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CLINICAL MEDICINE The Journal of Clinical Investigation

Genetic hallmarks of recurrent/metastatic adenoid
cystic carcinoma

Allen S. Ho,"? Angelica Ochoa,?® Gowtham Jayakumaran,* Ahmet Zehir,* Cristina Valero Mayor,* Justin Tepe,® Vladimir Makarov,®
Martin G. Dalin,® Jie He,” Mark Bailey,” Meagan Montesion,” Jeffrey S. Ross,” Vincent A. Miller,” Lindsay Chan,’ Ian Ganly,®
Snjezana Dogan,* Nora Katabi,* Petros Tsipouras,® Patrick Ha,® Nishant Agrawal,™ David B. Solit,>*" P. Andrew Futreal,"

Adel K. El Naggar,” Jorge S. Reis-Filho,” Britta Weigelt,” Alan L. Ho," Nikolaus Schultz,*® Timothy A. Chan,5'>'¢

and Luc G.T. Morris®5'

'Department of Surgery and 2Samuel Oschin Comprehensive Cancer Institute, Cedars-Sinai Medical Center, Los Angeles, California, USA. *Marie-Josée and Henry R. Kravis Center for Molecular Oncology,
“Diagnostic Molecular Pathology, *Head and Neck Service, Department of Surgery, and *Human Oncology and Pathogenesis Program, Memorial Sloan Kettering Cancer Center (MSKCC), New York,

New York, USA. "Foundation Medicine, Cambridge, Massachusetts, USA. *Department of Genetics, Yale University School of Medicine, New Haven, Connecticut, USA. *Department of Otolaryngology-Head
and Neck Surgery, UCSF, San Francisco, California, USA. Department of Surgery, University of Chicago, Chicago, lllinais, USA. "Department of Genomic Medicine and Department of Pathology, University
of Texas MD Anderson Cancer Center (MDACC), Houston, Texas, USA. ®Experimental Pathology Service, MSKCC, New York, New York, USA. “Department of Medicine, ®Department of Radiation Oncology, and

**lImmunogenomics and Precision Oncology Platform, MSKCC, New York, New York, USA.

BACKGROUND. Adenoid cystic carcinoma (ACC) is a rare malignancy arising in salivary glands and other sites, characterized
by high rates of relapse and distant spread. Recurrent/metastatic (R/M) ACCs are generally incurable, due to a lack of
active systemic therapies. To improve outcomes, deeper understanding of genetic alterations and vulnerabilities in R/M
tumors is needed.

METHODS. An integrated genomic analysis of 1,045 ACCs (177 primary, 868 R/M) was performed to identify alterations
associated with advanced and metastatic tumors. Intratumoral genetic heterogeneity, germline mutations, and therapeutic
actionability were assessed.

RESULTS. Compared with primary tumors, R/M tumors were enriched for alterations in key Notch (NOTCH1, 26.3% vs. 8.5%;
NOTCH2, 4.6% vs. 2.3%; NOTCH3, 5.7% vs. 2.3%; NOTCH4, 3.6% vs. 0.6%) and chromatin-remodeling (KDM6A, 15.2% vs.
3.4%; KMT2C/MLL3, 14.3% vs. 4.0%; ARID1B, 14.1% vs. 4.0%) genes. TERT promoter mutations (13.1% of R/M cases) were
mutually exclusive with both NOTCHT mutations (g = 3.3 x 10~%) and MYB/MYBL1 fusions (g = 5.6 x 10-%), suggesting discrete,
alternative mechanisms of tumorigenesis. This network of alterations defined 4 distinct ACC subgroups: MYB*NOTCHT,
MYB*/other, MYBY'NOTCHT*, and MYBY'TERT". Despite low mutational load, we identified numerous samples with marked
intratumoral genetic heterogeneity, including branching evolution across multiregion sequencing.

CONCLUSION. These observations collectively redefine the molecular underpinnings of ACC progression and identify further
targets for precision therapies.
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Introduction

Adenoid cystic carcinoma (ACC) is a rare, often treatment-resis-
tant cancer with a high rate of metastatic spread. Predominantly
arising within salivary glands, ACCs may also originate in the tra-
chea, lung, breast, and other sites. ACC tumors are treated with
surgery and adjuvant radiation therapy (1), but most cases are
characterized by perineural invasion and distant spread that may
develop over years to decades. More than 50% of ACCs recur or
develop distant metastases over time. Relapsed tumors are gener-
ally incurable because no systemic agents to date have been found
to be effective. Therefore, overall prognosis has remained poor,
with long-term overall survival (OS) rates of 23%-40% (2).

Our knowledge to date of the molecular alterations underlying
ACC have been based on several small studies of mainly primary
tumors, which have revealed a relatively quiet genome (3, 4), with
prevalent alterations including MYB or MYBLI translocations
(28%-59%) (2, 5-7) and a long tail of less frequent mutations (8)
that may drive pathogenesis. Recurrent and/or metastatic (R/M)
ACC has not been well characterized, and it remains unknown
which molecular alterations drive its propensity for metastasis
(9). Further progress in the treatment of R/M ACC will require a
more comprehensive understanding of the molecular alterations
associated with aggressive tumor behavior. Here, we evaluate the
comparative genomic landscapes of primary versus R/M ACC in
1045 sequenced cases, a cohort size that approximates the annu-
al incidence of ACC in the United States (approximately 1200 per
year). In R/M ACCs, we identify distinct mutational enrichments,
patterns of intratumoral genetic heterogeneity, and pathogenic
germline alterations, which together reveal previously unrecog-
nized aspects of the “quiet” ACC genome. Taken together, our
findings help define a framework governing ACC progression and
guide next steps for clinical investigation.

Results

Mutational data were compiled in aggregate on 1045 ACC cases
(177 primary tumors in patients with localized disease and 868
cases with R/M disease) (Supplemental Figure 1 and Supplemen-
tal Table 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI128227DS1). Tumors were sequenced
with either whole-exome sequencing (WES), whole-genome
sequencing (WGS) (1 =193), or targeted next-generation sequenc-
ing (NGS) panels (n = 852). A total of 9012 genomic alterations
(1259 mutations + 1231 copy number alterations (CNAs) in pri-
mary ACC, 5905 mutations + 617 CNAs in R/M ACC) were iden-
tified. Head and neck salivary ACCs made up 89.8% of tumors,
with the remainder arising in the lung (6.8%) or breast (3.4%)
(Supplemental Figure 2). The overall profiles of salivary, lung,
and breast ACCs were similar (Supplemental Table 2); similarly,
no significant genomic differences were noted based on the loca-
tion of tumor (primary vs. metastatic site) sampled (Supplemental
Table 3). The tumor mutational burden (TMB) for cases profiled
with WES/WGS was 0.34 mutations/megabase.

