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Abstract

Aim The study was designed to evaluate molecular alterations, relevant to the prognosis and personalized therapy
of salivary gland cancers (SGCs).

Materials and methods DNA was extracted from archival tissue of 40 patients with various SGCs subtypes. A
targeted next-generation sequencing (NGS) panel was used for the identification of small-scale mutations, focal

and chromosomal arm-level copy number changes. The final analysis included selected genes with potential action-
able aberrations for targeted therapies and outcome predictions in 37 tumours'samples.

Results The follow-up of the SGCs study cohort revealed disease recurrence or metastasis in 19 patients and indi-
cated poor individual outcomes. The mean disease-free survival (DFS) within the poor outcome group was 2.4 years,
and the overall survival (OS) was 5.4 years. The DFS and OS of the remaining 18 patients with favourable outcomes
were 8.3 years. The genes most frequently affected with aberrations were NF1 (n=9, 24%) and TP53 (n=8, 22%),

with increased occurrence observed in the poor outcome group: NF1 (n=6, 32%) and TP53 (n=6, 32%). CDKN2A bial-
lelic deletion was the most common copy number variation (n=5), and was detected in 4 cases with identified
disease relapse. TERT promoter mutation and amplification were found in myoepithelial carcinoma. A p.lle35Thr
mutation was discovered in CTNNBT in two cases of adenoid cystic carcinoma. ERBB2 alterations were remarkable

for SDC ex PA. Furthermore, TP53 mutation was established as a relevant negative prognostic factor for overall survival
(p=0,04). The analysis revealed potentially actionable genes in detected alterations in: MECA 100% (1/1), SDC 100%
(7/7), AD 92% (11/12), Ca ex PA 82% (18/22), MECA 65% (20/31), AdCC 64% (9/14) and AcCC 0% (0/1).

Conclusions SGCs are a heterogeneous group of malignancies with distinct molecular landscape that character-
ized by poor prognosis and inadequate treatment options. Nonstandard strategies might be beneficial for patients
who suffer from salivary gland cancers. Wider utilization of NGS analysis may increase the opportunity for patients
with those rare cancers to receive more precise, personalized therapy.
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Introduction

According to the International Agency for Research on
Cancer in 2020, more than 19 million new cancer cases
were recognized worldwide, and nearly 10 million deaths
were registered. Salivary gland cancers (SGCs) consti-
tuted 53 583 of all morbidity cases (0.3%) and the mor-
tality was greater than 20 000 cases (0.2%) [1]. The data
demonstrates an unfavourable prognosis in most SGCs
patients.

Although SGCs constitute 8.5% of head and neck
malignancies, they are characterised by considerable
aggressiveness and mortality [2].

Distant metastases are observed in 20% of cases and
are associated with high-grade pathological types,
tumour size, vascular infiltration, perineural invasion
and genetic mutations, resulting in poorer patient out-
comes [3]. Recurrent or metastatic (R/M) salivary gland
cancer patients have the median overall survival (OS)
of 15 months, because there are no specific therapeutic
options recognized [4].

An additional complicating factor is the histologi-
cal heterogeneity of SGCs [5]. In compliance with the
World Health Organization (WHO), more than 20
various types of salivary gland malignancies are dis-
tinguished; and the most common is mucoepidermoid
carcinoma (MEC), followed by acinic cell carcinoma
(AcCC), adenoid cystic carcinoma (AdCC), carcinoma
ex-pleomorphic adenoma (Ca ex Pa), and adenocarci-
noma (AC) [6, 7]. An accurate diagnosis could therefore
be challenging, with a substantial risk of misdiagno-
sis and delayed treatment. Uncertain cases with mor-
phologic or immunohistochemical overlap require
molecular tests for definitive classification, and modern
diagnostic methods are moving in that direction with
increasing confidence and accuracy [7]. The current
SGCs classification of the World Health Organization
(WHO) includes molecular alterations in the differ-
ential diagnosis [7]. The standard therapy in SGCs is
complete surgical excision of the pathology, with post-
operative radiotherapy or chemoradiotherapy, depend-
ing on the tumour stage and histological features [8].
Current recommendations of the American Society
of Clinical Oncology (ASCO) include postoperative
radiation (RT) for patients with lymph node metasta-
ses, perineural or vascular invasion but in all AdCC
cases [9]. The rare incidence prevents the possibility
of randomized clinical trials in SGCs to compare the
outcomes of surgery with or without postoperative RT

[10]. Therefore, the risk of overtreatment in some cases
is impossible to avoid. The indication for systemic ther-
apy in SGCs is not clearly defined with the moderate
strength of the recommendations [9].

SGCs patients are applied to standard systemic ther-
apy, similar to other head and neck cancer patients.
The situation is even worse for recurrent or metastatic
SGCs, for which reliable evidence for optional regimen
lacks. We still search for more specific therapies for this
heterogeneous group of cancers and recognize the pos-
sibility to identify relevant molecular factors in order
to optimize and individualize the protocols. Nowadays,
genetic alterations are becoming essential not only in
proper diagnosis but also creating personal precision
medicine. At the present time, increasing evidence
confirms the significance of mutations in the NOTCH
1-4, MYB, VEGE and EGFR genes in AdCC as well as
the expression of HER2 and AR in SDC for extended
and targeted treatment possibilities [11-13]. In paral-
lel, ongoing clinical trials estimate immune checkpoint
inhibitors in SGCs [11]. However, in rare solid tumors
we observe an increasing number of basket trials,
where therapeutic intervention is designed for patient’s
tumor specific aberration [14]. The procedure is espe-
cially promising for SGCs patients for whom other
standard treatment options in the recurrent or meta-
static disease stage are unavailable. The approach based
on patient’s specific genetic aberrations therapy, substi-
tutes the phase III trials in the conventional drug regis-
tration route, which is of great difficulty in rare cancers.

