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Abstract: Adenoid cystic carcinomas (AdCC) of salivary gland
origin have long been categorized as fusion-defined carcinomas
owing to the almost universal presence of the gene fusion MYB::
NFIB, or less commonly MYBL1::NFIB. Sinonasal AdCC is an
aggressive salivary gland malignancy with no effective systemic
therapy. Therefore, it is urgent to search for potentially target-
able genetic alterations associated with AdCC. We have searched
the authors’ registries and selected all AdCCs arising in the si-
nonasal tract. The tumors were examined histologically, im-
munohistochemically, by next generation sequencing (NGS) and/
or fluorescence in situ hybridization (FISH) looking for MYB/
MYBL1 and/or NFIB gene fusions or any novel gene fusions

and/or mutations. In addition, all tumors were tested for HPV by
genotyping using (q)PCR. Our cohort comprised 88 cases of si-
nonasal AdCC, predominantly characterized by canonical
MYB::NFIB (49 cases) and MYBL1::NFIB (9 cases) fusions. In
addition, noncanonical fusions EWSR1::MYB; ACTB::MYB;
ESRRG::DNM3, and ACTN4::MYB were identified by NGS,
each of them in 1 case. Among nine fusion-negative AdCCs,
FISH detected rearrangements in MYB (7 cases), NFIB (1 case),
and EWSR1 (1 case). Six AdCCs lacked fusions or gene re-
arrangements, while 11 cases were unanalyzable. Mutational
analysis was performed by NGS in 31/88 (35%) AdCCs. Muta-
tions in genes with established roles in oncogenesis were identi-
fied in 21/31 tumors (68%), including BCOR (4/21; 19%),
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NOTCH1 (3/21; 14%), EP300 (3/21; 14%), SMARCA4 (2/21;
9%), RUNX1 (2/21; 9%), KDM6A (2/21; 9%), SPEN (2/21; 9%),
and RIT1, MGA, RB1, PHF6, PTEN, CREBBP, DDX41,
CHD2, ROS1, TAF1, CCD1, NF1, PALB2, AVCR1B, ARID1A,
PPM1D, LZTR1, GEN1, PDGFRA, each in 1 case (1/21; 5%).
Additional 24 cases exhibited a spectrum of gene mutations of
uncertain pathogenetic significance. No morphologic differences
were observed between AdCCs with MYBL1::NFIB and MYB::
NFIB fusions. Interestingly, mutations in the NOTCH genes
were seen in connection with both canonical and noncanonical
fusions, and often associated with high-grade histology or met-
atypical phenotype, as well as with poorer clinical outcome.
Noncanonical fusions were predominantly observed in meta-
typical AdCCs. These findings emphasize the value of compre-
hensive molecular profiling in correlating morphologic
characteristics, genetic landscape, and clinical behavior
in AdCC.

Key Words: salivary gland neoplasm, sinonasal, adenoid cystic
carcinoma, ACTN4/EWSR1/ACTB::MYB gene fusion, novel
ESRRG::DNM3 gene fusion, gene NOTCH mutation

(Am J Surg Pathol 2025;49:227–242)

Adenoid cystic carcinoma (AdCC) is one of the most
common salivary carcinomas and occurs in all major

and minor salivary gland and seromucous gland sites.
AdCC is an invasive malignancy composed of epithelial
and myoepithelial neoplastic cells arranged in tubular,
cribriform, and solid patterns. It is associated with eosi-
nophilic extracellular matrix and reduplicated basement
membrane materials, and often with gene fusions involv-
ing the MYB, MYBL1, and NFIB genes.1 The genomic
hallmarks of AdCC are t(6;9) or t(8;9) translocations, re-
sulting in MYB:NFIB and MYBL1:NFIB fusions,
respectively.2,3 The former alteration is found in > 80% of
the cases and the latter in ∼5%.3 MYB/MYBL1 activation
due to gene fusion or other mechanisms is a key event in
the pathogenesis of AdCC.2 Losses of 1p, 6q, and 15q
were shown earlier to be associated with high-grade
morphology, while loss of 14q is seen exclusively in low-
grade tumors.4,5 Our group published recently a study of a
cohort of salivary adenoid cystic carcinomas of major
glands and sinonasal minor glands that harbored non-
canonical novel fusions TULP4:MYB, ACTB:MYB,
ACTN4:MYB, and ESRRG:DNM3.6

AdCC is typically a slow-growing neoplasm with
protracted clinical course and poor long-term prognosis.7,8
Although AdCC rarely metastasizes to regional lymph
nodes,9 local recurrence and distant metastases, most
commonly to the lung followed by bone, liver, and brain,
are frequent in later stages of the disease.10,11

Although sinonasal tumors constitute only a small
fraction of head and neck tumors, they encompass a di-
verse spectrum of epithelial, mesenchymal, and neuro-
ectodermal neoplasms, and their diagnosis and treatment
is challenging. Sinonasal AdCC is a highly aggressive
salivary gland malignancy without effective systemic

therapy. Standard treatment includes surgical resection
and postoperative radiotherapy, but the efficacy of post-
operative chemotherapy remains unclear, and specific
treatment for AdCC has not yet been established. The
clinical course for patients with AdCC primarily arising in
minor salivary/seromucous glands of nasal cavity and
paranasal sinuses is especially unfavorable. Sinonasal
AdCC commonly invades locally by destroying adjacent
bone and/or through perineural or perivascular spread
along the second and third divisions of the trigeminal
nerve. Due to usually late presentation and diagnosis,
these tumors may invade the orbit and/or exhibit intra-
cranial expansion. While complete surgical resection of
AdCC is the treatment of choice,12 it is often not possible
in sinonasal sites, leading to frequent recurrences and of-
ten distant metastases.12

Given these challenges, it is urgent to search for
potentially targetable genetic alterations associated with
sinonasal AdCC. Next-generation sequencing of AdCC
has identified mutations, mostly with a low level of re-
currence, in genes involved in the FGF/IGF/PI3K, chro-
matin remodelling, and NOTCH signaling pathways.13,14
Notably, the presence of NOTCH alterations in AdCC
has been shown to associate with poor survival.15 Fer-
rarotto and Heymach16 described activating NOTCH1
mutations that defined a distinct subgroup of patients with
AdCC who had propensity for bone and liver metastasis
and poor prognosis, but also potential responses to
Notch1 inhibitors.17

Metatypical AdCC has recently been recognized as a
morphologic variant of AdCC with a predilection for the
sinonasal mucosa. It is characterized by unusual growth
patterns including squamous differentiation and macro-
cystic growth,18 and striking tubular epithelial hyper-
eosinophilia with luminal cell prominence.19 This
contrasts with the majority of AdCCs, which are basaloid
with myoepithelial cell predominance. Metatypical
AdCCs have been shown to be characterized by both
canonical MYB/MYBL1:NFIB and novel EWSR1:MYB
and FUS:MYB gene fusions.18,19 In our previous study,
we have detected an in-frame EWSR1ex6:MYBex2 and
ACTN4ex18:MYBex2 gene fusions in AdCC with meta-
typical phenotype in 1 case each.6

In the current study, we collected a cohort of 88 cases
of sinonasal AdCC. Mutation analysis and detection of fu-
sion transcripts were performed using the TruSight Oncology
500 Kit and/or fluorescence in situ hybridization (FISH) to
search for new fusions and mutations, particularly in
NOTCH, and aiming at identification of potentially target-
able genetic alterations associated with AdCC. We also
correlated molecular and morphologic findings, with par-
ticular reference to identification of high-grade, solid/basa-
loid, and metatypical phenotypes of sinonasal AdCC.

