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Abstract

Background: Adenoid cystic carcinoma (ACC), an uncommon and indolent salivary gland malignancy, is characterized by
varied morphologic and clinical manifestations. Molecular genetic studies of ACC identified certain structural and mutational
alterations that may play a driver role in tumor development. The evolution and regional consistency of these events in ACC
development progression are uncertain.
Methods: To investigate the spatial and temporal clonal landscape of ACC, whole-genome sequencing and variant analyses
were performed on 34 regionally sampled primary tumors and their concurrent and metachronous metastatic deposits from
eight patients.
Results: The average mutation rate per case (primary and metastasis) was 0.32 per million base pairs, and the average
incidence of shared mutations in primary and metastatic specimens in each case was 21.9% (range ¼ 0%–44.4%). The
analyses revealed considerable spatial clonal differences within and between primary tumors and metastatic disease.
Phylogeny formation displayed branching evolution with a main trunk and two distinct mono-splits in all cases. One of the
main branches represented intratumor subclonal diversity, and the other delineated metastatic departure and progression.
All metastatic tumors shared clonal linkage to their matching primary in concordance with parallel dissemination of metas-
tasis. Synchronous metastases were genomically more similar to their primary than metachronous metastatic disease.
Truncal genetic alterations included somatic mutations in the NOTCH pathway genes (NOTCH1 and SPEN) and t(6;9)
associated gene fusions.
Conclusions: Our study delineated clonal and subclonal phylogeny for primary and metastatic ACC, defined early genetic
drivers, and provides a conceptual framework for a rational strategy to integrate heterogeneity in clinical assessment.

The ability to predict the clinical course of individual patients with
malignant solid tumors is a fundamental objective in cancer man-
agement. Achieving this goal is complicated by the diverse pheno-
typic features and variable clinical behaviors within and between
these cancers. Furthermore, recent genomic heterogeneity studies
have shown pervasive regional clonal and subclonal diversities

within primary solid malignancies. Importantly, these confounding
manifestations have been linked to poor outcome and therapeutic
failure of cancer patients (1–3). Assessing intra- and intergenomic
heterogeneity, therefore, is central to efforts to identify and vali-
date key genetic targets for prognostication and therapeutic strati-
fication of patients with solid malignancies.
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Adenoid cystic carcinoma (ACC), in contrast to more common
carcinomas, is distinguished by a spectrum of overlapping mor-
phologic forms and indolent unpredictable clinical behaviors (4).
The majority of ACC patients present with fully detectable tu-
mors and undergo complete excision with or without postopera-
tive radiotherapy (5). Approximately 40% of ACC patients
experience progressive disease to which no effective therapy is
available (6,7). Due largely to the lack of preneoplastic stage and
progression models, information on key molecular events associ-
ated with early development and progression of ACC is unknown.
Concerted efforts to identify novel molecular targets for effective
and sustained therapy of these patients are being mounted.

Recent molecular studies of ACCs show a comparatively sta-
ble genome, with recurrent t(6:9) and t(8;9) translocations re-
sulting in MYB-NFIB and MYBL1-NFIB gene fusions in more than
60% of tumors (8–14). The evolution and consistency of these ge-
netic findings within and between primary tumor mass and
metastatic deposits can only be achieved through structured
spatial and temporal tumor tissue sampling. To accomplish this
objective, we implemented a prospective regional acquisition of
spatial primary tumor samples and monitored patients for re-
currences. A search of our tissue database identified eight pa-
tients with regionally sampled primary tumors with concurrent
and late metastatic specimens.

Using whole-genome sequencing, we studied a unique set of
42 specimens (34 tumors and eight normal) to assess the subclo-
nal architecture and evolution of primary and metastatic ACC.

Methods

Patients and Samples

Eight adenoid cystic carcinomas from an equal number of pa-
tients with structured multiregion specimens obtained from
each primary tumor and synchronous and/or metachronous
metastatic deposits were retrieved from our tissue bank and
formed the materials for this study (Figure 1A and Table 1).
Frozen section and touch preparation was performed on each
specimen, and tumor cells composed 75% to 90% of specimens
used for analysis. All specimens used were obtained from pa-
tients who consented to an institutional research board proto-
col. Nine random samples from the eight cases were used in our
previous studies (8,14).