Enriched genetic alterations in R/M ACC. We identified several
genes in which alterations were markedly enriched in R/M cases
compared with primary ACC cases (Figure 1A and Supplemental
Table 4). Mutations in NOTCH]I, a critical regulator of cell prolif-
eration and survival, were significantly increased in R/M com-
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pared with primary ACC (26.3% vs. 8.5%, OR 3.86, P < 0.0001)
(Figure 1B). Very few of the NOTCHI mutations appeared sub-
clonal based on variant allele frequencies (Supplemental Figure
3). Similar numerical, but nonstatistically significant, enrichments
were observed for other members of the Notch family with low-
er mutational prevalence: NOTCH2, 4.6% vs. 2.3%, OR 2.09, P =
0.17; NOTCH3,5.7% vs. 2.3%, OR 2.63, P= 0.067; NOTCH4, 3.6%
vs. 0.6%, OR 6.59, P = 0.067. In aggregate, 34.1% of R/M cases
harbored a mutation in these 4 genes (NOTCHI-4), while 39.6%
of R/M cases contained a mutation in the broader Notch pathway
(including SPEN and FBXW?7).

Compared with primary cases, R/M cases were also signifi-
cantly enriched for alterations in key chromatin-remodeling genes,
including KDM6A (15.2% vs. 3.4%, OR 5.12, P = 0.0001), MLL3/
KMT2C (14.3% vs. 4.0%, OR 4.06, P=0.0005), ARIDIB (14.1% vs.
4.0%, OR 4.00, P = 0.0006), ARIDIA (13.7% vs. 2.3%, OR 6.87,
P=0.0002), BCOR (13.3% vs. 1.7%, OR 8.92, P = 0.0002), MLL2/
KMT2D (12.8% vs. 4.5%, OR 3.10, P= 0.0027), and CREBBP (11.1%
vs. 4.5%, OR 2.63, P = 0.011). Other notable R/M enrichment was
seen in genes involved in DNA damage repair (ATM, 6.8% vs.1.7%,
OR 4.22, P=0.016) and tumor suppression (LRPIB, 6.8% vs. 1.1%,
OR 6.43, P = 0.010). When correcting for multiple hypothesis test-
ing, all comparisons except for those involving NOTCH2-4 had
Benjamini-Hochberg FDR of less than 0.10.

Since most R/M cases were sequenced at higher depth with
targeted NGS panels, we assessed the possibility that those muta-
tions enriched in R/M cases might have been mutations with low
variant allelic fraction (VAF), below the resolution of WES. None
of the mutations that were enriched in R/M cases had VAF of less
than 0.05 (a conservative detection threshold in 100x WES; refs.
10-13) in more than 5% of the cases, with the majority between
0% and 2% (Supplemental Table 5). To directly compare the sensi-
tivity of WES (at ~x100) to targeted NGS (at ~x600) for the detec-
tion of these enriched mutations, we downsampled the reads from
R/M cases sequenced on the xMSK-IMPACT platform to 100.
This minimally altered the resulting VAFs (Supplemental Figure
4), with average change in VAF of 0.011, and only 1 enriched muta-
tion (1/101, or 1%) was not detected at the downsampled depth
(Supplemental Table 6). Together, these analyses confirm that the
enriched rate of mutations in these genes in R/M cases is unlikely
to be an artifact of differences in sequencing depth.

Lollipop plots of key mutated genes are shown in Figure 2.
Of the 225 (26.3%) R/M samples with NOTCHI alterations, 337
distinct NOTCHI alterations were observed, with 221 (65.6%)
considered activating mutations found in hot-spot regions (het-
erodimerization-negative regulatory region and proline, glutamic
acid, serine, threonine-rich [PEST] domain). Overall, 159 unique
samples (18.3%) had activating NOTCHI mutations, indicating
the approximate proportion of R/M ACCs anticipated to have
an alteration targetable with Notch-directed therapies such as y
secretase inhibitors.

We investigated patterns of mutual exclusivity among muta-
tions in R/M tumors to examine governing patterns of interaction.
NOTCHI mutations were found to be mutually exclusive with
TERT promoter mutations well beyond what would be expected by
chance (OR 0.62, g = 3.3 x 10™) (Figure 3A). Conversely, NOTCH1
mutations cooccurred significantly with mutations in chromatin-
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Figure 1. Comparison of primary vs. R/M ACC genomic alterations. (A) Oncoprint of primary and R/M ACC. (B) Mutations in cancer genes that are enriched
in R/M ACC relative to primary tumors. Statistical comparisons are provided in Supplemental Table 4.

remodeling genes (KDM6A,OR1.20,9=3.2x107% ARIDIA, OR 1.15,
q=3.1x107 CREBBP, OR 1.35, g = 3.2 x 10°). Such findings suggest
potential cooperative synergy between NOTCHI and chromatin-
remodeling genes to mediate 1R/M phenotype, while cases with
altered TERT promoters represent a conspicuously distinct subset.
Of the R/M tumors with available data, 22.2% (129/581) had
MYB or MYBLI rearrangements (identified mainly with NGS
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encompassing MYB intron 14, or FISH for MYB or MYBLI rear-
rangement). The incidence of TERT promoter mutations was
significantly elevated in tumors lacking this fusion (OR 3.71, g =
5.6 x 107%), suggesting that TERT mutations represent an alter-
nate mechanism of ACC pathogenesis that is independent of the
hallmark MYB/MYBLI translocation. It is important to note that
many of the cases categorized as negative for MYB rearrangement
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Figure 2. Lollipop plots of mutations in key genes in R/M ACC. For NOTCH1 in particular, 337 distinct alterations were observed, with 221 (65.6%) found in

established hot-spot regions and considered activating mutations. Total nu

mber of alterations and incidence by gene are listed in Supplemental Table 4.

