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Abstract

Purpose—Mucoepidermoid carcinoma (MEC) is the most common salivary gland malignancy.
To explore the genetic origins of MEC, we performed systematic genomic analyses of these
tumors.

Experimental Design—Whole-exome sequencing and gene copy number analyses were
performed for 18 primary cancers with matched normal tissue. Fluorescence in situ hybridization
(FISH) was used to determine the presence or absence of the MECTI-MAMLZ2translocation in 17
tumors.

Results— 7P53 was the most commonly mutated gene in MEC (28%), and mutations were found
only in intermediate- and high-grade tumors. Tumors with 7P53 mutations had more mutations
overall than tumors without 7P53 mutations (£=0.006). POU6F2 was the second most frequently
mutated gene, found in three low-grade MECs with the same in-frame deletion. Somatic
alterations in /IRAK1, MAP3K9, ITGAL, ERBB4, OTOGL, KMTZ2C, and OBSCN were identified
in at least two of the 18 tumors sequenced. FISH analysis confirmed the presence of the MECT1-
MAML2translocation in 15 of 17 tumors (88%).

Conclusions—Through these integrated genomic analyses, MECTI-MAML 2 translocation and
somatic 7P53and POUGFZ mutations appear to be the main drivers of mucoepidermoid
carcinoma.
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Introduction

Mucoepidermoid carcinoma (MEC) is the most common malignant neoplasm arising from
the salivary gland(1). MEC is characterized by its cellular heterogeneity and consists of
mucin-producing, epidermoid, and intermediate cells. These tumors are also known for their
variable biological and clinical behavior(2). Several histologic grading systems have been
proposed, which classify MEC tumors into low, intermediate, and high grades and have been
shown to correlate with clinical outcome. However, issues with consistency and
reproducibility in histologic grading still exist(3, 4). Furthermore, systemic treatment
options remain limited, necessitating a deeper understanding of the molecular underpinnings
of this cancer.

One important genetic aberration in MEC is the translocation of chromosomes 11q and 19p,
which has been proposed as an early event in the pathogenesis of the disease(5, 6). This
translocation, reported in over 50% of MEC tumors(7), results in fusion of the MECT1 and
MAMLZ2 genes, forming a fusion protein that causes disruption of cell cycle regulation and
differentiation(8). Low-grade tumors have a higher incidence of the fusion compared to
high-grade tumors(9), and patients with fusion-positive cancer tend to have improved
survival, with significantly lower risk of local recurrence, metastases, or cancer-related
mortality(10).

Other genetic alterations have been identified in MEC. For example, copy number variations
(CNVs) have been found to occur more frequently in fusion-negative cancers, with potential
loss of tumor suppressor genes, such as DCC, SMAD4, GALRI, and CDKNZA/B, and gain
of oncogenes, such as MAFA, LYN, MOS, and PLAGI(9).

Comprehensive analysis of genetic alterations underlying MEC has not been reported. In
order to shed light on the genomic landscape of MEC, we performed whole-exome
sequencing and copy number analysis of tumors from 18 patients.

Materials and Methods

Sample preparation

A retrospective review of patients treated for MEC was performed after obtaining approval
from the Institutional Review Board of the Johns Hopkins Medical Institutions. Clinical and
demographic data including age, gender, tobacco use, primary site, and lymph node
involvement were extracted from electronic medical records. Tumors were scored using the
Armed Forces Institute of Pathology grading scheme(11).

Formalin-fixed, paraffin-embedded (FFPE) tissues were dissected to achieve a neoplastic
cellularity of >60%. DNA was purified from these tumors, as well as matched non-
neoplastic tissue adjacent to tumor, using the AllPrep DNA/RNA purification Kit (Qiagen,
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catalog # 80204) according to the manufacturer’s instructions. Extracted DNA was then used
to generate libraries suitable for massively parallel sequencing.

