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Abstract

Salivary duct carcinoma (SDCa) is a rare cancer with high rate of metastases and poor survival despite aggressive
multimodality treatment. This study analyzes the genetic changes in SDCa, their impact on cancer pathways, and
evaluates whether molecular patterns can identify subgroups with distinct clinical characteristics and outcome.
Clinicopathologic details and tissue samples from 66 patients (48 males, 18 females) treated between 1995 and 2018
were obtained from multiple institutions. Androgen receptor (AR) was assessed by immunohistochemistry, and the
Illumina TruSight 170 gene panel was used for DNA sequencing. Male gender, lympho-vascular invasion, lymph node
metastasis, and smoking were significant predictors of disease-free survival. AR was present in 79%. Frequently
encountered alterations were mutations in TP53 (51%), PIK3CA (32%) and HRAS (22%), as well as amplifications of
CDK4/6 (22%), ERBB2 (21%), MYC (16%), and deletions of CDKN2A (13%). TP53 mutation and MYC amplifications
were associated with decreased disease-free survival. Analysis of cancer pathways revealed that the PI3K pathway was
most commonly affected. Alterations in the cell cycle pathway were associated with impaired disease-free survival
(HR 2.6, P=0.038). Three subgroups based on AR and ERBB2 status were identified, which featured distinct
molecular patterns and outcome. Among AR positive SDCa, HRAS mutations were restricted to AR positive tumors
without ERBB?2 amplification and HRAS mutations featured high co-occurrence with PIK3CA alterations, which seems
specific to SDCa. AR negative SDCa were associated with poor disease-free survival in multivariate analysis (HR 4.5,
P =0.010) and none of these tumors exhibited ERBB2 amplification or HRAS mutations. AR and ERBB?2 status in
SDCa thus classifies tumors with distinct molecular profiles relevant to future targeted therapy. Furthermore, clinical
factors such as smoking and molecular features such as MYC amplification may serve as markers of poor prognosis
of SDCa.

Introduction are more often affected and tend to have worse prognosis,

but there are no other known predisposing factors [1]. The
Salivary duct carcinoma (SDCa) is a rare and aggressive  current multimodality therapy with radical surgical
primary salivary gland malignancy often presenting with  excision, adjuvant radiotherapy, and platinum-based che-
facial nerve deficits and regional or distant metastasis. Men = motherapy achieves variable local and distant control and
mortality remains high [1, 2]. Androgen receptor (AR) and
human epidermal growth factor receptor 2 (HER2)
expression have been observed in ~75-95% and 25-30% of
SDCa, respectively, and small number of patients have been
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development of resistance is common [3-7].
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underlying risk factors have not been investigated. Further-
more, genetic patterns that may identify subgroups with dif-
ferent prognosis have also not been evaluated. Herein, we
evaluate one of the largest multi-institutional cohorts of SDCa
using a commercially available targeted gene panel and
explore the prognostic utility of the genetic changes in SDCa.

Materials and methods

Samples were collected from pathology departments in
Australia (Royal Prince Alfred Hospital, Sydney; ACT
Pathology, Canberra; Liverpool Hospital, Liverpool) and
Switzerland (Institute of Pathology, University of Bern,
Bern). Approval was obtained from the local ethics com-
mittees. Clinical data were obtained by chart review. The
cancer staging manual of the American Joint Committee on
Cancer (8th Edition) was used for staging [10].

Histopathologic evaluation and targeted
sequencing

SDCa was defined as per the World Health Organization
Classification of Head and Neck Tumors (2017) [11]. All
samples were reviewed and reclassified by two specialists in
head and neck pathology (RG and MSD). In total, 66 SDCa
were deemed suitable for analysis, including 48 males and
18 females.

The formalin fixed paraffin embedded blocks with
highest tumor cellularity were selected. Immunohis-
tochemistry for AR was performed as previously described
[12]. Internationally validated criteria for interpretation of
AR are lacking. Only strong intensity (intensity of 2-3+ as
defined for estrogen and progesterone receptors in breast
carcinoma) [13] in the majority of the nuclei (50% or more)
was considered as positive [14, 15].

DNA was extracted using DNeasy (Qiagen, Venlo,
Netherlands) and quantified by Qubit Fluorometric Quan-
titation (Thermo Fisher, Waltham, MA, USA). Library
preparation and targeted capture were performed with
TruSight Tumor 170 Kit (Illumina, San Diego, USA)
according to the manufacturer’s protocol. Nine to 16 pooled
samples were sequenced on NextSeq 500 (Illumina) using
2 x 150bp high-output flow cells. One sample failed DNA
quality control, and two samples failed sequencing data
quality control. Thus 63 cases were included for genomic
analysis (47 males, 16 females). Median sequencing depth
was 795x (interquartile range (IQR) 319-1,117).

