic single-nucleotide variants 
(SNVs) and short insertions/deletions (Indels) in coding exons and 
splice sites were called using Strelka2 (version2.9.10).25 We utilized 
the information about candidate Indel sites provided by Manta 
(version 1.6.0) for somatic Indel calling.26 Empirical variant scores 
provided by Strelka2 of >13.0103 (= −10 × log10 0.05) were used 
for subsequent analyses. Additionally, variants whose frequen-
cies were ≥0.001 in any of the general populations from the 1000 
Genomes Project;27 the National Heart, Lung, and Blood Institute 
GO Exome Sequencing Project;28 and the Genome Aggregation 
Database29 were excluded to avoid false-positive variant calls. 
Functional annotations for protein coding and transcription-related 
effects of the identified variants were implemented by Ensembl 
VEP.30 Curated information about cancer-associated genes and 
their functional roles in cancer development was retrieved from the 
COSMIC database.31

The following criteria were used to identify somatic variants with 
high confidence in FF samples and an FFPE sample (disseminated 
tumor in the fallopian mesentery [D] in case 1): (i) the sequencing 
depth of ≥20; (ii) the number of reads that supported the mutant 
allele in a tumor sample of ≥8; (iii) the mutant allele frequency (MAF) 
in the matched blood sample of not >0.05; and (iv) the number of 
reads supporting the mutant allele in the matched blood sample of 
<2. We compiled MAF profiles for the mutation sites identified in 

FF samples and a FFPE sample (disseminated tumor in the fallopian 
mesentery [D] in case 1) for the other six FFPE samples with low-
quality DNA by counting the sequence reads supporting the refer-
ence and mutant alleles with SAMtools mpileup.20 This analysis used 
the reads mapped with high confidence (mapping quality of >30). 
Then, the allele-specific counts were measured using only high-
confidence base calls (base quality of >20) at the mutation sites.

2.6  |  Detection of somatic copy number alterations

Somatic copy number alterations were sought using FACETS based 
on the information about the total sequence read count and allelic 
imbalance in tumor or nonmalignant epithelium samples and the 
matched blood samples.32 Germline polymorphic sites were re-
trieved from the VCF file generated by the 1000 Genomes Project.27 
The ploidy and purity were estimated using FACETS.32 The calcu-
lated ploidy and purity in all samples are shown in Table  S2. The 
disseminated tumor in case 2 was excluded from the copy number 
analysis because of the low purity. Genome-wide profiles of somatic 
copy number alteration and loss of heterozygosity (LOH) in all sam-
ples are shown in Table S3.

2.7  |  Detection of mutation signatures

The mutation signature was detected as described in our previous 
study.16 We used the identified somatic SNVs with high confidence 
in FF samples and an FFPE sample (disseminated tumor in the fal-
lopian mesentery [D] in case 1) for mutational signature analysis. 
The samples were separately analyzed for histological types in each 
patient to detect mutational signatures that were active in each 
histological type. The somatic SNVs were classified into 96 muta-
tion classes defined by the six pyrimidine substitutions (C>A, C>G, 
C>T, T>A, T>C, and T>G) in combination with the flanking 5′ and 
3′ bases. The 96-mutation catalog was fitted to a predefined list of 
known signatures for our mutational signature analysis.33,34 We did 
not select an approach for de novo signature extraction because the 
number of somatic mutations was not large enough in this study. We 
used the COSMIC mutational signatures version 3 as a reference set 
of known mutational signatures.35 We selected a total of six single-
base substitution (SBS) signatures (SBS1, SBS2, SBS5, SBS13, SBS18, 
and SBS40) with activities in SCC from various sites based on a pre-
vious study.35 We implemented a fitting approach using sigfit.36 We 
ran four Markov chains with a total of 50,000 iterations, including a 
burn-in of 25,000 samples. We estimated the highest posterior den-
sity (HPD) interval for each of the SBS signatures. We considered the 
SBS signature as a significantly active signature if the 90% lower end 
of the HPD interval for an SBS signature was above the threshold 
(0.01, default value). The frequency of somatic SNVs in the respec-
tive type of trinucleotide context is presented in Table S4, and the 
data used to generate a bar plot for the contributions of mutational 
signatures is shown in Table S5.

