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An FGFR-p53 developmental signaling axis drives salivary
cancer progression
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Mucoepidermoid carcinoma (MEC) is the most frequently occurring salivary gland malignancy. Here, we investigated transcriptomic
profiles of human fetal and adult salivary glands and MEC tumors to assess programs involved in MEC progression. Molecular and
genetic analyses revealed that MEC tumors and fetal salivary glands share proliferative and developmental gene expression profiles
that implicate an FGFR-p53 signaling axis in salivary MEC progression. Based on these findings, we developed a genetically
engineered mouse model of advanced MEC via targeted expression of the CRTC1-MAML2 oncogene in salivary ductal cells.
Specifically, CRTC1-MAML2 expression combined with p53 dysregulation in salivary ducts rewires FGF signaling to drive formation
of tumors with histological and molecular features of high-grade MEC. The combined bioinformatics and mouse modeling of this
study demonstrate that salivary MEC progression is underpinned by reactivation of developmental signaling programs and
suggests a role for FGFR targeted therapies in the treatment of high-grade MEC.
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INTRODUCTION
Development and regulation of cellular heterogeneity within
tumors has been attributed to several factors including the
genetic and epigenetic landscape, tissue microenvironment

context, and the tumor initiating cell of origin [1–9]. Moreover,
master transcription factors with roles in lineage specification
during normal development have been implicated in the
regulation of tumor cell plasticity and the appearance of
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heterogeneous tumor phenotypes [1–3, 8, 9]. Among these
transcription factors, cAMP-Response Element Binding protein
(CREB) plays a crucial role during development and its aberrant
activity has been implicated in tumorigenesis [10–17]. Notably,
salivary gland tumors are among the most diverse and hetero-
geneous neoplasms with mucoepidermoid carcinomas (MECs)
representing the most common type of malignant salivary tumor.
MECs also display an astonishing diversity in cellular phenotypes
due to a pathognomonic transcriptional coactivator fusion
(CRTC1-MAML2) that targets CREB and has been linked to this
cellular heterogeneity [18].
Over 50% of salivary MEC tumors are characterized by the

t(11;19) chromosomal translocation [19], which fuses the cyclic
AMP (cAMP)-regulated transcriptional coactivator 1 (CRTC1) gene
to the mastermind-like 2 (MAML2) gene. This translocation
generates the oncogenic fusion CRTC1-MAML2 (C1/M2) which
cell and murine models have revealed to be the etiologic factor
driving emergence of salivary MEC [20–23]. As a potent
coactivator of the master transcription factors CREB [21] and
myelocytomatosis proto-oncogene (MYC) [24], C1/M2 regulates
multiple signaling cascades important for tumor growth and
progression including aberrant expression of insulin-like growth
factor 1 (IGF-1), which has known roles in normal tissue
development and growth but also tumorigenesis [25]. C1/M2-
mediated dysregulation of transcriptional programs involved in
normal development has been proposed to occur within a
multipotent progenitor cell, likely a stem or reserve cell type
within the salivary gland, which then differentiates into the other
cell types present within MEC tumors [18, 26].
Histologically, salivary MEC tumors are characterized by up to

eleven distinct cell types, although the presence of three main
cell types (epidermoid, mucous, and intermediate cells) is typical
and important in both diagnosis and prognosis [18]. MEC tumors
are classified into three grades (low, intermediate, or high),
depending on the presence of various pathological features,
including the proportion of each of these three main cell types,
perineural invasion, necrosis, and the number of mitotic cells
[27–29]. Specifically, low-grade tumors tend to present with
greater numbers of mucous cells and distinct cystic structures,
and patients with these tumors generally have a >90% five-year
survival rate. In contrast, high-grade tumors are typically
characterized by increased mitotic activity as well as greater
numbers of intermediate and epidermoid cell types [18, 30–32].
While low-grade tumors can be successfully managed with
surgical resection, patients with high-grade tumors have five-
year survival rates that plummet to <30% due to limited
treatment options. Thus, understanding the mechanisms that
control cellular heterogeneity and progression to high-grade
disease in salivary MEC is crucial for identifying novel therapeutic
vulnerabilities.
Tumor progression has been linked to regulation of

transcriptional programs typically involved in normal develop-
ment. To investigate the transcriptional framework regulating
salivary MEC progression, we performed a comprehensive
analysis of gene expression data from normal human fetal
and adult salivary gland tissues compared to salivary MEC
tumors of various grades. We show that high-grade tumors and
developing fetal salivary glands are characterized by the
regulation of the p53 pathway and demonstrate using a novel
autochthonous genetically engineered mouse model that this
impacts tumor plasticity and progression to high-grade disease.
Furthermore, computational and molecular analyses of both
human and murine salivary MEC tumors reveal that differential
alternative splicing of FGFR2 distinguishes C1/M2-positive MEC
tumors from transcriptional programs operational in normal
fetal development. These findings identify potential therapeutic
vulnerabilities of advanced salivary MEC to selective inhibitors
of FGFR2.

MATERIALS AND METHODS
Clinical samples
All research involving human tumor tissues was reviewed and approved by
The University of North Carolina at Chapel Hill Institutional Review Board
under IRB protocols 15-1604 and 17-2947 and all participants provided
informed consent for scientific research. Parotid gland tissues were
randomly selected from de-identified clinical subjects identified by chart
review. Archived formalin-fixed paraffin-embedded (FFPE) parotid salivary
MEC (n= 23; 14 females, 9 males, average age of 52.2 years; 1 sex and age
unavailable) or normal parotid salivary gland (n= 8) tissue samples were
stored at room temperature for less than ten years before blocks were
sectioned and RNA isolation was performed. For all cases, multiple
hematoxylin and eosin (H&E) slides were reviewed by a pathologist and
sections containing tumor were selected for inclusion in the study.
Adjacent serial unstained sections were then macrodissected and tumor
material submitted for RNA extraction. All research fetal salivary parotid
gland tissues (n= 3) were reviewed and approved were by the University
of California San Francisco (UCSF), as outlined in Saitou [33] et al. [33]
Samples were collected post-mortem from fetuses between 22 and
24 weeks of gestation under IRB protocol 10-00768 [33].

Clinical RNA isolation
FFPE tissue samples were sent to the UNC Lineberger Comprehensive
Cancer Center Translational Genomics Lab (TGL) for RNA isolation using
the Maxwell 16 MDx Instrument (Promega AS3000) and the Maxwell 16
LEV RNA FFPE Kit (Promega AS1260) according to the manufacturer’s
protocol (Promega 9FB167). Pathology review of an H&E-stained slide was
used to guide macro-dissection of unstained slides to enrich for tumor
RNA. Total RNA quality was measured using a NanoDrop spectro-
photometer (Thermo Scientific ND-2000C) and a TapeStation 4200 (Agilent
G2991AA). Total RNA concentration was quantified using a Qubit 3.0
fluorometer (Life Technologies Q33216).

RNAseq
For human salivary MEC samples, total RNA sequencing libraries were
prepared at TGL using a Bravo Automated Liquid-Handling Platform (Agilent
G5562A) and the TruSeq Stranded Total RNA Library Prep Gold Kit (Illumina
20020599) according to the manufacturer’s protocol (Illumina
1000000040499). RNAseq library quality and quantity were measured using
a TapeStation 4200 (Agilent G2991AA), pooled at equimolar ratios and
denatured according to the manufacturer’s protocol (Illumina 15050107).
Sequencing was performed at the High Throughput Sequencing Facility
(HTSF) at UNC Chapel Hill. Two RNAseq libraries were sequenced per lane on
a HiSeq2500 (Illumina SY–401–2501) with 2 × 50 bp paired-end configuration
according to the manufacturer’s protocol (Illumina 15035786). Sequencing
performed at UCSF on RNA isolated from human adult and fetal tissue
samples was performed according to GENEWIZ procedures using an Illumina
HiSeq with a 2 x 150bp configuration according to methods outlined in
Saitou et al. [33] For mouse salivary MEC samples, RNA was prepped from
fresh, frozen tissues (control = 4; GEMM MEC= 4). Samples were prepared
with Illumina TruSeq total RNA with Ribo-Zero Gold. Sequencing was
performed with HiSeq 4000 with 2×150 bp paired-end read configuration.

