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Abstract

Mucoepidermoid Carcinoma (MEC) is a common salivary malignant neoplasm. Approximately 

60% of MECs harbor translocations between CRTC1 or CRTC3 and MAML2, which are 

thought to drive disease pathogenesis. However, the precise structural mechanism driving this 
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rearrangement remains uncharacterized. Here, we performed multi-omic and long read genomic 

sequencing, discovering a chain of alterations that created the CRTC1::MAML2 fusion, but also 

an unexpected MAML2 to MYBL1 rearrangement, suggesting that MYBL1 may play a larger role 

in salivary gland cancers than previously recognized. Furthermore, we discovered and validated 

recurrent TERT rearrangements and amplifications in MEC models. 5/5 MEC cell lines and 36/39 

(92%) primary MEC tumors harbored a TERT rearrangement or copy number amplification. 

Custom sequencing of the TERT locus confirmed translocation breakpoints in 13/33 (39%) MECs, 

while exome sequencing confirmed frequent TERT amplifications. Critically, TERT knockdown 

in NCI-H292, a cell line with TERT promoter rearrangement, reduced clonogenic cell survival, 

supporting a critical role of this gene in MEC tumorigenesis. Overall, our data suggest that 

complex chromothripsis rearrangement mechanisms drive the formation of structural variation 

in CRTC1::MAML2 fusion positive and negative tumors and reveal highly recurrent structural 

variation driving TERT rearrangement in MEC.

Keywords
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Introduction

Mucoepidermoid carcinoma (MEC) is one of the most common salivary malignancies, 

accounting for 30–40% of salivary gland malignancies in adults and 50% in children[1–3]. 

The disease commonly occurs in the parotid gland, or occasionally the submandibular and 

minor salivary glands[4]. MEC is characterized by grades based on histological appearance 

(low, intermediate, and high grade). The drivers of survival outcomes vary by study and 

include histological grade, tumor location, tumor stage, nodal status, patient age, margin 

status, and perineural invasion[2, 3, 5–7].

The molecular landscape of MEC remains largely unknown Recent studies have identified 

EGFR signaling alterations and rare TP53 mutations[8–12], but salivary gland cancers, 

including MEC, are frequently driven by genomic translocations [13]. To date, the 

only well-described recurrent genetic alteration in MEC is a rearrangement between 

chromosomes 11 and 19 ((11;19)(q14–21; p12–13)), resulting in the translocation of 

CRTC1 and MAML2[6, 7, 12, 14–16]. Initially discovered in 2003 by Tonon et al, 
the CRTC1 to MAML2 rearrangement was found in 34–88% of MEC cases [10, 12, 

16, 17], with a CRTC3 to MAML2 rearrangement in a smaller subset of patients [18]. 

This CRTC1::MAML2 fusion gene is thought to play a role in tumorigenesis, and 

several in vitro studies have demonstrated that regulating fusion expression also regulates 

oncogenic phenotypes, possibly through a MYC-and/or CREB-mediated pathway[15, 19–

22], or an IGF1-dependent mechanism[23]. Importantly, while initial reports suggested 

CRTC1::MAML2 may drive NOTCH pathway reporter activation [14], more recent studies 

have found that CTRC1-MAML2 does not affect several common NOTCH signaling 

effectors[20–22].
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While increasing evidence for the prevalence and function of the CTRC1-MAML2 
translocation continues to advance, little is known regarding the genetic mechanism 

leading to the formation of this translocation. Furthermore, genomic alterations affecting 

CRTC1/3::MAML2 negative tumors are an important ongoing problem highlighted in 

current literature [24].Given these open questions we utilized long read whole genome 

sequencing approaches to understand the genomic mechanisms driving fusion formation in 

MEC and to characterize genetic events that contribute to the malignant process.

Materials and Methods

Ethics Statement

This study was approved by two independent ethics boards. The University of Michigan’s 

Institutional Ethical Review Board approved HUM00080561 for genetic analysis of 

retrospective MEC tissues and cell lines. The study was conducted in accordance with 

the guidelines of the Declaration of Helsinki and was approved by the Institutional 

Ethical Review of the University of Medical Sciences 505A/15 (06.05.2015). Demographic 

information for human subjects is summarized in Table S11. Cell Lines and Reagents

Mucoepidermoid carcinoma NCI-H292 cells were purchased from the American Type 

Culture Collection (ATCC, Manassas VA, USA) and genotyped throughout the study, as 

previously described, to confirm their authenticity [25]. Mucoepidermoid carcinoma UM-

HMC-1, UM-HMC-3A, and UM-HMC-3B cells were generously provided by Dr. Jacques 

Nör from the University of Michigan School of Dentistry [26]. The new MEC cell line 

IHG-MUC360 was derived and characterized by J. J., M. K., M. W., M. G., and M. J. 