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
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2.8  |  Human papillomavirus (HPV) genotyping

For nine frozen samples from multiple sites in two cases, HPV-DNA 
testing targeting 16 high- and low-risk HPV genotypes (genotypes 
6, 11, 16, 18, 30, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 66) was 
performed using the multiplex PCR method (PapiPlex) at the GLab 
Pathology Center Co., Ltd.37

2.9  |  Immunohistochemical staining

Immunohistochemical staining of FFPE samples was performed 
as described in our previous study.38 Briefly, after deparaffini-
zation, antigen retrieval was carried out with Target Retrieval 
Solution (10 mM citrate buffer, pH 6.0; Dako) in a microwave for 
30 minutes at 96°C. Subsequently, the sections were incubated 
overnight with primary antibody (Cat#7001; RRID:AB_2206626, 
Dako; dilution ratio 1:50) at 4°C and biotinylated anti-mouse 
secondary antibodies (Vector Laboratories) were added, followed 
by incubation with ABC reagent (Dako) and 3,3′-diaminobenzidine 
(Sigma). Slides were counterstained with hematoxylin. p53 
overexpression pattern was defined as strong and diffuse nuclear 
expression in at least 60% of tumor cells.39 FF samples were used 
for nonkeratinizing SCC in case 2 because FFPE samples were 
unavailable. For FF samples, we fixed frozen tissue sections with 
4% paraformaldehyde at 4°C for 20 minutes followed by methanol 

at −20°C for 10 minutes. The immunohistochemical staining pro-
tocol after fixation was the same as the protocol for FFPE tissue 
sections.40

3  |  RESULTS

3.1  |  Sharing of somatic mutations and copy 
number alterations at multiple sites in case 1

Case 1 was a 57-year-old patient with clinical stage IIB (pT2bNXM0) 
MCT-SCC. The right ovarian tumor measured 15 cm and had rup-
tured, and the ascitic fluid cytology was positive. The disseminated 
tumors of 3 cm in the right fallopian mesentery and 2 cm in the 
peritoneum of the Douglas pouch were observed. The primary right 
ovarian tumor contained polypoid lesions (predominantly keratiniz-
ing SCC) and an invasively spreading lesion (predominantly non-
keratinizing SCC). The histology of the disseminated tumors was 
nonkeratinizing SCC. She was diagnosed with malignant transforma-
tion of MCT because of the presence of hair and fatty components 
in the primary tumor. FF samples of the nonmalignant epithelium 
away from the cancer site (N), two polypoid lesions (P1 and P2), the 
invasively spreading lesion (IS), and an FFPE sample of disseminated 
tumor in the fallopian mesentery (D) were analyzed (Figure 1). The 
average sequencing depth in five samples was 227 (range: 117-275). 
The average percentage of the target region that covered at least 20 

F I G U R E  1  Gross and microscopic findings of tissue sampling sites in case 1. A, The gross findings of nonmalignant epithelium away from 
the cancer site (N), two polypoid lesions (P1, P2), the invasively spreading lesion (IS), and disseminated tumor in the fallopian mesentery (D) 
in case 1 are shown. B, Microscopic findings of each sample are shown (200× magnification; scale bar, 100 μm)

https://scicrunch.org/resolver/RRID:AB_2206626
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reads was 97.5% (range: 97.0%-97.7%). A total of 864 SNVs and nine 
Indels were detected in five samples (Table S6).

First, we evaluated the somatic mutations shared by each site. A 
part of the mutations was shared by all samples, including nonmalig-
nant epithelium. Somatic mutations were almost shared by histolog-
ical types. The somatic mutation profiles of keratinizing SCC (P1 and 
P2) and nonkeratinizing SCC (IS and D) were different. The samples 
with the same histology shared many mutations, and each sample 
had additional unique mutations (Figure 2A, Table S7). Representative 
shared cancer-associated gene mutations are shown in Figure 2B. TP53 
(Q331X) was shared by all samples, including nonmalignant epithelium; 
PTPRT (c.4137-1G>C) was shared except for nonmalignant epithelium; 
PIK3CA mutations (E545K and D626N) only in nonkeratinizing SCCs (IS 
and D); TGFBR2 (Q29X) only in the keratinizing SCCs (P1 and P2); and 
FGFR3 (R248C) and SMAD4 (S144X) in only one sample each with the 
same histology (P1 and IS, respectively) (Figure 2B).