DNA sequencing

Sample library construction, next generation sequencing (NGS), and bioinformatic analyses
of tumor and normal samples were performed at Personal Genome Diagnostics (Baltimore,
MD). In brief, genomic DNA from tumor and normal samples were fragmented and used for
Illumina TruSeq library construction (Illumina, San Diego, CA) and captured using the
Agilent V4 exome panel per the manufacturers’s instructions. Paired-end sequencing,
resulting in 100 bases from each end of the fragments, was performed using a HiSeq 2000
Genome Analyzer (Illumina, San Diego, CA).

Somatic mutations were identified using VariantDx(12) custom software for identification of
mutations in matched tumor and normal samples. Prior to mutation calling, primary
processing of sequence data for both tumor and normal samples was performed using
Illumina CASAVA software (v1.8), including masking of adapter sequences. Sequence reads
were aligned against the human reference genome (version hg18) using ELAND. Candidate
somatic mutations, consisting of point mutations and small (<50bp) insertions and deletions
were then identified using VariantDx across the coding exomic regions. VariantDx examines
sequence alignments of tumor samples against a matched normal while applying filters to
exclude alignment and sequencing artifacts. In brief, an alignment filter was applied to
exclude quality failed reads, unpaired reads, and poorly mapped reads in the tumor. A base
quality filter was applied to limit inclusion of bases with reported Phred quality scores >30
for the tumor and >20 for the normal (http://www.phrap.com/phred/). A mutation in the
tumor was identified as a candidate somatic mutation only when (i) distinct paired reads
contained the mutation in the tumor; (ii) the number of distinct paired reads containing a
particular mutation in the tumor was at least 10% of read pairs for exome; (iii) the
mismatched base was not present in >1% of the reads in the matched normal sample as well
as not present in a custom database of common germline variants derived from dbSNP; and
(iv) the position was covered in both the tumor and normal. Mutations arising from
misplaced genome alignments, including paralogous sequences, were identified and
excluded by searching the reference genome. Candidate somatic mutations were further
filtered based on gene annotation to identify those occurring in protein coding regions.
Functional consequences were predicted using snpEff and a custom database of CCDS,
RefSeq and Ensembl annotations using the latest transcript versions available on hg18 from
UCSC (https://genome.ucsc.edu/). Predictions were ordered to prefer transcripts with
canonical start and stop codons and CCDS or Refseq transcripts over Ensembl when
available. Finally, mutations were filtered to exclude intronic and silent changes, while
retaining mutations resulting in missense mutations, nonsense mutations, frameshifts, or
splice site alterations. A manual visual inspection step was used to further remove artifactual
changes. We have optimized our sequencing and bioinformatics approaches in the past so
that specificity of mutations is extremely high. This has been extensively validated not only
by Sanger sequencing but also by NGS at high depth. A minimum of 95% of the mutations
identified using these approaches are bona fide(13, 14). Copy number alterations were
identified by comparing normalized average per-base coverage for a particular gene in a
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tumor sample to the normalized average per-base coverage in a matched normal sample for
that patient(15). Focal amplifications (=3-fold or six copies) and homozygous deletions were
reported.

MECT1-MAML2 translocation

Statistics

Results

MECTI-MAML2translocation was determined by fluorescence in situ hybridization (FISH)
performed on FFPE sections using a commercially available MAMLZ2 dual-color, break-
apart probe (Z-2014-200, Zytovision, Germany). Prior to hybridization the slides were
deparaffinized using a VP 2000 processor (Abbott Molecular, Des Plains, IL) in which
pretreatment with protease | was used. Following deparaffinization the slides and the
MAML?2 probe were co-denatured at 80 °C for 7 minutes and allowed to anneal over night at
37 °C in humidified atmosphere. At the end of the incubation the slides were washed in 2 x
SSC/0.3% NP-40 for 2 min at 72 °C and for 2 min at room temperature, with agitation.
Traces of detergent were removed with a wash in 2 x SSC at room temperature. The slides
were counterstained with DAPI and a cover slip was applied using Vectashield mounting
medium (H-1000, Vector Laboratories, Inc.).