(Patent No. PAT.229,507, granted by the Polish Patent Office, European Patent Register 

No. PL229507B1), and deposited in the German Collection of Microorganisms and Cell 

Cultures GmbH (DSMZ). The sinonasal undifferentiated carcinoma cell line MDA8788–6 

was generously provided by M.D. Anderson and was generated as previously described 

by Takahashi et al [27]. The oral cavity cell lines UMSCC-47 and UMSCC-104 were 

selected from our head and neck repository [28]. IHG-MUC360 was cultured in DMEM 

containing 2 mM L-glutamine, 1% Non-Essential Amino Acids, 20% FBS, 5 mg/L insulin, 

5×10–5 M hydrocortisone, 100 U/mL penicillin, and 100 g/mL streptomycin. All other 

cell lines were grown exponentially in DMEM (UM-HMC-1, UM-HMC-3A, UM-HMC-3B, 

UMSCC-47, UMSCC-104, and MDA8788–6) or RPMI (NCI-H292) containing 10% FBS, 

7μg/mL penicillin/streptomycin and 1% non-essential amino acids. Media used to grow 

UM-HMC-1, 3A, and 3B was further supplemented with hydrocortisone (400ng/mL), EGF 

(20ng/mL), and insulin (5μg/mL). PDX models were obtained from the NCI Patient-Derived 

Models Repository (PDMR) (NCI-Frederick, Frederick National Laboratory for Cancer 

Research, Frederick, MD, USA).

Sequencing and Bioinformatics Methods.

Extended methods are available in the Supplemental Text.

Cell Biology Methods.

Extended methods are available in the Supplemental Text.
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Statistical Analysis

Telomere length was compared using Student’s t-test. A p-value <0.05 was considered 

statistically significant. Statistical analyses were performed using Prism v8 (GraphPad 

Software, San Diego, CA, USA).

Results

Nanopore Long Read Sequencing and Linked Read Sequencing Identifies Novel 
Rearrangements:

We first sought to characterize the CRTC1::MAML2 breakpoint sequence of MEC-derived 

cell lines NCI-H292, UM-HMC-1, UM-HMC-3A, and UM-HMC-3B (Figure 1), using 

Nanopore long-read sequencing of high molecular weight DNA. These generated 617,700–

4,130,516 reads with an average length of 6,122.4–8,705.1 nucleotides (Table S1 and 

Figure S1). For each cell line, we identified multiple reads directly spanning the CRTC1 
and MAML2 fusion (Figure 1A) and determined the location and sequence of the 

CRTC1::MAML2 breakpoint (Figure 1B-D). As expected, the translocation breakpoint 

varied for each cell line, though it always occurred in the first intron of CRTC1 and 

MAML2. UM-HMC-3A is derived from a local recurrence, and UM-HMC-3B is derived 

from a recurrent metastatic lesion from the same patient. As anticipated, both cell lines 

contained the same CRTC1::MAML2 breakpoint sequence [26].

We performed linked read genome-wide sequencing of the CRTC1::MAML2 fusion-positive 

NCI-H292 cell line. Following 10x-based linked read barcoding of high molecular weight 

DNA, we generated 913,409,176 sequencing reads. 95.90% mapped the reference genome, 

with a mean genome depth of 39.8X (Table S4). 93.4% of the sequenced molecules 

were greater than 20 kb in length and 18.8% were greater than 100 kb in length. From 

this dataset, 99.5% of SNPs were phased across the genome, with phase blocks up to 

39,295,952 bp in length, supporting a high-quality linked read genome dataset. In-depth 

analysis of the genome identified 139 large structural variations. Most of these alterations 

were deletions or duplications, ranging in length from 20 kb to 1–2 Mb (Table S5), 

from which we identified nine high-confidence chromosomal rearrangements, including 

CRCT1-MAML2 translocation (Figure 2A-C; Table S5). While the linked read data 

identified the CRTC1::MAML2 rearrangement, we did not identify any reads spanning 

the CRTC1::MAML2 junction, potentially due to the high GC content and low read 

representation of CRTC1 intron 1. We did, however, successfully identify translocation 

events associated with CRTC1::MAML2 formation.

In NCI-H292 cells, the CRTC1::MAML2 translocation occurred through a series of 

five genomic events consisting of four linked translocations and one genomic deletion. 