Data processing

Paired-end short reads were aligned to the hs37d5 reference
genome using BWA-MEM (v0.7.10-r789) [16]. NovoSort
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with default settings (Novocraft Technologies, Petaling
Jaya, Malaysia) was used to flag duplicates and merge data
from different sequencing lanes. Reads were realigned
around insertions/deletions (indels) by GATK IndelRea-
ligner (v3.3) [17]. Single nucleotide variants (SNVs) and
indels were identified with VarDictJava (v1.4.6) [18]. Copy
number variants (CNVs) were identified with CNVKkit
(v0.9.1) [19]. To minimize the effect of GC bias, Picard
GcBiasSummaryMetrics (http://broadinstitute.github.io/
picard/) was used to quantify the GC profile of each sam-
ple, and a pool of FFPE controls with similar GC profiles
(as measured by the fourth quintile, GC_NC_60_79) were
used as a reference. The number of reference controls
pooled for each sample ranged from 15 to 42. Tumor purity
was estimated using PureCN (v1.10.0) [20] in R (v3.6) [21].
Variant annotation was performed using COSMIC [22],
ClinVar [23], dbSNP (v150) [24], 1000 Genomes [25],
GnomAD [26] and CADD [27], using vcfanno [28] and
Ensembl Variant Effect Predictor (v87) [29]. All analyses
were performed on DNAnexus genomic analysis platform
(www.dnanexus.com), using our in-house analysis pipeline,
refynr2. Somatic variants were distinguished from germline
variants using PureCN [20] which uses a statistical model
based on the variant’s purity- and ploidy-adjusted variant
allele frequency (VAF).

SNV, insertions/deletions and CNV were integrated
following filtering of common sequencing artifacts. SNV
were reported when deemed pathogenic or likely patho-
genic in ClinVar [23], affected hotspots within COSMIC
[22] (= 8 independent reports), or had CADD scores [27] of
>15 and a VAF of >5%. All mutations were individually
reviewed in the Integrative Genome Viewer (IGV) [30]
using IGVNav [31]. Amplifications with a ploidy >5.5 were
reported. To avoid false positives, long homozygous dele-
tions were considered valid only when ploidy was <0.5 and
the encompassed segment was <10 Mb long. Deletions in
genes on the X chromosome and genes with <25 probes
were excluded unless confirmed by manual review. CNVs
were only called if they had a likely carcinogenic effect
(amplifications for oncogenes, deletions for tumor sup-
pressors). Tumor mutation burden (TMB) of ten samples
with mean coverage <250X was not included in further
analyses due to high false positive rate as per the manu-
facturer’s specifications. Missense mutations of 7P53 were
deemed pathogenic as per definition by the International
Agency of Research on Cancer [32]. Loss of function
mutations were defined as frameshift, splice site, or non-
sense mutations.

Data from The Cancer Genome Atlas (TCGA) PanCan-
cer cohort (n = 10,953) were analyzed using cBioPortal to
facilitate comparison with other more common human
malignancies [33]. Pathway analysis was performed using
the Kyoto Encyclopedia of Genes and Genomes database
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[34], and curated according to publications based on TCGA
data [35, 36]. Interplay of AR with the cell cycle pathway
was established from known associations in prostate cancer
[37]. To visualize results, R packages ComplexHeatmap
[38] and Maftools [39] were implemented in RStudio
(v1.1.456, R v3.5.1) [40].

Statistical analysis

Disease-free survival (DFS) was calculated from the date of
surgery to the date of last follow-up, recurrence or death
from any cause. Disease-specific survival (DSS) was cal-
culated from the date of surgery to the date of death from
SDCa. Five patients died from unrelated causes and were
censored at the time of death. DFS and DSS were analyzed
using univariable and multivariable Cox proportional
hazards models. Survival curves were generated using the
Kaplan—Meier method. Statistical analysis was performed
using Stata version 12.0 SE (StataCorp LLC, 2011). All
statistics were two-sided and p values <0.05 were con-
sidered statistically significant.

Results
Clinical and pathological data

Demographic and clinical data are summarized in Table 1.
Age did not differ significantly between female and male
patients (mean 59.9 vs. 64.8 years, p =0.16).