A fluorescence microscope was used to evaluate the probe pattern. Cells with two fusion
signals of one orange and one green fluorochrome were scored as normal. Cells with
rearrangements for MAML2 gene had one normal fusion signal and one orange and one
green signal at a distance from each other.

All statistical analyses were carried out with two sided tests with statistical significance level
set at p-value of 0.05. STATA 10 software (Stata Corp, College Station, TX) was used for the
analyses.

Whole-exome sequencing was performed for 18 tumors with matched normal tissue as
described in the Methods section. The average high quality per base coverage of the normal
samples was 101-fold and 174-fold for the tumors, with 90% and 92% of targeted bases
represented by at least 10 reads, respectively (Supplementary Table S1).

Somatic mutations

Using stringent criteria for analyses of these data(16), we identified 774 candidate somatic
mutations in 705 genes among the 18 tumors (Supplementary Table S2). The range of
mutations per tumor was 3 to 242, with a mean and standard deviation of 43 + 63.5
mutations per tumor (Table 1).

There were differences in the genetic landscapes of tumors based on histologic grade.
Intermediate- and high-grade tumors tended to harbor 7P53 mutations (5 out of 9) while
low-grade tumors did not have any 7P53 mutations (0 out of 9; p=0.03, Fisher’s exact test)
(Supplementary Table S3). More C:G>G:C substitutions were seen in intermediate- and
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high-grade tumors compared to low-grade tumors (p=0.03, Fisher’s exact test)
(Supplementary Table S4).

Somatic mutations were identified in at least two tumors in eight different genes (Table 1
and Supplementary Table S2). 7P53was the most frequently mutated gene, with mutations
found in five tumors. Among the five 7P53 mutations, two were frameshift alterations and
three were missense mutations (Q331H, G245S, R280T). Tumors harboring 7P53 mutations
had significantly more mutations overall than tumors without 7253 mutations (104.4 + 99.6
versus 17.8+14.2, p=0.006, Student’s t-test). The only two high-grade tumors without
known MECTI-MAMLZ2had TP53 mutations. One of these patients, who presented with
locally advanced disease and later developed distant metastasis, was found to have a
truncating 7253 mutation (insertion frameshift).

Three recurrent in-frame deletions were observed in POU6F2,; mutations in this gene were
found exclusively in low-grade MEC tumors, but the difference was not statistically
significant, potentially due to the limited sample size (p=0.21, Fisher’s exact test). Other
genes with mutations in more than one tumor included /RAK1, MAP3K9, ITGAL, ERBB4,
OTOGL, KMT2C, and OBSCN. Of these, MAP3K9and OTOGL mutations were seen only
in intermediate- or high-grade tumors.

Several known oncogenes and tumor suppressor genes were noted to harbor mutations in a
single tumor each. Mutations were observed in the oncogenes ARID1A, CBL, ABL1, AR,
EPHAS, FH, INSR, PRKDC, RET, and HRAS and the tumor suppressor genes PBRM1,
SMADZ, SMAD3, FBXW7, and HNF1A.

Copy number variation

Copy number analysis revealed 34 copy number variations (CNVS) in nine tumors, of which
all but one were focal amplifications. One recurrent CNV occurred in 2 intermediate-grade
tumors (tumor samples 17 and 20) with amplification of 17g21.2. One high-grade tumor
(tumor sample 29) had amplification of 19913.2-q13.3. KLKZ2amplification (tumor sample
29) was the only potentially biologically significant gene.

MECT1-MAML?2 translocation

Fluorescence in situ hybridization (FISH) was employed to determine the presence or
absence of the MECTI-MAMLZtranslocation (Supplementary Fig. S1). The translocation
was present in 15 of 17 tumors, including all of the low- and intermediate-grade tumors and
three out of five high-grade tumors; translocation status could not be determined for one
patient with intermediate-grade mucoepidermoid carcinoma (Table 1).