HD, heterodimerization negative regulatory region; JmjC, Jumoniji C; BAF250_C, SWI/SNF chromatin remodeling complex.

had only MYB intron 14 profiled and that cases with other rare
MYB breakpoints or MYBLI fusions may not have been identified.
However, we observed a similar anticorrelation of TERT promot-
er mutations and MYB/MYBLI fusions among the subset of cases
profiled with FISH (OR 4.60), supporting the mutual exclusivity
of these alterations.

These key alterations, involving MYB, NOTCHI, and
TERT, formed distinct molecular subgroups that accounted
for more than half (53.2%, or 305/573) of cases with available
data: MYB*NOTCHI*, MYB*/other, MYBV'TERT*, and MYB"'
NOTCHT*. These proposed molecular subgroups are illustrated in
Figure 3B and exhibited significant differences in OS (P < 0.0001)
(Figure 3C). In particular, MYBY"NOTCHI' and MYB*NOTCHI*
status conferred the worst prognosis. Again, we note that most

of the MYBWT cases are cases that lack rearrangements involving
MYB intron 14, which represents the vast majority, but not all,
MYB fusions. The remaining cases, described as triple-negative
(MYBYINOTCHIWT'TERT""), lacked these defining alterations.
However, chromatin-remodeling genes were commonly mutated
in these cases: 60.1% (160/266) of triple-negative cases harbored
at least 1 chromatin-remodeling alteration.

NOTCHI and KDM6A mutations are associated with poor prog-
nosis. Clinical data were available for the cohort of 84 R/M ACC
cases treated at MSKCC and sequenced using the MSK-IMPACT
assay, with median follow-up 8.1 years. NOTCHI-mutant cases
exhibited significantly poorer survival outcomes compared with
NOTCHI-WT cases (median OS 55.1 vs. 204.5 months, P = 1.10
x 10%). Among NOTCHI-mutant patients, activating NOTCHI-
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Figure 3. Distinct molecular ACC subgroups based on genetic alterations. (A) Volcano plot illustrating genes correlated or anticorrelated with NOTCH1
mutation in R/M ACC. NOTCHT1 alterations were found to be highly mutually exclusive with TERT promoter mutations and highly cooccurrent with chroma-
tin-remodeling pathway gene alterations (KDM6A, CREBB, ARID1A, EP300), where g represents the Benjamini-Hochberg FDR statistic. (B) R/M ACC sub-
groups based on mutually exclusive genetic alterations, including MYB*NOTCH*, MYB*/other, MYBYTTERT", and MYB"'NOTCH" divisions. Displayed cases
represent 53.2% (305/573) of R/M cases with available data. (C) 0S of R/M ACC subgroups. Triple-negative cases are defined as cases lacking alterations
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MYB*NOTCHT* (P = 5.42 x 107°), MYBYTNOTCHT* (P = 0.0269), MYB*/other (P = 0.414), MYB"TTERT* (P = 0.296).

mutant cases were associated with significantly poorer surviv-
al (median OS 31.1 vs. 73.8 months, P = 0.042). KDM6A-mutant
cases demonstrated similarly poor OS relative to KDM6A-WT
patients (median OS 48.5 vs. 169.3 months, P =1.32 x 107) (Figure
4). Alterations in MYB-NFIB (P = 0.87) or the TERT promoter (P =
0.12) did not appear to have any bearing on survival.

Actionable alterations beyond NOTCHI. The most common
alterations in ACCs are translocations involving MYB or MYBLI,
which are not currently targetable. Therefore, at present, the
majority of potentially actionable alterations in ACCs are tyrosine
kinases, with 346 (40.3%) R/M ACC tumors harboring mutations
in genes potentially targetable with available kinase inhibitors
(Figure 5A). However, clinical evidence that these targets are clin-
ically actionable remains investigational (14). Only 10.6% of alter-
ations in ACCs in this study had evidence of clinical activity with
currently approved or investigational drugs, based on annotation
of all mutations in the cohort using OncoKB (Figure 5B).

Because of the rarity of this tumor and its diverse profile
of molecular alterations, genomic profiling may be invaluable
in identifying specific mutations that can lead to clinical ben-
efit among patients being considered for targeted therapeutic

jci.org  Volume129  Number10  October 2019

approaches. In the MSK-IMPACT cohort (94 patients), 6 of 8
patients with PIK3CA hot-spot mutations were enrolled in phase
I basket trials investigating taselisib (a B-sparing PI3K inhibitor)
(ClinicalTrials.gov NCT01296555) or alpelisib (an a-specific PI3K
inhibitor) (ClinicalTrials.gov NCT01928459). Eligibility required
solid tumors with documented PIK3CA mutation and disease pro-
gression after at least 1 treatment regimen, with no other avail-
able regimens known to provide clinical benefit. In both trials, the
primary end point was tolerability and safety. After 2 months on
treatment, 5 of 6 (83.3%) enrolled patients had stable disease (SD)
and 1 (16.7%) patient had partial response (PR) by RECIST, ver-
sion 1.1, criteria (15). Five (83.3%) patients displayed tumor-vol-
ume reduction (mean 18.8%, range 4.8%-30.6%) while 4 patients
(66.7%) had clinical benefit defined as PR or SD lasting more than
6 months (clinical histories and imaging details are provided in
Figure 6). Examination of the mutational landscape of all 6 tumors
did not reveal clear genetic differences associated with response.
These data confirm that certain clinically actionable mutations in
ACC identifiable with genomic profiling may result in clinical ben-
efit for patients, although the proportion of ACC patients eligible
for such molecularly defined therapies is currently low.
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Intratumor genetic heterogeneity in ACC. In 58 ACC samples,
we had sufficient WES data available to infer intratumor genetic
heterogeneity (ITH), describing clonal and subclonal population
(SCP) structure using Fraction and Copy Number Estimate from
Tumor/normal Sequencing (FACETS) (16) and PyClone (17). Of
these samples, 34.5% had evidence of ITH, with 2 or more clusters
of mutationally defined SCP and a mean of 1.5 SCPs per tumor. Fur-
thermore, 6.9% contained 3 or more SCPs (Supplemental Figure 5
and Supplemental Table 7). This distribution of ITH is similar to that
observed in hormone receptor-positive breast cancers analyzed
with the same methodology (18). These analyses of clonality are
performed on bulk sequencing samples and would be expected to
lack sensitivity for small SCPs and geographic genetic heterogene-
ity, thereby likely underestimating the true degree of ITH in ACCs.