Unique reads were used to map the breakpoints to Chr19:18,794,730 in CRTC1 and 

Chr11:95,834,323 in MAML2 (genome build hg19). Of these genomic events, CRTC1 
Chr19:18,795,369 was translocated adjacent to SGK3 Chr8:67,777,508, and the 3’ end of 

the breakpoint at Chr8:67,777,554 was translocated to Chr6:75,131,786 in RP11554D151. 

Furthermore, the 5’ end of MAML2 was translocated from Chr11:95,834,411 to 

Chr8:67,527,412, which resides between VCPIP1 and MYBL1, and was also associated 
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with a deletion between Chr8:46,880,000–67,530,000, which contains the MYBL1 gene 

(Figures 2A and 2B). Nanopore sequencing confirmed the breakpoint structures between 

MYBL1 and MAML2, which contained three-nucleotide microhomology at the breakpoint, 

as well as SGK3 and CRTC1, which had five-nucleotide microhomology at the breakpoint 

(Figure 2D).

Sanger sequencing was used to confirm the novel translocation junctions between MYBL1 
and MAML2 as well as SGK3 and CRTC1 (Figure S3A and B, Table S6). Sanger 

sequencing also validated CRTC1 and MAML2, joined by a 3-nucleotide microhomology 

(Figure S3C). In addition, we validated the CRTC1::MAML2 translocation in UM-

HMC-1 (Figure S3D). Collectively, these data support chromothripsis as a mechanism of 

rearrangement [29] mediated by a microhomology-driven repair process that leads to the 

formation of canonical CRTC1::MAML2 rearrangement in this disease.

Subsequent analysis of additional chromosomal rearrangements in NCI-H292 linked read 

data revealed a second rearrangement containing over eight linked events, including a 

promoter rearrangement upstream of TERT (Figure 3A). We did not identify supporting 

nanopore reads for this translocation; therefore, this rearrangement junction was validated by 

Sanger sequencing. The PPP2R1B::TERT junction was found to have no additional insertion 

nucleotides at the breakpoint and no obvious homology at the junction, suggesting that the 

rearrangement may have occurred through a different end-joining-based mechanism (Figure 

3B).

Given the potential functional importance of this translocation, we next sought to confirm 

TERT promoter rearrangement using a break-apart probe targeting the 5’ and 3’ regions 

adjacent to TERT. We then quantified the TERT copy number in each cell by counting the 

3’-binding probe, 5’- binding probe, and both overlapping. This revealed a high degree of 

heterogeneity within each cell line, although the prevalence of each genotype varied between 

cell lines (Figure 3C). In NCI-H292, 77% of all counted cells demonstrated copy gain 

of the 3’-binding probe relative to the 5’- binding probe, consistent with the presence of 

genomic rearrangement (Figure 3C). Cells with a TERT copy number greater than 2 were 

highly enriched in UM-HMC-1 and UM-HMC-3B, but not UM-HMC-3A (Figure 3C). This 

finding was validated by genome-wide copy number alterations detected by Oncoscan copy 

number arrays (Figure S4). Using this method, UM-HMC-1 and UM-HMC-3B were found 

to have an average of three copies of the TERT gene per cell, while UM-HMC-3A contained 

two copies. We further confirmed TERT copy gain by digital droplet PCR in NCI-H292 

cells relative to normal human reference genomic DNA (Figure S5). Taken together, these 

copy number analyses support TERT amplification in three of four cell lines tested, while 

demonstrating a 3’ region translocation inNCI-H292.

Further evaluation of the PPP2R1B::TERT rearrangement revealed movement of the 

promoter and 5’ region of PPP2R1B from chr11:111,600,986 to chr5:1,296,648, 

which sits immediately prior to the TERT gene. This rearrangement was associated 

with several additional structural variations in chr11, including multiple deletions and 

duplications in UBASH3B, ARHGAP32, and the BARX2 promoter. This chained structural 

variation included a rearrangement translocation from ARHGAP3 chr11:128,920,000 to 
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a region downstream of SHFM1 at chr7:134,940,000. The coordinates of the associated 

rearrangements and a schematic representation are shown in Figure 3D and 3E.