Discussion

Whole-exome sequencing of 18 MEC samples revealed that 7253 mutation burden differed
based on histologic grade of the tumors. The most frequently mutated gene identified
through these analyses was 7P53, though 7P53 mutations were isolated to intermediate- and
high-grade tumors. We also identified mutations in POU6F2, IRAK1, MAK3KY, ITGAL,
ERBB4, OTOGL, KMT2C, and OBSCN in more than one tumor. Copy number analyses
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demonstrated that most observed CNVs were amplifications. We also confirmed MECT1-
MAML2translocation in 88% of tumors.

Our analyses found that the most commonly mutated gene in MEC is 7P53, the most
frequently altered gene in human cancer(17). 7253 mutations have been previously reported
in 25-33% of MEC, although only small numbers of MEC cases were included in those
studies, which were not performed in an unbiased fashion(18-20). Of the five tumors with
TP53 mutations in our study, three were missense mutations and two were frameshift
alterations. 7P53 mutations were identified in only intermediate- or high-grade tumors,
consistent with one study that suggested detection of aberrant p53 expression using
immunohistochemistry was associated with higher histologic grade. This study also found
that aberrant p53 expression was associated with local recurrence(21). Furthermore, we
found that the presence of 7P53 mutation was significantly associated with higher mutation
frequency overall. However, the clinical implications of these findings are hard to assess
given the heterogeneity of the patients. Further research is therefore warranted to investigate
possible role of the mutation as a prognostic biomarker.

POUGF2was the second most frequently mutated gene, with mutations found in three low-
grade MECs. All three POU6F2 mutations were in-frame deletions at the same location
(187Q>-) and were found in low-grade MEC tumors without 7”53 mutation. In COSMIC,
the same in-frame deletion was seen in twelve specimens from various human cancers,
including lung adenocarcinoma, endometroid carcinoma, melanoma, hemangioblastoma,
esophageal squamous cell carcinoma, intestinal adenocarcinoma, and Wilms tumor. Among
those, 7P53 mutations were seen in only three of twelve specimens. POU6F2 encodes a
member of the POU protein family, characterized by the presence of two DNA binding
subdomains (a POU-specific domain and a homeodomain) separated by a variable
polylinker. The POU family members are transcriptional regulators, many of which are
known to control cell type-specific differentiation pathways(22). POU6FZ2is involved in the
development of the pituitary(23) and kidney(24). Loss of heterozygosity in regions
containing POUGF2 has been reported in Wilms tumor(25). Further studies are necessary to
elucidate the role of POU6F2in human cancers, including MEC.

The other recurrently mutated genes included /RAKI, MAP3K9, ITGAL, ERBB4, OTOGL,
KMTZ2C, and OBSCN. MAP3KX26) and ERBB4(27) encode for protein kinases that have
been frequently implicated in human cancers and may be potential therapeutic targets.
IRAKI encodes interleukin-1 (IL-1) receptor-associated kinase 1, which is a serine/
threonine protein kinase that associates with the I1L-1 receptor upon stimulation. IRAK1 can
mediate stimulation of the NF-xB and MAPK pathway, thereby promoting cell
proliferation(28). /TGAL encodes the integrin alpha L chain, which combines with the beta
2 chain to form LFA-1, which plays a critical role in cell-cell interactions, cellular adhesion,
and cytotoxic T-cell mediated killing(29, 30). KMT2C encodes for Mixed Lineage
Leukemia 3 (MLL3), which acts as a histone H3 lysine 4 (H3K4)-specific
methyltransferase(31). Although mutations in KMT72C have been reported in various solid
tumors, its role as a true driver of oncogenesis is debated(32, 33). As MLL3 is a coactivator
of p53, its inactivation may result in reduced p53 function and subsequent accumulation of
genetic damage(34). The role of OTOGL and OBSCN in MEC tumorigenesis is unclear.
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Alterations in genes with potential clinical utility included recurrent mutations in ERBB4
and isolated mutations in AR/D1A, ABL1, INSR, RET, and HRAS.