Currently, a large number of genetic aberrations have
been matched with specific therapies. Therefore, it is
crucial to search for nucleotide and copy number vari-
ants in SGCs patients with poor prognosis.

Taking under consideration the above, we attempted
to evaluate the molecular landscape of the most prev-
alent salivary gland malignancies. Our study was
designed to compare the prevalence of DNA aber-
rations in SGCs patients with different oncologic
outcomes after a standard treatment protocol. A DNA-
based targeted next-generation sequencing (NGS)
panel was used to detect single and multiple nucleo-
tide variants and copy number variants. The literature
review was performed to select genes that have been
so far identified as potentially relevant in the diagnosis
and prognosis of different types of SGCs. The remain-
ing genes were selected depending on their involve-
ment in commonly known signalling pathways [15].
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The final analysis of our cohort included 79 genes with
potential actionable aberrations for targeted therapies
and others linked by common molecular signalling
pathways, as well as those related to a worse prognosis
and are collected in Table 1.

Materials and methods

The study was conducted in accordance with national
guidelines and regulations and approved by the Bioethics
Committee at Medical University of Warsaw (reference
number: AKBE/175/2021).

SGCs samples collection

The medical records were searched to select patients with
the primary diagnosis of SGCs treated surgically with
the radical intent in the Otorhinolaryngology, Head and
Neck Surgery Department of the Medical University of
Warsaw between 2010 and 2017. The exclusion criteria
involved: (1) histological types other than mucoepider-
moid carcinoma (MEC), adenocarcinoma (AC), myoepi-
thelial carcinoma (MECA), adenoid cystic carcinoma
(AdCC), salivary duct carcinoma (SDC), acinic cell car-
cinoma (AcCC) and carcinoma ex pleomorphic adenoma
(Ca ex PA); (2) history of radiation in head and neck
region; (3) incomplete treatment after the operation with
radiotherapy or chemoradiotherapy according to the pro-
tocol; and (4) inaccessible follow-up data until May 2023.
The study was designed for NGS evaluation of 40 tumor
samples, and an adequate number of formalin-fixed
paraffin-embedded (FFPE) blocks were retrieved from
the repository of the Pathology Department. The diag-
nosis of the tumor type, histopathological features and
advancement was verified in each case by an experienced
pathologist.
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DNA next-generation sequencing

DNA was isolated from manually dissected tissue frag-
ments from FFPE blocks, selected based on histopatho-
logical examination of hematoxylin and eosin-stained
sections. Isolation was performed using QuickGene-
Autol12S/24S nucleic acid extractor and AutoS DNA
Extraction FFPE Tissue Kit (Kurabo), according to manu-
facturer’s protocol.

For each sample 100-500 ng were converted to
genomic libraries using Library Preparation Kit (Twist
Biosciences). Libraries were then pooled and enriched
using a Custom Panel (Twist Biosciences), capturing~5
Mb of coding sequences of 1345 cancer-associated genes
and selected non-coding regions. Enriched libraries were
sequenced on NovaSeq 6000 (Illumina) instrument using
2% 150 bp reads. Mean coverage was in range of 63.7—
751.9 % (median 369.3%) and ge20 was in range 95.4—
98.6% (median 98.3%) for all samples.

Raw sequencing data processing was done according to
Broad Institute recommendations [16] and involved qual-
ity control of FASTQ files, read mapping to hg38 genome
using BWA-MEM [17], duplication removal, quality
recalibration using GATK and Picard and variant calling
using HaplotypeCaller and Mutect2 [16].

Common variants were filtered out using public (gno-
mAD) and internal databases [18]. The remaining, rare
variants were classified with the aid of bioinformatics
predictors and databases (REVEL [19], PrimateAl [20],
SpliceAl [21], dbNSFP [22], ClinVar [23], COSMIC [24],
cBioPortal [25]), internal (Genebe.net) [26] and external
(Varsome.com) [27] implementations of ACMG classifi-
cation and published data.

Copy-number variations (CNVs) were identified with
CNVKkit 0.9.5 [28] and copy-neutral losses-of-heterozy-
gosity were identified using an in-house script. Python

Table 1 The genes analysed in SGCs and their represented signalling pathways. Bolded are genes with ongoing clinical trials

according to the OncokB™ website platform and literature

Signaling pathway Genes

Cell cycle

DNA damage response
DNA mismatch repair
Epigenetic regulation
Homologous recombination in DNA repair
NOTCH
PI3K/AKT/mTOR
RTK-Ras-ERK

SWI/SNF complex
WNT- beta- catenin
Others

CDKN2A, CCND2, CDK4, CCNC

MDM1, MDM2, MDM4, TP53

MLH1, MSH2, MSH6, PMS1-2

KDMG6A, KMT2C, KMT2D, NSD1

ATM, BRCA1-2, BRIP1, CHEK2, ERCC2

FBXW?7, NOTCH 1-4

AKT1, PIK3CA, PTEN, TSC2, RICTOR

ALK, BRAF, ERBB2, ERBB3, EGFR, FGFR1-3, FGFR4, HRAS, KRAS, RAF1, MET, NF1, NRAS
ARID1, ARID1B, ARID4B, SMARCA2, SMARCA4, SMARCB1, SMARCCT

AJUBA, APC, AXINT, AXIN2, CDHT, CTNNB1, FAT1

AR, ETV6, MYB, MAPK1, IGF1, NFKB1, NTRK1-3, PRKD2, PTPNT1, RELN, TERT, FRS2, EZH2, PBRM1
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and R packages Pandas 2.1.3 and Maftools 2.18.0 were
used for data handling and visualization [29].