A newly derived CRTC1::MAML2 fusion-positive MEC model, IHG-MUC360, was 

also sequenced to narrow the breakpoints of translocation t(5;7)(p15;q34), revealed by 

cytogenetic analysis, potentially involving the TERT gene. For this sample, 32,567,275 read 

pairs were generated and mapped to the reference genome (hg19). Based on 16 discordant 

reads (the first read of the pair maps to chromosome 5 and the second maps to chromosome 

7), we identified the genomic localization of the translocation, which is presented according 

to the current nomenclature [30]. For chr(5): t(5;7)(p15;q32)dn.seq[GRCh37/hg19]t(5;7)

(7qter→7q32(138,444,233)::5p15(1 302,991)→5qter).

For chr(7):t(5;7)(p15;q32)dn.seq[GRCh37/hg19]t(5;7)(7pter→7q32(138,444,235)::5p15(1 

302,889) →5pter). The breakpoint on chromosome 5 is located on a non-coding region 

approximately 8 kb upstream of the TERT gene, whereas the breakpoint on chromosome 7 

disrupts ATP6V0A4 gene (MIM: 605239) in intron 8. (Figure 3F, Table S6) These data show 

novel translocations involving TERT and suggest potential mechanisms of tumorigenesis in 

MEC.

To explore the functional role of these fusions, we next performed transcribed fusion 

detection, using RNA sequencing data from NCI-H292, UM-HMC-1, UM-HMC-3A, and 

UM-HMC-3B cells (Table S7, Table S8). We validated the CRTC1::MAML2 fusion in 

each cell line, with 21, 6, 6, and 5 junction-spanning reads. While the CRTC1::MAML2 
translocation DNA sequence differed between cell lines, the sequence of the resulting 

RNA fusion site remained consistent (Figure S6A). In addition, we detected a TERT 
fusion event in one of the four cell lines sequenced, H292 (Figure S6B). We detected two 

high-confidence in-frame PPP2R1B::TERT transcripts with alternate splicing patterns at the 

fusion breakpoint.

Determining TERT alteration frequency in primary tumors

Due to the high frequency of TERT alterations and evidence of actively transcribed TERT 
fusion in MEC cell lines, we explored TERT alterations in primary tumors. We developed a 

tissue microarray (TMA) of FFPE-preserved tissue from 61 primary tumors. We performed 

DNA FISH to detect TERT and MAML2 translocations, using the break-apart system 

previously described. We then quantified the frequency of samples containing MAML2 
translocation or TERT amplification or translocation, including 5’- or 3’-specific alterations 

(Figure 4A). We found 64% of primary tumors contained a MAML2 translocation, 

consistent with translocation rates from previous studies (Figure 4B) [31, 32]. Moreover, 

one or more types of TERT structural variations were detected in 92.3% of all tested tumors 

(36/39) (Figure 4B). Within each TERT-altered tumor, 12.8% +/− 1.4% of all cells contained 

a TERT variation (mean +/− SE, range: 3.2%−35.2%). Interestingly, TERT structural 

variation was significantly associated with MAML2 translocation-positive tumors (Figure 

4C, Fisher’s Exact Test, p=0.0283). Of all TERT-altered tumors, 73.4% also contained 

MAML2 break-apart alterations, and 100% of all MAML2-altered tumors had some form of 

TERT structural variation.
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Next, we investigated the correlation between MAML2 or TERT translocation and patient 

survival. The five-year overall survival rate for this cohort was 87.9% and the five-year 

disease specific survival rate was 91.4%. Survival was then evaluated using Kaplan-Meier, 

stratifying by MAML2 translocation status (Figure 4D). While previously published data 

show mixed results on the prognostic significance of MAML2 translocation [7, 33], 

in our data, the presence of MAML2 translocation was significantly associated with 

improved five-year overall and disease-specific survival (p=0.028 and 0.027, respectively). 

We evaluated the presence of TERT translocations on survival, observing a trend towards 

improved overall survival in the TERT translocation-positive patients compared to TERT 
translocation-negative (100% vs. 80.6%, 95% CI for TERT negative 61.9–90.8%, p=0.058). 

The difference was not statistically significant. Tumor grade was significantly associated 

with five-year disease specific survival (p=0.01). After controlling for tumor grade and 

MAML2 mutation using a multivariate Cox regression survival analysis, TERT translocation 

status was not significantly associated with survival (p=0.98). In addition, TERT status did 

not correlate with any clinical variables, including sex, reported race, disease status, grade, 

or MAML2 status (Table S10).

To define the TERT rearrangement breakpoint locations, we performed targeted capture 

sequencing (TCS) on 33 salivary MEC tumors (Table S11). We utilized a custom capture 

panel, targeting genomic regions with translocations identified by long read sequencing, 

including CRTC1, MAML2, TERT, MYBL1, and ATP6V0A4 (Table S12). Alignment of 

paired end short read DNA sequencing resulted in 55.3x average read depth (Table S13).