To examine genetic heterogeneity in greater depth, we stud-
ied several R/M ACC patients in whom we were able to analyze
sequencing data from more than one region and infer mutation
clonality using FACETS and PyClone. We performed multiregion
WES followed by deeper targeted validation sequencing on a clin-
ically aggressive salivary ACC (primary tumor specimen, 6 subre-
gions of the primary tumor, and 8 distinct lung metastases) (Sup-

plemental Figures 6 and 7). The MYB-NFIB fusion was confirmed
to be clonally present via FISH in all regions of the primary and
metastatic tumors (Supplemental Figure 8). A total of 16 validated
mutations were identified in the primary tumor, consistent with
typical somatic mutational load in ACCs (0.53 mutations/mega-
base). Deep sequencing via orthogonal targeted NGS, with mean
target coverage of x5406 in primary tumor lesions and x1556 in
metastatic lesions confirmed a total of 36 unique mutations across
all sites. There was marked genetic heterogeneity and evidence
for branching evolution, with only 7 of 36 mutations present in all
regions. Of note, 70% (18/26) of the mutations observed in met-
astatic sites were present in only 1-3 of the 6 subregions in the
primary tumor, and 4 mutations were not detected in any part of
the primary tumor (Figure 7A). Nonnegative matrix factorization
(NMF) of cancer cell fractions (CCFs) inferred by PyClone defined
3 distinct clusters, with primary tumor subregions 1, 2, and 4 most
closely related to metastases 5C, 5E, 5A, 4], and 4H. In contrast,
metastases 6D, 2B, and 4A appeared to be significantly divergent
(cluster 1) (Figure 7B and Supplemental Figure 9). These findings
suggest that certain geographic regions of tumor were more close-
ly related to certain metastatic sites, while other metastatic sites
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Figure 5. R/M ACC tumors that harbor gene mutations potentially targetable with available kinase inhibitors. (A) Oncoprint of R/M ACC genomic alter-
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Supplemental Table 1. (B) Incidence of ACC patients with potentially targetable alterations, derived from OncoKB database. Levels of evidence based upon
FDA labeling, NCCN guidelines, expert group recommendations, and biologic response in scientific literature. FMI, Foundation Medicine, Inc.

were yet more divergent from the primary tumor. Distinct validat-
ed mutations in this cluster would be considered subclonal and
included SF3BI1, XDH, LTF, and TMEM2, all of which have been
implicated in metastasis and poorer prognosis (19-22).

We also analyzed multiregion sequencing data from 2 cases of
breast ACC undergoing transformation to high-grade triple-nega-
tive breast cancer previously reported by Fusco et al. (23). In both
cases, the MYB-NFIB fusion was present and clonal throughout all
sampled regions, and in 1 case, a clonal NOTCHI mutation was
present in both regions, indicating the importance of these alter-
ations to tumorigenesis. Concurrently, distinct subclonal muta-
tions unique to high-grade regions were identified, supporting the
emergence of subclonal mutations associated with progression to
aggressive histology (Supplemental Figure 10).

These findings demonstrate that the “quiet” genome of ACCs,
with a low mutational load, belies a more genetically heteroge-
neous tumor, with subclonal mutations detectable in a subset
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(34.5%) of tumors sequenced in bulk at standard depth and evi-
dence of branching evolution across spatial regions within the pri-
mary tumor and during the development of metastases. In the 1
multiregion sequenced case, the number of mutations discernible
in bulk tumor sequencing (even at a very high depth of x5000)
represented less than half of the mutations observed in aggre-
gate across all tumor sites. All 3 studied cases, despite having the
canonical MYB-NFIB fusion (presumed to be the early, underpin-
ning driver of tumorigenesis), displayed clonal evolution involving
the acquisition and selection of recognized mutations that likely
in turn support disease progression. Such findings are consistent
with that of spatiotemporal mutational gain by Liu et al. (24) and
suggest that the propensity of ACCs to metastasize may be attrib-
utable to a surprising degree of tumor genetic heterogeneity, an
essential substrate for branching evolution in cancer.

ACCs harbor distinct pathogenic germline mutations. Germline
DNA was analyzed for 90 R/M ACC cases at MSKCC in an ano-
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Figure 6. Clinical response of representative metastatic ACC patients with tumors found

to have PIK3CA mutations who were enrolled in PI3K basket trials. Images represent axial
CT scans with volume reduction by RECIST criteria. (A) Baseline imaging of a 43-year-old
woman with a spleen metastasis. (B) PR after 2 months of treatment with 30.6% volume
reduction. (C) Baseline imaging of a 73-year-old woman with metastatic ACC in the left lung.
(D) SD after 2 months of treatment with 23.6% volume reduction. (E) Baseline imaging of a
58-year-old man with metastatic ACC in the left lung. (F) SD after 1 month of treatment with

25.0% volume reduction.

nymized fashion. A total of 38 pathogenic germline mutations
were identified, with a mean 0.42 pathogenic variants per sample
(Supplemental Table 8). Notably, 33 (36.7%) R/M samples were
observed to harbor at least 1 pathogenic germline mutation. The
vast majority comprised splicing mutations (94.7%), while frame-
shift insertions (5.3%) made up the remainder. Thirty-one muta-
tions (34.4%) were found to be potentially clinically actionable,
and 30 (33.3%) were high penetrance in nature. Twenty mutations
(22.2%) represented germline alterations in DNA-repair pathways;
specifically, 4 samples (4.4%) were found to harbor mutations in
BRCAI (c.5152+20T>A, ¢.5406+8T>C, ¢.5332+3A>G) or BRCA2
(c.9257-16T>C). Further allele-specific copy number analysis of
those cases with BRCA1/2 germline alterations showed no evi-
dence of a second hit, either mutation or loss of the second allele
(Supplemental Table 9). Further analysis will be needed to bet-
ter understand the penetrance of these germline alterations with
respect to salivary tissue.

CLINICAL MEDICINE

Also of interest, 15 (16.7%) patients harbored
MLHI or MSH6 germline mutations, with implica-
tions for microsatellite instability or deficient mis-
match repair. However, additional analyses with
MSISensor (25) found all cases to be microsatellite
stable (Supplemental Table 10), and none exhibit-
ed high mutational burden.