Whole-Genome Sequencing and Variant Detection

Details of whole-genome sequencing and variant processing
have been deposited in Ingenuity Variant Analysis (see the
Supplementary Methods, available online).

Phylogenetic Trees and Biological Pathway Analysis

See the Supplementary Methods (available online) for details of
phylogenetic trees, dendrogram construction, candidate driver
mutations, and biological pathway analyses.

MYB Expression

MYB protein expression was determined by immunohisochemistry
using monoclonal anti-MYB antibody (Abcam, Cambridge,
UK; ab45150, 1:25 dilution) in all cases using different primary tu-
mor blocks. MYB full-length and truncated transcripts were

assessed by reverse transcription polymerase chain reaction and
3’RACE following our previous report (9) on all five cases with t(6;9)
translocation (see the Supplementary Methods, available online).

Statistical Analysis

The two-sided and two-sample unequal variance settings of the
t test were utilized for evaluation of unique mutations in syn-
chronous and metachronous metastasis. Statistical significance
was defined at a P value of less than .05.

Results

Clinicopathologic Characteristic and Whole-Genome
Sequencing of ACCs

Table 1 and Supplementary Figure 1 (available online) present
the clinicopathologic, molecular, and genomic characteristics of
patients with ACC included in the study. Whole-genome se-
quencing was performed on 42 samples from eight patients (23
spatially distinct primary tumor specimens, 11 synchronous
and metachronous metastatic lesions, and eight matching his-
tologically normal salivary tissue samples). In our analyses,
90.8% of the coding regions and 83.2% of the whole genome
were interrogated at 40� or greater sequencing median cover-
age in both tumors and normal.

Identification of Somatic Mutations

Somatic mutation calls ranged from 51 175 to 84 107 variants per
sample in both primary and metastatic specimens
(Supplementary Figure 2, available online). Mutations of single
nucleotide variants (SNVs) were commonly C/G > T/A substitu-
tions (Supplementary Figure 3A, available online). Validation of
17 376 alterations (SNVs and Indels) was performed using Agilent
targeted sequencing at 600� coverage, and mutations were called
by GATK and Mutect pipeline (Supplementary Methods, available
online). Further annotation-related filtering of potentially func-
tional variants (codons, splice sites, untranslated regions (UTRs),
and other noncoding regions) yielded a total of 306 somatic muta-
tions (approximately 1.4% of targeted alterations) (Supplementary
Figure 3B and Supplementary Table 3, available online).

The number of mutations per million base pairs for each
sample was 0.24 (Supplementary Figure 4A, available online). A
combined mutation of all samples in a given case was 0.32 per
million base pairs. Our findings show that ACC as an entity falls
within the low–mutation burden tumors (3,14), including differ-
entiated thyroid carcinoma and carcinoid and small round cell
tumors (Ewing’s sarcoma, neuroblastoma, medulloblastoma)
(3). We estimated that one random sample of a tumor identifies
on average 42.2% of the total verified mutations while three
samples cover 82.9% of the mutations (Supplementary Figure
4B, available online). Moreover, interpatient comparison
showed an average of less than 1.0% of the mutations to be
shared by tumors of all patients.

Heterogeneity of Somatic Mutations

We then assessed intra- (primary) and intertumor (primary/me-
tastasis) heterogeneity of specimens from all eight patients us-
ing the 306 validated mutations. The average incidence of
shared mutations of combined primary and metastatic
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Figure 1. The tissue sampling and genomic clustering of adenoid cystic carcinoma (ACC) cases. A) The left panel represents one of the examples for specimens’ collec-

tion in case 2. The right panel shows our study design to characterize the intratumor heterogeneity in ACC. Multiple spatially separated specimens were obtained from

resected ACC (1–4), adjacent normal tissue (N), synchronous (SN), and/or metachronous (MT) metastatic regions. Each specimen was approximately 0.3 to 0.5 g.

