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Mucoepidermoid carcinoma (MEC) is one of the most common salivary gland cancers, comprising 30-40% of all salivary malignancies. Importantly,

a common family of translocations, CRTC(1/3)-MAML2 rearrangements, have been well established as highly recurrent genomic events driving disease

progression in half of all cases. Until recently, however, the molecular basis of this disease beyond these rearrangements was largely unknown. While

understanding the molecular etiology of MEC tumors is complicated by significant intra- and inter-tumor heterogeneity, several recent studies have made

significant strides characterizing this disease. This review focuses on synthesizing the data from the current literature to further elucidate the role of additional
somatic genomic alterations, including TERT translocations, chr9p21.3 and 8q24.3 copy number alterations, and NOTCH pathway mutations, that drive the
molecular biology of this disease. These discoveries have been crucial to understanding MEC molecular etiology.

ABBREVIATIONS

MEC: Mucoepidermoid Carcinoma; DFS: Disease-Free
Survival; CRE: Camp Response Element; HCCC: Hyalinizing
Clear Cell Carcinoma; SNV: Single Nucleotide Variant; CNA:
Copy Number Alteration; Acgh: Array Custom Genomic
Hybridization; WES: Whole Exome Sequencing; WGS:
Whole Genome Sequencing; CGP: Comprehensive Genomic
Profiling; FISH: Fluorescent In-Situ Hybridization; CISH:
Chromogenic In Situ Hybridization; Msigdb: Molecular
Signatures Database

INTRODUCTION

Mucoepidermoid carcinoma (MEC) is one of the most
common salivary malignancies, comprising 30%-40% of
all salivary gland cancers, and 2-7% of all head and neck
cancers [1,2]. The majority of these tumors occur in the
major salivary glands, with 50-80% in the parotid gland
[3,4], and survival outcomes correlate strongly with tumor
stage and grade. In fact, five-year disease-free survival
(DFS) of patients with low-grade, intermediate-grade,
and high-grade MEC tumors is 92-100%, 90-100%, and
37-67%, respectively [5-7]. Meanwhile, DFS ranges from
91.7% for T1 stage patients to 12.5% for T4 patients [5].
MEC does not share risk factors common in other head
and neck cancers, such as human papillomavirus infection

or history of smoking [8-10], though some studies have
suggest an association with environmental carcinogens,
such as ionizing radiation [11,12].

The standard of care for non-metastatic MEC is
surgery, including removal of the affected salivary gland
and possible neck dissection depending on tumor grade
and stage. Indications for post-operative radiotherapy
are extrapolated from other head and neck malignancies,
and include positive margins, extranodal extension, node
positivity, high T stage, high grade, lymphovascular space
invasion, and/or perineural invasion. Evidence for a role
for cytotoxic chemotherapies or targeted therapies is
currently limited [13]. Therefore, there is an active need
for the development of novel interventional approaches
for MEC patients, especially for those with high-grade
tumors.

MEC INTRA-TUMOR HETEROGENEITY

Mucoepidermoid  carcinoma is  histologically
characterized by the presence of mucinous, epidermoid,
and intermediate cells [14,15]. Several studies have shown
cell type-specific expression of cancer-relevant proteins in
each cell type, though the roles of heterogeneous cell types
in MEC etiology are currently unknown [16,18]. All three
cell types are thought to differentiate from cancer stem
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cells, though the specific mechanism of differentiation
has not been described [19]. It has been postulated that
intermediate cells are a progenitor cell, differentiating
into mucinous and epidermoid cells, though evidence for
this mechanism is sparse [19]. Cancer stem cells have
been detected in MEC tumors and tumor-derived cell
lines, marked with a CD44hs"ALDH"™" phenotype and
increased tumorigenic potential [20]. CD44 expression
is associated with high-grade tumors, characterized by
aggressive growth, while increased ALDH protein levels
are associated with higher TNM staging (AJCC 7% edition)
[21,23]. These results support the hypothesis that a small
proportion of cancer stem cells maintain tumor growth
and survival through self-renewal and differentiation
[20]. This stem cell tumorigenic activity may be regulated
by mTOR signaling and epigenetic regulation [24,25].
Taken together, these data suggest that MEC growth is
mediated by progenitor cells capable of differentiating into
mucinous, epidermoid, and intermediate cells, leading to
a tumor comprised of three histologically and molecularly
different cell types.