Using FISH, we verified the presence of the MECTI-MAMLZ2translocation in 88% of
tumors, slightly higher than the previously reported range of 38% to 81%(35). Due to
limited availability of fresh frozen tumors, we were unable to perform whole-genome
sequencing to detect MECTI-MAMLZ or other chromosomal rearrangements. Consistent
with the literature, all low- or intermediate-grade MEC tumors in this study were positive for
the translocation, while 60% of high-grade tumors were positive(36). MECTI-MAMLZ2
translocation produces a fusion protein that disrupts Notch signaling through the effects of
Maml2, which normally acts as a co-activator of Notch receptors and transactivates Notch
target genes(8, 37). By forming a novel Mect1-Maml2 fusion product, Maml2 replaces its
Notch ligand binding domain with the CRTCI promoter and CREB binding domain, which
allows the fusion protein to act as a co-activator of the cAMP/CREB signaling pathway(38,
39). It has been shown that ectopic expression of Mectl-Maml2 may be tumorigenic in rat
epithelial cells, and inhibition of the fusion protein using RNA interference can suppress
growth in fusion-positive MEC cell lines(40). A recent report suggests that the fusion
protein may also interact with Myc and activate Myc transcription targets, including genes
involved in cell growth, metabolism, survival, and tumorigenesis(41). These findings, along
with lack of significant driver oncogene mutations in MEC, strongly suggest that MECT1-
MAML2translocation may be the main oncogenic driver in this tumor type. In our analysis
of 18 patients, two patients who did not harbor the MECTI-MAMLZ2 translocation had 7P53
mutations, including a frameshift insertion and a missense mutation in the DNA binding
domain (R280T), which provides an alternative mechanism of tumorigenesis in the absence
of the translocation.

In recent years, comprehensive genomic analyses have been performed in a number of
salivary gland neoplasms(42). Chromosomal translocations resulting in gene fusions and
mutations in known cancer pathways appear to be of particular importance in several tumors
of salivary origin. In adenoid cystic carcinoma, for example, the t(6;9) translocation
resulting in the MYB-NFIB fusion product is well-described, and two recent next-generation
sequencing studies found alterations in chromatin regulation and Notch signaling
pathways(43, 44). The significance of the MECTI-MAMLZ2translocation and of 7P53
mutation demonstrated here in MEC is therefore consistent with findings in other salivary
tumors.

The results of this study provide evidence that MEC tumors have few common genetic
aberrations other than the MECT1-MAML2translocation and 7P53 and POU6FZ mutations.
The MECT1-MAML2translocation was seen in all low-grade tumors and most
intermediate- and high-grade tumors; in two high-grade cases without MECT1-MAML2
translocation, we identified 7P53 mutations. The presence of 7P53 mutations was
significantly associated with higher histologic grade and a higher number of mutations
overall. POU6F2 may also represent a driver mutation as three mutations were found in low-
grade MEC. Future investigation to elucidate the functional roles of MECT1-MAMLZ2
translocation and the somatic mutations in MEC tumorigenesis would be highly desired.

Clin Cancer Res. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kang et al. Page 8

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank our patients for their courage and generosity. We thank R. Yonescu for technical assistance.

Financial support: This work was supported by NIH/NIDCR grant DE023218 (N. Agrawal) and NIH/NIDCR
Specialized Program of Research Excellence grant DE019032 (N. Agrawal).

References

1. Boukheris H, Curtis RE, Land CE, Dores GM. Incidence of carcinoma of the major salivary glands
according to the WHO classification, 1992 to 2006: a population-based study in the United States.
Cancer epidemiology, biomarkers & prevention : a publication of the American Association for
Cancer Research, cosponsored by the American Society of Preventive Oncology. 2009; 18:2899—
2906.