Then, we performed immunohistochemical staining using FFPE 
samples to evaluate p53 protein expression and its expression sites 
in the tumor and confirmed that p53 protein expression was ob-
served widely in the epithelial components of the tumor including 
the nonmalignant epithelium distant from the cancer site, but not in 
stromal components (Figure S1).

Genome-wide copy number alterations were detected in all sam-
ples (Figure  S2A). The evaluation of copy number change relative 
to ploidy confirmed that the pattern of segments with copy num-
ber change was similar in all samples (Figure S2B). Furthermore, the 
LOH analysis more clearly confirmed that the segmental changes 

occurring in the nonmalignant epithelium were shared by all sam-
ples. The genome-wide profiles of LOH were strongly similar in four 
cancer samples (P1, P2, IS, and D) (Figure 2C).

Mutation spectrum analysis showed a high number of C>T or 
C>G mutations in the TCA and TCT contexts in all histological types 
(nonmalignant epithelium, keratinizing SCC, and nonkeratinizing 
SCC), suggesting the involvement of apolipoprotein B mRNA editing 
enzyme catalytic subunit (APOBEC) signature (Figure 3A). When we 
estimated the contributions of the six SCC-associated SBSs based 
on the COSMIC mutational signatures,35 APOBEC signature (SBS2 
and SBS13) was significantly enriched in all histological types. Of the 
total gene mutations, 56.8% were associated with APOBEC signa-
ture in the nonmalignant epithelium, 50.3% in keratinizing SCCs, and 
73.6% in nonkeratinizing SCCs. Associations with clock-like signa-
tures (SBS1 and/or SBS5) were also observed in all histological types 
(Figure 3B,C).

To investigate the cause of the high proportion of APOBEC sig-
natures, we focused on the status of HPV infection.41 We evaluated 
HPV status at multiple sites (N, P1, P2 and IS) and found no HPV-
positive sites.

3.2  |  Assessment of shared somatic mutations at 
multiple sites in keratinizing and nonkeratinizing SCCs

To further evaluate the differences between keratinizing and non-
keratinizing SCCs in case 1, DNA samples were additionally collected 

F I G U R E  2  Sharing pattern of genomic alterations in case 1. A, Sharing pattern of somatic single-nucleotide variants (SNVs) and short 
insertions/deletions (Indels) among five tissues. Color density indicates the mutant allele frequency (MAF) of each somatic mutation. B, Heatmaps 
demonstrate the representative oncogenic alterations in case 1. Color and density indicate the type and MAF of each somatic mutation, 
respectively. C, Genome-wide profiles of loss of heterozygosity (LOH) in the five samples. Vertical lines correspond to chromosome numbers
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from multiple sites using laser microdissection and subjected to whole-
exome sequencing. The keratinizing SCC in the polypoid lesion next to 
P1 (Kera1), the area around P1 where keratinizing and nonkeratiniz-
ing SCCs were contiguous on the same section (Kera2 and Nonkera1), 

and the area in the same polypoid lesion as P2 where keratinizing SCC 
(Kera3) within the same polypoid lesion as P2 were analyzed. We also 
analyzed the disseminated tumor in the Douglas pouch (Figure 4A). To 
assess the clonal relationship among keratinizing and nonkeratinizing 

F I G U R E  4  Sharing of somatic mutation profiles defined by multiregional sequencing of keratinizing and nonkeratinizing squamous cell 
carcinomas (SCC) in primary and disseminated tumors. A, Gross findings of the sample collection sites of the primary and disseminated 
tumors in the Douglas pouch are shown, as well as the microscopic findings of each sample (100× magnification; scale bar, 100 μm). Kera2 
and Nonkera1 were in the consecutive area on the same section. B, Sharing pattern of somatic single-nucleotide variants (SNVs) and short 
insertions/deletions (Indels) among 10 samples, including five samples in Figure 2. The multiregional analysis in Figure 4 was limited to the 
mutation sites identified in Figure 2 because formalin-fixed paraffin-embedded (FFPE) samples included low-depth samples. All shared 
somatic SNVs and Indels and MAF are shown in Table S8



2152  |    TAMURA et al.