MATERIALS AND METHODS

Case Selection
A retrospective search in the authors´ registry was

conducted, and all sinonasal tumors with features of ad-
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enoid cystic carcinoma (AdCC) were evaluated histologi-
cally and immunohistochemically (A.S. and M.B.). In
total, 100 cases were retrieved from the consultation files
of the Tumor Registry at the Department of Pathology,
Faculty of Medicine in Pilsen and Bioptic Laboratory Ltd
in Pilsen, Czech Republic, and tumor registries of the
coauthors. Detection of HPV DNA was performed using
a set of several PCRs with different primers (Table 1) to
cover a wide range of high-risk and low-risk HPV types.

Eleven HPV positive cases were excluded from the
study and diagnosed as HPV-associated multiphenotypic
carcinoma. One tumor was excluded based on additional
clinical information indicating a primary AdCC in the
submandibular gland with secondary involvement of the
sinonasal area.

Thus, a cohort of 88 cases of sinonasal AdCC was
included in this study for further characterization. The
tumors were examined histologically, im-
munohistochemically, and by NGS and/or FISH to detect
MYB/MYBL1 and/or NFIB gene fusions, as well as any
novel gene fusions/mutations. When available, clinical
follow-up was obtained from the patients, their physicians,
or referring pathologists.

This study was approved by the Ethics Committee of
the Faculty Hospital in Pilsen and Charles University,
Faculty of Medicine in Pilsen, Czech Republic, on August
2, 2018. Informed consent was not required.

Histologic and Immunohistochemical Studies
For conventional microscopy, excised tissues were

fixed in formalin, processed routinely, embedded in par-
affin (FFPE), cut, and stained with hematoxylin and eosin.

For immunohistochemistry, 4-μm-thick sections
were cut from paraffin blocks and mounted on positively
charged slides (TOMO; Matsunami Glass IND, Osaka,
Japan). Sections were processed on a BenchMark UL-
TRA (Ventana Medical Systems, Tucson, AZ), depar-
affinized and subjected to heat-induced epitope retrieval
by immersion in a CC1 solution (pH: 8.6) at 95°C. All
primary antibodies used in this study are summarized in
Table 2.

Visualization was performed using the ultraView
Universal DAB Detection Kit (Roche, Tucson, AZ) and
ultraView Universal Alkaline Phosphatase Red Detection
Kit (Roche). The slides were counterstained with Mayer’s
hematoxylin. Appropriate positive and negative controls
were used.

Grading
Three grading systems based on the presence of solid

components have been recognized: the Perzin/Szanto
system,20,21 the Spiro system,22 and the vanWeert system.23
These systems describe the presence of solid components as
negative prognosticators at thresholds of 30%, 50%, and
any solid component, respectively. All schemes were ap-
plied on our cohort, as depicted in Table 3.

Molecular Studies
TruSight Oncology 500 Kit (TS500)

Mutation analysis and fusion-transcript detection
were performed using the TruSight Oncology 500 Kit
(Illumina, San Diego, CA). RNA was extracted using the
Maxwell RSC DNA FFPE Kit and the Maxwell RSC
Instrument (Promega, Madison, WI) according to the
manufacturer’s instructions and quantified using the Qubit
HS RNA Assay Kit (Thermo Fisher Scientific, Waltham,
MA). DNA was extracted using the QIAsymphony DSP
DNA Mini Kit (Qiagen, Hilden, Germany) and quantified
using the Qubit BR DNA Assay Kit (Thermo Fisher
Scientific). The quality of DNA was assessed using the
FFPE QC kit (Illumina), and the quality of RNA was
assessed using Agilent RNA ScreenTape Assay (Agilent,

TABLE 1. PCR Primers for HPV Detection
HPV type 16 TCA AAA GCC ACT GTG TCC TGA

CGT GTT CTT GAT GAT CTG CAA
type 18 CCG AGC ACG ACA GGA ACG ACT

TCG TTT TCT TCC TCT GAG TCG CTT
type 31 CTA CAG TAA GCA TTG TGC TAT GC

ACG TAA TGG AGA GGT TGC AAT AAC CC
type 33 AAC GCC ATG AGA GGA CAC AAG

ACA CAT AAA CGA ACT GTG GTG
type 35 CCC GAG GCA ACT GAC CTA TA

GGG GCA CAC TAT TCC AAA TG
CPSGB ATATGTCTGAG CCTCCWAARTT

ATGTTAATWSAGCCWCCAAAATT
TTA TCA WAT GCC CAY TGT ACC AT

GP5+ TTTGTTACTGTGGTAGATACTAC
GAAAAATAAACTGTAAATCATATTC

TABLE 2. Antibodies Used for Immunohistochemical Study
Antibody specificity Clone Dilution Antigen retrieval/time Source

AE1/3 AE1/AE3+PCK26 RTU EnVision High pH /30 min Dako
CK7 OV-TL 12/30 1:800 EnVision High pH/30 min Dako
CK14 SP53 1:800 EnVision High pH/30 min Cell Marque
p63 DAK-p63 RTU EnVision Low pH/30 min Dako
p40 DAK-p40 RTU EnVision Low pH/30 min Dako
SOX10 SP267 RTU CC1/64 min Cell Marque
Ki-67 MIB-1 RTU EnVision Low pH/30 min Dako
MYB EP769Y 1:100 CC1/64 min AbCam
S100 Polyclonal RTU EnVision Low pH/30 min Dako
P16 R15-A 1:100 EnVision Low pH/30 min DB Biotech

CC1 indicates EDTA buffer pH 8.6 at 95°C; EnVision High pH 9.0 at 97°C; EnVision Low pH 6.0 at 97°C; RTU, ready to use.
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Santa Clara, CA). DNA samples with Cq < 5 and RNA
samples with DV200 ≥ 20 were used for further analysis.
After enzymatic fragmentation of DNA with KAPAFrag
Kit (KAPA Biosystems, Wilmington, MA), DNA and
RNA libraries were prepared using the TruSight Oncology
500 Kit (Illumina) according to the manufacturer’s pro-
tocol. Sequencing was performed on the NovaSeq. 6000
sequencer (Illumina) following manufacturer´s recom-
mendations. Data analysis was conducted using the Tru-