Statistical analysis of associations between genetic vari-
ants and clinical data was done using Maftools.

Maftools function Somaticlnteractions, which performs
Pair-wise Fisher’s Exact test, was used to detect mutual
exclusivity or co-occurrence of mutational events (small-
scale mutations and CNVs). MafSurvival function was
used to draw Kaplan—Meier curves, hazard ratios and
unadjusted p-values and analyze patient survival (OS and
RES) with regard to small-scale mutations and CNVs. We
analyzed the prognostic impact of pre-defined groups
of genes, selected on the basis of their involvement in
signalling pathways (Tables 1 and 3), as well as of single
genes and concurrently mutated pairs of genes. The sig-
nificance of the latter two was estimated using a similar
maftools function, SurvGroup; we limited this analysis to
the genes mutated in at least 3 patients.

The analysis of genetic data included only pathogenic
or likely pathogenic variants and CN'Vs.

Descriptive statistics were used to summarize the clini-
cal data, which were analyzed using SPSS version 25.0.

Potentially actionable genes, were highlighted in
Table 1, based on the OncoKB™ website platform [30,
31], ongoing clinical trials, and the available literature
[32-38].

Results

Patient characteristics

A total of 40 patients were initially included in this study,
but the NGS data of reliable quality were acquired for
37 patients, who constituted the final study cohort. One
patient was excluded from the study after histopathologi-
cal re-evaluation (SG15). Two patients (SG8 and SG26)
were excluded due to sequencing failure resulting from
poor-quality DNA. In four patients (SG20, SG32, SG33,
and SG37), some CNV results were manually curated
due to high noise levels in CNV calling. However, it is
unlikely that the ability to identify high-level amplifica-
tions or deep deletions was substantially affected.

The evaluated SGCs types included: 7 MEC, 7 AC, 6
MECA, 6 AdCC, 4 SDC, 2 AcCC and 5 CA ex PA (3 SDC
ex PA (sample number: 36, 37, 39); 2 AC NOS (sample
number: 35, 38)). The median age at the diagnosis was
59.7 years (range 21-87), and 62% were female. The pri-
mary tumor was located in the parotid gland in 31 cases
(84%), and in the submandibular gland in the other 6
cases (16%). The pathological TNM staging revealed 25
patients (67.6%) with T1 and T2 advancement, and 27
(73%) without nodal involvement. Three patients (1 with
AdCC and 2 with SDC) had suspicious lung nodules that
were potentially metastatic on chest CT. All patients
were treated surgically with the curative intent; however,
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the final histology revealed nonradical resection (R1) in
6 patients, in all cases due to very close margins. Peri-
neural invasion was identified in 6 patients, and vascular
infiltration was even rarer— 2 patients. The postoperative
radiotherapy (RT) was applied in 28 patients, and sys-
temic treatment with RT was applied in 4 patients. 19
SGCs patients in the study cohort developed recurrent/
metastatic disease during follow-up and were identi-
fied as poor outcomes patients. The mean disease-free
survival (DFS) for this subgroup was 2.4 years, and the
overall survival (OS) was 5.4 years. The other 18 patients
were disease free during the follow-up of at least 5 years
and were considered favourable outcomes patients with
the mean DFS and OS of 8.3 years. The group with poor
survival rates was older, with a mean age of 63.5 years,
compared with 55.7 years in the favourable outcome sub-
group. The sex distribution was similar. The histopathol-
ogy type of MEC yielded the most favourable outcomes
with recurrent disease in only one patient. Whereas all
patients with SDC had the disease progression (n=4).
The outcome distribution in other cancer types was com-
parable. The subgroup with a poor prognosis had more
advanced tumor size (8 patients with T3 and T4) and the
higher rate of nodal involvement (9 patients with N+).
The three patients with lung metastasis experienced dis-
ease progression during follow-up.

The clinical data was collected in Table 2.

Only pathogenic or likely pathogenic mutations were
considered further. In our cohort, we found genetic
abnormalities in 73% of the patients (27/37). Moreover,
96% of patients with identified gene mutation had at least
one mutation in potentially actionable genes (26/27).

Among the 79 analysed genes, 49 of them were poten-
tially targetable (62%). In 55% of this group at least one
change was detected. Furthermore, 70% of the study
cohort showed mutations in those genes, including 89%
of the patients with poor outcomes. In all patients with
poor outcome and SDC the mutations in potentially tar-
getable genes were identified 100% in SDC (7/7). In other
histological types the rates were also high with 92% in AD
(11/12), 82% of Ca ex PA (18/22), 65% of MECA (20/31),
64% of AdCC (9/14) and 100% MEC (1/1).

Somatic mutations

In our cohort, we identified NFI (n=8) and TP53 (n=28)
genes as the most frequently mutated. These alterations
were predominantly harboured by patients with poor
outcomes (6 patients for each gene: MEC, AC, MECA,
SDC, 2 Ca ex PA (SDC ex PA, AC NOS ex PA) and AC,
2 SDC and 3 Ca ex PA (2 AC NOS ex PA, 1 SDC ex PA),
respectively). TP53 mutation was observed in 3 patients
with Ca ex PA (50%) with poor outcome. This mutation
was also found in 50% SDC, whereas NFI abnormalities
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Table 2 Clinical characteristics of the study cohort