SCC, we constructed mutation profiles for the mutations detected in 
the four cancer samples (N, P1, P2, IS, and D; Figure 2A).

Consistent with the results in bulk tumors (Figure  2), kerati-
nizing and nonkeratinizing SCC samples differently shared many 
somatic mutations across sites within the tumor according to 
histological types. Kera2 and Nonkera1, which were contiguous 
regions in the same section (Figures  4A, S3), showed different 
somatic mutation profiles, strongly suggesting different clonal 
origins by histological types. At the same time, site-specific mu-
tations were observed in both histological types. Two polypoid 
lesions (P1, Kera1, Kera2, P2, and Kera3) shared the same somatic 
mutations indicating the same clonal origin. Then, the polypoid 
lesions on the left side (P1, Kera1, and Kera2) and the right side 
(P2 and Kera3) diversified by acquiring distinct somatic mutations. 
IS and Nonkera1, which were nonkeratinizing SCCs from different 
sites within the primary tumor, had a substantial number of shared 
and unique mutations, suggesting their common clonal origin and 
subsequent diversification. Nonkera2 had a similar mutation pro-
file with Nonkera1, but also shared some of the mutations unique 
to IS. Furthermore, Nonkera2 shared some mutations common to 
keratinizing SCCs, suggesting that keratinizing and nonkeratiniz-
ing SCC clones were intermixing in some regions. Disseminated 
tumors (D and Nonkera3) showed similar mutation profiles with 
the nonkeratinizing SCCs within the primary tumor (IS, Nonkera1, 
and Nonkera2) and acquired different mutations that were shared 

between these disseminated tumors (Figure  4B, Table  S8), sug-
gesting both of the disseminated tumors were derived from the 
common ancestral clone of nonkeratinizing SCC.

3.3  |  Sharing of somatic mutations and copy 
number alterations at multiple sites in case 2

Case 2 was a 70-year-old patient with stage IIIC (pT3cNXM0) MCT-
SCC. The right ovarian tumor measured 19 cm and had not ruptured, 
and the ascitic fluid cytology was negative. A disseminated tumor 
measuring 5 cm in size was observed in the small intestinal mesentery, 
and no other disseminated tumors were observed. The primary right 
ovarian tumor contained a large solid lesion (anaplastic carcinoma) 
and an IS lesion (nonkeratinizing SCC). The majority of the malignan-
cies were large solid lesions with scattered IS lesions, which were not 
contiguous. The histology of the disseminated tumor was anaplas-
tic carcinoma. She was diagnosed with malignant transformation of 
MCT because of the presence of respiratory epithelial, hair compo-
nents, grossly visible odontoblasts, and bone components.

Then, FF samples of the nonmalignant epithelium away from the 
tumor site (N), the invasively spreading lesion (IS1 and IS2), the solid 
lesion in tumor (S), and the disseminated tumor in the small intesti-
nal mesentery (D) were collected (Figure 5). The average sequenc-
ing depth in five samples was 156 (range: 128-177). The average 

F I G U R E  5  Gross and microscopic findings of tissue sampling sites in case 2. A, The gross findings of the nonmalignant epithelium away 
from the cancer site (N), two invasively spreading lesions (IS1 and IS2), the solid lesion (S), and disseminated tumor in the small intestinal 
mesentery (D) in case 2 are shown. The spread of IS1 and IS2 is traced in black. B, Microscopic findings of each sample are shown (200× 
magnification; scale bar, 100 μm)
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percentage of the target region that covered at least 20 reads was 
97.5% (range: 97.4%-97.5%). A total of 852 SNVs and six Indels were 
detected (Table S9).