SOMATIC ALTERATIONS AND MEC TUMOR
BIOLOGY

Somatic mutation formation is a hallmark characteristic
of cancer [26]. In many cancers, driver mutations induce
the development of cancer phenotypes, such as growth
and metastasis. Characterizing these commonly altered
driver genes and pathways is key to understanding tumor
etiology and identifying new therapeutic targets.

CRTC1/3-MAML2 TRANSLOCATIONS

In MEC, the most well described and recurrent genetic
alteration is a translocation between chromosome 11 and
chromosome 19, resulting in formation of the CRTC1-
MAML?2 fusion protein [27,28]. The CRTC1-MAML?2 fusion
is found in 38-88% of all MEC tumors depending on the
cohort [29,35]. Fusion-positive tumors are associated
with a lower tumor grade and improved overall survival
[30,35]. The CRTC1-MAML2 fusion contains the first
exon of CRTC1, containing a CREB binding domain, and
exons 2-5 of MAMLZ2, containing a transcription activation
domain [28,36]. While wild-type CRTC1 and MAML2 are
both transcription factors, the CRTC1-MAML2 fusion
protein gains transcription regulation function unique
from both constituents. Initial studies demonstrated
that transduction with CRTC1-MAML2, but not CRTC1
or MAML2 alone, is sufficient to induce neoplastic
transformation in an immortalized cell line [28,37]. This
transformation is thought to be due to transcriptional
regulation of several cancer-associated pathways.

Functionally, =~CRTC1-MAML2 directly activates
CREB via the CRTC1 CREB binding domain leading to
constitutive activation of CREB-dependent gene regulation
[28,38]. Unlike CRTC1, CRTC1-MAML2 is localized to
the nucleus, where the fusion constitutively activates
CREB. CREB activation has been associated with several
different tumor types, and plays a role in uncontrolled
cellular division, suppression of apoptosis, and metastatic
potential [39]. In addition, CRTC1-MAML2-mediated
malignant transformation is decreased by CREB inhibition,
suggesting that CRTC1-MAML?2 plays a driver role in MEC
tumorigenesis [40].

CRTC1-MAML2 also regulates transcription via
interactions with other transcription factors beyond CREB.
For example, Amelio et al., first discovered activation of
MYC regulated genes by CRTC1-MAML2, but not CRTC1
or MAML2 [41]. CRTC1-MAML2 directly binds with MYC,
activating MYC-regulated genes. Importantly, they also
demonstrate thatthe previously described CRTC1-MAML2-
mediated transformed colony formation is abrogated by
transduction with MYC with a loss-of-function mutation.

Chen]Jetal,isthe firststudy to measure differential gene
expression in fusion-positive MEC-derived cell lines [36].
By comparing RNA expression of fusion-positive to fusion-
knockdown MEC-derived cell lines, the team identifies
a CRTC1-MAML2-associated gene signature. The genes
inhibited by CRTC1-MAMLZ2 knockdown include genes
that are activated by previously associated transcription
factors, such as CREB and MYC, but also previously
unassociated transcription factors, such as NFkB and
HIF1A. These genes are also involved in regulating cancer
phenotypes; this gene signature is enriched in pathways
such as cell growth, cell survival, and cell-to-cell signaling.
Cé6orf176, encoding LINC00473, is the gene most highly
repressed by CRTC1-MAMLZ2 knockdown. In a subsequent
study, the group determines that LINC00473 is necessary
for CRTC1-MAML2-mediated growth [42]. CRTC1-MAML?2
directly induces LINC00473 expression in a CREB-
dependent manner. In addition, LINC00473 knockdown
leads to reduced growth and increased apoptosis in
both a fusion-positive cell line and xenograft, as well as
downregulation of genes associated with cell survival
and growth. LINC00473 directly interacts with the NONO
protein, a coactivator necessary for CREB activation in
non-cancerous cells. Therefore, the authors propose that
LINC00473 enhances CRTC1-MAML2-mediated CREB
activation by interacting with the cAMP response element
(CRE) site in a feed-forward loop.