Histologically, the tumors typically resembled high-
grade ductal carcinoma of the breast and were composed
of expanded ducts with cribriform structures forming
roman bridges and arches. Areas of central comedo
necrosis were present (Fig. 1a). In all instances, the tumor
cells showed apocrine morphology with cuboidal cells
showing abundant eosinophilic cytoplasm and relatively
round nuclei with distinctive nucleoli (Fig. 1b). Areas
with apocrine snouts and decapitation secretions were also
present (Fig. Ic). Occasional cases showed areas of
intraductal carcinoma in the adjacent salivary gland par-
enchyma (Fig. 1d). Variant morphologic patterns such as
micropapillary architecture (Fig. le) were also seen.
Lympho-vascular invasion (LVI) and perineural invasion
were seen in 67% and 59% of tumors, respectively.
Lymph node metastasis (LNM) and distant metastases
were present in 41 (62%) and 4 (6%) patients, respec-
tively, at presentation. SDCa occurred as the malignant
component of carcinoma ex pleomorphic adenoma in 7
(11%) cases. Some of these patients described a lump of
nearly 20 years with sudden rapid enlargement. A
sclerotic nodule or residual pleomorphic adenoma
(Fig. 1f) was present in these cases.

Table 1 Demographic and clinical data of the cohort of 66 Salivary
duct carcinoma (SDCa).

Feature No. of patients(N = 66)

Age in years, median (IQR) 63.1 (56.9-71.4)

Range, years 24.7-92.0
Age (years), N (%)
<50 8 (12.1)
51-60 18 (27.3)
61-70 20 (30.3)
71-80 11 (16.7)
>80 9 (13.6)
Sex, N (%)
Female 18 (27.3)
Male 48 (72.7)
Smoking status, N (%)
Never smoker 19 (28.8)
Moderate (<50 pack years) 15 (22.7)
Heavy (>50 pack years) 8 (12.1)
Unknown 24 (36.4)
Location of primary tumor, N (%)
Parotid gland 54 (81.8)
Submandibular gland 11 (16.7)
Sublingual gland 1(1.5)
Minor salivary gland 0(0)
Tumor arising from pleomorphic adenoma, N (%)
Yes 7 (10.6)
No 59 (89.4)
T-stage, N (%)*
1 14 (21.2)
2 19 (28.8)
3 15 (22.7)
4 18 (27.3)
N-stage, N (%)*
0 22 (33.3)
1 7 (10.6)
2 33 (50.0)
3 1(1.5)
Unknown 34.5)
M-stage, N (%)*
0 61 (92.4)
1 4 (6.1)
Unknown 1(1.5)
Overall stage, N (%)*
1 7 (10.6)
I 7 (10.6)
it 12 (18.2)
v 40 (60.6)
Initial treatment, N (%)
Surgery alone 16 (24.2)
Surgery and (chemo-) radiotherapy 49 (74.2)
Radiotherapy alone 1(1.5)
Recurrence after initial treatment, N (%)
No persistence or recurrence 35 (53.0)
Recurrence after initial treatment 31 (47.0)
Survival status at last census, N (%)
Alive, no evidence of disease 32 (48.5)
Alive with disease 6 (9.1)
Died of disease 23 (34.8)
Died of other cause 5(7.6)

Follow-up time in months, median (IQR) 38.2 (12.9, 64.5)

*AJCC American Joint Committee on Cancer staging [10], IOR
interquartile range.
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Fig. 1 Morphologic spectrum of salivary duct carcinoma (SDCa)
included in this study. a Areas resembling ductal carcinoma in situ
with expanded ducts showing cribriform architecture with roman
bridges and arches and central areas of necrosis (H&E x40). b Poly-
gonal cells with abundant eosinophilic cytoplasm and round nuclei
with distinctive nucleoli (H&E x400). ¢ Apocrine appearing cells with
apical snouts and decapitation secretion (H&E x400). d The parotid
gland adjacent to the invasive carcinoma showing intraductal carci-
noma with peripheral myoepithelial cells and luminal apocrine cells

AR protein expression was detected in 79% of tumors
and did not significantly differ between genders (p =0.18;
Fig. 1g, h). The morphologic spectrum of AR negative
cases is shown in Fig. 2. All tumors were composed of
polygonal cells with abundant eosinophilic cytoplasm and
round nuclei with distinctive nucleoli in keeping with
apocrine/oncocytoid appearance (Fig. 2a). The tumors
showed cribriform architecture (Fig. 2b, ¢) and occasional
nests showed comedo necrosis (Fig. 2b). Intraductal com-
ponent was present in some cases (Fig. 2d). Malignant
transformation of pleomorphic adenoma was also seen
(Fig. 2e, 1).