Sight Oncology 500 v2.2 Local App (Illumina). Variant
annotation and filtering were performed using the Om-
nomics NGS analysis software (Euformatics, Espoo,
Finland). A custom variant filter was set up, including
only nonsynonymous variants with coding sequences and
a read depth > 50, while benign variants according to the
ClinVar database24 were excluded. The remaining subset
of variants was checked visually, and suspected artefactual
variants were excluded.25

TABLE 3. Grading Systems Recognized for Adenoid Cystic Carcinoma
Perzin/Szanto* Our cohort Spiro et al Our cohort Van Weert et al Our cohort
Grade No. of cases (%) Grade No. of cases (%) Grade No. of cases (%)

I. Predominantly tubular, no
solid

5 (6) I. Mostly tubular or cribriform,
occasional solid

55 (63) Low grade—no solid
component

22 (25)

II. Predominantly cribriform,
< 30% solid

34 (39) II. Mixed with substantial solid
(> 50%)

22 (25) High grade—any solid
component

66 (75)

III. Solid component > 30% 49 (56) III. Only Solid 11 (13)

TABLE 4. Clinicopathologic Characteristics of All Patients Qith Sinonasal AdCC (No=88)
RNA panel FISH DNA panel

Gene alterations Total (%)
MYB:
NFIB

MYBL1:
NFIB

Noncanonical
fusions

Fusion/
break

negative

MYB,
NFIB,
EWSR1
break* NA/ND

Mutations
oncogenic

Gene
mutations of

UPS NA/ND

Number of cases
(%)

88 (100) 49 (57) 9 (10) 4 (4) 6 (7) 9 (10) 11 (13) 21/31 (68) 24/31 (77) 57

Age (y)
< 60 38 23 4 1 2 4 4 11 11 24
More than 60 48 24 5 3 4 5 7 10 13 31
Unknown 2 2 0 0 0 0 0 0 0 2
Median 58.8
Range 20-86

Sex
Male 45 26 4 4 2 3 6 11 12 29
Female 41 21 5 0 4 6 5 10 12 26
Unknown 2 2 0 0 0 0 0 0 0 2

Primary tumor site
Nasal cavity 49 28 7 2 4 5 3 13 13 31
Maxillary sinus 26 14 1 1 1 3 6 4 7 17
Sphenoid sinus 8 5 1 1 0 1 0 3 3 5
Ethmoid sinus 4 2 0 0 1 0 1 1 1 3
Nasopharynx 1 0 0 0 0 0 1 0 0 1

Follow-up
available (mo)

60

Range 1-276
Mean 62.7

Outcome 60
Alive NED 18 11 2 1 3 0 0 7 7 7
Alive WD 9 8 1 0 0 0 1 5 4 4
DOD 18 10 1 2 0 2 3 4 4 12
DOC 4 2 0 0 0 2 0 0 0 4
Lost to FU 11 6 1 0 1 2 1 2 3 8
Not available 28 12 4 1 2 3 6 5 6 22

Metastases 14 9 2 0 0 2 1 4 3 9
Recurrences 26 16 1 2 3 2 2 12 10 12

*Fusion negative cases, but harboring MYB (No= 7), NFIB (No= 1), or EWSR1 (No= 1) gene break.
AdCC indicates adenoid cystic carcinoma; DOC, dead of other causes; DOD, Dead of disease; FU, follow-up; NA, not analyzable; ND, not done because tissue was not

available; NED, no evidence of disease; UPS, uncertain pathogenetic significance; WD, alive with disease.
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TABLE 5. The Clinical, Pathologic, and Molecular Genetic Features of 23 Cases of AdCC Harboring Noncanonical Gene Fusions
and Oncogenic/Likely Pathogenic Mutations

Case
Age/
sex Site FISH

Oncogenic alterations
detected by DNA sequencing

Oncogenic alterations
detected by RNA

sequencing Therapy
Follow-up
period (mo) Clinical outcome (mo)

1 60/F Left
maxillary
sinus

BCOR c.4017_4018insT p.
(Asp1340Ter) AF: 8%; RUNX1
c.474_477dup p.(Asp160Ter) AF:
33%

MYB:NFIB; exon 13:9; in-
frame; NM_001130173;

NM_001190737;
chr6:135521553;

chr9:14116345, Hg19

Medial
maxillectomy;

protone therapy;

53 AWD Recurrence (15)

2 72/M Nasal
cavity

PDGFRA c.2021C>T p.(Thr674Ile),
AF:8% (SAR6)/NA TS500D

MYB:NFIB, exon16:exon9,
in-frame, NM_001130173.2

NM_00128787.1,
chr6:135539114,

chr9:14088325, Hg19

Endonasal
resection; RT

19 NED NED

3 23/M Nasal
cavity

GEN1 c.1933_1936del p.
(Lys645CysfsTer29) AF: 45% -
susp. germline

MYB:NFIB; exon 8:10; in-
frame; NM_001130173;

NM_001190737;
chr6:135515598;

chr9:14102509, Hg19

Endonasal
resection; RT

276 AWD Recurrence endonasal
resection + RT (219)

Metastasis left lung with
segmentectomy (207)

4 68/M Maxillary
sinus

BCOR c.4174-7_4175del AF: 9%;
BCOR c.1056dup p.
(Thr353HisfsTer28) AF: 17%;
BCOR c.1888_1895del p.
(Glu630ProfsTer12) AF: 9%;
RUNX1 c.985del p.
(Ala329ArgfsTer265) AF: 19%;
RIT1 c.319A>G p.(Met107Val)
AF: 19%

MYB:NFIB, exon 8:exon 9,
in-frame, NM_001130173.2,

NM_001190737.2,
chr6:135515598,

chr9:14116345, Hg19

NA NA NA

5 50/F Nasal
cavity

MYB
break

KDM6A c.2172_2173del p.
(Leu725AspfsTer4) AF: 22%;

KDM6A c.618-619+2del AF: 34%

neg NA NA NA

6 43/M Left
maxillary
sinus

AVCR1B c.1133dup, p.
(Ser379ValfsTer24), AF: 34%

MYB:NFIB, exon15:exon10,
in-frame, NM_001130173.2,

NM_00128787.1,
chr6:135524462,

chr9:14102509, Hg19

Radical surgery,
CHT

60 AWD

7 71/M Nasal
cavity

KDM6A c.64del, p.
(Glu22LysfsTer20), AF: 13%;
SMARCA4 c.3580G>T, p.
(Gly1194Trp), AF: 13%