All patients Disease relapse Disease
free
survivals

Age (years) 59.7 635 55.7
Male/Female 14/23 8/11 6/12
Location (No)
Parotid gland 31 17 14
Submandibular gland 6 2 4
Histopathological types (No) 37 19 18
Mucoepidermoid cancer 7 1 6
Adenocarcinoma 7 4 3
Myoepithelial carcinoma 6 3 3
Adenoid cystic carcinoma 6 3 3
Salivary duct carcinoma 4 4 0
Acinic cell carcinoma 2 1 1
Carcinoma ex pleomorphic adenoma 5 3 2
TNM staging ( Tumor)
T 9 5 4
T2 16 6 10
T3 6 2
T4 2
TNM staging (Nodules)
NO 27 9 16
N1 6 3 3
N2 7 6 1
TNM staging (Metastases)
MO 34 15 19
M1 3 3 0
Perineural invasion 6 4 2
Perivascular invasion 2 2 0
Radical dissection
RO 31 14 17
R1 6 4 2
Type of surgery:
Superficial parotidectomy 5 3 2
Total parotidectomy 19 9 10
Radical parotidectomy 4 3
Submandibular gland resection 6 2 4
Selective neck dissection 19 9 10
Adjuvant therapy
None 5 0 5
RT 28 16 12
RT with CT 4 3 1
Disease free survival (years) 5.1 24 83
Overall survival (years) 6.4 54 83

RT radiotherapy
CT chemotherapy
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were detected in half of the MECA patients (2 with
favourable and 1 with poor outcome). Furthermore, the
only one MEC patient who developed recurrence, har-
boured multiple mutations in NFI (two missense and
single splice-site).

Co-mutation of these genes was detected in 4 patients
with the disease relapse (2 patients with Ca ex PA, AC
and SDC).

The genetic changes that were confirmed solely in
patients with unfavorable outcomes included: ARIDI1A
(n=3; AC, MECA, SDC), ERCC2 (n=2; AC, AdCQC),
NSDI (n=2; AdCC, Ca ex PA), ARIDIB (AdCCQC),
FGER2 (MECA), FGFR4 (Ca ex PA), KMT2C (AC),
NOTCHI1(AdACC), PTEN (Ca ex PA), SMARCBI1(AC) and
TSC2 (Ca ex PA) (each in a single case).

Another gene mutated in multiple cases was HRAS
(n=4), mostly within the subgroup with disease relapse
(n=3; 2 AC, 1 MECA). In various types of SGCs, muta-
tions in KMT2D (AdCC, 3 cases of Ca ex PA), PIK3CA
(AC, 2 cases of Ca ex PA) and SMARCA2 (AC, 2 cases
of SDC) were quite commonly detected. The TERT gene
promoter (pTERT) was mutated in cases of AdCC and
MECA with favorable outcomes. A hotspot mutation in
CTNNBI1(3:41224616-T >C, p.(Ile35Thr)) was found in
two cases of AdCC. ERBB2 mutation was unique to SDC
ex PA.

The characteristics of the pathogenic genetic altera-
tions in the cohort of salivary gland cancers are presented
in Fig. 1.

Copy number variations

Significant copy number variations were detected in 9
patients (24%), and in 55% of cases they were related to
unfavorable disease outcomes. CDKN2A biallelic dele-
tion was identified as the most common change (n=5
cases:1 AC, 2 MECA, 1 AdCC, 1 SDC), and in all cases
except AdCC, it was connected with the disease relapse.
The most frequent amplifications of the MDMI1, MDM?2
and FRS2 genes coexisted in 3 cases of MECA (2 favour-
able and 1 unfavourable outcome). One of those patients
(sample number 25) harbored the highest level of molec-
ular changes, with additional KRAS, TERT, RICTOR,
CCND2, ETV6, ERBB3 and CDK4 amplifications. Finally,
amplification of ERBB2 was observed purely in two sam-
ples of SDC ex PA. Figure 2 presents the co-occurrence
of the gene mutations and copy number changes co-
occurrence in the studied cohort.

Mucoepidermoid carcinoma

In the present study, 19% of patients suffered from MEC.
In one sample, NF1 mutation was detected. This case was
related to an unfavourable outcome, which is a rare event
in this subtype.
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Adenocarcinoma

In 80% (n=4) of patients with this subtype, worse
prognoses were reported. In that group, alterations in
ARIDIA, ERCC2, FBXW7, KMT2C, NF1 and PIK3CA
among others, were found. Additionally, HRAS muta-
tions were harboured in 2 patients with 2- and 3-year
OS. Mutations in TP53 gene were discovered in both
patients with and without relapse.

Myoepithelial carcinoma

The MECA subtype was the most abundant in differ-
ent genetic alternations. The sample number 25 was
the most changed one. HRAS, ARIDIA, and NFI muta-
tions, and amplifications of the CCND2, CDK4, CHEK2,
ERBB3, ETV6, FRS2, KRAS, MDM1, MDM?2, RICTOR,
TERT, as well as CDKN2A deletion, were found in
patients with unfavourable outcomes. Whereas, in the
counterpart group mutations in FGFR2, NFI1, TERT,
TP53, CHEK2, PTPNIIi, deletion of the CDKN2A,
as well as amplification of the FGFRI, FRS2, IGFRI,
MDM1, and MDM?2 were observed.

Adenoid cyctic carcinoma

64% of all changed genes constituted those with poten-
tial actionability. The same p.lle35Thr mutation was
discovered in CTNNBI in two cases in this subtype.
In one sample, it was exclusively genetic change and
the patient outcome was established as poor. Moreo-
ver, in that group mutations in ARIDIB, KMT2D,
NOTCHI, NSDI and ERCC2 were found. In patients
with favourable outcomes, we observed alterations in
HRAS, FGFR3, PRKD2, SMARCA2, TERT, CCNC and
CDKN2A as well.