2. Ettl T, Schwarz-Furlan S, Gosau M, Reichert TE. Salivary gland carcinomas. Oral and maxillofacial
surgery. 2012; 16:267-283. [PubMed: 22842859]

3. Luna MA. Salivary mucoepidermoid carcinoma: revisited. Advances in anatomic pathology. 2006;
13:293-307. [PubMed: 17075295]

4. Seethala RR. Histologic grading and prognostic biomarkers in salivary gland carcinomas. Advances
in anatomic pathology. 2011; 18:29-45. [PubMed: 21169736]

5. EI-Naggar AK, Lovell M, Killary AM, Clayman GL, Batsakis JG. A mucoepidermoid carcinoma of
minor salivary gland with t(11;19)(q21;p13.1) as the only karyotypic abnormality. Cancer genetics
and cytogenetics. 1996; 87:29-33. [PubMed: 8646736]

6. Nordkvist A, Gustafsson H, Juberg-Ode M, Stenman G. Recurrent rearrangements of 11q14-22 in
mucoepidermoid carcinoma. Cancer genetics and cytogenetics. 1994; 74:77-83. [PubMed:
8019965]

7. Bell D, El-Naggar AK. Molecular heterogeneity in mucoepidermoid carcinoma: conceptual and
practical implications. Head and neck pathology. 2013; 7:23-27. [PubMed: 23459841]

8. Tonon G, Modi S, Wu L, Kubo A, Coxon AB, Komiya T, et al. t(11;19)(q21;p13) translocation in
mucoepidermoid carcinoma creates a novel fusion product that disrupts a Notch signaling pathway.
Nature genetics. 2003; 33:208-213. [PubMed: 12539049]

9. Jee KJ, Persson M, Heikinheimo K, Passador-Santos F, Aro K, Knuutila S, et al. Genomic profiles
and CRTC1-MAML2 fusion distinguish different subtypes of mucoepidermoid carcinoma. Modern
pathology : an official journal of the United States and Canadian Academy of Pathology, Inc. 2013;
26:213-222.

10. Behboudi A, Enlund F, Winnes M, Andren Y, Nordkvist A, Leivo I, et al. Molecular classification
of mucoepidermoid carcinomas-prognostic significance of the MECT1-MAML2 fusion oncogene.
Genes, chromosomes & cancer. 2006; 45:470-481. [PubMed: 16444749]

11. Goode RK, Auclair PL, Ellis GL. Mucoepidermoid carcinoma of the major salivary glands: clinical
and histopathologic analysis of 234 cases with evaluation of grading criteria. Cancer. 1998;
82:1217-1224. [PubMed: 9529011]

12. Jones S, Anagnostou V, Lytle K, Parpart-Li S, Nesselbush M, Riley DR, et al. Personalized
genomic analyses for cancer mutation discovery and interpretation. Science translational medicine.
2015; 7:283ra53.

13. Hoang ML, Chen CH, Sidorenko VS, He J, Dickman KG, Yun BH, et al. Mutational signature of
aristolochic acid exposure as revealed by whole-exome sequencing. Science translational
medicine. 2013; 5:197ra02.

14. Zhang M, Wang Y, Jones S, Sausen M, McMahon K, Sharma R, et al. Somatic mutations of
SUZ12 in malignant peripheral nerve sheath tumors. Nature genetics. 2014; 46:1170-1172.
[PubMed: 25305755]

Clin Cancer Res. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kang et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 9

Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, et al. Core signaling pathways in
human pancreatic cancers revealed by global genomic analyses. Science. 2008; 321:1801-1806.
[PubMed: 18772397]

Bettegowda C, Dang LH, Abrams R, Huso DL, Dillehay L, Cheong I, et al. Overcoming the
hypoxic barrier to radiation therapy with anaerobic bacteria. Proceedings of the National Academy
of Sciences of the United States of America. 2003; 100:15083-15088. [PubMed: 14657371]

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, et al. Mutational landscape and
significance across 12 major cancer types. Nature. 2013; 502:333-339. [PubMed: 24132290]

Gomes CC, Diniz MG, Orsine LA, Duarte AP, Fonseca-Silva T, Conn BI, et al. Assessment of
TP53 mutations in benign and malignant salivary gland neoplasms. PloS one. 2012; 7:e41261.
[PubMed: 22829934]