MYB:NFIB, exon8:exon10,
in-frame, NM_001130173.2,

NM_00128787.1,
chr6:135515598,

chr9:14102509, Hg19

Nonradical
excision, RT

5 DOD Meta (5)

8 35/M Nasal
cavity,
sinuses

BCOR c.3669_3673del, p.
(Ala1224ArgfsTer19), AF: 52% -
susp. germline;

MYB:NFIB, exon13:exon11,
in-frame, NM_001130173.2,

NM_00128787.1,
chr6:135521553 ,

chr9:14088325, Hg19

Radical surgery,
RT

60 AWD Recurrence (50) Meta right
lung (60)

9 60/F Maxillary
sinus

ARID1A c.1680_1682del p.
(Tyr560_Gln561delinsTer), AF:
34%; EP300 c.3355del p.
(Asp1119MetfsTer38), AF: 66%;
NOTCH1 c.7399_7405del p.
(Ser2467HisfsTer8), AF: 34%,
NOTCH1 c.5722_5725del p.
(Ala1908SerfsTer72), AF: 33%

MYB:NFIB, exon13:exon10,
in-frame, NM_001130173.2,

NM_00128787.1,
chr6:135521553 ,

chr9:14102509, Hg19

Radical surgery,
RT

20 DOD Recurrence (3x) Tumor in
infratemporal fossa, resected
(10); tumor in maxillary bone,
soft tissues (12); Tumor in
supraorbital and ethmoidal

area (20)

10 55/M Maxillary
sinus

no P/LP variant ESRRG:DNM3, exon3:
exon14 , frame unknown,

NM_001134285.1,
NM_015569.5,
chr1:217112924,

chr1:172100315, Hg19 at the
limit of detection

Radical surgery,
RT

72 DOD Recurrence (24)

11 55/F Sphenoid
sinus

NFIB
break

PPM1D c.1218del p.
(Cys407ValfsTer2), AF: 14%;
SMARCA4 c.2644G>A p.

(Glu882Lys), AF: 13%; LZTR1
c.1210G>A p.(Gly404Arg), AF: 11%

neg Radical surgery,
RT

24 LOF

12 55/M Nasal
cavity

MGA c.6815del p.
(Gly2272ValfsTer63), AF: 41%;
EP300 c.1811G>A p.
(Arg604Gln), AF: 10%

MYB:NFIB, exon 15:exon 11,
in-frame, NM_001130173.2,

NM_00128787.1,
chr6:135524462,

chr9:14102509, Hg19

Surgery, RT 144 DOD Recurrence (12); meta liver
(120); local progression (140)

13 62/M Nasal
cavity

no P/LP variant ACTB:MYB, exon 3:3; in-
frame; NM_001101;
NM_001130173;
chr7:5568792;

chr6:135508972, Hg19

Surgery, proton
therapy

103 NED

14 46/F Nasal neg RB1 c.1939_1940del p. neg Surgery, RT, 98 AWD Recurrence
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Fluorescence In Situ Hybridization (FISH) Analysis
Before FISH, hematoxylin and eosin-stained slides

were examined to determine the areas for cell evaluation.
Then, a 4-μm-thick FFPE section was placed onto a
positively charged slide. The unstained slide was routinely
deparaffinized and incubated in 1× Target Retrieval Sol-
ution Citrate pH 6 (Dako, Glostrup, Denmark) for
40 minutes at 95°C, subsequently cooled for 20 minutes at
room temperature in the same solution and washed in
deionized water for 5 minutes. The slide was digested in
protease solution with pepsin (0.5 mg/mL) (Sigma Al-
drich, St Louis, MO) in 0.01 mol/L HCl at 37°C for 45 to

60 minutes, depending on sample conditions. The slide
was then rinsed in deionized water for 5 minutes, dehy-
drated in a series of ethanol solutions (70%, 85%, and 96%
for 2 min each), and air-dried.

The details of EWSR1, MYB, NFIB break-apart,
and MYB:NFIB fusion analysis have been described
previously.5,26 For the detection of EWSR1:MYB fusion,
custom designed EWSR1:MYB dual fusion probes com-
prising the catalogue 22q12.2. EWSR1 DF 498 kb probe
and custom MYB probe with chromosomal location:
chr6:135,271,382-135,771,382 (Agilent Technologies) were
used following similar protocols.

TABLE 5. (continued)

Case
Age/
sex Site FISH

Oncogenic alterations
detected by DNA sequencing

Oncogenic alterations
detected by RNA

sequencing Therapy
Follow-up
period (mo) Clinical outcome (mo)

cavity (Leu647PhefsTer5), AF: 18% CHT
15 68/F Nasal

cavity
PHF6 c.1039C>T, p.(Arg347Ter),

AF: 49% - susp. germline
MYB:NFIB, exon 8:exon 11,
in-frame, NM_001130173.2,

NM_001190737.2,
chr6:135515598,

chr9:14088325, Hg19

Radical surgery,
RT

NA NA

16 82/M Sphenoid
sinus

PTEN c.32_33del, p.
(Arg11LysfsTer32), AF: 31%,

EWSR1:MYB, exon 6:exon 2,
in-frame, NM_005243.4,

NM_001130173.2,
chr22:29678546,

chr6:135507041, Hg19

Surgery, RT 84 DOD Recurrence

17 57/M Nasal
cavity

SPEN c.2918dup p.
(Ser974LysfsTer48), AF: 26%;
CREBBP c.2489del p.
(Pro830LeufsTer19), AF: 22%;
EP300 c.1927G>T p.(Glu643Ter),
AF: 24%; DDX41 c.121C>T p.
(Gln41Ter), AF: 45% - susp.
germline; NOTCH1 c.7177C>T p.
(Gln2393Ter), AF: 22%

MYB:NFIB, exon 15:exon 11,
in-frame, NM_001130173.2,

NM_001190737.2,
chr6:135524462,

chr9:14088325, Hg19

Surgery, proton
therapy

73 AWD

18 69/M Nasal
cavity

CHD2 c.4156del p.
(Ser1386ValfsTer3) AF: 26%;
ROS1 c.350del p.
(Leu117TyrfsTer11) AF: 48% -
susp. germline; TAF1 c.4882-
1G>A AF: 6%

ACTN4:MYB, exon 18:exon
2, in-frame, NM_004924.6,

NM_001130173.2,
chr19:39217743,

chr6:135510929, Hg19

Surgery, RT NA NA

19 76/M Nasal
cavity

CCND1 c.855C>A, p.(Cys285Ter),
AF: 45% - susp. germline

MYB:NFIB, exon 15:exon 11,
in-frame, NM_001130173.2,

NM_00128787.1,
chr6:135524462,

chr9:14102509, Hg19

Surgery; 72 AWD Recurrence (48) surgery+RT

20 29/F Sphenoid
sinus

SPEN c.2906del p.
(Pro969LeufsTer5), AF: 10%

MYB:NFIB, exon 13:exon 11,
in-frame, NM_001130173.2,

NM_001190737.2,
chr6:135521553,

chr9:14088325, Hg19

Surgery, CHT NA NA

21 57/F Sinonasal
NOS

NOTCH1 c.7400C>A, p.
(Ser2467Ter), AF: 24%;