Salivary duct carcinoma

All alternations detected in SDC were targetable ones.
Outcomes in that subtype were established as poor in all
cases. Alterations in ARIDIA, SMARCA2, NF1, TP53,
and CDKN2A were found.

Acinic cell carcinoma
The ETV6 mutation was the only one that was found in
AcCC in a 21-year-old male patient.

Carcinoma ex pleomorphic adenoma

82% of detected alternations were potentially actionable.
ERBB2 aberrations were exclusive for SDC ex PA. TP53
mutations were found in this subtype purely in patients
with poor outcomes. In that group: KMT2D, NFI,
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Fig. 1 The characteristics of the pathogenic genetic alterations in the cohort of salivary gland cancers
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Fig.2 The co-occurrence of the gene mutations and copy number changes in the studied cohort of salivary gland cancers

FGFR4, NSDI1, PIK3CA, PTEN, and TCS2 alterations
were also revealed.

Correlation of gene alterations and outcomes

The analysis confirmed that disease-free survival
was influenced by the presence of ARIDIA mutation
(p=0.005). A significant decrease in DFS was also noted
for patients with mutations in at least one of the "chro-
matin remodeling genes" (ARID1A, ARIDIB, SMARCA?2,
SMARCBI, p=0.02) with simultaneous mutations of
TP53 and NF1 (p=0.02). TP53 mutation was also con-
firmed as a significant negative prognostic factor for
overall survival in the study group (p=0.04). A significant
impact on OS was also demonstrated when at least one
gene from the following groups was affected:

— MDM1I1, MDM?2, TP53 (p=0.006)

— PIK3CA, PTEN, TSC2 (p=0.02)

— ERBB2, ERBB3, FGFRI, FGFR2, FGFR3, FGFR4,
HRAS, KRAS, NF1, PTPN11 (p=0.006)

— HRAS, KRAS, NF1, PTPN11 (0.03)

— ERBB2, ERBB3, FGFR1, FGFR2, FGFR3,FGFR4
(0.03)

The results of regression analysis of the influence of
gene mutations on DFS and OS are presented in Table 3.

Figure 3 presents the Kaplan -Meier curves for DFS
and OS in the studied cohort in relation to the identified
genetic alterations.

Discussion

Estimates predict an increase in the incidence of new
SGCs cases over the next 20 years in Asia, Northern
America and Europe, with rates expected to rise by 50%,
40% and 20%, respectively [39]. To prevent the conse-
quent increase in morbidity, there is a need for more
reliable prognostic markers, well-defined predictive fac-
tors and targeted treatment options. Therefore, delin-
eating the genetic landscape of salivary gland cancers
has become imperative to enable the most precise care
in the near future. In the present study, we comprehen-
sively investigated approximately 80 genes for potentially
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Table 3 The regression analysis of gene mutations influence on
the disease free survival (DFS) and overall survival (OS)

Mutated genes+CNV p-value HR WT Mutant
DFS  CDKN2A 0.06 280 32 5
DFS TP53 0.08 236 29 8
DFS NF7 0.16 196 28 9
DFS ARIDTA 0.005 616 34 3
DFS  Chromatin remodelling 0.02 315 30 7

ARID1A, ARID1B, SMARCAZ2, SMARCB1
DFS  NF1,7P53° 0.02 382 33 4
oS TP53 0.04 215 29 8
OS NFI1 0.14 215 28 9
OS  CDKN2A 022 223 32 5
OS  TP53 pathway 0.006 375 27 10

MDM1, MDM2, TP53
OS  PIBK/AKT/mTOR pathway 0.02 384 33 4

PIK3CA, PTEN, TSC2
OS  RTK-RAS-MAPK pathway 0.006 437 20 17

ERBB2, ERBB3, FGFRI1, FGFR2, FGFR3,

FGFR4, HRAS, KRAS, NF1, PTPNT1
OS  MAPK pathway 0.03 292 23 14

HRAS, KRAS, NF1, PTPNT1
OS  RTKs 0.03 305 30 7

ERBB2, ERBB3, FGFR1, FGFR2, FGFR3,

FGFR4

WT wild-type / no mutation
2 simultaneous mutations

actionable and clinically relevant aberrations, particularly
those related to poor outcomes in different subtypes of
SGCs. In our cohort, 70% of SGCs patients presented
with genetic aberrations with potential actionability, and
in the subgroup with disease relapse the rate was 89%.
According to the literature, the proportion of patients

ARID1A mutation
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with actionable genetic aberrations varies among sub-
types, ranging from 28.3% in AdCC to 81.8% in SDC [40].

Most frequently identified gene mutations

Mutations in TP53 are frequently observed in various
sporadic cancers including 40% of head and neck can-
cers (HNC) [41], and are associated with unfavourable
patients outcomes and chemoresistance [41-43]. We
detected TP53 mutations in 22% of the SGCs patients
(n=8; 3 Ca ex PA, 2 SDC, 2 AC, 1 MECA), and the
majority (n=6, 75%; 3 Ca ex PA, 2 SDC, 1 AC) of the
identified alterations were associated with cases exhibit-
ing unfavorable outcomes (32%), with a significant nega-
tive impact on overall survival (Fig. 3).

Similarly, TP53 mutation is found to be one of the most
commonly occurring mutations in various subtypes of
SGCs. In our previous study, which provided a compre-
hensive literature review of the molecular landscape of
SGCs, TP53 abnormalities were described in: 55-100%
of Ca ex PA, greater than 80% in mucinous adenocar-
cinoma (MAC), 39-60% of SDC and 21-42% of MEC
[44]. Furthermore, Ross et al. found a high occurrence
of TP53 mutation in R/M cases of adenocarcinoma NOS
[45]. Interestingly, this alteration is uncommon in AdCC,
including those with recurrence and metastasis [32, 46,
47].