We then performed structural variant calling on these samples, using the Dysgu 
Python package [34]. After filtering (Supplemental Text), we identified a mean of 2.97 

breakpoints per tumor (Figure 5A, Table S14). As expected, MAML2 and TERT locus 

translocations [chr5:1,153,147–1,395,068] were common in the cohort (Figure 5A, Table 

S14). We detected MAML2 translocations in 21/33 (64%) samples, 9 of which included 

CRTC1::MAML2 (Figure 5A-C). These MAML2 breakpoints are exclusively found in 

intron 1 (Figure 5E) Likewise, we detected TERT locus translocation breakpoints in 13/33 

(39%) independent tumors. There is significant overlap in samples containing MAML2 and 

TERT locus translocations (Fisher’s exact test, p=0.0005; Figure 5B). Importantly, TERT 
rearrangement partners were tumor-specific, and we did not identify common features of 

these rearrangement partners, suggesting that the translocated portions of the TERT gene are 

critical for the oncogenic effects (Figure 5D). TERT locus breakpoints localized throughout 

TERT, as well as the neighboring genes SLC6A18 and SLC6A19 (Figure 5F).

To further explore the molecular landscape of mucoepidermoid carcinoma and the 

prevalence of TERT alterations, we assembled a cohort of tumor samples from patients 

treated at the University of Michigan (Figure S8A). Eleven samples underwent whole-exome 

sequencing, with an average of 124,214,959 uniquely mapped reads (83.8%) (Table S15). 

Using these data, we identified a median mutational burden of 36, with one tumor, MEC001, 

harboring 1006 mutations, an exceptionally high number (Figure S9A). Microsatellite 

instability analysis demonstrated that MEC001 was unstable, consistent with the high 

mutational burden (Table S16). Next, we used these data to determine the HLA type (Table 

S17) and neoantigen load of each tumor, finding a median predicted neoantigen load of 
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2.5 (Figure S9B). Overall, 11 samples showed a relatively low total mutational burden, 

consistent with the high frequency of genomic rearrangements observed in our long read 

and linked read sequencing data. We then performed molecular signature analysis using 

the Mutational Patterns pipeline [35], which identified a strong enrichment of COSMIC 

mutational signature 3 (Figure S8B, C), associated with homologous recombination double-

strand break repair deficiencies in breast, ovarian, and pancreatic cancers [36, 37]. The other 

enriched signatures (5 and 12) had unknown significance at this time [36]. Collectively, 

exome sequencing data support that MEC tumors may have impaired DNA double-strand 

break repair, consistent with the enrichment in genomic rearrangements and structural 

variations observed in linked read data.

We then analyzed specific high-confidence single nucleotide variants and indels, depicted 

in Figure 4E-F (SNV and INDELs are summarized in Tables S18 and S19, respectively). 

These include recurrent alterations in MUC12, MUC3A, MUC4, and MUC5B, a gene 

family implicated in disease pathogenesis for tumors of the aerodigestive tract [38, 

39] and more recently shown to have potential prognostic significance in MEC [40, 

41]. Recurrent NOTCH2 mutational alterations were also found (4/11 tumors), including 

Cys877Phe in MEC023, predicted to be functionally significant by the VEST functional 

annotation pipeline (P < 0.1, Table S20); a 5’-UTR 3 nucleotide deletion; and a frameshift 

Pro6Argfs*27 in two different tumors (Figure 4E). Furthermore, we identified two 

additional tumors with NOTCH2 single copy deletion in 6/11 (54%) MECs with altered 

NOTCH2 (Table S21). This NOTCH gene is known to play a role in adenoid cystic 

carcinoma tumorigenesis but has not previously been described in MEC tumors [42, 43]. 

Importantly, we also discovered a TERT His412Tyr missense mutation in one of 11 tumors 

(MEC 1), with a strong functional prediction score using functional annotation pipelines 

(Table S20). Given the prevalence of TERT promoter mutations in other cancers, we also 

evaluated TERT promoter status; however, no TERT promoter mutations were noted in any 

tumor (data not shown). We also identified copy number changes in several recurrently 

mutated genes (Figure 4F, Table S21), as well as TERT region focal amplification in several 

tumors (Figure 4G). In total, 5/11 (45%) MEC tumors contained a TERT mutation or copy 

number amplification. In addition, some recurrently copy number-altered genes, including 

MUC5B and MAML1, were also altered in MEC-derived cell lines (Figure S10).