B) Cluster dendrogram of the mutations for all 34 tissues from eight patients. The “huclust” function in R statistical programming language was utilized with complete

linkage method to generate hierarchical clustering based on Euclidean distance. All samples from individual cases were clustered together except the metastasis from

case 2. *Only three mutations were detected in this specimen. Of these three mutations, one (chr21 9826422 G>C) was also found in all primary specimens from case 8,

leading to its displacement (see Supplementary Table 3, available online).
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specimens of a patient was 21.9% (range¼ 0%–44.4%) (see
Supplementary Figure 5, available online). Figure 1B presents
the cluster analysis of interpatient mutational spectrum. The
dendrogram shows distinctive clustering of specimens from
each patient (C1–C8) except for one metastatic specimen of pa-
tient 2; this may most likely reflect an earlier metastatic seeding
from primary tumor prior to subclonal split (see Figure 2, case 2).

Phylogeny of Tumor Evolution and Progression

To delineate the clonal and subclonal evolutionary architecture
of ACC, phylogeny of intraregional subclones was generated by
validated mutations for each patient (Figure 2). In addition to
previously delineated subgroups, we characterized an addi-
tional set of mutations to be shared by one peripheral limb of a
primary and metastasis but not in all specimens, and these
were labeled “partial.” All specimens from primary and meta-
static lesions of a given patient showed consistent main truncal
stem of variable length followed by limbal bifurcation.
We considered the main trunk length to reflect the timing of

subclonal progression prior to phyletic splits of primary subclo-
nal diversity and metastasis. Interestingly, the data show evi-
dence for regional dominance within certain primary tumors.
As demonstrated in cases 1, 5, 7, and 8, only one region showed
considerably higher mutation rate than other regions of the
same tumor (P2 in case 1, P4 in case 5, P2 in case 7, and P1 in
case 8). These findings suggest that intratumoral variations
may occur in response to host loco-regional dynamics.

Interestingly, all synchronous metastases had a low number
of unique mutations in comparison with metachronous metas-
tasis within and between patients. Metachronous metastases
were also associated with clear evidence for subclonal acquisi-
tion with progression. As an example, in patients 4, 6, 7, and 8
(M2 specimen), the ratios of unique mutations in metastasis in
relation to corresponding primary tumors per specimen were
1.9:1, 0.57:1, 2.5:1, 0.58:1, and 1:1, respectively, while those of
synchronous metastasis in patients 1, 2, 3, and 8 (M1 specimen)
were statistically significantly lower (0.12:1, 0.05:1, 0.15:1 and
0.42:1; P ¼ .04, two-sided t test), implying early seeding of the
latter (Figure 2). Although ontogenetic linkage is found between
metastatic deposits (green line in cases 4, 6, and 8), all

Table 1. Clinico-pathologic and genome sequencing coverage information of 8 patients with adenoid cystic carcinomas in the study

Patient Age Sex ID Tumor type Site Pattern Size Met, (y)

Coverage (>40�)

Genome, % Coding, %

1 45 F C1p1 Primary_1* Pharynx SþT 3.5 – 81.6 88.8
C1p2 Primary_2
C1p3 Primary_3
C1m1 Metastasis_1* LN SþT 1.7 SN

2 42 M C2p1 Primary_1 Parotid SþCþT 3.8 – 85.6 92.7
C2p2 Primary_2
C2p3 Primary_3
C2m1 Metastasis_1 LN S 0.5 SN

3 67 M C3p1 Primary_1 Maxilla SþT 3.5 – 82.5 90.6
C3p2 Primary_2
C3p3 Primary_3
C3p4 Primary_4*
C3m1 Metastasis_1 LN SþT 1 MT (1)

4 47 M C4p1 Primary_1* Parotid CþT 5.5 – 83.6 91.2
C4m1 Metastasis_1 Lung C 1.7 MT (10)
C4m2 Metastasis_2

5 43 M C5p1 Primary_1* Parotid SþCþT 3.5 – 83.7 90.7
C5p2 Primary_2*
C5p3 Primary_3
C5p4 Primary_4
C5m1 Metastasis_1 LN SþC 1.4 MT (6)