Discussion

The innate challenge in ACC management is
addressing its high propensity for relapse: no stan-
dard treatments exist for R/M disease, and cytotox-
ic chemotherapy has shown limited efficacy. This
treatment resistance is further compounded by
ACC'’s rarity and its unpredictable, heterogeneous
spectrum of disease virulence. Until now, clinical
and translational research in ACC has been limit-
ed by an incomplete understanding of the molec-
ular alterations associated with aggressive disease:
in a tumor with such a quiet genome, what factors
drive high rates of relapse and distant metastasis?
Here, we present a molecular analysis of the largest
cohort to date of R/M ACC and compare it with a
sizeable cohort of primary ACC, extending initial
observations and identifying relationships that may
help guide the next steps of clinical investigation.

We identified a number of mutations in cancer
genes that were enriched in R/M ACCs (Figure 1),
which belies the standard description of ACC as a
tumor with a quiet genome. Compared with prima-
ry ACC tumors, in which NOTCHI mutations are
uncommon, we observed evidence of strong selec-
tive pressure for NOTCHI mutations in R/M cases,
26.3% of which harbored this alteration (18.3% had
activating mutations). Similarly, multiple genes
involved in chromatin modification (KDM, MLL,
ARID family of genes) were enriched for mutation in
R/M cases (12.8%-15.2%).

NOTCHI has been studied as both an onco-
gene and tumor suppressor across numerous
tumor types, and dysregulation of its signaling pathway is
increasingly recognized as a driver for ACC pathogenesis. Acti-
vating NOTCHI mutations have been previously observed in one
cohort as associated with poor prognosis in ACC, including solid
histology, liver/bone metastasis, and decreased survival (8). We
similarly observed that activating NOTCHI mutations are asso-
ciated with poor prognosis (Figure 4) and, furthermore, identi-
fed alterations in other members of the Notch family (NOTCH2,
NOTCH3, NOTCH4) (3.6%-5.7%) as well as genes that acti-
vate the Notch-signaling pathway, including SPEN (6.7%) and
FBXW?7 (3.8%). Collectively, such findings solidify the Notch
pathway as a central mediator of ACC pathogenesis. Given the
augmented presence of Notch alterations in the R/M setting
and the association with poor prognosis, these mutations may
more specifically facilitate metastatic relapse or mediate disease
aggressiveness. The use of y secretase inhibitors, which prevent
cleavage and impede Notch activation, is therefore a promising
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Figure 7. Multiregion sequencing and clonality analysis in a single salivary ACC patient with subsequent lung metastases. (A) Mutation heatmap
demonstrating CCF for each mutation in each site. Primary tumor, 6 subspatial sites, and 8 distant lung metastatic lesions were biopsied and evaluated
via high-depth sequencing and orthogonal validation. (B) NMF analysis defines 3 distinct subgroups. Cluster 1 (metastases 6D, 2B, and 4A) diverges sig-
nificantly from clusters that comprise the primary tumor (bulk) or the tumor subspatial regions. Coph, cophenetic correlation coefficient.

therapeutic agent. The activity of these agents in Notch-mutant
ACCs is currently under active investigation (ClinicalTrials.gov
NCT03691207, NCT03422679, NCT01695005).

One possibility suggested by data in this cohort is that of
cooperativity between NOTCHI and chromatin-remodeling path-
ways, considered gatekeepers to cellular homeostasis and also
tumorigenesis (26). While mutations within this family have been
previously reported, the consistently higher rate of alterations
across multiple key genes (e.g., KDM6A, ARIDIA, ARIDIB, MLL2,
MLL3, BCOR, CREBBP, EP300) among our R/M cases suggests
a contributing role to ACC progression. CREBBP and EP300 in
particular are known coactivators of MYB, binding to its central
transactivation domain to modulate its function (27). Correla-
tive histone aceytyltransferases and demethylases are similarly
involved in recruiting NOTCHI transcriptional regulators during
the binding of the Notch transcriptional complex (NTC) with the
Notch intracellular domain (NICD) (28-30). We observed a strik-
ing cooccurrence between mutations in NOTCHI and a number of
chromatin-remodeling genes (Figure 3A). Cooccurrence between
2 alterations may imply possible biological synergy, whereby only
dysfunction in both genes may lead to cancer (31, 32). Itis also pos-

jci.org  Volume129  Number10  October 2019

sible that detection of such enriched cooccurrence would be great-
er in the R/M phenotype, having undergone selective pressure via
prior treatment. Regardless, such findings of chromatin regulator
dysfunction partnered with NOTCHI alterations in ACC suggest
that epigenetic mechanisms may promote progression via Notch
pathway manipulation. Notably, recent work describes Notch’s
dynamic interaction with epigenetic “pioneers” (upstream factors
that modulate repressed chromatin states), either as itself a pio-
neer or as a “settler” (a downstream factor that regulates elements
made accessible by other factors) (33).

Conversely, we observed NOTCHI and TERT promoter muta-
tions to occur in a highly mutually exclusive fashion (g=3.3 x10™*)
(Figure 3, A and B). Telomerase activity, largely inactive in normal
somatic cells, is reconstituted in a wide spectrum of malignancies
and enables cancer cells to evade senescence (34). It is interesting
that within the context of cancer, NOTCHI and TERT engage in
largely distinct biologic pathways. The enrichment of TERT pro-
moter mutations in R/M ACC cases, independent of NOTCH1
dysregulation, lends compelling support to the existence of a
unique TERT-driven subgroup that may benefit from distinct
treatment strategies (35).
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It is important to note that, although MYB/MYBLI1 alter-
ations are prevalent in R/M cases, we did not observe clear asso-
ciations among MYB status, R/M status, and survival (36). Yet
by integrating the above findings, we observed that a network of
alterations targeting MYB, NOTCHI, and TERT defines several
molecular subgroups that together account for the majority of
R/M ACC tumors: MYB*NOTCHI1*, MYB*/other, MYBV'TERT",
and MYBY'NOTCHI" (Figure 3, B and C). Broad therapeutic prog-
ress in treating R/M ACC will undoubtedly depend on efforts to
target each of these key genes.