By performing RNA sequencing on MEC fusion-positive
and fusion negative tumors, Musicant et al,, reveal a fusion-
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specific gene expression signature, which is enriched for
IGF-1 signaling-associated genes [43]. While the IGF1
promoter lacks a CRE site, the authors demonstrate that
CRTC1-MAML?2 instead induces expression of the splice
variant PGC-1a4, which coactivates PPARy, which directly
induces IGF-1 expression.

Through the transcriptional regulation of multiple
pathways, CRTC2-MAML2 is thought to be the primary
driver alteration in fusion-positive MEC tumors, as
demonstrated by Chen et al [40]. The authors report that
CRTC1-MAMLZ knockdown is sufficient to fully stop MEC
xenograft growth. Furthermore, they develop a salivary
gland CRTC1-MAMLZ transgenic mouse model by crossing
mice with a Cre-CRTC1-MAMLZ2 transgene with a MMTV-
Cre transgenic line, which selectively expresses Cre in
salivary ductal cells. Induction of salivary gland-specific
CRTC1-MAML2 fusion expression is sufficient to generate
murine MEC tumors, which are phenotypically similar to
human MEC tumors, containing mucinous, epidermoid,
and intermediate cells. They then treat CRTC1-MAML2-
expressing mice with CDK4/6 inhibitor and EGFR inhibitor
combination therapy, which leads to decreased tumor size.
This suggests a strong pre-clinical rationale for prospective
evaluation of similar combinational therapies in human
subjects.

Taken together, these data demonstrate that CRTC1-
MAML?2 is sufficient to cause tumorigenesis and neoplastic
transformation. This fusion directly regulates large-scale
changes in gene transcription within the MEC tumor,
through coactivating with the transcription factors CREB,
MYC, and PPARY.

OTHER SOMATIC ALTERATIONS IN MEC TUMORS

In addition to MAMLZ2 translocations, other somatic
alterations contribute to cancer etiology, in both MAML2
translocation-positive and MAMLZ translocation-negative
tumors. A summary of the genes affected by these
alterations can be found in Table 1. A variety of high-
throughput methods have been used to successfully detect
structural variations, copy number alterations (CNAs) and
single nucleotide variations (SNVs) throughout the MEC
tumor genome.

STRUCTURAL VARIATIONS

Structural variants, including translocations forming
the CRTC1-MAML2 fusion, play an important role in MEC
tumor etiology. While the t(11;19) translocation, leading
to the CRTC1-MAMLZ2 fusion gene, is the best studied
driver alteration in MEC, other somatic alterations have
also been identified, which may either contribute to cancer

phenotypes in CRTC1-MAML?2 fusion-positive MEC tumors
or contribute to pathogenesis in fusion-negative tumors.
In addition to CRTC1-MAMLZ2, CRTC3-MAMLZ2 fusions,
though less common, have also been detected [44,46].
CRTC1-MAML2 and CRTC3-MAML2 positive MEC tumors
are histologically similar with similar clinicopathologic
features, but the fusions are mutually exclusive [44,46].

Recent increased adoption of genome wide techniques,
including whole genome sequencing (WGS) and long read
sequencing, are powerful tools to identify novel structural
variants driving MEC tumorigenesis. For example, one
such study uses WGS to sequence 18 primary MEC tumors,
as part of a common salivary gland cancer cohort [47].
Unlike other previously used methods, such as WES and
capture sequencing, WGS allows for detection of intronic
and intergenic variants [47]. First, the authors identified
missense SNVs in BAP1, LRFN1, CIC, MUC16, ATNI,
CARD154, CCDC58, and TTN. In addition to these findings,
the authors apply a variety of bioinformatics tools to
understand more genetic information from these tumors.
For example, they use a mutational signature analysis to
determine the relative contribution of thirty well-defined
patterns of single nucleotide changes [47]. Several of
these signatures are associated with known mutational
processes, suggesting potential mutagenic mechanisms
for MEC tumor SNV formation. Specifically, MEC tumors
have broad enrichment for multiple signatures associated
with DNA repair pathways: most notably signatures 3
(homologous recombination), 6, 15, 20 (mismatch repair),
and 24 (nucleotide excision repair) [47]. In addition, the
CRTC1-MAML?2 fusion could be detected in 50% of patients,
using bioinformatics-based analysis of WGS data, rather
than the orthogonal and time-consuming methods of
previous studies, such as fluorescence in-situ hybridization
(FISH). This method is then used to identify additional
fusions, including HFM1-RYR2, CACNA1B-NBPF10,
EWSR1-ATF1, and FSIP1-BAZ2A. However, these fusions
were not verified by secondary methods, such as rtPCR,
and the way they affect cancer phenotypes is not currently
known. Interestingly, the EWSR1-ATF1 is a hallmark fusion
of hyalinizing clear cell carcinoma, a histologically similar
salivary gland cancer [48]. Nevertheless, the identification
of these fusions represents an exciting new frontier in MEC
genetic research.