RNAseq data processing
Raw FASTQ files for the UCSF [33] samples were downloaded from the
sequence read archive database (SRA PRJNA601418) and the UCSF and
UNC FASTQ files were processed together. Paired-end reads were trimmed
of adaptors and low-quality bases via fastp v0.23.2 [34]. Default parameters
for trimming were utilized with fastp automatic adaptor detection invoked.
Trimmed fastq files were aligned to the GRCh38.d1.vd1 version of the
human genome with GENCODE v36 version of the human transcriptome
using STAR 2.7.6a [35]. Quantification of expression for each sample was
performed using Salmon v1.4.0 [36]. Genes were retained for subsequent
analysis if they contained more than 10 reads of raw counts in at least
three samples. Normalization was performed using the DESeq2 v1.38.0
Bioconductor package in R v4.2.2 [37, 38]. To account for potential
institution-specific variation, batch correction was performed via linear
regression on log2 + 1 normalized counts (residuals following regression of
platform on gene, followed by addition of per gene mean).

Bioinformatic analyses
Differential expression analysis was performed on linear regression-
adjusted counts by fitting a linear model for each analysis, followed by
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empirical Bayes moderation of the test statistics in the limma package.
Principal component analyses were performed on log2-normalized
unadjusted counts and batch-adjusted counts. The false discovery rate
was calculated to control for multiple hypothesis testing. Gene set
enrichment analysis was performed using the fgsea (v1.24.0) Bioconductor
package to identify gene ontology terms and pathways associated with
altered gene expression for each of the comparisons performed [39].
Hallmark pathways and C2 and C5 gene sets were downloaded from
MSigDB (v2023.1) [39, 40]. Gene set enrichment analysis was performed
using the clusterProfiler (v4.10.1) The proliferation-related gene sets, GOBP
Regulation of Cell Population Proliferation and GOBP Epithelial Cell
Proliferation Involved in Salivary Gland Morphogenesis, from the Molecular
Signatures Database (MSigDB) were excluded from the ranked gene lists
for Fetal versus Adult Tissue and MEC Tumors versus Adult Tissue
comparisons. Gene Set Enrichment Analysis (GSEA) was then performed on
these refined gene lists across all Hallmark pathways in MSigDB using
clusterProfiler (v4.10.1). Bioconductor package to identify pathways
associated with FGFR expression. The C2 gene sets for FGF/FGFR
expression were downloaded using the msigdbr (v7.5.1) package.

Alternative splicing analyses
rMATs. Raw FASTQ reads were aligned to the GRCh38.d1.vd1 version of
the human genome [41] using STAR 2.5.3a without trimming. rMATs
(v4.1.2) [42] was run separately for each comparison (tumor vs normal, fetal
vs normal, and fetal vs tumor), with a bam file provided for each sample
within the group. Read length was set to be the average across all samples
used in the analysis and variable read lengths were allowed.
Untrimmed Bam files from rMATs analyses were converted to BigWig

files for visualization purposes via deepTools (v3.5.3) [43].
Formula (1) describes the Percent Spliced In (PSI, ψ) measure of exon

inclusion level where ψ is calculated from the number of reads mapped to
the exon inclusion isoform (I), the number of reads mapped to the exon
skipping isoform (S), the effective length of the exon inclusion isoform (LI),
and the effective length of the exon skipping isoform (LS), as per methods
described in Roulis et al. [44].

ψ ¼
I
LI

� �

ð ILI þ S
LSÞ

(1)

Troester p53 signature analysis
The Troester et al. [45] TP53 mutation signature was applied the median
centered, normalized and linear regression batch-adjusted RNAseq data.
The per sample Spearman correlation to the signature was calculated as
previously described [46]. Box plots were generated, with boxes
representing the interquartile range with the median shown by the
midline. Wilcoxon-rank sum test was performed to test for differences
between all pairwise comparisons.

Generation of CreER-regulated CRTC1-MAML2 transgenic
mice, genotyping, and tamoxifen administration
All animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of The University of North Carolina Chapel Hill, Moffitt
Cancer Center and the University of South Florida. The Dcpp1-CreER
(MGI:5661581) and Mist1-CreERmouse strains were generously provided by
Dr. Catherine Ovitt (University of Rochester) [47, 48]. KRT14-CreER (Stock
#005107) mice were obtained from the Jackson Laboratory. Rosa26-LSL-
GpNLuc (LumiFluor) mice were generated by knocking in GpNLuc
LumiFluor optical reporter [49] cDNA into a Rosa26-LoxP-STOP-LoxP
cassette, as described by Carper et al. [50] The CRTC1-MAML2 transgenic
mouse line was generously provided by Dr. Lizi Wu (University of Florida)
[20]. Trp53 floxed mice were obtained from the National Cancer Institute
Mouse Repository (Strain #01XC2). All mice were carried on an albino
B6(Cg)-Tyrc-2J/J (The Jackson Laboratory, Stock #000664 or Stock #000058)
background after 7–10 rounds of backcrossing. Dcpp1-CreER and Mist1-
CreER alleles were maintained at heterozygosity; all other alleles were bred
to either heterozygosity or homozygosity. Tail snips (< 3mm in size) were
rinsed in isopropanol and sent to Transnetyx (Memphis, TN) for genotyping
using qPCR. Probes used for genotyping were established from primer sets
obtained from The Jackson Laboratory or Mouse Genome Informatics
(MGI). For murine lines established in-house, primer sets were provided to
Transnetyx to develop probes.

Tamoxifen (Sigma-Aldrich #T5648) was dissolved at 10mg/mL in corn oil
(MP Biomedical #901414). To conditionally induce CRTC1-MAML2 and
LumiFluor expression and to flox out p53 alleles, 8-week-old male and
female animals were intraperitoneally (i.p.) injected with 100 µL tamoxifen
once a day for five consecutive days. Studies were not conducted blindly.
Males and females at 8 weeks were randomly assigned for GEMM studies
and similar findings are reported for both sexes. The number of mice used
per group was based on prior related studies evaluating similar
phenotypes and no statistical method was used to predetermine
sample size.

Bioluminescence imaging
Bioluminescent-fluorescent BRET signal was measured non-invasively as
previously described [49] with minor modification. Briefly, animals were i.p.
injected with 250 μM (1:20 dilution, ∼500 μg/kg) Nano-Glo Luciferase Assay
Substrate (Promega, cat. #N1120) in sterile PBS. Isoflurane-anesthetized
animals were then imaged using an AMI Optical Imaging System (Spectral
Instruments Imaging, Inc.) 5 min after injection. Images were captured with
an open filter and acquisition times of 5 min or less at the indicated
settings. Data were analyzed using Aura imaging software (v2.2.0.0).