In addition, more than 40% of R/M cases contained mutations
in tyrosine kinases, potentially targetable with clinically available
kinase inhibitors. However, only a fraction of these alterations have
clinical evidence supporting their use as biomarkers in cancer. One
phase II study of the multikinase inhibitor axitinib demonstrated
potential benefit for ACC patients with 4q12 amplification (37).
More recently, 2 phase II studies of the multikinase inhibitor lenva-
tinib in patients with R/M ACC reported an overall response rate of
16%-27% (38, 39), confirming that this approach has the potential
to demonstrate clinical benefitin ACC patients. These data suggest
that therapeutic approaches that are not directed by genomic data
may have limited benefit in tumors such as ACC and that predic-
tive biomarkers are needed to improve response rates.

Another factor driving ACC tumor progression is ITH, which
we found was more common than might be expected for a tumor
type that generally harbors so few mutations. ITH in cancers
results from the expansion of SCPs under selective pressure. More
broadly, ITH may be an indication of a tumor’s fitness for evolu-
tionary adaptation and at high levels associates with poorer sur-
vival across diverse cancer types (18). These later subclonal events
appear to occur independently of early or “trunk” alterations,
which may initiate pathogenesis but not propagate it. Despite a
quiet genome, evidence from these cases indicates that many pri-
mary ACCs nonetheless harbor SCPs that approximate this model
of evolution (24) and may drive progression (Supplemental Figure
5). Even in tumors sequenced in bulk at standard depth, there was
clear evidence of ITH in approximately one-third of cases, with a
distribution very similar to that observed in hormone receptor-
positive breast cancer (18).

The multiregion molecular portrait of the primary and meta-
static tumor samples from one patient captured over time further
illustrated this genomic evolution, where MYB-NFIB fusion was a
clonal event, yet subclonal events were associated with metastat-
ic spread. Deep sequencing and NMF clustering analysis depicted
1 cluster comprising exclusively metastatic lesions with distinct
mutations (SF3B1, XDH, LTF, TMEM?) that may promote metasta-
sis (Figure 7). SF3B1 mutations are well established in cancer, con-
tributing to alternative splicing and implicated in late metastasis in
uveal melanoma (19), while XDH mutations have been shown to
promote migration and invasion in hepatocellular carcinoma (20).
LTF mutations affect cell motility, while TMEM2 (also known as
CEMIP2) mutations appear to confer proinvasive and promigratory
potential: both genes are known to be associated with breast cancer
metastasis (21, 22). Collectively, such SCPs that drive relapse and
metastasis may illustrate why known players such as MYB them-
selves do not appear to confer poor prognosis (40, 41) or compre-
hensively explain ACC’s heterogeneous, protracted disease course.

CLINICAL MEDICINE

A final, previously unexplored aspect of ACC involves patho-
genic germline alterations. We focused our analysis on R/M
patients with tumor and matched normal tissue, employing a
targeted 76-gene panel that incorporates cancer susceptibility
targets. Such selective germline analysis has been suggested for
those tumor types with high predisposition, such as prostate cancer
(42), and universal germline testing has been proposed for certain
malignancies (43). Interestingly, nearly one-third of R/M ACC
patients in our study harbored a pathogenic germline variant. The
majority of these alterations would not have been detected through
standard genetics evaluation and testing based on current clinical
guidelines. While anonymization of our data precluded further cor-
relative analyses with clinical outcomes, such knowledge of these
additional mutations may further influence preventive or thera-
peutic decision making. We caution that only a subset (90 patients)
of the total cohort underwent germline sequencing and only in an
anonymized fashion. Moreover, to date, only one potentially famil-
ial case has been reported (44) in what is otherwise considered a
noninheritable malignancy, and the penetrance of these alterations
in salivary tissues is not known. Although 4 mutations in BRCA1/2
were identified, these appeared monoallelic and therefore have
unclear clinical relevance. These preliminary results require fur-
ther validation in additional data sets before recommending uni-
versal germline analysis in ACC patients.

A number of caveats limit the generalizability of our find-
ings. The lack of clinical data for many cases, including stage,
histology, type of metastasis, and survival outcomes, precluded
more detailed clinical analyses. Because ACC is an orphan dis-
ease, sequenced tumors were contributed by a number of institu-
tions and sequenced on different WES, WGS, and targeted NGS
platforms. Although our downsampling analysis confirmed that
sequencing depth did not seem to affect sensitivity of mutation
detection, we note that the presence of these different platforms
limited our ability to analyze certain features, such as TMB or
germline mutations in all tumors.

In addition, MYB/MLBI status, a known driver of ACC patho-
genesis, though not of prognosis, was not available for all patients.
As noted above, MYB rearrangements were primarily assessed on
the basis of breakpoints in intron 14 of MYB. While this would be
expected to capture the vast majority of MYB fusions involving NFIB
or other partners (5), it is now understood that most ACC tumors
overexpress MYB, even in the absence of MYB-NFIB fusions, either
through other fusion partners, MYBLI fusions, or other mecha-
nisms (41, 45, 46). Therefore, the cases categorized as MYB"" are
most accurately considered as negative for translocations involving
MYB intron 14, but some cases may overexpress MYB through other
means. MYBLI in particular was not assessed in NGS panels. Nev-
ertheless, we found that the degree of mutual exclusivity between
MYB/MYBLI and TERT promoter mutations remained unchanged
in those samples assessed for translocations more comprehensively
with FISH, indicating that profiling of intron 14 is likely to be rep-
resentative of interactions among the common alterations in ACC.
Ultimately, these observations synthesize the largest data set of
ACC to date, identifying molecular relationships and pathways to
better characterize and target an enigmatic, understudied cancer.

In summary, we identify key genomic drivers in a large-scale
R/M ACC analysis, highlighting enrichment in NOTCH signaling,
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chromatin-remodeling pathways, and TERT promoter mutations
among others that underlie ACC oncogenesis. We also demon-
strate compelling evidence of genetic evolution and intratumor-
al heterogeneity despite a quiet genome, which may facilitate the
metastatic relapse so commonly observed in ACC. Finally, we
identified pathogenic germline mutations in nearly one-third of
patients with available data. These alterations may be cooperative
or mutually exclusive, underscoring the value of multidimension-
al, coordinated profiling to advance our understanding of ACC
progression. Such insights into ACC’S genomic interplay should
help further steer rational therapeutic strategies and ultimately
improve patient outcomes.