COPY NUMBER ALTERATIONS

Single nucleotide variants and copy number alterations
(SNVs and CNAs) in MEC have been previously identified
using microarray techniques. For example, using a
genotyping microarray covering 261,563 single nucleotide
polymorphisms (SNPs), one study uses the relative signal
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Table 1: Summary of genes that are recurrently altered in MEC tumors. Genes are sorted based on their association with featured pathways or biological processes. Gene set

membership is curated by the Molecular Signatures Database (MSigDB)

Gene Set Genes with CNAs

Genes with SNVs Gene fusions

LYN, SMAD4, CDKNZA, APEX1,

GO BP apoptotic process DCe

PTEN, EGFR, NF1, HRAS, CCND1, TP53, ATM, PIK3CA, KRAS, BRAF, MYC,
NOTCH1, TERT, BRCA1, BRCA2, ERBB2, FGFR1, RB1, CDKN2A, MAP3K9,

RYR2, TERT, SGK3, PPP2R1B
NOTCHZ, PALB2, TSC2, ATN1, BAP1

GO BP positive regulation of

PTEN, EGFR, NF1, HRAS, TP53, ATM, PIK3CA, KRAS, BRAF, MYC, NOTCH1,

cell population proliferation LYN, SMAD4, MAPT, MOS BRCA1, BRCA2, ERBB2, FGFR1, NOTCH2, TSC2, KIT, IRAK1, OBSCN, CTBP2 TERT
GO BP regulation of
X . PTEN, EGFR, NF1, HRAS, CCND1, PIK3CA, KRAS, BRAF, MYC, NOTCH1, TERT,
mtracellularISIgnal LYN, SMAD4, MAPT, PLAG1 ERBB2, FGFR1, NOTCHZ, KIT, IRAK1, CDK4 SGK3
transduction
Hallmark PI3K AKT mTOR HRAS, CDK4, PTEN, EGFR, TSC2 ATF1, PPP2R1B
signaling

Hallmark p53 pathway CDKN2A

HRAS, NOTCH1, CDKN2A, TP53, RB1, CDKN2B, IRAK1

Hallmark G2M checkpoint

CDK4, NOTCHZ2, CCND1, MYC, BRCA2 EWSR1

KEGG pathways in cancer CDKN2A, SMAD4

TP53, CCND1, CDK4, RB1, KRAS, HRAS, EGFR, ERBB2, PIK3CA, PTEN, FGFR1,
CDKNZA, BRAF, BRCA2, CDKN2B, MYC, KIT, DCC, MET, CTBP2

Altered genes not involved in
featured pathways

GALR1, MAFA, OR4N4, POTEB,
TP53TG3, MAML2

TTN, KMT2C, ARID1A, MTAP, CIC, ITGAL, MUC16, OTOGL, CCDC58, LRFN1,
MUC12, MUC3A, MUC4, MUC5B, PCLO, PRB1, PRB4,PRSS3, TTC28, WDR33

CRTC1, BAZ2A, CRTC3,
MAMLZ2, CACNA1B, HFM1,
NBPF10, FSIP1, MYBL1

Abbreviations: CNA: copy number alteration. SNV: single nucleotide variant. G2ZM: Growth 2 phase to mitosis checkpoint. GO BP: Gene Ontology: Biological Process. KEGG:

Kyoto Encyclopedia of Genes and Genomes. MSigDB: Molecular Signatures Database

of these SNPs to identify copy number variants [49]. The
mostreproducible CNA mutations overlap with MAPT (50%
patients with copy number gain/40% copy number loss),
APEX1 (35% gain/45% loss) POTEB (45%/25%), OR4N4
(40%/25%), and TP53TG3 (5%/25%). Interestingly,
CRTC1-MAML?2 positive tumors have a lower rate of copy
number alterations, compared to fusion-negative tumors
[49,51]. Another study uses an array custom genomic
hybridization (aCGH), a microarray that can detect copy
number imbalances in 99,000 human sequences [52].
They detect a chr9p21.3 (CDKNZA) deletion in 5/15
patients. Four patients have both a CRTC1-MAML2
translocation and a chr9p21.3 deletion, and notably, all
four are confirmed to have died from metastatic MEC [52].
This CDKNZ2A loss was reproduced using a similar aCGH
array-based assay to measure copy number alterations
relative to noncancerous patient-matched control tissue in
28 MEC tumors, 7 of which were found to contain a 9p21.3
loss [50]. This aCGH assay was also used to identify copy
number losses in 18q12.2-qter (DCC, SMAD4, GALR1) and
copy number gains in 8q24.3 (MAFA) and 8q11.1-q12.2
(LYN, MOS, PLAG1) [50]. One recent study has shown that
loss of p16 protein, which is produced from CDKNZ24, is
associated with increased tumor size, CRTC1-MAML2
negativity, and a worse prognosis, further suggesting that
the effects of CDKN2A mutations on cancer phenotypes is a
promising area for future research [53].

SINGLE NUCLEOTIDE VARIANTS

The first WES study of MEC tumors, including 18
tumors plus matched normal controls, identifies 43 + 63.5
mutations per tumor [29]. Specifically, these alterations
include somatic SNVs in TP53, IRAK1, MAP3K9, ITGAL,
ERGG4, OTOGL, KMT2C and OBSCN (=2/18 tumors for all

genes listed). This study also bioinformatically analyzes
CNAs in these 18 tumors, 32/33 of which were tumor
specific. A second study performed WES on 26 MEC tumors,
identifying recurrent SNVs in BAP1 (15%), CDKN2A (8%),
MET (8%), and TP53 (8%) [54]. Coupling these data
with RNAseq in 27 cases, they successfully identify gene
fusions. These fusions include 11 samples with CRTC1-
MAML?2 fusions and 16 tumor-specific fusions. 2 samples
contain EWSR1 fusions (EWSR1-ATF1, and EWSR1-CREM,
respectively), which are hallmark fusions of salivary gland
cancers, including hyalinizing clear cell carcinoma [48].
They then analyze differential gene expression between
7 recurrent/metastatic and 18 progression-free MEC
tumors, finding 193 genes, including 20 transcription
factors, differentially expressed in patients with disease
progression. These genes are enriched for processes,
including epithelial mesenchymal transition, TNFA
signaling via NFkB, and Myc targets.

Our group recently performed WES of 11 MEC
tumors, identifying recurrent SNVs in several genes,
including MUC12, MUC3A, MUC4, MUC5B, and TERT [55].
Interestingly, however, recurrent NOTCHZ alterations
were found in 6/11 tumors. These alterations include one
missense mutation predicted to be function-altering, one
5’-UTR deletion, two frameshift alterations, and two single
copy deletions. Moreover, these alterations are found in
both CRTC1-MAML2 positive and negative tumors. This
suggests a CRTC1-MAML2-independent role for NOTCH
pathway in MEC tumor formation.

FINDINGS FROM TARGETED GENETIC METHODS

Several targeted methods have been used to attempt
to discover driving genomic alterations in MEC tumors.
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For example, comprehensive genomic profiling (CGP) is
a capture sequencing-based technology and is an FDA-
approved test for identifying cancer driver mutations [56].
In one study, CGP covering 315 cancer-related genes is
used to detect SNVs, but not copy number alterations or
translocation events, in a pan-salivary gland cancer cohort,
including 57 MEC tumors [57]. The authors detected
a tumor mutational burden of 4 mutations per tumor,
most commonly affecting CDKN2A, TP53, CDKNZ2B, BAP1,
PIK3CA, ERBB2, BRCA2, HRAS, and FGFR1 [57,58]. Other
targeted sequencing on pan-salivary gland cancer cohorts
have been published, though they include too few MEC
tumors (N = 5, 8 respectively) to identify genes that are
mutated in more than one patient, except for TP53 [59,60].