Histology and immunohistochemistry
All animals showing obvious tumors or other signs of distress were
euthanized and subjected to full necropsy. For histological analysis, all
tissues (including submandibular glands, sublingual glands, parotid glands,
pancreas, and lungs) were fixed in 10% buffered formalin for approxi-
mately 1 week at room temperature. Following fixation, tissues were
processed on an ASP6025 automated tissue processor (Leica Biosystems)
and embedded in paraffin wax. Blocks were sectioned at 4–6 μm, mounted
on glass slides, and FFPE tissue sections were deparaffinized prior to
staining using Dewax Solution (Leica). H&E staining was performed using
pre-mixed hematoxylin, clarifier, bluing reagent, and eosin (Richard Allan
Scientific). Heat-induced antigen retrieval method was performed in
Epitope Retrieval Solution 2 (Leica).
Ki-67 rabbit antibody (Abcam ab16667, Cambridge, MA) was used at a

1:2000 concentration in Dako antibody diluent (Carpinteria, CA) and
incubated for 15min. Cleaved Caspase-3 rabbit antibody (CST 9661,
Danver, MA) was used at a 1:1000 concentration in Dako antibody diluent
(Carpinteria, CA) and incubated for 15min. pERK1/2 (T202/Y204) rabbit
antibody (CST 4370, Danvers, MA) was used at a 1:2000 concentration in
Ventana PSS antibody diluent (Tuscon, AZ) and incubated for 30min. pAKT
(S473) rabbit antibody (Abcam ab81283, Cambridge, MA) was used at a
1:200 concentration in Ventana PSS antibody diluent (Tucson, AZ) and
incubated for 30min. Slides were incubated for 8 min using the Leica Bond
Polymer Refine Detection System and then counterstained with hematox-
ylin. Slides were then dehydrated and cover slipped as per normal
laboratory protocol.
Ki-67, Cleaved Caspase-3, p-ERK1/2, and p-AKT IHC stained slides were

scanned using the Aperio™ ScanScope AT2 (Leica Biosystems, Vista, CA)
with a 20x/0.8NA objective lens. Images were accessed via Aperio’s eSlide
manager database and viewed with Imagescope version 12.4.3.5008 [51].
Each image was annotated in Imagescope with the manual drawing tools
to create Regions of Interest (ROIs) for multiple tissue subtypes, which
include lung, pancreas, parotid, submandibular gland, and sublingual
gland. Each of these ROIs was analyzed using a prebuilt Aperio algorithm
to quantify objects into four categories (negative, weak, moderate, and
strong) based on the staining intensity. Finally, the data for each ROI was
exported into Microsoft Excel where percent positivity and H-scores were
calculated based on the object counts for each stain intensity category.

Polymerase chain reaction (PCR) and qPCR
For fresh-frozen tissues, gene expression was measured by extracting RNA
using a Nucleospin RNA kit (Machery-Nagel #740955) according to the
manufacturer’s instructions. cDNA was synthesized from 1 μg of RNA using
the iScript cDNA synthesis kit (Bio-Rad #170-8890). For human tissues, RNA
was extracted using the Maxwell 16 LEV RNA FFPE Kit (Promega #AS1260)
according to the manufacturer’s protocol (Promega 9FB167). cDNA was
made from 1 to 4 μg of RNA using SuperScript IV Reverse Transcriptase
(Invitrogen #18090050) with dNTPs (NEB #N0446S), RNase inhibitor
(Applied Biosystems #N808-0119), 25 μM oligo d(T)20 primer (Invitrogen
#100023441), and 25 μM MAML2-specific reverse primer. C1/M2 copy
number was determined by establishing standard curves with 100 to
1 × 106 copies of a FLAG-tagged C1/M2 overexpression plasmid [52].
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Relative gene expression of C1/M2 was determined using the 2(-ΔΔCt)

method and normalized to human RPL23 expression. The same 2(-ΔΔCt)

method was used for the analysis of Fgfr2, Fgfr2b, and Fgfr2c and
normalized to mouse Rpl23. qPCR was performed using FastStart Universal
SYBR Green Master (Rox) Mix (Roche #04913850001) with 1/50 (tissue) or
1/100 (cells) volume of the cDNA iScript reaction, and 0.25 μM of primers.
All PCR and qPCR primers are listed along with their sequences in
Supplementary Table S3 [25, 53].

Quantification and statistical analyses
All statistical tests were conducted using GraphPad Prism software or the
statistical software R (version 3.1.2). Differences between variables were
assessed by 2-tailed Student’s t test or 2-way ANOVA with Bonferroni’s post
hoc tests, where appropriate. No data were excluded from the analysis.
Sample sizes and P values are shown in figure legends. Normal distribution
of samples was not determined. Data collection and analyses were not
performed blind to the conditions of the experiment. Data are presented
as mean ± SD or mean ± SEM, as indicated in the figure legends.
P values < 0.05 were considered statistically significant (*P < 0.05,
**P= 0.001, ***P < 0.001).

Materials and availability
The mouse strains described in this study are available from the
Corresponding Author upon request via a material transfer
agreement (MTA).

RESULTS
Transcriptional programs driving development are
operational in salivary MEC
Previous studies have demonstrated that cancer cells may exhibit
gene expression signatures similar to those found in fetal cells and
tissues [45, 54, 55]. Additionally, those shared expression
signatures have been shown in some cases to be associated with
disease progression and patient prognosis [56]. Prior work from
our group identified gene expression signatures common to
salivary gland development and salivary MEC [24, 25], however
the relationship between these shared signatures and disease
progression has yet to be determined. To this end, we performed
RNA sequencing (RNAseq) on a cohort of 23 human salivary MEC
tumors (Table 1), 8 normal adult salivary glands, and 3 normal fetal
salivary glands (22–24 weeks of age) and identified differentially
expressed genes (DEGs; fold change ≥2.00) for fetal or tumor
tissues relative to adult tissues. Relative to normal adult salivary
glands, MEC tumor samples exhibited 1989 downregulated and
1566 upregulated genes (Fig. 1A and Supplementary Table S1)
and fetal salivary gland samples exhibited 2007 downregulated
and 1331 upregulated genes (Fig. 1B).
Of these DEGs, 797 upregulated genes and 1312 downregulated

genes were directionally similar in both the MEC tumor samples
and fetal salivary samples as compared to normal adult salivary
glands (Fig. 1C). iRegulon [57] analysis of gene regulatory networks
predicted that the shared upregulated genes were enriched in
binding sites for specific transcription factors such as E2F
transcription factor 4 (E2F4), forkhead box M1 (FOXM1), and
transcription factor Dp-1 (TFDP1), among others, indicating
common gene regulation by these transcription factors (Fig. 1D).
iRegulon analysis of the shared downregulated genes revealed an
enrichment of predicted transcription factor binding sites for jun
proto-oncogene (JUN), myogenin (MYOG), and lysine demethylase
5 (KDM5), among others (Fig. 1D). Gene set enrichment analysis
(GSEA) identified hallmark gene signatures and biological pro-
cesses that were significantly altered in MEC tumors and fetal
salivary glands compared to adult salivary glands (Fig. 1E, F and
Supplementary Fig. S1). Many of the identified pathways were
shared between MEC tumors and fetal salivary glands, including
upregulation of genes encoding proteins involved in the epithelial-
mesenchymal transition, angiogenesis, and cell cycle and down-
regulation of genes encoding proteins that function in DNA repair

and protein secretion (Fig. 1E, F). Notably, the p53 pathway was
downregulated (normalized enrichment score [NES] <−1.50) in
fetal tissue compared with adult salivary glands (Fig. 1F).