MYB:NFIB, exon 8:exon 11,
in-frame, NM_001130173.2,

NM_00128787.1,
chr6:135515598,

chr9:14102509, Hg19

Surgery, RT 64 DOD Recurrence (38)

22 53/F Ethmoidal
sinus

neg BCOR c.3892_3898del, p.
(Ser1298ValfsTer69), AF: 49% - susp.
germline; NF1 c.1477_1490del, p.
(Leu493GlufsTer13), AF: 31%

neg Surgery, RT 16 LOF

23 57/F Nasal
cavity

PALB2 c.172_175del p.
(Gln60ArgfsTer7), AF: 44% - susp.
germline

MYBL1:NFIB, exon 8:exon
10, in-frame,

NM_001080416.4,
NM_001190737.2,
chr8:67504675,

chr9:14102509, Hg19

Subtotal left
hemimaxilectomy
with resection of
the nasal base and
inferior nasal shell

35 NED

AWD indicates alive with disease; CHT, chemotherapy; DOD, dead of disease; DWD, dead with disease; F, female; LOF, lost of follow-up; M, male; meta, metastasis;
mo, month; NA, not available; NED, no evidence of disease; RT, radiotherapy.
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Detection of HPV
For HPV studies, genomic DNA was isolated from

formalin-fixed, paraffin-embedded tissue using QIAsym-
phony SP and special precautions were taken to prevent
HPV DNA microcontamination. Briefly, five 5-μm-thick
sections were cut from the blocks. A new microtome blade
was used each time a new case was sectioned. DNA was
extracted by the QIAsymphony DNA Mini Kit (Qiagen)
according to manufacturer’s protocol. The quality of iso-
lated DNA was checked by PCR which amplifies a set of
control genes.27

Detection of HPV DNA was performed using a set
of several PCRs with different primers (Table 1) to cover a

wide range of high-risk and low-risk HPV types. For all
samples, the primers’ systems targeting both L1 and E1
region were used: CPSGB, GP5+/GP6+, as previously
described.28 To avoid false negative findings (because of
loss of L1 or E1 regions due to HPV integration into host
genome) PCR targeting HPV oncogenes E6, and E7 of the
6 most prevalent HR-HPV types including types 16, 18,
31, 33, 35, and 45 was performed.29

All PCRs were run on the cycler GeneAmp PCR
System 9700 (PE/Applied Biosystem, Forster City, CA).
Amplicons were analyzed in 2% agarose gel with ethidium
bromide. Positive PCR samples were genotyped by hy-
bridizing them to type-specific probes, or sequenced and

FIGURE 1. AdCC with canonical MYB:NFIB gene fusion showed biphasic tumor growth of predominantly cribriform pattern (A)
than tubular or more solid areas (B). Both pseudocysts and true glandular lumina were characteristic for AdCC (C). Abundant
deposits of a hyalinized eosinophilic extracellular matrix and reduplicated basement membrane materials were often seen (D). The
fusion joining of MYB gene exon 14 with NFIB gene exon 9 is illustrated. Protein domains are depicted (E).
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compared with BLAST databases. Positive and negative
controls were included in every run.

RESULTS

Demographic and Clinicopathologic Findings
We collected a cohort of 88 cases of sinonasal

AdCC. Clinical data, follow-up, and molecular genetic
results are summarized in Tables 4 and 5.

The patients comprised 45 men and 41 women (with
gender unknown in 2 cases), ranging in age from 20 to
86 years (mean: 58.8 y). The tumors arose in the nasal
cavity (49 cases), the maxillary sinus (26 cases), the sphe-
noid sinus (8 cases), the ethmoid sinus (4 cases), and the
nasopharynx (1 case).

Treatment consisted of excision or radical surgical
resection in 30/47 (64%) cases. Chemotherapy, radiation
and/or proton therapy were administered before surgery,

FIGURE 2. AdCC with canonical MYBL1:NFIB gene fusion was composed predominantly of combination of cribriform (A) and
tubular (B) patters with microcystic-like spaces filled with hyaline or basophilic basement membrane material (C). The solid areas
were also present lacking pseudocystic spaces present in previous 2 patters (D). The fusion joining of MYBL1 gene exon 14 with
NFIB gene exon 9 is illustrated. Protein domains are depicted (E).
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after surgery, or as the sole therapeutic approach in 44/49
patients (90%). One patient received targeted therapy with
Imatinib. Distant metastatic spread was reported in 14/60
(23%) cases, with one or more metastases in the lung (9
cases), the liver (2 cases), the brain (1 case), bones (pelvis
and sacrum, 1 case), or the axilla (1 case). Local re-
currence was observed in 26/60 cases (43%) (Table 4).

Follow-up information was available for 60/88
(68%) patients, with follow-up periods ranging from
shortly after diagnosis to 276 months (mean follow-up:
62.7 mo). Eighteen patients (18/60, 30%) were alive
without evidence of disease (mean follow-up of 91.9 mo),
9 patients (15%) were alive with disease (mean follow-up
of 35.6 mo), 18 patients (30%) died of the disease (mean
follow-up of 63 mo), 4 patients (7%) died of unrelated
causes (mean follow-up of 46.3 mo), and 11 patients (18%)
were lost to follow-up after a follow-up period with reg-
ular check-ups (mean follow-up of 33.6 mo) (Table 4).

Grading
All 3 grading systems were applied on our cohort.

The presence of solid component is independent on the
presence of canonical or alternative gene fusion. In our

cohort, 49 cases showed more than 30% solid component,
33 cases showed more than 50%, and 66 cases showed any
amount of solid component. The presence of a solid
component was independent of the presence of canonical
or alternative gene fusions. The total amount and cate-
gorization of our cohort into 3 independent grading sys-
tems is depicted in Table 3. High-grade transformation/
dedifferentiation was not present.

Molecular Findings
Sinonasal AdCC was predominantly characterized

by canonical MYB:NFIB (49 cases) (Fig. 1E) and
MYBL1:NFIB (9 cases) (Fig. 2E) fusions. In addition,
rearrangements in MYB (8 cases), NFIB (1 case), and
EWSR1 (1 case) genes were detected in 9 cases using
FISH. NGS analysis revealed novel noncanonical fusion
transcripts, including ACTB:MYB; ACTN4:MYB;
ESRRG:DNM3, and EWSR1:MYB, each in 1 case.