No patients were treated with androgen deprivation
therapy. Two patients have received trastuzumab in
adjuvant setting. One of these patients developed lung
metastasis at 3 years of follow-up and the other remains
disease free at 4 years of follow-up. However, these
numbers are too limited for further analyses.

SPRINGER NATURE

with abundant cytoplasm and round nuclei with extensive nucleoli
(H&E x400). e SDCa with a dominant micropapillary pattern (H&E
%x200). f SDCa arising as malignant transformation in pleomorphic
adenoma. A relatively well demarcated sclerotic nodule is present.
Dystrophic calcification is seen. Scattered tubular and spindle cell
areas are seen within the sclerotic nodule with invasive carcinoma at
the periphery (H&E x100). g and h Immunohistochemistry for
androgen receptor. Strong (intensity 2-3+) nuclear staining in the
tumor cells (DAB x40 and DAB x200).

Somatic mutations

TMB was 15.8 mutations/Mb (IQR 6.8-24.8). Mutations
were predominantly missense mutations (73%), and C—T
transitions were most common (58%; Fig. 3a and b). The
most frequently mutated gene was TP53 (51%; Fig. 3c). Of
35 mutations in 32 patients, 19 implied loss of function,
while 16 were pathogenic missense mutations. There was a
trend for higher rates of 7P53 mutations amongst smokers
(57% vs. 32%, p=0.11), particularly loss of function
mutations (43% vs. 11%, p =0.019).

PIK3CA mutations were detected in 20 (32%) and
amplifications in 2 (3%) samples. Mutations concentrated in
known hotspots around p.E545, p.E542, and p.H1047
(Fig. 4a). Mutant HRAS was present in 14 (22%) and
amplified in 2 (3%) samples (Fig. 3c). Missense mutations
occurred at two hotspots (G13 and Q61; Fig. 4a). Four
samples also had concurrent splice site alterations or
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Fig. 2 Morphologic spectrum
of AR negative cases.

a Expanded ductular structures
lined by polygonal cells
showing abundant eosinophilic
cytoplasm and round nuclei with
distinctive nucleoli. Apical
snouts (arrow) are seen (H&E
x400). b and ¢ Cribriform
structures lined by oncocytoid
cells. Areas of cribriform
necrosis are present (H&E x100
and x200). d Intraductal
component in the adjacent
parotid gland parenchyma (H&E
x40). e Carcinoma arising on a
background of pleomorphic
adenoma. Sclerotic nodule with
residual pleomorphic adenoma
with infiltrative nests at the
periphery (H&E x40). f The
malignant component shows
apocrine morphology in the
same tumor shown in e)

(H&E x100).

frameshift deletions. PIK3CA alterations co-occurred in 13
of 14 HRAS mutant samples (93%), compared with 14% in
HRAS wild type tumors (p<0.001; Fig. 4b, c). HRAS
mutant SDCa featured fewer TP53 mutations than HRAS
wild type samples (14% vs. 61%, p =0.002; Fig. 4b, c).
None of the seven SDCa arising from carcinoma ex pleo-
morphic adenoma featured HRAS mutations (p =0.33;
Fig. 3c).

Nine samples (14%) featured somatic mutations in sev-
eral BRCA associated genes (BRCA2, 2 mutations, 1 dele-
tion; BAPI, 4 mutations; BARDI, 2 mutations; BRIPI, 2
mutations; RADS51, 2 mutations). None of the HRAS mutant
samples showed somatic mutations in BRCA associated
genes.

Copy number variations

The most frequent CNVs were amplifications of ERBB2
21%), MYC (16%), CDK4 (17%), CREBBP (14%),
PIK3RI (14%), as well as deletions in CDKN2A (13%) and
RBI (11%) (Fig. 3c). Of the 13 ERBB2 amplified samples,
five (38%) had concomitant amplifications of CDK4 (p =
0.04), and eleven samples (85%) showed co-occurring
TP53 mutations, while the rate of TP53 mutations was only
42% in samples without ERBB2 amplification (p =0.011).
None of the ERBB2 amplified samples had HRAS mutations
(Fig. 4c¢).