Regulation of the p53 pathway is a hallmark of fetal salivary
glands and high-grade MEC
The C1/M2 fusion event has been previously shown to be a
pathognomonic driver of low-grade MEC [19]; however, its role in
the etiology of high-grade MEC has not been established. To
determine whether high-grade MEC tumors express C1/M2, we
first performed quantitative polymerase chain reaction (qPCR) for
C1/M2 in our human tumor samples and found that all the low-
grade and slightly less than half of the high-grade MEC samples in
our cohort were C1/M2-positive (Fig. 2A). Fluorescence in situ
hybridization (FISH) using a break-apart probe targeting the
MAML2 gene locus confirmed the presence of the t(11;19)
translocation in low-grade and high-grade MEC samples (Fig. 2B
and Table 1) as well as in established MEC cell lines (Supplemen-
tary Fig. S2A), supporting a role for C1/M2 expression across
multiple stages of salivary MEC progression.
To investigate the relationship between gene expression patterns

in fetal development and tumor progression, principal component
analysis on bulk RNAseq data was performed and revealed that
C1/M2-positive high-grade MEC tumor samples are more similar to
developing fetal salivary glands than to normal adult salivary glands
(Fig. 2C). Therefore, we analyzed DEGs specifically in high-grade and
low-grade MEC samples or fetal salivary glands relative to normal
adult salivary gland tissues. This analysis identified 364 upregulated
(logFC ≥2.00) and 733 downregulated genes (logFC ≤−2.00) common
to all three sample groups (Fig. 2D). However, a greater number of
downregulated genes were uniquely shared between fetal samples
and high-grade MEC (361 genes) than between fetal samples and
low-grade MEC (116 genes) (Fig. 2D). Notably, application of iRegulon
to detect genes which contain common transcription factor binding
sites in their cis-regulatory control elements identified FOXM1 motif
enrichment among the upregulated genes (Fig. 1D). FOXM1 is a pro-
proliferative transcription factor negatively regulated by the tumor
suppressor p53 (Supplementary Fig. S2B) [58, 59]. While the logFC
level for FOXM1 did not reach the threshold of logFC of ≥2.00, the
logFC level was 1.932 in fetal samples (FC= 3.816), 1.862 in High
Grade MEC samples (FC= 3.635), and 0.438 in Low Grade MEC
(FC= 1.355), suggesting that p53 dysregulation is associated with
tumor progression. Further analysis confirmed that FOXM1 transcript
levels are significantly increased in fetal salivary glands and high-
grade MEC tumor samples (P< 0.05 and P< 0.001, respectively) when
compared to adult samples regardless of C1/M2 fusion status (Fig. 2E).
Several studies have documented a role for tumor protein p53

(TP53) loss in the progression of pancreatic cancer [60], which
displays histologic similarities with salivary MEC. While mutational
profiling studies revealed that fusion negative salivary MEC tumors
may harbor p53 genomic alterations associated with poor
prognosis [61, 62], comparatively few genomic alterations are
seen in C1/M2 fusion positive cases and p53 is frequently
wildtype. However, p53 pathway dysregulation commonly occurs
via transcriptional repression and/or overexpression of the mouse
double minute 2 (MDM2) gene and previous studies have
demonstrated that targeting MDM2 with the novel small molecule
inhibitor MI-773 can stabilize and reactivate p53 signaling [63–65].
To assess functionality of the p53 pathway, we leveraged the p53
pathway dysregulation signature from Troester et al. [64] The
Troester 52 gene signature was derived from the union of genes
that displayed significant differential expression as a result of
in vitro TP53 knockdown in isogenic cell lines and genes that were
differentially expressed between human p53 intact and p53
altered breast tumors. To evaluate the p53 status of a given
sample, a Pearson correlation to the Troester signatures was
calculated, with a positive correlation indicating p53 disfunction
and negative correlation indicating wild type p53 functional
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status. We examined these ‘p53-dysregulation’ and ‘p53-wildtype’
signatures in our fetal and adult salivary MEC samples relative to
normal adult salivary glands and observed a statistically significant
upregulation of the dysregulated p53 gene signature but not the
p53-wildtype signature. Enrichment of the ‘p53-dysregulation’
signature suggests that these genes are also involved in normal
p53 developmental patterns due to the decreased p53 pathway
activity seen in developing fetal salivary tissues (Fig. 1F and
Supplementary Fig. S2C). Thus, regulation of the p53 pathway
during normal salivary gland development is more similar to that
observed in p53-mutant tumor cells with pathway dysregulation.
We next examined these p53 signatures across samples and found
that, like fetal samples, high-grade MEC tumors display an increase

in the p53 dysregulation signature (P < 0.001) compared to low-
grade MEC and normal adult samples (Fig. 2F, G). Upon examining
MEC tumors stratified by C1/M2 status alone, we confirmed that
MDM2 levels are significantly higher in C1/M2-positive tumors
compared to normal adult and fetal samples (Supplementary
Fig. S2D). These results support a role for MDM2-mediated p53
loss in driving pathway dysregulation as a common feature of
C1/M2-positive salivary MEC progression.

Combined C1/M2 fusion expression and Trp53 loss in murine
salivary gland ducts drives histologically advanced MEC
To investigate the role of transcriptional programs operational in
fetal development that may drive salivary MEC progression in vivo,
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Fig. 1 Fetal salivary glands and salivary MEC tumors share related transcriptional programs. A DEG analysis of MEC tumor tissue vs normal
adult parotid tissue. (Left) Volcano plot showing the relative expression of genes in each sample type. The dotted line represents Padj= 0.010.
Colored points above the line indicate DEGs with Padj < 0.010. (Right) Quantification of the colored points from the volcano plot. The bar chart
shows the number of upregulated (FC ≥ 2.00) and downregulated (FC ≤−2.00) genes with Padj < 0.010. B DEG analysis of fetal parotid tissue vs
normal adult parotid tissue. (Left) Volcano plots showing the relative expression of genes in each sample type. The dotted line represents
Padj= 0.010. Colored points above the line indicate DEGs with Padj < 0.010. (Right) Quantification of the colored points from the volcano plot.
The bar chart shows the number of upregulated (FC ≥ 2.00) and downregulated (FC ≤−2.00) genes with Padj < 0.010. C Venn diagrams
showing the number of DEGs identified in MEC tumors only (blue), fetal salivary glands only (red), and both (purple). Percentages reflect non-
overlapping DEGs. D iRegulon-predicted transcription factor regulators of upregulated (left) and downregulated (right) DEG networks
common to both MEC tumors and fetal salivary glands. E Hallmark GSEA pathway enrichment analysis showing upregulated and
downregulated DEG pathways in MEC tumors vs adult parotid tissue. Only pathways with NES ≥ 1.50 or ≤−1.50 are displayed. Node size is
proportional to the -log10(padj) values. F Hallmark GSEA pathway enrichment analysis showing upregulated and downregulated DEG
pathways in fetal vs adult parotid tissue. Only pathways with NES ≥ 1.50 or ≤−1.50 are displayed. Node size is proportional to the -log10(padj)
values. DEG differentially expressed gene, FC fold change, GSEA gene set enrichment analysis, MEC mucoepidermoid carcinoma, NES
normalized enrichment score, NS not significant, SG salivary gland.
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we next sought to generate a genetically engineered mouse
model (GEMM) of salivary MEC. The CRTC1 promoter, which drives
expression of C1/M2 in MEC cells harboring the t(11;19)
translocation, is active within submandibular gland epithelia
during early stages of salivary gland development [66]. This
promoter activity disappears during gland differentiation and
maturation but is reactivated with the onset of tumorigenesis [66].
This stage-dependent expression pattern supports a role in
embryonic branching morphogenesis but not acinar differentia-
tion, suggesting that salivary MEC arises from progenitor cells
located within the salivary glands [26, 67–69]. Thus, we designed
several GEMMs using an established C1/M2 transgenic and
targeted oncogene expression to putative progenitor cell types
located within the salivary gland [20]. Prior studies suggested that
the salivary acini may be maintained by self-duplication of Mist1-