We evaluated the somatic mutations shared by each site. 
Similar to case 1, the samples with the same histology shared 
many mutations, and each sample had additional unique mutations. 
Nonmalignant epithelium distant from the tumor (N) had almost no 
mutations in case 2, unlike case 1. Nonkeratinizing SCC (IS1 and IS2) 
and anaplastic carcinomas (S and D) have different mutation pro-
files, with almost no shared mutations (Figure 6A, Table S10). TP53 
(Q331X), FGFR3 (S249C), and PTEN (N184EfsX6) were identified only 
in nonkeratinizing SCCs. PIK3CA showed pathological mutations in 
all samples; however, PIK3CA mutation sites differed among the his-
tological types (nonkeratinizing SCC: E545K, anaplastic carcinoma: 
E970K). No obvious driver mutations, other than PIK3CA mutation, 
could be identified in anaplastic carcinomas (Figure 6B).

Then, we performed immunohistochemical staining using FFPE 
and FF samples to evaluate p53 protein expression and confirmed 
that p53 protein overexpression was observed only in nonkerati-
nizing SCC with TP53 mutation but not in anaplastic carcinoma and 
nonmalignant epithelium without TP53 mutation (Figure S4).

Copy number variation analysis showed little copy number vari-
ation in the nonmalignant epithelium, while the other three samples 
showed genome-wide copy number variation (Figure  5A,B). LOH 
analysis showed that two nonkeratinizing SCC samples (IS1 and IS2) 
were similar to each other but different from anaplastic carcinoma 
(S) (Figure 6C).

Mutation spectrum analysis showed a high number of C>T or 
C>G mutations in the TCA and TCT contexts in all specimens in both 
histological types (nonkeratinizing SCC and anaplastic carcinoma) 
(Figure 7A). APOBEC (SBS2 and SBS13) and clock-like signature mu-
tations (SBS1 and SBS5) were significantly enriched in both histo-
logical types in case 2, similar to case 1. In particular, 61.0% of all 
somatic mutations were APOBEC-mediated mutations in nonkera-
tinizing SCC and 74.1% in anaplastic carcinomas (Figure 7B,C). As in 
case 1, we evaluated HPV status at multiple sites (N, IS1, IS2, S, and 
D) and found no HPV-positive sites.

4  |  DISCUSSION

This study clarified the spatial genomic diversity in two cases of ad-
vanced MCT-SCCs by performing a comprehensive genomic analysis 
of multiple sites. Figure 8 summarizes the genomic diversity and the 
predicted clonal evolution model of the nonmalignant epithelium, pri-
mary tumor, and disseminated tumor in the two cases. TP53 muta-
tions and copy number alterations might be an early event in malignant 
transformation, but their spread within the tumor differed between 
cases. Most importantly, we showed that MCT-SCCs shared many 
somatic mutations by histological findings within the tumor, suggest-
ing that each histological type originated from a common ancestral 
clone. In addition, each sample was differentiated by the occurrence 
of unique somatic mutations. Both cases were advanced with abdomi-
nal peritoneal dissemination, and only clones of nonkeratinizing SCC 

F I G U R E  6  Sharing pattern of genomic alterations in case 2. A, Sharing pattern of somatic single-nucleotide variants (SNVs) and short 
insertions/deletions (Indels) among five tissues. Color density indicates the mutant allele frequency (MAF) of each somatic mutation. 
B, Heatmaps demonstrate the representative oncogenic alterations in case 2. Color and density indicate the type and MAF of each 
somatic mutation, respectively. C, Genome-wide profiles of loss of heterozygosity (LOH) in the four samples. Vertical lines correspond to 
chromosome numbers. The disseminated tumor in the small intestinal mesentery (D) was excluded from the copy number analysis because 
of the low purity (Table S2)
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or anaplastic carcinoma were detected in the disseminated tumor. The 
presence of multiple clones is a poor prognosis in many types of can-
cer12 and should be stratified as targeted therapy response according 

to the tumor cell proportion in which the driver is identified.42 The 
remarkable spatial genomic diversity in MCT-SCC may be associated 
with treatment resistance and poor prognosis. Our study suggests the 

F I G U R E  8  Summary of spatial genomic diversity and the predicted clonal evolution model in malignant transformation and cancer 
progression in two squamous cell carcinomas arising from ovarian mature cystic teratoma (MCT-SCCs). The flow chart shows the differences 
in histological findings and the diversity of key genomic abnormalities in the progression from nonmalignant epithelium to primary and 
disseminated tumors in the two MCT-SCCs