Nowadays, numerous attempts are being made to affect
p53, including MDM?2 inhibition [48]. Promising results
have been obtained in a phase Ia/Ib trial of the MDM2—-
p53 antagonist brigimadlin in patients with advanced or
metastatic solid tumours [49]. Furthermore, persistent
concerns regarding making TP53 targetable have led to
advanced research development. Preclinical trials pre-
sented approximately 80% tumour regression in mice

TP53 mutation
1.0
¥ wild-type (n =29)
¥ mutated (n=8)
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2
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Fig. 3 The Kaplan -Meier curves for disease free survival and overall survival in the studied cohort in relation to the identified genetic alterations
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that received orally p53 protein-selective reactivator
[50]. At the present time, phase a 1/2 of the clinical trial
NCT04585750 is ongoing. The trial has evaluated the
efficacy of PC14586 (rezatapopt), the first oral, small mol-
ecule p53 reactivator, in monotherapy and in combina-
tion with pembrolizumab in participants with advanced
solid tumors harbouring a TP53 Y220C mutation (PYN-
NACLE) [51].

Mouse double minute 2 (MDM?2) is an oncogene
responsible for the negative regulation of TP53, with
some evidence suggesting a rare tumour suppressor func-
tion. Increasingly, the TP53-independent role of MDM?2
in tumorigenesis is highlighted, particularly as it impacts
the cell cycle (ubiquitination and degradation of cell-
cycle regulators, such as Rb, p21, and Fox3A) and sup-
presses apoptosis. MDM2 also contributes to metastasis
because it participates in epithelial-mesenchymal transi-
tion (EMT) through the regulation of E-cadherin [52—
55]. MDM?2 amplification is particularly frequent in soft
tissue tumours, whereas it occurs seldom in other types
of cancers [56]. Among SGCs, MDM2 amplification has
rarely been detected in SDCs. Few studies have reported
MDM?2 amplification in SDC and Ca ex PA as well [57-
59]. Moreover, Persson et al. proved that MDM?2 amplifi-
cation is one of the factors responsible for the malignant
transformation of benign pleomorphic adenoma (PA)
[60]. Our study revealed MDM2 amplification exclu-
sively to MECA (3 cases), including one patient with an
unfavourable outcome. Interestingly, the MDM2 ampli-
fications detected in our patients were accompanied by
coamplification of MDM!1 and the fibroblast growth fac-
tor receptor substrate 2 gene (FRS2). Such MDM2 and
FRS2 alterations were described as frequent in soft tissue
malignancies [61-63]. However, the role of these findings
in SGCs have not been established yet.

Aberrations of MDM?2 were also shown to affect can-
cer therapy (apart from the above affecting p53), yet the
mechanisms in detail have not been established. Firstly,
in HER2 positive breast cancer, resistance to the HER2
inhibitor-lapatinib might occur in MDM2-amplified
tumors [64]. Secondly, radioresistance and poor dis-
ease-free survival rates were observed in patients with
MDM2-amplified oral squamous cell carcinoma. More-
over, attempts are being made to determine whether
MDM?2 could become both a diagnostic and prognostic
biomarker [53].

Alterations of the RAS- mitogen-activated protein
kinases (MAPK) signalling pathway, which regulates,
among others, cellular growth, proliferation and apop-
tosis, are commonly described changes in human can-
cers [65, 66]. In our cohort, we identified NFI gene as
the most frequently mutated (8 patients with small-scale
mutations; 3 MECA, 2 Ca ex PA, 1 MEC, 1 AC, 1 SDC,
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one with concurrent amplification in SDC ex PA and
one with deep deletion in SDC ex PA) and particularly
occurring in the subgroup with poor outcomes (in 1:
MEC, AC, SDC, MECA and 2 cases of Ca ex PA). Neu-
rofibromin is an NFI tumour suppressor gene product,
which downregulates RAS. Loss of NFI causes elevated
activation of RAS-MAPK pathway by increasing RAS-
GTP levels, and consequently leads to uncontrolled cell
growth. Additionally, cells are prevented from apop-
tosis due to elevated phosphoinositide-3 kinase PI3K/
AKT/mTOR signalling pathway stimulation [15]. NFI
germline variants cause a well-known hereditary cancer
syndrome, neurofibromatosis type 1 (NF1), while somatic
mutations are frequently found in sporadic cancers [15].
Interestingly, NFI1-mutated tumors are characterized by
aggressiveness, metastasis, radio- and chemoresistance
(including to cisplatin), hence the patient’s adverse out-
comes [15, 67-70].

Among SGCs, these alternations have been described
mainly in SDC in 7-20%, of cases as well as other his-
topathological subtypes such as SDC ex PA, AC, MEC
or AcCC [44]. Moreover, Kato et al. proved significant
dependence of the cooccurrence of NFI and TP53 gene
mutations in SGCs in univariate analysis in 75% of NFI-
mutated cases [71]. In this study, NFI and TP53 comuta-
tions were observed with increased frequency, exclusively
in patients with unfavourable outcomes; in AC, SDC
and 2 Ca ex PA, and were significantly associated with
decreased DFS.

Currently, clinical trials are ongoing for sporadic can-
cers with NFI alterations. Researchers focus particularly
on inhibition of two above-mentioned signalling path-
ways, utilizing the MEK inhibitors, or inhibitors of the
PI3K-AKT-mTOR pathway as well as immunotherapy
[69].