Telomerase loss decreases survival of a TERT-rearranged Mucoepidermoid cell line model

As these data support recurrent TERT alterations in MEC, we sought to determine 

the functional importance of TERT in these tumors. Sanger sequencing validated 

TERT promoter mutation status in NCI-H292 and a set of HNSCC and sinonasal 

undifferentiated carcinoma (SNUC) models (Figure S11A). HNSCC cell lines UMSCC-47 

and UMSCC-104, and SNUC cell line MDA8788–6, were selected as controls because 

they were found to have a wild-type TERT promoter. Telomere length of NCI-H292 

was compared to UMSCC-47, UMSCC-104, and MDA8788–6. NCI-H292 cells displayed 

significantly longer telomeres than UMSCC-47, UMSCC-104, and MDA8788–6 cells, 

independent of passage number or patient age at the time of cell line creation (p=0.0005) 

(Figure S11B and Table S22).

Gensterblum-Miller et al. Page 8

Oral Oncol. Author manuscript; available in PMC 2025 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To test the functional significance of TERT in MEC, we used publicly available DepMap 

CRISPR screen data [44], in which genome-wide CRISPR knockout screens were 

performed to define essential genes for survival in a panel of 342 cancer cell lines. We 

evaluated the importance of TERT relative to MAML2 in NCI-H292 cell survival [45]. 

Previously published data have shown that CRTC1::MAML2 expression is essential for 

NCI-H292 cell growth in vitro [9, 46]. We confirmed that MAML2 gRNAs were identified 

in recently released depletion screens (CRISPR (Avana) Public 19Q3) [44]. Importantly, 

MAML2 was highly essential for NCI-H292 survival (CERESscore = −0.83), but not 

for survival of most other cancer models, confirming a specific role for MAML2 in 

mucoepidermoid cells (Figure 6A). As these data demonstrated that dropout CRISPR 

screening can effectively identify model-specific drivers, we explored the sensitivity to 

knockouts of genes with structural alterations identified above. While most of these 

genetically altered genes were not essential for NCI-H292 survival, TERT knockouts 

significantly affected NCI-H292 cell survival (CERESscore = −0.62). This response was 

in the top 2% of all profiled models. To validate these results, we transduced NCI-H292 and 

UM-SCC-104 cells with shRNA constructs targeting TERT. Consistent with the DepMap 

data, TERT knockdown caused significant reduction in clonogenic cell survival in NCI-

H292, but not the control cells (Figure 6B-D), supporting the role of TERT as an essential 

driver in the TERT-rearranged cell line model.

Discussion

Multiple studies have shown the importance of CRTC1::MAML2 fusion in MEC tumors 

and delineated mechanisms by which this fusion gene promotes tumorigenesis [12, 14–16], 

and until now, the molecular mechanism driving fusion formation has remained unresolved. 

Here, we provide the first evidence for a chain of five linked structural events resulting in the 

known (11;19)(q14–21; p12–13) or CRTC1::MAML2 translocation. Our data demonstrate 

the involvement of RP11554D151, VCPIP1 and MYBL1 with the resultant rearrangement 

of MYBL1. While MYBL1 translocation is known to play a role in acinic cell carcinoma 

tumorigenesis [12, 47], this is the first evidence of possible MYBL1 involvement in MEC, 

suggesting a wider role in salivary gland malignancies. However, our exome cohort did not 

reveal additional MYBL1 alterations; therefore, we chose not to pursue additional studies of 

the gene in MEC at this time. In contrast, our data revealed recurrent alterations predicted to 

activate TERT as well as alterations predicted to disrupt NOTCH2 in MEC.

In head and neck malignancies, disruption of NOTCH signaling appears to be an important 

mechanism of pathogenesis [48]. Though some developmental studies suggest NOTCH 

signaling may play a role in salivary gland cell terminal fate decisions, the role of NOTCH 

receptors in mucoepidermoid carcinomas remains largely unknown [49, 50]. Furthermore, 

prior studies have shown that the CRTC1::MAML2 fusion does not reproducibly alter 

NOTCH effector signaling. Notably, our data show NOTCH2 receptor disruption in 

both CRTC1::MAML2 fusion-positive and -negative tumors, supporting the hypothesis 

that NOTCH effector signaling acts independently from MAML2 translocation in MEC. 

Although we were limited by a relatively small sample size due to the rarity of this disease, 

the high recurrence rate of NOTCH2 alterations in our cohort suggests that the loss of 
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NOTCH2 is important in MEC progression, which may be critical for restricting cell fate 

decisions.