Comparison with the TCGA PanCancer cohort

Assessment of the prevalence of HRAS mutations in the
TCGA PanCancer cohort showed higher rates of HRAS
mutations in SDCa than in any other human malignancy
[11]. Moreover, co-occurrence of PIK3CA mutations was
present in only 23% of other HRAS mutant tumors in the
TCGA PanCancer cohort compared with 93% of SDCa
(Figure S1 in the supplement) [33]. The rate of ERBB2
amplification in SDCa (21%) exceeded that of all other
cancer types. The high rate of TP53 mutations in ERBB2
amplified SDCa (85%) was reproduced across the TCGA
PanCancer cohort (62% vs. 34% in ERBB2- tumors, p <
0.001; Figure S2) [33]. Compared with the TCGA Pan-
Cancer cohort, SDCa also exhibited high rates of MYC
amplifications (Figure S3).

Commonly affected pathways

The PI3K pathway was most frequently involved (71% of
all samples), followed by the p53 (57%) and cell cycle
pathways (51%; Fig. 5). The majority (83%) of patients
featured alterations in more than one pathway (Fig. 6a).
Significant associations were found between receptor tyr-
osine kinase (RTK) and cell cycle pathways (p = 0.032),
RTK and p53 pathways (p <0.001), cell cycle and p53
pathways (p =0.004), and alterations in the Ras pathway
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Fig. 3 Genomic events across the cohort of 63 salivary duct car-
cinomas. a Frequency and types of somatic mutations. b Fraction and
absolute number of the six possible single nucleotide variants across
the cohort. ¢ Alterations in genes that were affected in at least 5% of
patients. The bar chart on top shows the number and type of somatic
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mutation in each sample. Relevant clinical and histo-pathological data
are shown for each patient. Genes are ordered according to their
associated pathway and the frequency of events. Pathway names are
shown on the left (RTK, receptor tyrosine kinase; Ras, Ras-Raf-MEK-
ERK pathway).
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Fig. 4 Co-occurring and mutually exclusive events across the
cohort of 63 salivary duct carcinomas. a Pattern of co-occurring
mutations in HRAS and PIK3CA. The colored dots mark the location
and frequency of each mutation. Lines link concurrent mutations.
Numbers in circles show the number of occurrences of each mutation

featured co-alterations in the PI3K pathway in 92% of the
patients (p = 0.005; Fig. 6b).

Molecular patterns associated with AR and ERBB2
status

Of the 63 samples, 13 (21%) were AR positive and featured
ERBB2 amplification (AR + /ERBB2+), 34 (54%) were
AR + /ERBB2— and 12 (19%) were AR-/ERBB2—, while
none were AR-/ERBB+-. Three of seven SDCa arising from
pleomorphic adenoma were AR + /ERBB+, two were AR
+ /ERBB2—, and two were AR-/ERBB2— (p =0.224). AR
status could not be determined in four cases (6%) due to

pair. b Co-occurrence of mutations of the 25 most frequently mutated
genes throughout the cohort. Significance levels are calculated by
pairwise Fisher’s exact test. ¢ Detailed pattern of oncogenic events
(mutations and copy number variations) of TP53, PIK3CA, HRAS, and
ERBB2.

lack of tissue. TMB was not significantly different in AR-
tumors compared with AR + tumors (median 22.5 vs 15.8,
p=0.728).

AR + /ERBB2 + tumors were significantly associated
with TP53 mutations (85% vs. 38% in AR + /ERBB2— vs.
50% in AR-/ERBB2—, p =0.017) and alterations in the p53
pathway (100% vs. 41% vs. 58%, p =0.001; Fig. 6c, d).
There were no HRAS mutations in the AR +/ERBB2 +
group, while one sample showed HRAS amplification.

AR + /ERBB2— tumors featured high rates of PIK3CA
(50%, p =0.005) and HRAS (41%, p = 0.009) mutations.
In fact, all HRAS mutations clustered in this group. None
of AR-/ERBB2- SDCa had HRAS or PIK3CA mutations
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(p =0.009 and p = 0.005, respectively), although the PI3K
pathway was frequently affected (Fig. 6c, d).

The cell cycle pathway was commonly affected in AR
+ /ERBB+ and AR-/ERBB2— SDCa, while significantly
less in AR +/ERBB2— tumors (69%, 75%, and 35%,
respectively, p = 0.02).

Survival analysis

Table 2 summarizes the associations of clinicopathological
variables and frequent genomic alterations with DFS in
univariate analysis. Significant predictors of impaired DFS
on univariable analysis were male gender (p = 0.003),
smoking history (p =0.014), LVI (p =0.024), and LNM
(p =0.013). The effect of smoking was dose dependent
with heavy smokers (250 pack years) having a 720%
increased risk of death or recurrence compared with non-
smokers (p<0.001; Fig. 7a). This association in heavy
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Senescence, Apoptosis

p53 57%

smokers remained significant for DSS (HR 6.0, 95%CI
1.52-24.11, p=0.011). In multivariable analysis, both
heavy smoking (HR 5.0, 95%CI 1.59-15.82, p =0.006)
and male gender (HR 4.1, 95%CI 1.12-15.18, p =0.033)
were significant predictors of DFS, independent of age
(Fig. 7a, b).