positive cells, while the salivary ducts and myoepithelial cells are
maintained by Krt14-positive cells, with additional contributions to
intercalated duct maintenance potentially coming from Dcpp1-
positive cells [47, 68, 70, 71]. These studies suggested that these
multipotent cell populations could give rise to the heterogeneous
phenotype observed in salivary MEC. Thus, to achieve selective
and inducible C1/M2 expression within specific salivary gland
progenitor cell types, we employed crosses to Mist1-CreER [71],
Dcpp1-CreER [47], and KRT14-CreER [72] strains to drive tamoxifen-
inducible Cre recombinase expression within acinar cells, inter-
calated ductal/serous demilune cells, or myoepithelial and basal
ductal epithelial cells, respectively. Administration of tamoxifen to
8-week-old animals promoted Cre-mediated excision of LoxP-
STOP-LoxP cassettes, leading to expression of C1/M2 and a
LumiFluor bioluminescent reporter [49] (Fig. 3A, B).
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Bioluminescent imaging of these GEMMs at several time points
following tamoxifen injection revealed sustained LumiFluor signal in
the salivary region of Mist1-CreER;LumiFluor and KRT14-CreER;Lumi-
Fluor animals but no detectable LumiFluor signal in control or Dcpp1-
CreER;LumiFluor animals (Fig. 3B). Analysis of the murine major
salivary glands by qPCR revealed conditional C1/M2 gene expression
in the submandibular, sublingual, and parotid glands of Dcpp1-
CreER;C1/M2mice (Fig. 3C). C1/M2 expression was primarily observed
in the submandibular glands (Fig. 3C). In contrast, comparatively low
expression was observed in another exocrine gland tissue (Supple-
mentary Fig. S3A). Despite C1/M2 expression within the tissues of
interest, these animals did not develop MEC tumors within 18
months following tamoxifen administration (Supplementary
Fig. S3B). However, histological analysis of submandibular glands
from each of these GEMM animals revealed several abnormalities
including hypergranularity of the striated ducts in the Dcpp1-
CreER;C1/M2 and Mist1-CreER;C1/M2mice and depletion of the acinar
cell population in the acini of Dcpp1-CreER;C1/M2 and Mist1-CreER;C1/
M2mice. Notably, dramatic disorganization of both acinar and ductal
structures was observed in KRT14-CreER;C1/M2 mice, suggesting a
role for these cells in salivary MEC pathogenesis (Fig. 3D and
Supplementary Table S2).
To test whether the observed p53 dysregulation is indeed

involved in MEC pathogenesis, we next generated a GEMM in
which KRT14-driven CreER expression drives conditional and
inducible Trp53 (transformation related protein 53) loss (hetero-
zygous loss, Trp53fl/+; homozygous loss, Trp53fl/fl) along with
simultaneous C1/M2 and LumiFluor reporter expression within
basal ductal epithelial cells (Fig. 4A). Several KRT14-CreER;Lumi-
Fluor;C1/M2;Trp53fl/fl(KLCTfl/fl) animals developed autochthonous
salivary gland tumors with delineated features arising from within
the submandibular glands compared to adjacent normal tissue
(Fig. 4B and Supplementary Table S2). Tumors became palpable
between 4 and 6 months following tamoxifen administration
(mean tumor latency time, 145.8 days) with animals quickly
reaching endpoint within 1 to 2 weeks after the appearance of a
palpable masses. Analysis of C1/M2 copy number in these murine
tumors revealed similar C1/M2 expression to that exhibited by
human MEC samples (Fig. 4C). While only animals with C1/M2
expression and combined homozygous Trp53 loss developed
salivary tumors, littermate controls, including those with hetero-
zygous Trp53 loss (Trp53fl/+) were also generated for investigation.
Several of these other genotypes reached endpoint within

approximately 1 to 2 years of tamoxifen administration due to a
variety of off-target effects including perioral and cutaneous
pilosebaceous cysts (Fig. 4D and Supplementary Figure S4A–E).
Despite appearance of several premalignant histologic abnormal-
ities, animals with heterozygous Trp53 loss (KLCTfl/+) did not
develop salivary tumors even though LumiFluor signal within the
submandibular gland was detected at levels comparable to that
observed in animals with homozygous Trp53 loss (KLCTfl/fl) (Fig. 4E).
Murine tumor histology was graded by two independent oral

pathologists according to the Armed Forces Institute of Pathology
[28], Brandwein [27], and Memorial Sloan Kettering Cancer Center
[29] grading systems. Notably, the autochthonous murine salivary
gland tumors displayed multiple characteristics commonly asso-
ciated with high-grade human MEC, including an intracystic
component of <20% and >4 mitoses per 2 mm2 tumor area
(Table 2). Nearly all tumors exhibited necrosis, anaplasia, and
tumor invasion into small nests and islands and no tumors
exhibited perineural or bone invasion. Murine tumors were focally
positive for periodic acid Schiff (PAS) and mucicarmine staining,
indicating the presence of mucin, which is characteristic of MEC
(Table 2, Fig. 4F and Supplementary Fig. S4F). Immunohistochem-
ical analyses of known molecular hallmarks of human MEC were
performed on tumor sections, confirming activation of pro-growth
signaling with p-AKT (S473) and p-ERK1/2 (T202/Y204), cell
proliferation with Ki-67, and induction of apoptosis with cleaved
caspase-3 compared to control tissues (Fig. 4G and Supplementary
Fig. S4G). Control submandibular glands and murine MEC tumors
were compared using H-score quantification of the immunohis-
tochemical staining, revealing elevated p-AKT (S473) and Ki-67
expression (G1-S cell cycle marker) in the murine MEC tumors
relative to the control glands (Fig. 4H and Supplementary
Fig. S4H). Finally, bulk RNAseq was used to compare murine
MEC tumors, human fetal salivary glands, and high- and low-grade
human MEC tumors. We identified DEGs from murine MEC tumors
relative to normal murine salivary gland controls, human fetal
salivary glands relative to human adult normal salivary glands, and
low- or high-grade salivary MEC tumors relative to adult normal
salivary glands. Remarkably, murine MEC tumors share a larger
number of unique DEGs with human fetal salivary samples and
high-grade human MEC samples (187 genes) than with fetal
samples and low-grade human MEC samples (82 genes; Fig. 4I and
Supplementary Table S1). These findings establish the KLCTfl/fl