Matizonkas-Antonio LF, de Mesquita RA, de Souza SC, Nunes FD. TP53 mutations in salivary
gland neoplasms. Brazilian dental journal. 2005; 16:162-166. [PubMed: 16475613]

Nordkvist A, Roijer E, Bang G, Gustafsson H, Behrendt M, Ryd W, et al. Expression and mutation
patterns of p53 in benign and malignant salivary gland tumors. International journal of oncology.
2000; 16:477-483. [PubMed: 10675478]

Abd-Elhamid ES, Elmalahy MH. Image cytometric analysis of p53 and mdm-2 expression in
primary and recurrent mucoepidermoid carcinoma of parotid gland: immunohistochemical study.
Diagnostic pathology. 2010; 5:72. [PubMed: 21092204]

Besch R, Berking C. POU transcription factors in melanocytes and melanoma. European journal of
cell biology. 2014; 93:55-60. [PubMed: 24315688]

Yoshida S, Ueharu H, Higuchi M, Horiguchi K, Nishimura N, Shibuya S, et al. Molecular cloning
of rat and porcine retina-derived POU domain factor 1 (POU6F2) from a pituitary cDNA library.
The Journal of reproduction and development. 2014; 60:288-294. [PubMed: 24804940]

Di Renzo F, Doneda L, Menegola E, Sardella M, De Vecchi G, Collini P, et al. The murine Pou6f2
gene is temporally and spatially regulated during kidney embryogenesis and its human homolog is
overexpressed in a subset of Wilms tumors. Journal of pediatric hematology/oncology. 2006;
28:791-797. [PubMed: 17164647]

Perotti D, De Vecchi G, Testi MA, Lualdi E, Modena P, Mondini P, et al. Germline mutations of
the POUGBF2 gene in Wilms tumors with loss of heterozygosity on chromosome 7p14. Human
mutation. 2004; 24:400-407. [PubMed: 15459955]

Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in cancer. Oncogene.
2007; 26:3279-3290. [PubMed: 17496922]

Tvorogov D, Sundvall M, Kurppa K, Hollmen M, Repo S, Johnson MS, et al. Somatic mutations of
ErbB4: selective loss-of-function phenotype affecting signal transduction pathways in cancer. The
Journal of biological chemistry. 2009; 284:5582-5591. [PubMed: 19098003]

Gottipati S, Rao NL, Fung-Leung WP. IRAK1.: a critical signaling mediator of innate immunity.
Cellular signalling. 2008; 20:269-276. [PubMed: 17890055]

Anikeeva N, Somersalo K, Sims TN, Thomas VK, Dustin ML, Sykulev Y. Distinct role of
lymphocyte function-associated antigen-1 in mediating effective cytolytic activity by cytotoxic T
lymphocytes. Proceedings of the National Academy of Sciences of the United States of America.
2005; 102:6437-6442. [PubMed: 15851656]

Giblin PA, Lemieux RM. LFA-1 as a key regulator of immune function: approaches toward the
development of LFA-1-based therapeutics. Current pharmaceutical design. 2006; 12:2771-2795.
[PubMed: 16918410]

Ansari KI, Mandal SS. Mixed lineage leukemia: roles in gene expression, hormone signaling and
MRNA processing. The FEBS journal. 2010; 277:1790-1804. [PubMed: 20236313]

Ford DJ, Dingwall AK. The cancer COMPASS: navigating the functions of MLL complexes in
cancer. Cancer genetics. 2015; 208:178-191. [PubMed: 25794446]

Gonzalez-Perez A, Jene-Sanz A, Lopez-Bigas N. The mutational landscape of chromatin
regulatory factors across 4,623 tumor samples. Genome biology. 2013; 14:r106. [PubMed:
24063517]

Lee J, Kim DH, Lee S, Yang QH, Lee DK, Lee SK, et al. A tumor suppressive coactivator complex
of p53 containing ASC-2 and histone H3-lysine-4 methyltransferase MLL3 or its paralogue