AR status was not a significant predictor of DFS in
univariable analysis, however after adjusting for the effect
of gender, age and LNM, AR positivity was associated with
an 84% improvement in DFS (HR 0.16, 95%CI 0.05-0.53,
p =0.003). Gender also remained significant (HR 5.15,
95% CI 1.63-16.22, p =0.005). There was weak evidence
for an interaction between AR status and gender (p = 0.09).
Males with a negative AR status had 22.7 times the risk of
recurrence or metastases compared with a female with
negative AR status (p = 0.005).

Of the frequently mutated genes, 7P53 mutation was
associated with a significantly impaired DFS (p = 0.039),
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Fig. 6 Co-occurrence of oncogenic events in different pathways.
a illustrates the number of affected pathways for each patient (numbers
above brackets). The number of affected pathways was significantly
higher in tumors with lymph node metastasis (LNM; median 3 vs. 2 in
without LNM, Mann-Whitney U Test p = 0.036) and lympho-vascular
invasion (LVI; median 4 vs. 2 without LVI, p = 0.003). b Interaction
map showing co-occurrence of oncogenic events between the different
pathways. Colors indicate the rate of co-occurrence of the different

but only loss of function remained significant when sepa-
rated from missense mutations (p = 0.017; Table 2; Fig. 7c).
Patients with MYC amplification had poor DFS compared
with patients without (p =0.049; Fig. 7d). Mutations of
PIK3CA (p =0.41), HRAS (p = 0.69), and amplifications of
ERBB2 (p=0.67) were not associated with DFS. On a
pathway level, aberrations in the cell cycle pathway were
associated with reduced DFS (HR 2.8, 95%CI 1.36-5.75,
p = 0.005; Fig. 7e).

None of the subgroups associated with AR/ERBB?2 status
showed any association with DFS. However, after adjusting
for the effect of gender and involvement of the cell cycle
pathway, AR-/ERBB2- SDCa had a 357% increased risk of
recurrence or death (HR 4.6, 95%CI 1.45-14.43, p = 0.010)
and a 239% increased risk of death due to SDCa (HR 3.4,
95% CI 1.00-11.49, p=0.049) compared with AR +
/ERBB2 + SDCa (Table S1, Fig. 7).

Discussion

This multi-institutional study revealed subgroups of SDCa,
including one subgroup (AR +/ERBB2-) featuring co-
occurring HRAS and PIK3CA mutations. Whilst PI3K and
p53 are the most commonly involved pathways, the cell
cycle pathway appears to play an important prognostic role,

AR-, ERBB2- (n=12) % P<005 4 p<0.01

pathways when the pathway in the left column is affected (green, high;
pink, low). Significant associations are marked (Fisher’s exact test).
¢ Frequency of concurrent pathway alterations for AR and ERBB2
positive tumors, AR positive and ERBB2 negative tumors, as well as
AR and ERBB?2 negative tumors. d Frequency of alterations in selected
genes in three groups defined in C). Significant associations in ¢) and
d) are marked (Xz—test).

especially in AR negative SDCa. This study also highlights
the prognostic role of gender, LNM, LVI, and smoking.

Similar to other published series [3, 4, 9, 41, 42], our
cohort demonstrates male predominance, high prevalence of
smoking, and a predilection for the parotid gland. While
there is some debate in the literature regarding poor prog-
nosis in men [1, 4], our data show that males have impaired
DFS. This is significantly worse if tumors lack AR
expression.

The prevalence of smoking in our cohort was high (55%)
compared with the general population (14-35% between
1980 and 2016 in Australia [43], 26-33% between 2001
and 2016 in Switzerland [44]). Association between
smoking and SDCa has not been previously explored and
most genomic SDCa studies do not report smoking status,
but prevalence was high in Dalin et al. [3] (70%) and Morris
et al. [8] (64%). Our data suggest that smoking is associated
with impaired survival in a dose dependent manner
(Fig. 7a), which may be attributable to the higher rate of
TP53 loss of function mutations in smokers (43% vs. 11%,
p =0.019). These results also suggest a role of smoking in
SDCa carcinogenesis, since TP53 mutations are associated
with smoking [45].