F I G U R E  7  Mutational spectrum and signatures in case 2. A, High-resolution mutational spectrum of differential histological type 
(nonkeratinizing squamous cell carcinomas [SCC] and anaplastic carcinoma) in case 2. Nonmalignant epithelium (N) away from the tumor 
showed little mutation and is not shown. Each of the six possible point mutations is subdivided into 16 subclasses based on the nucleotides 
on both mutation sides. B, Bar chart representing the results of Bayesian inference using sigfit to determine the contribution of the 
COSMIC mutational signatures to somatic single-nucleotide variants (SNVs) with high mutant allele frequency (MAF). Data are presented 
as the estimated contributions of significant mutational signatures and the lower and upper limits of the 90% highest posterior density 
interval. Significantly involved signatures are presented in dark blue. Source data are provided in Table S3. C, The inset is a doughnut chart 
summarizing the contributions of six significant mutational signatures (SBS1, SBS2, SBS5, SBS13, SBS18, and SBS40)
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importance of considering the presence of multiple clones with differ-
ent histological findings when treating MCT-SCC.

More than half of the detected somatic mutations in each sample 
were associated with the APOBEC signature, suggesting APOBEC-
mediated mutagenesis is a crucial factor for malignant transforma-
tion and cancer progression in MCT-SCC. Cytidine deaminases of 
the APOBEC family function as viral protection and RNA editing and 
may be a major cause of mutations in human cancer.43–45 Alexandrov 
et al revealed APOBEC signatures in approximately 17% (signature 
2: 14.4%, signature 13: 2.2%) of 4,938,362 mutations in 7042 can-
cer samples.46 The proportion of APOBEC signatures was especially 
high in cervical cancer (signature 2: 74.7% and signature 13: 0%), 
which is strongly associated with HPV infection.47 The frequency 
of APOBEC signature mutations in MCT-SCC is as strikingly high as 
in cervical cancer, implying that HPV infection might be involved 
in APOBEC-mediated mutagenesis in MCT-SCC. A previous report 
suggested an association between MCT-SCC and HPV infection48; 
however, several larger studies have ruled out an association with 
HPV infection.4,5 We confirmed that there were no HPV-positive 
sites in two cases. These results suggest that the unique tumor mi-
croenvironment within MCT rather than HPV infection may activate 
APOBEC and induce malignant transformation at various sites.

The enriched APOBEC signature and the molecular characteris-
tics of MCT-SCC may be related. We have previously reported that 
MCT-SCC had a specifically high frequency of TP53 and PIK3CA mu-
tations and more than half of the cases showed high CD8 infiltration 
and high programmed cell death ligand 1 (PD-L1) expression in the 
tumor.4 APOBEC activity was associated with increased mutation load 
and TP53 mutations.49,50 A link between APOBEC-mediated cytosine 
deamination and PIK3CA helical domain mutations (E542K and E545K) 
in head and neck SCC was suggested by several reports,51,52 as well 
as the association between APOBEC activation and PD-L1 expression 
and T-cell infiltration, which may be a biomarker to predict the immune 
checkpoint inhibitor response.53,54 Furthermore, a pan-cancer data 
analysis revealed that APOBEC-enriched tumors have higher gene 
expressions associated with tumor immunity and immune checkpoint 
inhibitor efficacy beyond primary sites.55 Consistently, several reports 
revealed that immune checkpoint inhibitors were effective against 
MCT-SCC.56–58 Further elucidation of the relationship between ge-
nomic abnormalities and tumor immunity in MCT-SCC may lead to 
novel therapeutic strategies using immune checkpoint inhibitors.