Mutations of another member of RAS-MAPK, HRAS,
are relatively common in HNC. The meta-analysis by
Novoplansky et al. on prevalence of RAS mutations
in HNC confirmed the highest rate for HRAS (7%) and
found it more prevalent in oral cavity and salivary gland
tumours [72]. In available literature these alterations were
described in high occurrence in: EMC (27-87%), SDC
(11-49%), Ca ex PA (4-23%), MEC (~10%) and apocrine
subtype of intraductal carcinoma (IC), as well [44]. Inter-
estingly, HRAS mutation is known as one of the most
common in EMC. The study conducted by Urano et al
and Nakaguro et al. maintained that HRAS mutation has
not been reported before in SGCs histopathological types
that resembled EMC [73, 74]. Nevertheless, in our study,
we confirmed HRAS mutation in 4 cases (11% of the
study cohort): two adenocarcinoma (AC), myoepithelial
carcinoma (MECA), adenoid cystic carcinoma (AdCC),
which include the entities manifesting EMC-like features.
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Moreover, the overall survival of two adenocarcinoma
patients with HRAS constituted only 2 and 3 years, with
early disease recurrence. The HRAS-mutated MECA had
also poor survival outcome, contrary to HRAS-mutated
AdCC. Moreover, in two HRAS-mutated cases (AC and
MECA) with poor outcomes, the AT-rich interaction
domain 1A (ARIDIA) comutations were found. Simi-
lar genetic coincidence was described by Rupp et al. in
a 70-year-old female with parotid epithelial-myoepithe-
lial carcinoma (EMC) [75], however, the outcome of the
patient remained unknown.

Currently, tipifarnib is being evaluated in clinical trials
as a promising, selective inhibitor of farnesyltransferase
in HRAS mutated HNC [76, 77]. Moreover, evalua-
tion of tipifarnib efficiency among R/M HRAS-mutated
SGCs has shown relatively promising results, including
the median OS constituted 18 months (95% CI, 9.6-22.4
months) [78]. However, further clinical trials with suit-
able numbers of participants are required.

ARIDIA gene is the subunit of SWITCH/Sucrose Non-
Fermentable (SWI/SNF)- subfamily of ATP- dependent
chromatin remodelling complexes. The loss of ARIDIA
function is related to cancer progression, aggressiveness
and poor prognosis. ARIDIA alterations occur quite fre-
quently in various solid tumours, however are described
rarely in SGC, mainly in AdCC and SDC [79-81]. Our
analysis revealed ARIDIA genetic alterations solely in
patients with disease failure (n=3; AC, MECA, SDC)
and, more generally, that SWI/SNF components’ muta-
tions were associated with recurrence. Changes in
ARIDIB, SMARCA2, SMARCBI1 were found as follows:
AC, AdCC and SDC [82]. ARIDIA variations may be
related to cisplatin resistance, an essential agent in stand-
ard chemotherapy in HNC [79]. Utilization of Poly(ADP-
ribose) polymerase (PARP) inhibitors and ATR inhibitors
yield propitious results in ARIDIA-mutated cancers [79,
82-84].

Finally, our investigation revealed several CDKN2A
losses (n=5, 14%; 2 MECA, 1 AC, 1 AdCC and 1 SDC).
These tumour suppressors encode p16 (INK4A) and p14
(ARF) proteins that are responsible for cell cycle regula-
tion and are commonly lost in many cancers, including
HNCs and SGCs as well.

Studies conducted by Wang et al. and Zerdan et al
described CDKN2A loss as one of the most commonly
detected in MEC (~45%) [85, 86]. The first of them
found these abnormalities exclusively in intermediate
and high grade tumours. Nevertheless, clinical data in
detail, particularly regarding the patients outcomes were
not included in the above studies. MEC is characterized
by CRTCI-MAML?2 fusions, while CNVs in MEC have
not been frequently analysed. There are numerous stud-
ies with different conclusions regarding this fusion as a
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outcome predictors. In parallel, Anzick et al. revealed
that other genetic alterations including CDKN2A in
patients with CRTCI-MAML?2 fusion may lead to a dete-
rioration of the patient outcome [87].

Moreover, CDKN2A alterations were detected in SDC
de novo as well as in Ca ex PA [88, 89]. CDKN2A/B alter-
ations were also found with high prevalence in AcCC,
mainly in high-grade tumors and R/M cases [45, 90].

Cipriani et al. described CDKN2A/B loss beside recur-
rent ETV6-NTRK3 fusion and APC mutation in rare case
of high-grade transformation in secretory carcinoma
(SC). The authors described the case of a 44-year-old
male with a buccal tumour, who despite surgical excision
distant metastases rapidly developed. Despite, further
chemotherapy, the disease progressed quickly and doc-
tors noted patient death in no time [91]. The authors link
CDKN2A/B abnormalities to worse outcomes, which is
uncommon in this SGCs subtype.

Treatment strategies tested in CDKN2A/B-deficient
cancers include CDK4/6 inhibitors, immunotherapy as
well as DNA methyltransferase inhibitors [92, 93]. Inter-
estingly, an attempt of application of CDK4/6 inhibitors
in combination with HER-2 inhibitor may come as a new
potential druggable target, especially due to described
poor response to HER-2 inhibition with simultaneous
p16 loss [94].