The role of TERT in mucoepidermoid carcinoma is limited in the literature[51]. However, 

there is evidence of a role of TERT in adenoid cystic carcinoma. A study by Morris et 
al. found that 14% (5/36) of adenoid cystic carcinoma samples harbored TERT promoter 

mutations [52]. In contrast, Kim et al. evaluated 36 benign and malignant salivary gland 

tumors, finding no samples containing TERT promoter mutations [53]. Further investigation 

into telomere length in parotid pleomorphic and carcinoma ex-pleomorphic adenoma tumors 

revealed increased relative telomere length in carcinoma ex-pleomorphic adenoma samples 

compared to pleomorphic adenomas or control samples. This was suggested to be secondary 

to alternative lengthening of telomeres driven by aberrant p14(ARF) and p16(INK4A) 

methylation, rather than increased telomerase activity [54]. Our data revealed two novel 

rearrangements involving the TERT promoter region in salivary MEC-derived cell lines. One 

of these cell lines, NCI-H292, demonstrated increased telomere length compared to other 

head and neck cancer cell lines, demonstrating a strong dependence of telomerase activity. 

Moreover, we detect translocations involving the TERT genomic locus in 39% (13/33) of 

MEC tumors by targeted capture sequencing, and translocations or copy number alterations 

in 92% (36/39) of MEC tumors by TERT break apart DNA FISH. These data represent some 

of the first evidence for a possible role of telomerase in MEC pathogenesis.

Finally, our data are the first to characterize full MEC genomes and support a high 

prevalence of structural rearrangements in this disease, especially when compared to 

concurrently profiled HNSCC models. In the future, larger cohort studies leveraging these 

genome sequencing approaches may lead to a better understanding of the frequency 

of rearrangement events in this disease, as well as the genetic mechanisms by which 

these rearrangements are formed. This is supported by our exome sequencing data from 

tumors, which suggest that MEC tumors have defects in homologous recombination-based 

DNA damage repair. Most importantly, while these data answer the longstanding question 

regarding the genetic mechanism of CRTC1::MAML2 translocation, they also identify 

TERT as a possible novel driver of MEC. Given the ongoing efforts to develop telomerase-

targeting therapeutic approaches for tumors with TERT aberrations, our discovery may have 

a significant impact on our basic understanding of MEC molecular oncogenesis, as well as 

the advancement of some of the first targeted therapy options for patients with this disease.
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Figure 1. CRTC1::MAML2 breakpoint is directly sequenced by long read Nanopore DNA 
sequencing.
A) Coordinates of reads split between both CRTC1 and MAML2 for each cell line 

sequenced. UM-HMC-3A and UM-HMC-3B share a genetic background, so are recorded as 

UM-HMC-3. B) Schematic represents independent reads that identify the CRTC1::MAML2 

breakpoint in NCI-H292, C) UM-HMC-1, D) UM-HMC-3A, and UM-HMC-3B. Consensus 

sequences of each breakpoint are shown.
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Figure 2. Linked Read Sequencing Resolves the Genetic Mechanism Driving CRTC1::MAML2 
Rearrangement in the NCI-H292 Mucoepidermoid Carcinoma Cell Line.
A) Five structural variations were discovered in NCI-H292, associated with the CRTC1 
to MAML2 genomic rearrangement. Structures of individual events are shown. B) High 

confidence chromosomal rearrangements and estimated genomic breakpoints discovered 

in NCI-H292. C) Schematic representation shows independent reads used to identify the 

MYBL1 to MAML2 translocation, and the SGK3 to CRTC1 translocation. GRCh37/hg19 

coordinates are shown, with sequences spanning the breakpoint annotated at the top of the 

Gensterblum-Miller et al. Page 16

Oral Oncol. Author manuscript; available in PMC 2025 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



figure D) Genome-wide view of the chained structural events leading to the CRTC1 to 

MAML2 translocation.
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Figure 3. Discovery and Validation of Recurrent Structural Variation at the TERT Promoter in 
MEC.
A) The coordinates for the nine linked high and low confidence structural events associated 

with a structural rearrangement in which the 5’ region of the PPP2R1B gene is rearranged 

to replace the TERT promoter in NCI-H292 are listed. Additional structural variations to 

Chr11 include potential deletions and duplications of UBASH3B, ARHGAP32, and the 

BARX2 genes as well as translocation of ARHGAP3 and SIK2. Linked read estimated 

breakpoints are shown. B) Sanger sequencing was used to validate the PPP2R1B to TERT 

Gensterblum-Miller et al. Page 18

Oral Oncol. Author manuscript; available in PMC 2025 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rearrangement breakpoint in NCI-H292 C) TERT locus visualized by FISH with TERT 
break apart probe with orange (5-TAMRA) fluorophore adjacent to the 5’ region of TERT 
and green (5-Fluoresceine) fluorophore adjacent to the 3’ region (schematic top panel). 