MYC amplification was significantly associated with
DEFS in this cohort. Amplifications of MYC are associated
with poor prognosis and resistance to chemotherapy in
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Table 2 Univariate analysis of clinicopathological variables and
frequent genomic alterations on disease free survival (DFS) in
salivary duct carcinoma (SDCa).

Variable HR 95% CI P value
Gender (Male vs. female) 49 1.70-14.00 0.003
Age (>70 vs. <70 years) 1.6 0.77-3.27 0.22
Smoking status

Smoker (all) vs. non-smoker 3.0 1.24-7.24 0.014

Moderate smoker vs. non-smoker 20 0.72-5.40 0.19

Heavy smoker vs. non-smoker 8.2 2.78-24.26 <0.001
T stage (T3/4 vs. T1/2)* 1.3 0.65-2.49 049
Tumor size (>30 mm vs. <30 mm) 1.4 0.71-2.80 0.31
N stage*

N +vs. NO 2.8 1.24-6.16 0.013

N1 vs. NO 20 0.61-6.81 0.25

N2/3 vs. NO 3.0 1.30-6.75 0.01
Lympho-vascular invasion (LVI) 2.6 1.13-572 0.024
Perineural invasion (PNI) 1.7 0.82-3.58 0.15
AR status 0.6 0.28-1.40 0.25
P53

Mutation (all) vs. wild type 2.1 1.04-4.09 0.039

Loss of function mutation vs. wild type 2.6 1.19-5.89  0.017

Missense mutation vs. wild type 1.6 0.68-3.78 0.28
PIK3CA mutation vs. wild type 0.7 0.34-1.56 041
HRAS mutations vs. wild type 1.2 051-2.72  0.69
ERBB?2 amplification vs. no 0.8 0.34-199 0.67
amplification

MYC amplification vs. no amplification 2.2 1.00-4.97  0.049

*AJCC American Joint Committee on Cancer staging [10], HR hazard
ratio, CI confidence interval.

several malignancies [46], and its inhibition promises a
therapeutic benefit. However, targeting MYC is difficult
because of the protein’s structure, and direct MYC inhibi-
tion has not been achieved, although there have been recent
advances [47].

AR negative SDCa was associated with impaired DFS in
males only. Boon et al. [4] reported no association with
outcome, but did not account for gender when assessing
AR. Recent studies have demonstrated the benefit of AR
blockade in SDCa in adjuvant and palliative settings
[48, 49], but no patients in our historical cohort have
received this treatment. Similarly, combined AR and
ERBB2 status only had prognostic significance after
adjusting for gender and cell cycle pathway involvement.

Subgroups of SDCa based on AR and ERBB2 status

AR +/ERBB2 + SDCa is amenable to androgen blockade
and HER?2 inhibition, both of which have demonstrated
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some efficacy in SDCa [48-51]. Apart from a remarkably
high rate of co-alterations in the p53 pathway and TP53
mutations, AR +/ERBB2 + tumors exhibited frequent
alterations in the cell cycle pathway (69%, P =0.02;
Fig. 4d, e) which are known to induce resistance to AR
blockade and HER2-inhibitors [37, 52]. Furthermore, 31%
of AR +/ERBB2 + SDCa demonstrated ERBB3 amplifica-
tion and 38% demonstrated PIK3CA mutations. Both
ERBB3 amplification and PIK3CA mutations have been
described to confer resistance to HER2-inhibitors [52].
Therefore, AR and HER2 status alone are insufficient to
predict the response to androgen deprivation and HER2-
inhibitors, and targeted panel testing of genes such as
ERBB3 and PIK3CA may help to identify patients with a
high risk of resistance who would benefit from treatments
downstream of the signaling cascades, such as CDK4/6-
inhibitors, potentially in combination.