Mutational analysis was performed by NGS in 31/88
(35%) AdCCs. Mutations in genes with established roles in
oncogenesis were identified in 21/31 tumors (68%), in-
cluding BCOR (4/21; 19%), NOTCH1 (3/21; 14%), EP300
(3/21; 14%), SMARCA4 (2/21; 9%), RUNX1 (2/21; 9%),

FIGURE 3. The case of ACTBex3:MYBex3 AdCC the tumor resemble myoepithelial derived neoplasm with hypercellular periphery
and necrotic center (A). The tumor cells were basaloid with monomorphic hyperchromatic nuclei (B) and areas with high-grade
features consisting of moderately pleomorphic nuclei (C). Conventional cribriform or tubular patterns were present at the
periphery of the tumor surrounded by fibrohyaline stroma (D).
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KDM6A (2/21; 9%), SPEN (2/21; 9%), and RIT1, MGA,
RB1, PHF6, PTEN, CREBBP, DDX41, CHD2, ROS1,
TAF1, CCD1, NF1, PALB2, AVCR1B, ARID1A,
PPM1D, LZTR1, GEN1, PDGFRA, each in 1 case (1/21;
5%). In addition, 24/31 (77%) cases exhibited a spectrum
of gene mutations of uncertain pathogenetic significance.
Moreover, no known pathogenic mutations were detected
in 9/31 (29%) cases. None of the detected mutations oc-
curred at a high level of recurrence. Even the most fre-
quent mutations of BCOR and NOTCH1 showed a low
level of recurrence at 19% and 14%, respectively, in our
AdCC cases as a whole.

The clinical features of all 23 cases of AdCC har-
boring noncanonical gene fusions and oncogenic/likely
pathogenic mutations are summarized in Table 5. The
clinical outcome of patients with NOTCH and BCOR
mutated AdCCs was notably poor. There were 3 patients
with NOTCH-mutated AdCCs, and 2 of them experienced
multiple recurrences, and died of disease at 20 and
64 months, respectively. One patient is currently alive and
receives proton therapy, with brain metastasis at 5 months
after primary diagnosis. Two of 4 patients with BCOR
mutated AdCC are alive with disease at 53 and 60 months
respectively, but both have experienced local recurrences
at 53 and 50 months, and 1 is alive with lung metastasis,
while 2 patients were lost to follow-up (Table 5).

Histopathologic and Immunohistochemical
Findings
Sinonasal Adenoid Cystic Carcinomas With
Canonical MYB/MYB1:NFIB Gene Fusions

Histologically, there was no morphologic difference
between AdCCs with MYBL1:NFIB and those with
MYB:NFIB fusion. All these fusion-positive sinonasal
AdCCs exhibited an infiltrative biphasic growth pattern
consisting of both ductal epithelial and myoepithelial cells.
Identification of both pseudocysts and true glandular lu-
mina was required to make the diagnosis. The most
common architectural patterns, namely cribriform, tubu-
lar, and solid were observed in varying proportions. The
cribriform pattern was the most prevalent in both molec-
ular subtypes MYB:NFIB and MYBL1:NFIB, as illus-
trated in Figures 1A and 2A,C, respectively. The
cribriform/pseudocystic growth pattern is characterized by
nests of tumor cells with microcystic-like spaces filled with
hyaline basement membrane-like or basophilic mucoid
material. The solid pattern, characterized by tumor sheets
composed of basaloid cells lacking tubular or cribriform
formations, was also observed in both subtypes of AdCC
with canonical fusion transcripts (Fig. 1B, Fig. 2D).
Combinations of these growth patterns were common
(Fig. 1C). Abundant deposits of hyalinized eosinophilic

FIGURE 4. A, The AdCC with in-frame ACTN4ex18:MYBex2 gene fusion consisted of 2 types of tumor cells with predominant
monomorphic and basaloid cells and groups of vacuolated cells. B, Stromal component was minor and characterized by mild
cellular fibrous bands with distended vascular spaces dispersed throughout the tumor. C, Basaloid tumor cells were positive for
p63. D, Vacuolated (clear) cells showed CK7 expression.
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extracellular matrix and reduplicated basement membrane
materials were often seen (Fig. 1D). The tubular pattern,
consisting of well-formed ducts and tubules lined by lu-
minal ductal and abluminal myoepithelial cells, was the
least common growth pattern (Fig. 2B).

Sinonasal Adenoid Cystic Carcinomas With
Noncanonical Fusion

We identified 4 cases of sinonasal AdCC harboring
novel noncanonical fusion transcripts, namely ACTB:MYB,
ACTN4:MYB, ESRRG:DNM3, and EWSR1:MYB.

Two cases with fusions involving ACTB and
ACTN4 genes predominantly exhibited a solid growth
pattern of monomorphic basaloid cells without significant
nuclear atypia. In the former of those 2 (in-frame ACT-
Bex3:MYBex3 fusion), the tumor fragments were 8 cm in
the largest diameter and displayed a macroscopic muci-
nous appearance. Microscopic examination revealed a
polypoid and partly cystic lesion of predominantly my-
oepithelial appearance with lobulated multinodular ar-
chitecture, a hypercellular periphery and hypocellular
center with large necrotic areas (Fig. 3A). Tumor cells
were basaloid and had monomorphic hyperchromatic
nuclei (Fig. 3B) with high-grade features (Fig. 3C). Areas
of conventional cribriform adenoid cystic carcinoma were
present at the periphery and represented 20% of the tumor
mass (Fig. 3D). The stroma was partly hyalinized and
partly myxoid. The growth pattern was biphasic with p63
positivity in the cells of the abluminal component. Ki-67
proliferation index was estimated at 30%.

The latter case represented an example of meta-
typical AdCC (in-frame ACTN4ex18:MYBex2 fusion,
and a break of the MYB gene). The tumor consisted of a
solid tumor mass composed of 2 cell populations. The
predominant component was composed of monomorphic
basaloid cells without significant nuclear atypia or mitotic
activity. A less frequent cell population was represented by
groups of cells with pale eosinophilic to vacuolated cyto-
plasm (Fig. 4A). These cells were identical both in mor-
phology and immunoprofile with cells described by
Altemani et al.30 A stromal component was minor and
characterized by fibrous bands with distended vascular
spaces and large areas of dense sclerosis with mucoid
material (Fig. 4B). Basaloid tumor cells were positive for
p63 (Fig. 4C) and CK14. Vacuolated (clear) cells showed
CK7 expression (Fig. 4D). Ki-67 proliferation index was
estimated at 2%.