Nucleus is blue (DAPI). Scale bar=20 μm. Right panel shows quantification of TERT 
locus FISH, N>50 cells per cell line. D) Genome-wide view of the chained structural 

events leading to the PPP2R1B to TERT translocation, E) Structure of individual breakpoint 

events in NCI-H292, identified by linked read sequencing. F) Sanger sequencing presenting 

the chromosome der(5) (left) and chromosome der(7) (right) junction at single base pair 

resolution of the TERT rearrangement identified in the IHG-360 MEC cell line.
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Figure 4. MAML2 and TERT structural variation detected by FISH.
A) Representative images of each structural variant. Nuclei are stained with DAPI (blue). 

MAML2 break apart is characterized by an orange (5-TAMRA, 5’) puncta separated from 

a green (5-Fluorescein, 3’) puncta. For the second copy of MAML2, the 5’ and 3’ signal 

overlap, indicating a wild-type structure. TERT variants include amplification, break apart, 

and 5’/3’ alteration (bar=5 micron). Wild type and break apart punctae are characterized as 

with MAML2. Amplification is characterized by more than 2 wild type punctae in a single 

cell, or two wild type punctae if a break apart is present and represents the presence of either 
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a focal TERT amplicon or a larger amplicon from the 5p region containing the TERT gene. 

TERT break apart is characterized by separated orange (5’) and green (3’) punctae. 5’ or 

3’ alteration is characterized by a single orange (5’) or green (3’) signal, without the other 

color also being present. Due to the frequency of TERT amplification, the same event could 

be described as a 3’ amplification or a 5’ deletion, which is why the descriptor “alteration” 

was chosen. B) Proportion of tumors containing each kind of MAML2 (top, N=56) or 

TERT (bottom, N=49) structural variation. Scale bar=5μm. C) Overlap between tumors 

containing MAML2 and TERT structural variants. There is significant overlap between 

tumors containing mutations in each gene (Fisher’s exact test, p=0.0283) D) Kaplan-Meier 

survival analysis shows that presence of MAML2, but not TERT, structural variants are 

associated with increased disease-specific survival (DSS) and overall survival (OS). E) 

Oncoplot highlighting recurrent single nucleotide variants and insertions/deletions (INDELs) 

in the cohort. CRTC1/3::MAML2 fusion status of each tumor is shown in the top bar. 

F) Copy number annotation of each of the highlighted genes from panel C, along with 

CRTC1/3::MAML2 fusion status. G) Representative Manhattan plots of Chromosome 5 

from the three tumors with called focal TERT amplification.
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Figure 5. Translocations identified by targeted capture sequencing.
A) Genes and intergenic regions associated with a called translocation. 26/33 samples 

contain one or more translocations captured by the targeted panel, and are pictured. 

B) Venn diagram of samples containing TERT (red) and MAML2 (blue) translocations. 

Translocations involving either locus were not detected in 12/33 samples. There is 

significant overlap between TERT and MAML2 translocations (Fisher’s exact test 

p=0.0005). C) Translocations associated with MAML2 (blue). D) Translocations associated 

with genes and the intergenic region within the genomic locus flanking TERT by 50,000 
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base pairs (red). E-F) genomic positions of breakpoints associated with E) MAML2 and F) 
TERT genetic loci.
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Figure 6. Functional Evaluation of the Role of TERT in NCI-H292.
A) Dependency Score. The CERESdepletion score was based on data from a depletion 

assay. A lower CERESscore indicates a higher likelihood that the gene is essential in 

each cell line. A score of zero indicates that a gene is not essential, and a score of −1 

is comparable to the median of all pan-essential genes. Dropout CRISPR screening data 

were downloaded from the Avana 19Q3 public release. MAML2 and TERT are essential 

for survival in NCI-H292. B and C) TERT shRNA was used to infect NCI-H292 or UM-

SCC-104 cells, and changes in telomerase protein expression were detected by Western blot. 

D) Cells from D & E were re-plated into clonogenic cell survival assays after 48 hours and 

grown in culture in parallel for >10 days, at which point plates were imaged to show relative 

colony formation for each condition.
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