6 36 M C6p1 Primary_1 Orbital S 2 – 82.4 91.1
C6p2 Primary_2
C6p3 Primary_3
C6m1 Metastasis_1 Scalp S 1.1 MT (3)
C6m2 Metastasis_2

7 60 M C7p1 Primary_1* FOM CþT 4 – 83.6 90.4
C7p2 Primary_2
C7p3 Primary_3*
C7m1 Metastasis_1 Lung C 1.3 MT (1)

8 58 M C8p1 Primary_1 Sub-m CþT N/A – 82.2 90.8
C8p2 Primary_2
C8m1 Metastasis_1 LN CþT 0.7 SN
C8m2 Metastasis_2* Lung CþT 1.7 MT (5)

*Specimens previously used in other publications (see Supplementary Table 1, available online) (14,41). C ¼ cribriform; FOM ¼ floor of mouth; LN ¼ lymph node pattern;

M ¼metastases; MT ¼ metachronous; S ¼ solid; SN ¼ synchronous; Sub-m ¼ submandibular gland; T ¼ tubular. (y) indicates the years after diagnosis of the primary
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metastases were traced to either the main stem and/or to one of
the branches of their primary consistent with parallel
dissemination.

Frequently Mutated Genes and Pathways

The 306 validated mutations by targeted sequencing were used
to identify driver and important genes. This resulted in 78
unique nonsynonymous mutations in the coding regions of 73
genes (Supplementary Table 4, available online). Of these 78
mutations, 21 were nonsense, 49 were missense, and eight were

splicing mutations. Fifty mutations in 47 genes were found in
multiple samples (Figure 3), and 28 mutations were detected in
only one sample. NOTCH1 gene mutations were identified
in three different patients and comprised of a stop codon with
G > T substitution (c.7400C>A, p.S2467X in patients 2 and 3) and
a different frameshift mutation (c.7432_7433dupGC, p.A2478fs
in patient 6). All NOTCH1 mutations were located in the proline–
glutamic acid–serine–threonine (PEST) domain, as in T-ALL (15).
Sequencing data also provided variant allele frequency (VAF) of
gene mutations that support clonal enrichment and progres-
sion. VAF values at 96.0% and 97.2% (see Supplementary
Table 5, available online) were observed for the stop mutations

CYLD 

NOTCH1, JAG1 
SMARCA4 

NOTCH1 
CREBBP, SPEN 

NFIB-PTPRD 
NKAIN2-NFIB 

SPEN 
FGFR2 

NFIB-AIG1 
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THRA 

MYB-NFIB (MT)  

(SN)  

(MT)  
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MYBL1-YTHDF3 
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Figure 2. The phylogenetic tree of somatic mutations for 34 tumor tissues (and eight normal tissues) from eight adenoid cystic carcinoma (ACC) cases. Ubiquitous mu-

tations (blue): The mutations can be found in all regions of the primary tissue and metastatic tissue(s). Partial mutations (dotted blue): The mutations can be found in

at least one region of the primary tissue and at least one metastatic tissue. Primary shared mutations (yellow): The mutations can be found in all regions of the primary

tissues only, and (dotted yellow) more than one region of the primary tissue but not all. Metastatic shared mutations (green): The mutations can found in all metastatic

tissue(s), but not in any region of primary tissues. Primary private mutations (black): The mutations can only be found in only one region of the primary tissue.

Metastatic private mutations (red): The notations can only be found in only one metastatic tissue. MT ¼metachronous; SN ¼ synchronous.
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Figure 3. Genes with somatic mutations and t(6:9) chromosome translocations from adenoid cystic carcinoma patients. *Cases 4 and 5 have unique t(6;9)-related gene

fusions (see Table 1). FISH ¼ fluorescence in situ hybridization; WGS ¼ whole-genome sequencing. MYB-NFIB and MYBL1-YTHDF3 gene fusions were identified by

both WGS and RT-PCR.
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of NOTCH1 in patients 2 and 3. The mutations of SPEN show the
VAF values at 74.5% and 81.3%. The VAFs indicate that clones
with NOTCH1 and SPEN mutations occurred relatively early in
tumor development. Unique metastatic mutations of the gene
ACVR2A were shared in two metastatic samples from patient 4
with VAF values at 53.1% and 33.3%. Another mutation of gene
POLD1 with a VAF at 54.5% existed only in one of the two meta-
static samples. Although low-frequency mutations may have
been missed due to the relatively low coverage, the result
implies the heterogeneous development of metastatic clones
during the metastasis progression.