Other alterations

The WNT pathway is a well-known signalling cascade
involved in embryonic development, adult tissue home-
ostasis and regeneration [95]. Since its initial discovery,
the WNT pathway has been associated with cancero-
genesis. Its regulation is complicated and multilevel
and aberrant activation can be triggered by mutations
in CTNNBI gene, which encodes beta-catenin [35, 96].
In the present study, we identified recurrent CTNNBI
p.(Ile35Thr) mutation in 5% of SGCs, solely in AdCC.
In the available literature, this variant of mutation has
been described primarily in salivary gland lesions, either
benign basal cell adenomas or malignancies such as basal
cell adenocarcinoma, AdCC and EMC as well. Moreo-
ver, CTNNBI alternations were also described in SDC
[97-103]. Furthermore, a very rare case of MECA with a
CTNNBI mutation in a 7-year-old female was described
by Thompson et al. During 16 years of follow-up, nine
recurrences and also numerous distant metastases,
among others; to the liver, temporal bone as well as neck
lymph nodes were observed. The very aggressive, atypi-
cal occurrence of the disease at a young age was probably
related to CTNNBI mutation [104]. Standard therapy,
including surgery, followed by RT or chemotherapy for
nonresectable tumour, proves ineffective in such cases.
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There is still no approved precision therapy targeting
the WNT/beta-catenin pathway, mainly due to com-
plex and not thoroughly understood network of interac-
tions in the healthy and pathological tissue. Currently,
the promising perspective is that the DKK1- neutraliz-
ing monoclonal antibody DKN-01 is under investigation
in patients with hepatocellular cancer (NCT03645980).
However, the antagonist mechanism of DKK1 on
WNT/b-catenin signalling and cancer promotion is still
unknown [105].

Telomerase has a fundamental role in tumorigenesis.
The telomerase reverse transcriptase promoter (pTERT)
is responsible for both telomerase activity and the regula-
tion of telomere length. Abnormalities in pTERT are very
common in different malignancies [38, 106, 107]. Inter-
estingly, two pTERT genetic alterations were found in the
MECA of our cohort. According to the current state of
the knowledge, this genetic rearrangement is very rare in
SGCs. Our research is the first to identify pTERT altera-
tions in the de novo MECA subtype. Previously, Corm-
ier et al. described a pTERT (c.—124C>T) mutation in a
76 -year-old female with advanced MECA ex PA [108],
whereas Zare-Mirzaie et al. identified a pTERT muta-
tion (c.—146 C>T) in an 82-year-old male with AdCC
[109]. We also identified pTERT mutation in a female
patient with AdCC without disease progression. Ho et al.
study confirmed pTERT mutation in 13% of recurrent or
metastatic AACC of the salivary glands [32]. At the pre-
sent time, pTERT mutation is related to advanced stage,
relapse, or metastasis in many malignancies. Neverthe-
less, the results are inconclusive, and further studies are
needed to establish the significance of TERT promoter
mutations in outcome prediction in diverse types of can-
cers [106]. The potential treatments for pTERT-mutated
tumors include immunotherapy, direct or indirect telom-
erase inhibitors, and nucleoside analogues, nonetheless,
an effective strategy is still needed [38].

Fibroblast growth factors (FGFs) through their recep-
tors (FGFRs), regulate the proliferation, migration, dif-
ferentiation, and survival of normal cells [110-113].
Mutation of FGFR, which occurs in fewer than 10% of
malignancies, is related to the development of numerous
cancers in different tissues and is associated with an unfa-
vourable prognosis [36, 114, 115]. In the present study,
we identified FGFR2 variation only in a MECA patient
with unfavorable outcome, with coexisting CDKN2A
deletion. In our previous study, FGFR2 mutations were
also found in two patients after radical PA excision,
where the MECA quickly arose. In either PA or MECA
(without a PA component), FGFR2 point mutations were
detected, which might be a factor that was responsible
for the aggressiveness of the disease course [116]. In par-
allel, Dalin et al. in a comprehensive genetic analysis of
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MECA tumors found FGFR2 mutations in both de novo
and MECA ex PA lesions [117]. Moreover, the patients
outcomes were poor due to recurrences. Other FGFR
alternations were found also in single cases in: SDC and
Ca ex PA (malignant component of the MECA and SDC)
[117, 118].

The United States Food and Drug Administration
(FDA) approved erdafitinib, infigratinib, derazantinib or
futibatinib, among other specific inhibitors of FGFRs,—
in urothelial carcinoma and cholangiocarcinoma therapy
after confirmation of their clinical efficacy and durable
responses [36]. Thus, increased molecular profiling, espe-
cially in SGCs patients with either advanced-stage or
metastasis, may provide future opportunities for preci-
sion therapy.

Current recommendations of the ESMO—European
Reference Network on Rare Adult Solid Cancers (EURA-
CAN) propose genetic analysis in salivary gland can-
cers for possible targeted treatment of genes, which are
commonly identified as mutated in other solid cancers,
including PIK3CA, BRAF and MET [10]. In the light of
results from the literature and presented findings, the
recommendations for SGCs therapy can change in the
near future. Therefore, the emerging role of in-depth
molecular analysis of the widest possible cohort of SGCs
to maximize the precision is still an open task for the
next few years.

Our presented study has several important limitations,
namely, its retrospective nature with a limited number of
patients and the absence of gene fusion analysis, which
may be of increasing importance in this type of cancers.

Conclusions

Salivary gland carcinoma is a rare entity, distinction of
both histopathological recognition and mutational land-
scape, prevents from the implementation of clinical tri-
als. In this study, the most frequent alterations were: NF1
(24%), TP53 (22%) and CDKN2A deletions (14%), in that
majority of cases, poor patient prognoses were noted.
Genetic aberrations with potential actionability were
identified in in 70% of the SGCs patients and 89% of the
recurrent or metastatic patients. Increased NGS analy-
sis utilization holds the potential to play a substantial
role in comprehensive molecular landscape recognition
in SGCs. Thus, the designation of outcome predictors
ensures suitable oncological supervision. Moreover, we
believe in increasing SGCs patients’ access to the person-
alized therapy in the near future.
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