The third case featuring a novel ESRRGex3:
DNM3ex14 fusion not previously described in AdCC was
a polypoid lesion infiltrating the right maxilla. The tumor
consisted of a main tumor mass corresponding to con-
ventional AdCC while areas in the periphery of the lesion
resembled a seromucinous hamartoma.31 The AdCC
component of the lesion comprised different architectural
patterns, including solid, tubular, micropapillary, and
cribriform (containing hyaline or basophilic mucoid ma-
terial) (Fig. 5A). Areas of stromal edema or fibromyx-
ohyaline change of the interstitium contained small
clusters, cords, or isolated tumor cells, that were some-
times bizarre. The AdCC tumor cells were pleomorphic

FIGURE 5. A, The case of ESRRGex3:DNM3ex14 translocated AdCC consisted of different architectural patterns including solid,
tubular, micropapillary, and cribriform. B, Tumor cells were pleomorphic with visible nucleoli, nuclear hyperchromasia, and focally
vacuolated cytoplasm. C, Aggressive appearance of the tumor was supported bymassive targetoid perineural spread. D, A tran-
sition zone contained atypical sinonasal glands arising from the respiratory adenomatoid hamartoma.
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with irregular nuclear borders, nuclear hyperchromasia, or
chromatin clearing with prominent nucleoli and nuclear
grooves. The cytoplasm was eosinophilic to clear and
bubbly (Fig. 5B). Perineural invasion was prominent
(Fig. 5C). Mitotic activity was high. A transition zone
contained atypical sinonasal glands arising from the
respiratory adenomatoid hamartoma-like periphery
(Fig. 5D) connected to the AdCC tumor mass.

The fourth case was an 82-year-old man with a tumor
mass of the sphenoid sinus (in-frame EWSR1ex6:MYBex2).
This case was reported in a previous cohort of metatypical
AdCC.18 The tumor was composed of hypercellular and
hypocellular areas. The hypercellular areas consisted of ba-
saloid cells forming tubular and cribriform patterns with
multiple areas of comedo-like necrosis (Fig. 6A), extensive
tubular epithelial hypereosinophilia (Fig. 6B), and foci of
intraluminal clear cells (Fig. 6C). The islands of tumor cells
were circumscribed by basement membrane deposits or ba-
sophilic mucoid material. The hypocellular area was com-
posed of fibrosclerotic and hyalinized stroma with focal
myxoid change and cords and ducts of tumor cells (Fig. 6D).
Tumor cells were pleomorphic with irregular nuclear bor-
ders, nuclear grooves, and multiple nucleoli. The cytoplasm
was eosinophilic to clear. Tumor cells showed typical bi-
phasic immunohistochemical pattern with the luminal cells
positive for CK7, while the abluminal cells were positive for
p63, CK14, and SOX10. Proliferative activity was mostly
intermediate, but reached up to 25% in hot spot regions.

Sinonasal Adenoid Cystic Carcinomas With NOTCH
Gene Family Mutations

Three cases of AdCC harboredmutations inNOTCH1
gene. These tumors were characterized by a predominant
solid growth pattern, nuclear enlargement, and poly-
morphism (Fig. 7A). There were nests forming confluent
sheets of tumor cells, and comedonecrosis was pronounced
(Fig. 7B). Mitotic and Ki-67 labeling indices were sig-
nificantly higher in solid areas as compared with cribriform/
tubular pattern in conventional AdCC (Figs. 7C–D). Two
NOTCH-mutated AdCCs exhibited metatypical features,
including unusual growth patterns with squamous differ-
entiation (Fig. 8A), tubular epithelial hypereosinophilia with
luminal cell prominence (Fig. 8B), and focal sebaceous
metaplasia (Fig. 8C). In one metatypical AdCC, multiple
foci of foamy vaculated eosinophilic cells were present within
the nests composed of basaloid neoplastic cells (Fig. 8D).

Our cohort included 31/88 (35%) cases of AdCC
(with canonical or noncanonical fusions) associated with
seromucinous hamartoma (SH) and/or atypical sinonasal
glands arising in SH (ASGSH) (Fig. 5D).31 The nuclei
varied in size and shape and were often hyperchromatic.
Forty-four of 88 (50%) cases consisted of a pure AdCC
tumor mass with no evidence of surface or other structures
of normal mucosa. In 11 cases, a normal sinonasal epi-
thelium with no atypia covered the tumor mass. In 4 ad-
ditional cases, squamous epithelium without dysplasia
lined the surface of some tumor fragments.

FIGURE 6. The AdCC with in-frame EWSR1ex6:MYBex2 gene fusion was in part composed of cellular areas of basaloid cells forming
tubular and cribriform patterns with multiple areas of comedo-like necrosis (A), focally with extensive tubular hypereosinophilia (B)
and foci of intraluminal clear cells (C) separated by fibrous bands. In part, the tumor consisted of hypocellular characterized by
fibrosclerotic and hyalinized stroma with focal myxoid change and cords and ducts of tumor cells (D).
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DISCUSSION
Adenoid cystic carcinoma (AdCC) is one of the most

common salivary gland malignancies, found in both major
and minor salivary and seromucous gland sites. Histor-
ically, AdCCs of salivary gland origin have been catego-
rized as fusion-defined carcinomas due to the consistent
presence of MYB:NFIB fusion genes in over 80% of the
cases and MYBL1:NFIB in ∼5%.2,3 MYB/MYBL1 acti-
vation through gene fusion or other mechanisms is
therefore considered a critical event in the pathogenesis of
AdCC.2 Further exploration has unveiled additional
partner genes linked to MYB and NFIB, such as EWSR1:
MYB, FUS:MYB,19 MYB:PDCD1LG2, MYB:EFR3A,
and NFIB:AIG1, respectively,32 expanding our under-
standing of AdCC pathogenesis. Intriguingly, some
AdCCs lack these rearrangements, raising questions about
possible additional fusion-transcript mechanisms. This is
particularly important in small biopsy samples, where
AdCC might be misdiagnosed as another entity.

In the previous study of our group,6 NGS analysis
revealed noncanonical fusion genes including ACTB:
MYB, ACTN4:MYB, ESRRG:DNM3, each found in 1
tumor case. In the current study, these data are presented
in a more comprehensive manner, along with additional

details, including morphology and patient outcomes, that
were not provided in the prior study. Interestingly, tumors
with these alternative fusion genes appear to associate
with an unusual variant of morphologic features. Our
cases displayed foci of squamous metaplasia, extensive
tubular epithelial hypereosinophilia, and clusters of eosi-
nophilic to clear cells with vacuolated or bubbly cyto-
plasm, leading to the diagnosis of “metatypical AdCC.”
This term was introduced by Mathew et al.18 The authors
presented 3 cases of AdCC with unusual features, in-
cluding extensive squamous differentiation, macrocystic,
and trabecular growth patterns, while harboring MYB/
MYBL1:NFIB fusion transcripts.18 Weinreb et al19 sub-
sequently expanded the spectrum of metatypical mor-
phologies by including AdCC with foci of striking tubular
epithelial hypereosinophilia, present in both cases with
canonical and novel EWSR1:MYB and FUS:MYB fu-
sions. In our series, 3 of previously published cases with
noncanonical fusions (ACTN4:MYB, ACTB:MYB, and
ESRRG:DNM3) showed morphologies of metatypical
AdCCs.6 The tumors were composed of different archi-
tectural patterns including solid, tubular, micropapillary,
and cribriform with predominant component made
of monomorphic basaloid cells that showed peripheral