Both patients had TP53 and PIK3CA mutations, which play a crucial 
role in MCT-SCC development,4,5 and their spread within the tumor 
was different between the two cases. TP53 mutation in case 1 spread 
extensively within the tumor, including nonmalignant epithelium away 
from the cancer site, whereas TP53 mutation in case 2 was identified 
only in the nonkeratinizing SCC. Cooke et al reported rare TP53 mu-
tations in benign MCT within MCT-SCC, accounting for 1/21 (4.8%).5 
TP53 mutations are more likely to spread to localized areas within the 
tumor than widely within the tumor in MCT-SCC. TP53 mutations 
are associated with enhanced chromosomal instability, including in-
creased oncogene amplification and deep tumor suppressor gene 
deletion.59 Consistently, copy number analysis showed similarities 

in genome-wide somatic copy number alteration and LOH patterns 
according to the intratumor spread of TP53 mutations. Our study 
suggests that TP53 mutation occurred early in the malignant trans-
formation of MCT, followed by copy number changes in both cases.

We confirmed that TP53 mutation status at each site in the two 
MCT-SCCs correlated with the pattern of p53 protein expression. All 
parts of the two cases with TP53 nonsense mutation (Q331X) showed 
p53 overexpression by immunohistochemical staining. Disrupted (trun-
cations, frameshifts, splice site mutations, and deep deletions) TP53 
mutations generally cause nonsense-mediated decay and premature 
cleavage of mRNA, resulting in a null pattern of p53 immunohistochem-
ical staining.60,61 However, several recent studies have reported a high 
frequency of p53 overexpression in tumors with TP53 nonsense mu-
tations in the carboxyl terminus, as in the two cases in this study.62–64 
Although the mechanism of p53 overexpression in these cases has 
not been fully elucidated, it is possible that these mutations were not 
subject to nonsense-medicated decay.62 Moreover, the p53 oligomer-
ization domain (amino acids: 325-356) nonsense mutants could have 
received transcriptional feedback regulation. These mutants also may 
cause less activity with protein degradation machinery, both of which 
increase the presence of protein.64 Our data suggest that assessing the 
p53 protein expression at multiple sites with different histological find-
ings may help evaluate genomic diversity and evolution in MCT-SCC.

The PIK3CA mutation status in cancerous areas differed by his-
tological type. E545K was identified only in nonkeratinizing SCC 
in both cases, suggesting its involvement in differentiating nonke-
ratinizing SCC in MCT-SCC. E542K and E545K in the helical do-
main are the most common hotspot gene mutations in MCT-SCC, 
with a high frequency of 4/4 (100%) or 13/17 (76.5%) of all PIK3CA 
missense mutations in previous studies.4,5Nonkeratinizing SCCs 
in case 1 had D626N in addition to E545K. Mutations in multiple 
locations in PIK3CA were reported to be associated with the en-
hanced oncogene function although the biological significance of 
D626N is unclear.65,66 Anaplastic carcinomas in case 2 had E970K, 
unlike the nonkeratinizing SCC. E970K is an activating kinase do-
main mutation that likely enhances membrane lipids similar to the 
canonical kinase domain mutant H1047R.67 This study suggests 
the use of the spread and complexity of TP53 and PIK3CA muta-
tions at multiple sites in MCT-SCC to assess the genomic evolution 
of individual cases, as well as the presence of multiple clones.

The current study has several important limitations. 
Multisampling could only be performed during the surgery in only 
two cases because MCT-SCC is a rare disease and preoperative 
diagnosis is difficult. Analysis using other previous specimens was 
impossible due to the poor quality of samples. Thus, prospectively 
collecting more cases is necessary to further clarify the intratumor 
heterogeneity of MCT-SCC. The mechanism of APOBEC activation 
in this disease remains to be elucidated. We could not obtain any 
MCT or MCT-SCC resources, such as the cancer cell line, to perform 
functional analysis at present. Additional analysis of cases with ma-
lignant transformation of other histologic types and MCT without 
malignant transformation may clarify the significance of APOBEC 
signature in malignant transformation of MCT.
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In conclusion, we demonstrated that two MCT-SCCs with dif-
ferent histologic findings were highly heterogeneous tumors with 
clearly different clones associated with APOBEC-mediated muta-
genesis, suggesting the importance of evaluating intratumor histo-
logical and genetic heterogeneity among multiple sites of MCT-SCC. 
Further large-scale studies focused on intratumor heterogeneity in 
MCT-SCC will provide new insights into the mechanisms of malig-
nant transformation and treatment resistance in MCT-SCC.
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