genetically engineered mouse model as a bona fide model of

Fig. 2 High-grade salivary MEC tumors and developing fetal salivary glands are characterized by dysregulation of the p53 pathway.
A qPCR analysis of C1/M2 expression in low-grade and high-grade human MEC tumor samples. C1/M2 copy number per 10 ng input RNA was
calculated based on a standard curve. Samples with ≥500 copies of C1/M2 per 10 ng input RNA were considered C1/M2-positive. Data is
presented as the mean ± SD (n= 3 minimum technical replicates), excluding human MEC tumor samples where C1/M2 copy number was
undetermined. B Left, the red and green fluorescent probes of the ZytoLight MAML2 Dual Color Break Apart Probe bind to the 3’ and 5’ ends
of the MAML2 gene, respectively. Right, break apart MAML2 FISH showing a rearrangement involving MAML2 in a representative high grade
MEC sample. Red and green arrows indicate location of single probe binding, with yellow arrow showing probe colocalization. Scale bar,
200 μm. C Principal component analysis of all parotid samples organized by collection site (UNC or UCSF), C1/M2 fusion status, and tissue
origin and grade. D Venn diagrams showing the total number of overlapping DEGs in MEC tumors by grade number of upregulated (logFC
≥2.00) and downregulated (logFC ≤−2.00) genes. Genes altered in low-grade MEC, high-grade MEC, and fetal tissue are shown in the green,
dark green, and yellow circles, respectively. The upper Venn diagram shows overlapping upregulated genes and the lower Venn diagram
shows overlapping downregulated genes. E Log2 normalized counts of FOXM1 data generated via RNAseq. In the box and whisker plot, the
horizontal line within the box represents the median, and the whiskers extend to ±1.5x the interquartile range (1.5*IQR). Wilcoxon-rank sum
test of pairwise comparisons: ***P < 0.001; *P < 0.05; ns, not significant (P > 0.05). F Supervised cluster analysis of MEC tumor samples, adult
salivary glands, and fetal salivary glands using the Troester et al. [98] 52-gene p53 signature. The fold change relative to the median expression
value across all tumors is shown. The dendrogram branch is enriched for p53 mutant or p53 wild-type signatures (shown in magenta and gray,
respectively). G Spearman correlation calculated for the Troester et al. [98] p53 signature (a composite of the wild-type and dysregulated
signatures shown in panel F) in low-grade MEC (light green), high-grade MEC (dark green), fetal salivary tissue (yellow), and adult salivary
tissue (purple). In the box and whisker plot, the horizontal line within the box represents the median, and the whiskers extend to ±1.5*IQR.
Wilcoxon-rank sum test of pairwise comparisons: ***P < 0.001; *P < 0.05; ns, not significant (P > 0.05). DEG differentially expressed gene, FC fold
change, C1/M2 CRTC1-MAML2, FOXM1 forkhead box protein M1, GSVA gene set variation analysis, HG high-grade, LG low-grade, MEC
mucoepidermoid carcinoma, NES normalized enrichment score, ns not significant, PC1 principal component 1, PC2 principal component 2,
qPCR quantitative polymerase chain reaction, RNAseq RNA sequencing, UCSF University of California at San Francisco, UNC University of
North Carolina.
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advanced salivary MEC suitable for investigating the mechanisms
involved in tumor progression.

Pro-tumorigenic FGFR2 alternative splicing is characteristic of
high-grade MEC
To understand the potential transcriptional programs that uniquely
regulate salivary MEC tumorigenesis compared to normal fetal salivary
gland development, we analyzed DEGs according to tumor grade and
identified members of the fibroblast growth factor ligand/receptor
(FGF/FGFR) family that were differentially expressed in fetal tissues or
MEC tumors compared to adult normal salivary glands (Fig. 5A). FGFR
and FGF signaling ligands are regulators of branching morphogenesis
during development of multiple exocrine organs, including the
salivary glands [73–80]. Bioinformatics analyses revealed that FGF10,
which is an activating ligand of the specific FGFR splice isoforms that
induce salivary epithelial cell differentiation (i.e., FGFR2b) [74, 81, 82], is
significantly downregulated in human high-grade MEC (FC=−1.97,
P< 0.05; Fig. 5A and Supplementary Fig. S5) relative to human adult
normal salivary glands and GEMM tumors relative to murine adult
normal salivary glands (FC=−3.28, P< 0.05; Supplementary
Table S1). In addition, Reactome pathway analysis showed that
FGFR2b Ligand Binding and Activation pathway is significantly
downregulated (NES=−1.639, P< 0.05) in human high-grade MEC
relative to normal adult salivary glands (Fig. 5B and Supplementary
Fig. S6A–C).
Post-transcriptional regulation of FGFR2 determines its function

whereby alternative splicing generates either an FGFR2b or FGFR2c

isoform (Supplementary Fig. S10A). While the FGFR2b variant
drives salivary gland differentiation and apoptosis and acts as a
tumor suppressor [83], the FGFR2c variant drives epithelial-to-
mesenchymal transition leading to disease progression in many
cancers [84]. Mutually exclusive splicing of exons 8 and 9 in the
ligand-binding domain of FGFR2 produces these two frequently
expressed isoforms, FGFR2b and FGFR2c [84]. This alternative
splicing event occurs within the third immunoglobulin loop region
and thus regulates extracellular ligand selectivity [84]. Conse-
quently, FGFR2b and FGFR2c variants have distinct effects on
regulating proliferation, glandular development, and apoptosis.
Although there are substantial similarities between the transcrip-
tional signatures of fetal development and MEC tumorigenesis, the
C1/M2 fusion oncogene is a defining feature of MEC pathogenesis
and has been implicated in regulating co-transcriptional splicing
[85]. This led us to further examine the differences in FGFR2 splice
variant expression according to different salivary MEC grades.
Visualization of RNAseq data using the UCSC genome browser

revealed that adult and fetal salivary gland tissues exhibit similar
FGFR2 exon 8 inclusion, but high-grade and low-grade MEC display
a dramatic decrease in exon 8 inclusion corresponding to the
FGFR2b isoform (Fig. 5C and Supplementary Fig. S7–S9). Quantifica-
tion of differential alternative splicing by rMATS confirmed a
decrease in the exon 8 inclusion levels (PSI, Ψ) within C1/M2-
positive low-grade and high-grade salivary MEC samples (Fig. 5D). In
contrast, there is an increase in exon 9 inclusion corresponding to
the FGFR2c isoform accompanied by upregulation of the FGFR2c
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Fig. 3 Cell type-specific targeting of CRTC1-MAML2 to murine salivary glands identifies Krt14-positive basal epithelial progenitors that
drive early ductal pathogenesis. A Schematic representation of CreER/LoxP-mediated C1/M2 transgene expression in salivary glands. Left,
Injection of transgenic animals with tamoxifen results in CreER activation, elimination of the STOP cassette, and subsequent expression of
C1/M2 and the LumiFluor reporter in target cells. Right, The KRT14 promoter was used to express CreER in all salivary ductal cells, including the
excretory, striated, and intercalated ductal cells, and myoepithelial cells. The Mist1 promoter was used to express CreER in all salivary acinar
cells, including serous and mucous acinar cells. The Dcpp1 promoter was used to express CreER in the salivary intercalated ductal cells and the
serous demilune cells. B Representative BLI images of control (LumiFluor allele with no CreER driver allele), Dcpp1-CreER;LumiFluor, Mist1-
CreER;LumiFluor, and KRT14-CreER;LumiFluor animals 3 months and 6 to 12 months post-tamoxifen treatment. The scale bar indicates photons/
sec. C qPCR analysis of C1/M2 expression in control (C1/M2-negative) (n= 8), Dcpp1-CreER;C1/M2 (n= 10), Mist1-CreER;C1/M2 (n= 4), and KRT14-
CreER;C1/M2 (n= 4) animals up to 13 months post tamoxifen administration. C1/M2 transcript copy number per 10 ng input RNA was
calculated based on a standard curve. Data is presented as the mean ± SD. D Representative H&E-stained submandibular glands from control
(Mist1-CreER only), Dcpp1-CreER;C1/M2, Mist1-CreER;C1/M2, and KRT14-CreER;C1/M2 animals 6–9 months post tamoxifen administration. Scale bar
indicates 200 μm at ×10 ×10 magnification. Inset images reflect ×60 ×10 magnification. BLI bioluminescent imaging, qPCR quantitative
polymerase chain reaction, SLG sublingual gland, SMG submandibular gland.
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ligands FGF5, FGF16, and FGF18 (Fig. 5C and Supplementary Fig. S5).
These results implicate a differential FGFR signaling axis in salivary
MEC pathogenesis that is mediated by alternative splicing to
promote expression of the pro-tumorigenic FGFR2c isoform. To
validate these findings, we examined Fgfr2 alternative splicing in our