FIGURE 7. A, The cases of AdCC with NOTCH1/3 mutation were predominantly of solid growth focally with pseudocysts filled with
basophilic mucoid material. B, The solid areas showed comedonecrosis and were embedded in desmoplastic stroma with bone
invasion. C, Conventional cribriform or tubular patterns were less encountered. D, Ki-67 index was high in solid areas.
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palisading of the nuclei. A less frequent cellular population
was represented by groups of cells with pale eosinophilic to
vacuolated cytoplasm and extensive tubular hyper-
eosinophilia. In addition, we have observed metatypical
features, namely sebaceous foci, clusters of eosinophilic and
foamy cells, and extensive squamous metaplasia also in
AdCCs harboring the canonical MYB:NFIB fusion and
variable mutations including those in the NOTCH gene
family, BCOR, RUNX1, RIT1, and other genes.

Our cohort of primary sinonasal AdCCs included
31/88 (35%) cases (both with canonical and noncanonical
fusions) associated with growth patterns of SH and/or
ASGSH. These lesions, first recognized and described by
our group,31 lack the typical lobular arrangement of SH,
displaying an irregular and angled overall shape with
atypical and disorganised inner secretory epithelial cells
and outer myoepithelial cells. These lesions harbor both
canonical MYB/MYBL1:NFIB fusions and noncanonical
fusions. The possible precursor/neoplastic nature of
ASGSH was supported by various mutations revealed by
NGS in 5 cases, including BRAF Val600Glu (2 cases),

RET Arg912Trp (2 cases), and FAT1 Pro1665Leu (1
case).31 According to our recent observations, ASGSH
structures may also be associated with other sinonasal
malignancies, such as low-grade tubulopapillary ad-
enocarcinoma and a subset of sinonasal adenosquamous
carcinoma.33

Sinonasal AdCCs are particularly aggressive salivary
gland malignancies, mostly with poor clinical outcome
and no effective systemic therapy.8,12 Therefore, identify-
ing potentially targetable genetic alterations in AdCC is
crucial. Our findings confirm several observations from
previous AdCC whole exome sequencing studies. Somatic
mutations in NOTCH1, NOTCH2 and other Notch
pathway molecules have been reported previously in
AdCC.13,34–36 In our cohort, NOTCH1 was one of the
most commonly disrupted genes (in 14% of analyzable
cases). Notch signaling with its pleiotropic, context-de-
pendent effects on cell differentiation, survival, and
growth is disrupted in many human malignancies.37,38
NOTCH1 alterations can result in either tumor sup-
pression or oncogenesis, depending on the tumor

FIGURE 8. The metatypical changes were encountered in 2 AdCC with NOTCH mutations showing squamous cell differentiation
(A), tubular hypereosinophilia (B), focal sebaceous metaplasia (C), and foamy vacuolated cells (D).
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entity.39,40 Further characterization of Notch signaling
alterations in AdCC is warranted, particularly since it is a
potentially targetable pathway.41 Patients with such
aberrations might potentially benefit from anti-NOTCH
drugs, such as Brontictuzumab.41

Morphologically, all 3 NOTCH-mutated AdCCs in
our series revealed a prevailing solid/basaloid pattern with
a minor component of cribriform and tubular patterns.
These tumors were characterized by confluent solid sheets
of tumor cells with pronounced nuclear enlargement and
polymorphism, and high mitotic and Ki-67 indices, along
with perineural, intraneural and bone invasion, and
comedonecrosis. In addition to high-grade morphology,
metatypical features were noted in 2 AdCCs with NOTCH
mutations. They presented with unusual growth patterns,
including squamous differentiation, tubular epithelial hy-
pereosinophilia with luminal cell prominence and focal
sebaceous metaplasia. The clinical outcome of the 3
patients with NOTCH-mutated AdCCs was particularly
poor.

In our study, 19 cases displayed atypical morpho-
logic features consistent with metatypical AdCC, includ-
ing tubular epithelial hypereosinophilia, vacuolated clear
cells, and small clusters, cords and isolated tumor cells in
hyalinized extracellular matrix.18,19 Multiple foci of foamy
vacuolated eosinophilic cells within tumor nests composed
of basaloid neoplastic cells were present in 1 case. Similar
groups of vacuolated neoplastic cells were previously de-
scribed by Altemani et al,30 although their tumors were
not termed metatypical AdCC, as they called such cells
signet-ring cells. In our study, 3 of the 5 AdCCs with
metatypical morphology harbored noncanonical fusions
ESWR1:DNM3, EWSR1:MYB, or ACTN4:MYB, while
1 had the canonical MYB:NFIB fusion, and in 1 case no
fusion was detected. In addition, all 5 metatypical AdCCs
displayed multiple mutations in genes such as NOTCH3,
PTEN, CHD2, ARID1B, RB1, APC, CSF3R, SPEN,
NCOR1, KDM6A, BCOR, GATA3, or MET. The clinical
outcome of patients with metatypical AdCCs harboring
NOTCH and BCOR gene mutations was notably poor.

The clinical significance of mutations in several of
the genes identified in this study has not been previously
investigated in AdCC. We found mutations in SWI/SNF
complex genes, in particular in SMARCA4, ARID1A, and
PBRM1. The latter is known to be required for stability of
the SWI/SNF chromatin remodeling complex. The PI3K-
Akt pathway was represented by the PTEN gene, the
RAS/MAPK pathway by the RIT1 and NF1 genes, and
the Wnt signaling pathway by the CDH2 and CCD1
genes. However, none of the mutations observed in this
study had a high recurrence rate in our sinonasal AdCCs,
and consequently they do not appear to play essential
roles in the pathogenetic mechanism of AdCC. In con-
trast, it is likely that they have pathogenetic importance
for those rare patients whose tumors harbor them.

In conclusion, this study emphasizes the significance
of broad molecular profiling in expanding our under-
standing of AdCC. No morphologic differences were ob-
served between AdCCs with MYBL1:NFIB and MYB:

NFIB fusions. Mutations in the NOTCH genes were as-
sociated with high-grade and metatypical phenotypes, and
worse clinical outcome. Noncanonical fusions were pre-
dominantly associated with metatypical AdCC. These
discoveries illustrate how broad molecular profiling en-
ables correlating morphologic changes, genetic alterations,
and tumor behavior in AdCCs.
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