Clin Cancer Res. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kang et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 10

MLLA4. Proceedings of the National Academy of Sciences of the United States of America. 2009;
106:8513-8518. [PubMed: 19433796]

O'Neill ID. t(11;19) translocation and CRTC1-MAML2 fusion oncogene in mucoepidermoid
carcinoma. Oral oncology. 2009; 45:2-9. [PubMed: 18486532]

Seethala RR, Dacic S, Cieply K, Kelly LM, Nikiforova MN. A reappraisal of the MECT1/MAML2
translocation in salivary mucoepidermoid carcinomas. The American journal of surgical pathology.
2010; 34:1106-1121. [PubMed: 20588178]

Enlund F, Behboudi A, Andren Y, Oberg C, Lendahl U, Mark J, et al. Altered Notch signaling
resulting from expression of a WAMTP1-MAML2 gene fusion in mucoepidermoid carcinomas
and benign Warthin's tumors. Experimental cell research. 2004; 292:21-28. [PubMed: 14720503]
Coxon A, Rozenblum E, Park YS, Joshi N, Tsurutani J, Dennis PA, et al. Mectl-Maml2 fusion
oncogene linked to the aberrant activation of cyclic AMP/CREB regulated genes. Cancer research.
2005; 65:7137-7144. [PubMed: 16103063]

Wu L, Liu J, Gao P, Nakamura M, Cao Y, Shen H, et al. Transforming activity of MECT1-MAML2
fusion oncoprotein is mediated by constitutive CREB activation. The EMBO journal. 2005;
24:2391-2402. [PubMed: 15961999]

Komiya T, Park Y, Modi S, Coxon AB, Oh H, Kaye FJ. Sustained expression of Mectl-Maml2 is
essential for tumor cell growth in salivary gland cancers carrying the t(11;19) translocation.
Oncogene. 2006; 25:6128-6132. [PubMed: 16652146]

Amelio AL, Fallahi M, Schaub FX, Zhang M, Lawani MB, Alperstein AS, et al. CRTC1/MAML2
gain-of-function interactions with MY C create a gene signature predictive of cancers with CREB-
MY C involvement. Proceedings of the National Academy of Sciences of the United States of
America. 2014; 111:E3260-E3268. [PubMed: 25071166]

Andersson MK, Stenman G. The landscape of gene fusions and somatic mutations in salivary
gland neoplasms - Implications for diagnosis and therapy. Oral oncology. 2016

Rettig EM, Talbot CC Jr, Sausen M, Jones S, Bishop JA, Wood LD, et al. Whole-Genome
Sequencing of Salivary Gland Adenoid Cystic Carcinoma. Cancer Prev Res (Phila). 2016; 9:265-
274. [PubMed: 26862087]

Stephens PJ, Davies HR, Mitani Y, Van Loo P, Shlien A, Tarpey PS, et al. Whole exome
sequencing of adenoid cystic carcinoma. The Journal of clinical investigation. 2013; 123:2965-
2968. [PubMed: 23778141]

Clin Cancer Res. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kang et al.

Page 11

Translational Relevance

Mucoepidermoid carcinoma (MEC) is the most common malignancy of the salivary
gland. However, its molecular underpinnings remain unclear, and few systemic
therapeutic options are available for this tumor type. We therefore performed whole-
exome sequencing and copy number analyses of 18 primary cancers to identify possible
drivers of tumorigenesis in MEC. Our data demonstrate that the MECT1/MAML2
translocation may be the main oncogenic driver in these tumors. In tumors without the
translocation, 7P53 mutation may act as an alternate mechanism of tumorigenesis. In
addition, POU6F2Z mutations may act as drivers of oncogenesis in low-grade tumors. We
also identified somatic mutations in a number of other genes, not previously implicated in
MEC, which may serve as therapeutic targets. These findings should be further
investigated for their therapeutic potential.
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