Other genetic research has directly genotyped genes
with well-studied effects on cancer phenotypes. For
example, using Sanger sequencing and chromogenic in-
situ hybridization (CISH), Nakano et al, detect MAMLZ2
fusions (15/31 tumors), HERZ2 amplification (4/31
tumors), and EGFR copy number increase (4/31 tumors)
in MEC tumors [61]. HER2 protein overexpression was
highly correlated with gene amplification; however, EGFR
protein overexpression occurs in the epidermoid and
intermediate cells of 18 of 31 tumors, often unrelated to
copy number status. Another strategy used a custom 123-
SNV microarray panel targeting 19 commonly mutated
genes to detect a KRAS A59T mutation in 1 of 30 tumors,
but no other variants [62].

These low-throughput techniques have the potential
to successfully identify mutations in genes with available
targeted therapies, with the end goal of identifying
potential therapeutic targets. Multiple clinical trials have
tested the efficacy of therapeutics that inhibit HER2 or
EGFR in general salivary gland cancer cohorts, though
these studies are limited due to low MEC patient enrollment
(reviewed by Sama et al [13]). Therefore, these genotyping
studies inform future experiments to identify treatments
for MEC patients.

In summary, genome-wide and targeted studies have
identified many SNV, copy number, and translocation
mutations in MEC tumors. While some of these mutations,
suchasCRTC1-MAML2,CRTC3-MAML2,and TP53SNVs, are
recurrent to many tumors, several tumor-specific variants
have also been described. Further study is required to
determine the recurrence rate of less commonly mutated
genes, and to identify relationships between alterations
and tumor progression.

SEQUENCING ADVANCEMENT AND NOVEL
STRUCTURAL REARRANGEMENTS

Given the low rate of both recurrent somatic mutations

and copy number variant loci in MEC, we have recently
hypothesized that, similar to the CRTC1-MAML2
translocation, additional highly recurrent genomic
rearrangements served as common genetic drivers of
this disease. Critically, long read sequencing technologies
provide a method to more easily characterize translocation
sites by genome-wide direct sequencing. To that end, a
recent study by our group utilizes two sequencing methods
to identify MEC tumor structural variants [55]. These
include long read sequencing, which facilitates genome-
wide profiling of structural variation. Long read sequencing
on 4 MEC-derived cell lines identifies recurrent TERT
promoter translocations, as well as the CRTC1-MAMLZ2
fusion. We then identify TERT translocations in 2 additional
cohorts. TERT alterations are detected in 36/39 primary
MEC tumors (TERT break apart FISH) and translocation
breakpoints could be directly sequenced in 13/36 MEC
tumors (custom targeted sequencing). Moreover, in a cell
line containing a TERT translocation, TERT knockdown
by shRNA is sufficient to impair clonogenic cell survival,
demonstrating how structural variant identification is
critical to the molecular biology of MEC.

Our study highlights the importance of using novel
techniques to probe MEC genomes. Indeed, as genomic
and bioinformatics techniques, including advances in long-
read sequencing, improve, this will facilitate more accurate
and direct detection of structural variants, including gene
fusions [63,64]. With additional repetition and validation,
direct tumor sequencing coupled with bioinformatics
analysis strategies has the potential to identify novel
driver mutations.

CONCLUSIONS

Mucoepidermoid carcinoma is a rare disease with
extremely variable prognoses. In MEC, the best studied
driver alteration is the CRTC1-MAML2 gene fusion,
though several other tumorigenic genetic changes have
recently been described, including the highly recurrent
TERT promoter rearrangements discovered by our group.
These exciting new discoveries open future research into
understanding how these newly described and recurrent
somatic alterations affect tumor etiology, especially in
CRTC1-MAML2 negative patients and patients with deadly
outcomes. This improved understanding of MEC biology
will likely be key to identifying companion targeted
therapies. Indeed, these new discoveries in the MEC field
open exciting new avenues for research, so of which may
have the long-term potential to positively impact outcomes
for patients with aggressive forms of the disease.
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