autochthonous KLCTfl/fl GEMM MEC model using exon junction-
spanning qPCR primers designed to selectively detect FGFR2b versus
FGFR2c (Supplementary Fig. S10B). GEMM MEC tumors express
significantly higher (P < 0.001) levels of FGFR2c relative to control
littermate tissues while FGFR2b expression is not significantly
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Fig. 4 Dysregulation of p53 cooperates with C1/M2 to promote formation of tumors that share phenotypic hallmarks of human high-
grade MEC. A Schematic representation of KRT14-CreER/LoxP-mediated C1/M2 transgene expression coupled with Trp53 loss. B Left,
representative KRT14-CreER;C1/M2;LumiFluor;Trp53fl/fl mouse that developed a salivary gland tumor. Middle, the resected salivary gland tumor.
Right, representative mucicarmine-stained tumor section. A defined border separates tumor tissue (left) from adjacent normal tissue (right).
C qPCR analysis of C1/M2 expression in control (n= 8) and KRT14-CreER; LumiFluor;Trp53fl/fl (KCTfl/fl; n= 3) GEMM MEC tumor samples. C1/M2
copy number per 10 ng input RNA was calculated based on a standard curve. Data is presented as the mean ± SEM (n= 4 minimum technical
replicates). D Overall survival of control (n= 5), KRT14-CreER;C1/M2 (KC; n= 4), KRT14-CreER;Trp53fl/fl (KTfl/fl; n= 3), KRT14-CreER;Trp53fl/+ (KTfl/+;
n= 10), KRT14-CreER;C1/M2;Trp53fl/+ (KCTfl/+; n= 13), and KRT14-CreER;C1/M2;Trp53fl/fl (KCTfl/fl; n= 12) animals. E Quantification of total
bioluminescent emission (photons/sec) from the salivary gland region in KRT14-CreER;LumiFluor;C1/M2;Trp53fl/+ (KLCTfl/+; n= 7), KRT14-
CreER;LumiFluor;C1/M2;Trp53fl/fl (KLCTfl/fl; n= 10), and control (no KRT14-CreER allele; n= 3) animals, plotted as months post-tamoxifen induction.
F Representative H&E-stained images of a control (LumiFluor;C1/M2) submandibular gland and a KRT14-CreER;C1/M2;Trp53fl/fl MEC tumor. Scale
bar: 200 μm. G Representative stained images from a control (LumiFluor;C1/M2) submandibular gland and a KRT14-CreER;C1/M2;Trp53fl/fl MEC
tumor. IHC staining was performed for p-AKT (S473), p-ERK1/2 (T202/Y204), Ki-67, and cleaved caspase-3. Scale bar: 200 μm. H Quantification
of IHC H-scores in panel G. Data is presented as the mean ± SEM. I Venn diagram showing a comparison of DEGs captured by RNAseq of
GEMM MEC tumors compared with human fetal salivary glands and low-grade and high-grade MEC tumors. BLI bioluminescent imaging, Cl
Cas-3 cleaved caspase-3, CTRL control animals, DEG differentially expressed gene, GEMM genetically engineered mouse model, IHC
immunohistochemistry, MEC mucoepidermoid carcinoma, PAS periodic acid-Schiff, qPCR quantitative polymerase chain reaction, RNAseq RNA
sequencing.

Table 2. Histological characteristics and grading of murine salivary MEC-like tumors.

mT1 mT2 mT3 mT4 mT5

Sex M F F M M

Tumor
location

SMG SMG SMG SMG Salivary,
possibly
parotid

Intracystic
<20%

Yes Yes Yes Yes Yes

PNI No No No No N/A

Mitoses (per
2 mm2)

>4 >4 >4 >4 >4

Necrosis Yes Yes Yes No Yes

Anaplasia Yes Yes Yes No (mild) Yes

Small nest Yes Yes Yes No N/A

Border Infiltrative Infiltrative Infiltrative Well-circumscribed N/A

LVI Yes No No No N/A

Bone invasion No No No No N/A

Cell
components

Epidermoid Squamous with
keratinization»epidermoid
cells>clear cells>mucocytes

Oncocytic
cells»epidermoid
cells>mucocytes

Epidermoid
(spindly)»squamous with
keratinization>ductal
structures>mucocytes

Squamous
with
keratinization

Mucicarmine Negative Negative Focally positive Focally positive Negative

PAS Focally positive Focally positive Focally positive Focally positive Focally Positive

RNAseq run Yes Yes Yes Yes No

AFIP gradea High High High Intermediate High

Brandwein
gradeb

High High High High High

MSKCC
gradec

High High High High High

aThe AFIP scoring system [28] is a point-based system in which specific tumor histologic parameters are assigned a point value and higher scores correspond
to higher tumor grades. The following histologic parameters are included in the AFIP scoring system: intracystic component <20%, perineural invasion,
necrosis, mitoses ( >4 per high-powered field), and anaplasia/nuclear atypia. Higher overall scores correspond to higher tumor grades.
bThe Brandwein scoring system [27] is a point-based system in which specific tumor histologic parameters are assigned a point value and higher scores
correspond to higher tumor grades. The following histologic parameters are included in the Brandwein scoring system: intracystic component <25%,
perineural invasion, necrosis, mitoses ( >4 per high-powered field), anaplasia/nuclear atypia, pattern of infiltration (nests/islands), angiolymphatic invasion, and
bone invasion.
cThe MSK grading system [29] is a qualitative grading system that takes into account the following histologic parameters: intracystic component, necrosis,
mitoses, anaplasia/nuclear atypia, and pattern of infiltration.
AFIP, Armed Forces Institute of Pathology; F, female; LVI, lymphovascular invasion; M, male; MSKCC, Memorial Sloan-Kettering Cancer Center; mT, murine
tumor; PAS, Periodic acid-Schiff [stain]; PNI, perineural invasion; RNAseq, RNA sequencing; SMG, submaxillary gland.
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different (Fig. 5E). Collectively, these findings implicate corruption of
transcriptional programs that mediate fetal salivary gland develop-
ment and regeneration in the pathogenesis of salivary MEC via
alterations in pro-tumorigenic FGFR2c signaling within Krt14-
positive basal epithelial cells (Fig. 5F).

DISCUSSION
In this study, transcriptomic profiling analyses revealed that MEC
tumors and fetal salivary glands display overlapping gene
expression profiles that are involved in proliferation and devel-
opmental signaling and linked to p53 dysregulation. We show that
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combined overexpression of the strong transcriptional coregulator
fusion C1/M2 and dysregulation of the p53 pathway promotes
developmental programs that induce formation of advanced
salivary MEC. Interestingly, p53 is frequently wild-type in salivary
MEC but may be transcriptionally repressed and/or targeted for
degradation by overexpression of MDM2, leading to p53 pathway
dysregulation [63]. Using this information, we engineered the first
GEMM of advanced, high-grade MEC by selectively targeting
several distinct cell types that are known or predicted to possess
pluripotent characteristics important for driving salivary gland
development. Specifically, we demonstrated that salivary ductal
epithelial cells are involved in salivary MEC tumorigenesis by
targeting conditional and inducible Trp53 loss along with C1/M2
fusion oncogene expression in Krt14-positive basal epithelial cells
of the salivary gland ducts.
The development of in vivo models that can recapitulate the