Methods

We analyzed DNA-sequencing data from unpublished and published
cohorts of ACC tumors, in total 10 different data sets (177 primary,
858 R/M cases). Unpublished data sets included those from Sanger/
MD Anderson, MSKCC, MSK-IMPACT, and Foundation Medicine
(Supplemental Figure 1 and Supplemental Table 1). Published data
sets included those of Ho et al. (3), Stephens et al. (4), Martelotto
et al. (7), Rettig et al. (9), Mitani et al. (36), and Ross et al (47). For
unpublished and published cohorts, each case was verified histolog-
ically as ACC (3, 4, 7,9, 36, 47). Tumor tissue was either snap-frozen
or formalin-fixed, paraffin-embedded (FFPE), and cohorts included
sequencing data that were collected via WES, WGS, or targeted NGS
panels (Supplemental Table 1).

Mutation-analysis pipeline. In addition to published WES and WGS
data, 51 additional samples were subjected to WES. For 16 samples at
MSKCC, library preparation and sequencing were performed as pre-
viously described via an Illumina HiSeq sequencer using 2 x 125 bp
cycles (48). Matching between tumor and normal samples was con-
firmed via an in-house panel of 118 SNPs together with VerifyBamID
(49). Alignment to the hg19 genome build was performed using BWA,
version 0.7.10 (50). Insertion/deletion (indel) realignment, recali-
bration, and duplicate removal were performed using GATK, ver-
sion 3.2.2 (51). Four independent mutation programs were used to
identify single nucleotide variants (SNVs): MuTect; SomaticSniper,
version 1.0.4.2; Strelka, version 1; and VarScan, version 2.3.8 (52-55).
All potential SNVs and indels underwent orthogonal validation using
NimbleGen SeqCapEX target enrichment (Roche), with x500 and
x250 sequencing depth for tumor and normal DNA, respectively.
Allele-specific copy number data were acquired using OncoSNP-SEQ
(56). Significant amplifications/deletions and chromosome arm-level
alterations were determined using GISTIC 2.0 (57).

For 35 samples at MDACC, tumor and matched normal samples
underwent sequencing as previously described via unchained com-
binatorial probe anchor ligation chemistry with self-assembling DNA
nanoball arrays (24). Primary variant calls were made via Cancer Pipe-
line, version 2.2 (Complete Genomics). Calls were further assessed
by the Ingenuity Variant Analysis tool (QIAGEN) and filtered through
dbSNP, version 129 (58), the 1000 Genomes Project (59), the NHLBI
Exome Sequencing Project (60), and Public Genome Data from Com-
plete Genomics (http://www.completegenomics.com/public-data).
Targeted validation sequencing was performed using SureSelect tar-
get enrichment (Agilent Technologies) with a probe library designed
with 42,087 probes. Enriched target libraries were sequenced on the
Ilumina HiSeq platform with x600 median read depth and mapped
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to the hgl9 genome build using BWA. SNV validation was made with
GATK (51) and MuTect (52), with VAF of 5% or more in tumor and 5%
or less for normal.

Targeted sequencing cohort pipeline. A total of 94 R/M tumors from
patients undergoing treatment at MSKCC were analyzed via Memo-
rial Sloan Kettering-Integrated Mutation Profiling of Actionable Can-
cer Targets (MSK-IMPACT), a targeted NGS platform that sequences
DNA extracted from FFPE tumor samples and matched normal DNA
in an environment certified by the Clinical Laboratory Improvement
Amendments (CLIA) and approved by the New York State Department
of Health. Sequencing both tumor and matched normal DNA in all cas-
es, the assay identifies somatic alterations including SNVs, indels, and
structural variants in 410 or 468 genes functionally relevant to cancer
or clinically actionable targets and genome-wide copy number. Cap-
tured DNA libraries were sequenced to a median exon coverage depth
of greater than x600 using Illumina HiSeq platforms (61).

Additionally, 730 R/M cases were analyzed via Foundation Medi-
cine, a laboratory certified by CLIA, accredited by the College of Amer-
ican Pathologists (CAP), and approved by New York State, as described
previously (9, 62). Briefly, 50 ng DNA or more was extracted from FFPE
archival tissue containing 20% or greater tumor cell content. Adaptor-
ligated DNA underwent hybrid capture for the entire coding region of
selected cancer-related genes plus select introns from genes frequent-
ly rearranged in cancer (FoundationOne). Mutational prevalence was
adjusted for the gene composition of the FoundationOne panel used.
Captured libraries were sequenced to a median exon coverage depth of
more than 500x using Illumina HiSeq platforms. Resultant sequences
were analyzed for short variants (base substitutions, indels), copy num-
ber alterations (focal amplifications and homozygous deletions), and
select gene rearrangements using the hg19 reference genome (63).

OncoKB (64) was used to categorize missense SNVs as likely onco-
genic or of unknown significance. Missense mutations categorized as
variants of unknown significance (VUS) in the subset of sequenced
samples lacking matched normal DNA sequencing were additionally
filtered, including SNVs that were additionally annotated as potential-
ly functional by available databases. Specific parameters for inclusion
required one or more of the following annotations: likely oncogenic
(OncoKB; ref. 64), medium or high functional impact (MutationAsses-
sor; ref. 65), deleterious/deleterious_low _confidence (Sorting Intol-
erant from Tolerant [SIFT]; ref. 66), or possibly damaging/probably
damaging (PolyPhen?2; ref. 67).

Downsampling analysis. To ensure that R/M mutation data were
not enriched simply from deeper sequencing, MSK-IMPACT BAM
files for each of the samples were randomly downsampled using sam-
tools to generate 5 independent and distinct BAM files, each with an
average coverage of x100. The downsampled BAM files were then
genotyped using pileup (samtools) for mutations detected above the
same variant calling thresholds used on the original MSK-IMPACT
bam files. The results were tabulated and plotted as a comparison of
VAF between downsampled BAM files and the original IMPACT BAM
files (Supplemental Figure 4).