AR + /ERBB2— SDCa is characterized by frequent PI3K
pathway alterations and HRAS mutations, while TP53
mutations and cell cycle pathway alterations were less
common than in the other groups (Fig. 6d, e). All HRAS
mutated SDCa were AR + /ERBB2-, and they featured a
high rate of concurrent PIK3CA alterations (93%;
Fig. 4b, c). Other studies also demonstrate co-occurrence of
HRAS and PIK3CA mutations in SDCa [3, 41, 53-55],
while this co-occurrence is present in only 23% of HRAS
mutated tumors in the TCGA PanCancer cohort (Figure S1)
[33, 56]. Co-occurring HRAS and PIK3CA alterations were
thus specific to AR +/ERBB2- SDCa. However, Gargano
et al. recently described this co-mutation in HER2 positive
SDCa as well [55]. Unlike our study, they used HER2
immunohistochemistry and not ERBB2 amplification as the
determinant of HER2/ERBB?2 status, and the two methods
can occasionally be discordant [57]. In the study of Dalin
et al. [3], co-occurring PIK3CA mutations were limited to
HRAS p.G13R mutations. Similarly, HRAS p.G13R muta-
tions were associated with PIK3CA mutations around
H1047 in our study, but we also observed co-occurring
HRAS p.Q61R and PIK3CA p.E542 mutations (Fig. 4a).
Interestingly, and in line with other studies [53, 55], HRAS
mutations seem to be exclusive to SDCa arising de novo, as
none of the SDCa arising from carcinoma ex pleomorphic
adenoma were affected by HRAS mutations. The structure
of HRAS makes it a difficult target, and efforts to develop
drugs directed directly at HRAS have been unsuccessful.
The inhibition of proteins downstream in the Ras-Raf-
MEK-ERK pathway has therefore received growing atten-
tion, and may offer a therapeutic approach for HRAS-mutant
SDCa in the future [58].

All AR negative SDCa were also ERBB2 negative, which
has also been described in other studies [3, 59]. Interest-
ingly, although alterations in the PI3K pathway were
common, PIK3CA mutations did not occur in this subgroup



Molecular patterns in salivary duct carcinoma identify prognostic subgroups

° Smoking status
(¥
w0
= &
s °
=
g 3l
e o
o
Ye]
N
o
o
S
o T T T T T T
0 1 2 3 4 5
Time (years)
Non-smoker =~ =-=---- Moderate smoker
........... Heavy smoker
& TP53 mutation
[SH
w0
’\_
co
i)
53
(oL (=)
2
&8
=1
o
o
S
0 i 2 3 4 )
Time (years)
— Wild type =~ -=--- Loss of function
........... Missense
o Cell cycle pathway alterration
o
wn
N
(= (=)
Re]
S 3l
o
o
Yol
N
o
o
o4
S T T T T T

Time (years)
No alteration ~ ----- Alteration |

Fig. 7 Kaplan—-Meier curves illustrating disease-free survival
(DFS) of patients suffering from salivary duct carcinoma (SDCa).
a DFS of patients according to their smoking history. Moderate
smokers had consumption of 1-50 pack years. Heavy smokers had
consumption of >50 pack years. b DFS based on gender ¢) DFS
according to TP53 mutations status. Loss of function mutations is
defined as frameshift, splice site, or nonsense mutations. d Association
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pathway alterations. The possibility that some of these
tumors may represent adenocarcinoma, not otherwise spe-
cified, cannot be entirely excluded. Other differential
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diagnoses such as high-grade transformation in a pre-
existing salivary gland neoplasm with obliteration of the
low-grade component also needs to be considered. Indeed,
one case has demonstrated NR4A3 rearrangement, a change
recently described in acinic cell carcinoma [60]. It is
important to note that AR-/ERBB2- SDCa had the worst
prognosis and the fact that they are not amenable to
androgen blockade and HER2-inhibition underlines that
these are oncologically challenging tumors. These tumors
also had the highest rates of alterations in the cell cycle
pathway (75%; Fig. 6¢), which was the only pathway sig-
nificantly associated with impaired DFS (Fig. 7e). These
findings highlight the need to recognize high-grade primary
salivary gland carcinoma with apocrine/polygonal/oncocy-
toid morphology or carcinoma ex pleomorphic adenoma
that demonstrate AR-/ERBB2- profile as a distinct mole-
cular entity with a prognosis more dismal than AR + SDCa
and with limited therapeutic options.

Most molecular hallmark alterations in SDCa character-
ized in this study (AR, ERBB2, HRAS, MYC and PI3K
pathway involvement) impact cell cycle progression via
direct or indirect upregulation of CCNDI-3 and CDK4/6,
even when the genes within the cell cycle pathway are not
altered (Fig. 5). Therefore, although AR-/ERBB2- and AR
+ /ERBB2 + SDCa more commonly featured alterations in
the cell cycle pathway than AR + /ERBB2- SDCa (Fig. 6¢),
this pathway may offer a treatment option for all three
subgroups of SDCa and warrants further research.

In conclusion, this study describes several clinical and
molecular features that may serve as markers of poor
prognosis of SDCa. Smoking, which has not previously
been associated with SDCa, seems to negatively impact
outcome. Importantly, three subgroups of SDCa based on
AR and ERBB?2 status were identified, which exhibit distinct
molecular profiles relevant to future targeted therapy.
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