pathobiology of high grade MEC is crucial for understanding
disease progression and testing potential therapeutic strategies.
Previous attempts at modeling MEC have utilized the mouse
mammary tumor virus (MMTV) promoter to drive C1/M2 expres-
sion [20]. However, while this model is fully penetrant, tumors are
phenotypically low-grade and this targeting strategy activates
C1/M2 oncogene expression within multiple cell types in other
secretory glands, including mammary tissues [86]. In contrast, our
GEMM addresses an urgent need in the field to define the
mechanisms governing salivary MEC progression by providing a
model that recapitulates both the molecular and the phenotypi-
cally dedifferentiated features characteristic of advanced, high-
grade disease. Our approach of targeting C1/M2 expression
specifically to Krt14-positive ductal cells in the murine salivary
gland yielded tumors that recapitulate the gene expression
profiles and histological features of human high-grade salivary
MEC. The success of this approach is supported by evidence that
Krt14-positive salivary gland cells are slow-cycling multipotent
progenitor cells that proliferate in response to injury, contribute to
regeneration and can differentiate into multiple salivary gland cell
types [68, 70, 87–89]. Extrapolating these findings to MEC, Krt14-
positive cells expressing the C1/M2 oncogene may be able to
rapidly proliferate to form a tumor composed of the variety of cell
types characteristic of MEC tumors as compared to Mist1- positive
or the rare Dcpp1-positive cells which may represent cell types
with minimal or reduced multi-potency potential.
Our autochthonous GEMM provides mechanistic insights into

the role of p53 in salivary MEC progression and offers an
opportunity to explore the benefits of therapeutics targeting the
p53 pathway. This has opened the door to p53-activating
therapeutics, such as the MDM2 inhibitor MI-773, in the clinical
management of this disease [64, 65]. p53 is a well-known tumor
suppressor which functions to suppress proliferation signals

[90–92]. While some TP53 gene alterations have been previously
detected in MEC, they are infrequent compared to other cancers
and appear to be mutually exclusive to the t(11;19) translocation
and C1/M2 fusion expression in MEC [92, 93]. However, the
bioinformatics analyses performed in this study reveal that
developing fetal salivary glands and high-grade MEC share similar
p53 pathway regulation which leads to higher expression of pro-
proliferation signaling molecules, such as FOXM1. In contrast, low-
grade MEC do not share this same level of p53 pathway regulation.
While C1/M2-positive salivary MEC tumors harbor wild-type p53,
we observe progressive elevation of MDM2 according to tumor
grade, suggesting that post-translational loss of p53 drives disease
progression. Consequently, the work presented herein supports a
role for C1/M2 as the earliest etiologic event driving MEC
tumorigenesis and indicates that p53 dysregulation provides a
previously unreported molecular switch that contributes to tumor
progression from low-grade to high-grade disease. Despite
innovative therapies such as MI-773 being explored for their
potential utility in p53 wild-type salivary cancers [64], the
identification of additional potential therapeutic vulnerabilities is
urgently needed for patients with advanced salivary MEC.
To understand the potential mechanistic determinants that

govern normal salivary gland development versus salivary MEC
tumorigenesis, we extended our transcriptomic analyses to
include computational analysis of alternative transcript splicing.
Surprisingly, expression of the tumor suppressive FGFR2b isoform
and the pro-tumorigenic FGFR2c isoform is altered between fetal
salivary gland tissues and salivary MEC. FGFR inhibitors have
recently gained FDA approval as targeted agents for use in a
variety of different cancers. These therapeutics include pan-FGFR
inhibitors (e.g., erdafitinib), receptor-specific inhibitors (e.g., FGFR2;
pemigatinib), or inhibitors that target FGFR fusions/rearrange-
ments (e.g., futibatinib) [94]. Unfortunately these strategies
currently lack the ability to target specific FGF receptor isoforms
arising from alternative splicing. However, in vitro studies using
antisense oligonucleotides to restore FGFR2b isoform signaling
have shown promising results in resensitizing prostate cancer cell
lines to chemotherapy [95] and radiotherapy [96]. Our findings in
salivary MEC underscore the potential for developing novel
approaches against tumorigenic alternative splicing and serve as
a new frontier for targeted therapeutic strategies for MEC. Taken
together, these results implicate an FGFR-p53 developmental
signaling axis in MEC progression and suggest a role for selective
FGFR targeting therapies in the treatment of high-grade MEC.

Limitations of the study
Relative to all cancers, the incidence of salivary MEC is rare. As such,
the accrual of MEC samples, especially high-grade cases, as well as
fetal tissues to this study was limited. Though salivary gland tumors

Fig. 5 Alternative FGFR2 isoform usage establishes a pro-tumorigenic pathway in salivary MEC versus normal salivary glands. A LogFC
expression of FGF ligand and FGFR family members in human fetal salivary glands, low-grade MEC tumors, and high-grade MEC tumors
compared to adult salivary gland tissue. B FGFR2b Reactome pathway analysis of high-grade MEC tumors. C Above, annotated illustration of
the NCBI RefSeq gene reference for the two primary FGFR2 isoforms, curated subset (NM_* Annotation release 13 July 2013). Below,
representative cigar plots of RNAseq data for FGFR2 visualized using the UCSC Genome Browser from adult salivary glands, fetal salivary
glands, C1/M2-positive low-grade MEC tumors, and C1/M2 positive high-grade (HG) MEC tumors. D Quantification of FGFR2 exon 8 Percent
Spliced In (PSI; Ψ) inclusion levels calculated by rMATS. Data represented as a violin plot with the mean as solid horizontal line and extending
to the minimum and maximum values. E qPCR analysis of FGFR2 splice isoform expression in control and GEMM MEC tissues. ***P < 0.001; ns,
not significant (P > 0.05). F Graphical schematic of proposed MEC progression cascade. The preneoplastic state is characterized by acinar
disorganization, granular eosinophilia, and ductal disorganization upon acquisition of the t(11;19) translocation and C1/M2 expression. During
the course of MEC oncogenesis, a shift in Fgfr2 isoform expression from the epithelial type, Fgfr2b, to a more mesenchymal form, Fgfrc marks
the transition from a preneoplastic state to low-grade MEC. This receptor isoform switch is maintained in progression from low-grade to high-
grade which is further characterized by p53 dysregulation, which we observed to be a feature shared with developing fetal salivary gland
tissues. Generated using Biorender software. FC fold change, FGF fibroblast growth factor, FGFR fibroblast growth factor receptor, GEMM
genetically engineered mouse model, HG high-grade, IgIII immune-globulin III domain, KD kinase domain, LG low-grade, MEC
mucoepidermoid carcinoma, NES normalized enrichment score, Padj adjusted P value, qPCR quantitative polymerase chain reaction, RNAseq
RNA sequencing, SG salivary gland, TM transmembrane domain.
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were successfully generated in our MEC GEMM, one limitation of the
model is its low penetrance. Only a small fraction of the KRT14-
CreER;C1/M2;Trp53fl/fl mice included in this study developed salivary
tumors (approximately 15%). A larger proportion of mice were
sacrificed at early time points due to off-target effects such as severe
cystic pathology of pilosebaceous origin exhibited in the skin of the
muzzle, paws, tail, and genital regions, and it is likely that these
animals would have also developed salivary tumors had they been
allowed to continue in the study. To increase the specificity of Cre
activation and mitigate off-target effects in this model, targeted
delivery of tamoxifen may vastly improve tumor penetrance. A
previous study demonstrated the use of ductal cannulation to
achieve local delivery of nanomaterials to the murine submandibular
gland [97]. Future studies will explore this procedure to realize the
full potential of the GEMM described here.
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