Intratumoral genetic heterogeneity. Using exome and copy number
data available from 58 ACCs, tumor purity and allele-specific copy
number segmented data were generated using FACETS, version 0.5
(16). This output, together with variant allele frequencies for somat-
ic mutations, was used to estimate cancer cell prevalence for each
somatic mutation in a given sample using PyClone, version 0.13.0
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(17). All samples harboring 5 or more mutations were included, and
intratumor heterogeneity was quantified as the number of genomi-
cally distinct clonal or SCPs in each sample, where an SCP represents
the outcome of a clonal expansion and is inferred from 2 or more
mutations with similar cellular prevalence using a Bayesian clustering
approach. A cluster was considered subclonal if the CCF upper CI was
greater than 95% (18). Additional qualitative assessment of NOTCHI
mutations across all cases was carried out by plotting a variant allelic
frequency (VAF) density histogram for those cases with diploid copy
number in the NOTCHI region.

Multiregion intratumoral heterogeneity in clinically aggressive ACC.
Clonal evolution was further investigated in a single adult salivary
ACC patient who developed multifocal distant lung metastases (over
90 distinct lesions) 4 years after definitive therapy (parotidectomy
with postoperative proton beam radiation). WES was performed on
the primary tumor and 8 distant metastases, with mean target cover-
age of x140 and SNVs called as described previously (3). Mutations
then underwent orthogonal validation via ultra-deep sequencing in
the primary tumor, 6 spatial subregions of the primary tumor, the 8
distant metastatic lesions, and matched normal DNA from peripheral
blood, via a custom targeted NGS AmpliSeq library on the Ion Torrent
PGM platform (68, 69). An Ion AmpliSeq custom panel was designed
with an Ion AmpliSeq Designer (Thermo Fisher) for 165 amplicons
targeting the regions of interest. After PicoGreen quantification and
quality control by Agilent TapeStation, 20 ng of DNA was used to pre-
pare libraries using the Ion AmpliSeq Library Kit 2.0 and Ion Xpress
Barcode Adapters 1-16 Kit according to the manufacturer’s protocols,
with 17 cycles of PCR and final extension of 6 minutes. Emulsion
PCR was carried out with the Ion OneTouch System and Ion Hi-Q
OT?2 Kit according to the manufacturer’s protocol. After the emulsion
PCR, template-positive Ion Sphere Particles were enriched with the
Dynabeads MyOne Streptavidin C1 Beads. Sequencing was then per-
formed with an Ion Torrent Personal Genome Machine (PGM) system
using the Ion PGM HiQ Sequencing Kit and Ion 318 Chip. Mean depth
of coverage was x5406.

Sequencing data were aligned using BWA and Picard/GATK
to mark duplicates, and HaplotypeCaller, version 2.3.9, was used to
annotate variants (51). The ultra-deep sequencing data, together with
FACETS, version 0.5 (16), was used to adjust for tumor purity and ploi-
dy, and CCF was determined using PyClone as described above (17).
All mutations with VAF greater than 0.01 and CCF less than 2% were
included. NMF clustering of CCF was performed in GenePattern (70).
Similar analyses of the 2 breast ACCs with high-grade triple-negative
transformation were performed on their published mutation calls and
copy number findings (23) using PyClone.

To assess the clonality of the MYB-NFIB translocation, FISH
was performed using a 3-color probe mix consisting of bacterial arti-
ficial chromosomes (BACs) for 5° MYB (RP11-614H6, RP11-104D9;
green), 3' MYB (RP11-323N12, RP11-1060C14; orange), and 3" NFIB
(RP11-413D24, RP11-589C16; red). Probe labeling, tissue processing,
hybridization, posthybridization washing, and fluorescence detection
were performed as previously described (3). FISH signals were imaged
through the depth of the tissue, and a minimum of 50 discrete nuclei
were analyzed within the marked regions.

Germline analysis. Data from MSK-IMPACT sequenced R/M
tumors were anonymized and underwent secondary germline analy-
sis. Germline analysis was performed on normal DNA from peripher-
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al blood and included 76 genes on the MSK-IMPACT panel associated
with hereditary cancer predisposition, including all cancer-predispos-
ing genes identified in the American College of Medical Genetics and
Genomics (ACMG) guidelines (71). The variant calling procedures were
modified for germline mutations (72) and included SNVs, indels, and
CNVs (large deletions/duplications). The ACMG scoring scheme (73)
was utilized for variant interpretation, where “pathogenic” (based on
PVS, PS, PV, and PP scores) variants were reported. All germline muta-
tions of established low-, moderate-, or high-risk (penetrance) were
considered clinically actionable for cancer prevention, as defined by
Mandelker et al. (42, 74). To evaluate for microsatellite instability, all
cases were additionally analyzed with MSISensor (25). MSI scores of
less than 3 were considered microsatellite stable, while MSI scores from
3-10 were considered indeterminate, and scores greater than 10 were
considered microsatellite unstable. In any cases indeterminate on MSI-
Sensor, further orthogonal analysis was performed using MiMSI (75),
a multiple instance machine-learning technique to analyze reads from
microsatellite sites. BRCA1/BRCA2 second-hit analysis was performed
via FACETS (16) by matching tumor and normal-sequencing files in an
anonymized fashion by a researcher unconnected with this study.

Therapeutic actionability and clinical levels of evidence. Each somat-
ic alteration in the 1045 ACC tumors was separately annotated using
OncoKB, a precision oncology database that annotates tumor alter-
ations by levels of clinical evidence supporting the use of that mutant
allele or other alteration as a predictive biomarker of drug sensitivity
to FDA-approved or investigational agents (64).

Statistics. Clinical, demographic, and pathologic information
was collected on all 94 MSKCC R/M ACC patients undergoing treat-
ment at MSKCC. Statistical analysis was performed using SAS 9.3
(SAS Institute). Estimated survival functions were generated via the
Kaplan-Meier method and compared with the log-rank test. All statis-
tical tests were 2 sided, and a P value of less than 0.05 was considered
statistically significant.

Study approval. Protocol approval for specimen collection and
DNA sequencing was obtained by each respective institution’s IRB.
Foundation Medicine received additional IRB approval, including
a waiver of informed consent and a HIPAA waiver of authorization,
from the Western IRB. The MSKCC IRB provided approval for the
analysis of MSKCC patient data as well as the analysis of deidenti-
fied data provided from other institutions, including a data transfer
agreement with Foundation Medicine. Written, informed consent was
obtained from participants prior to inclusion in the study.

Data availability. The complete genetic data from all cases will be
publicly available in cbioportal.org at the time of publication (http://
www.cbioportal.org/study/summary?id=acc_2019) (76, 77).
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