To determine potential pathways associated with these muta-
tions, we employed the Database for Annotation, Visualization,
and Integrated Discovery tool. Mutations in members of the
NOTCH signaling pathway included NOTCH1 (three patients),
SPEN (two patients), CREB binding protein (CREBBP; one patient),
THRA (one patient), and JAG1 (one patient) in five of eight patients
(Supplementary Figure 6, available online). SPEN mutations con-
sisted of frameshift (c.3663_3664delCT, p.D1221fs) and stop
(c.4207C>T, p.R1403X) mutations, and the THRA gene had a mis-
sense mutation (c.1162C>T, p.R388W). Both genes are inhibitors
of the NOTCH signaling pathway (16,17). The CREBBP mutation
(c.3498T>G, p.Y1166X) consisted of a stop codon, and the JAG1
gene, a member of the NOTCH pathway, had a truncating frame-
shift (c.3290_3303delGCTGCCCGGCTTCC, p.R1097fs) mutation. In
two patients (2 and 3), mutations of multiple members of the
NOTCH1 signaling pathway were found.

Structural Chromosomal Alterations

We then focused on the status of the t(6;9) chromosomal trans-
locations and related fusion genes identified in ACC. Integrated
analyses of all eight patients identified 29 chromosomal trans-
locations (Supplementary Table 1, available online).
Fluorescence in situ hybridization analyses, using MYB and NFIB
probes, identified t(6;9) translocations in five patients (Table 1;

Supplementary Figure 7, available online): Whole-genome se-
quencing identified the t(6:9) in only three of these patients
(Supplementary Table 2, available online). In patient 7, who was
positive for t(6;9), the MYB-NFIB fusion was identified, along
with a fusion between the KIAA1244 gene (6q) and the FOCAD
gene on chromosome 9p. Interestingly, the latter fusion was
identified in all primary and metastatic specimens of this case.
In patient 5, fusion between the NFIB and the AIG1 genes was
detected in all primary and metastatic specimens. In patient 4,
rearrangements and fusion of NFIB with both PTPRD (intrachro-
mosomal) and NKAIN2 were found. Additionally, MYBL1-
YTHDF3 was identified in all primary tumors and synchronous
metastatic tumors in patient 8. Collectively, these findings and
those reported previously (10–12) indicate a substantial com-
plexity of the structural rearrangements associated with chro-
mosome 6q, 8q, and 9p regions in ACC.

MYB Expression

High MYB protein expression was found in all primary tumors
with t(6;9) translocation–positive cases (patients 2, 4, 5, 6, and 7)
(Figure 3; Supplementary Figure 7, available online). The re-
maining three cases with no t(6;9) showed no MYB expression.
Trancated MYB transcript was only detected in case 7 with
MYB-NFIB translocation. While full-length MYB transcript was
found in all four t(6;9) tumors without any MYB-NFIB formation.

Discussion

Inherent to the spatial and metastatic progression of malignant
solid tumors is the emergence of regional clonal heterogeneity
and functional polarization that complicate patients’ prognosti-
cation and therapeutic response. Systematic analysis of this in-
nate phenomenon, however, has been constrained by the lack
of structured sampling of tumors in a space and time. In this

SN

Distant disease

Model for ACC progression

ED

ED

LD

LD

PS

MT

EP
DP

Figure 4. Schematic presentation of proposed intratumoral heterogeneity and metastatic dissemination in adenoid cystic carcinoma. The solid arrow indicates the

truncal mutations during primary development. The dotted arrow with label PS indicates intra-heterogeneity in primary tumor. The dotted arrows with labels ED and

LD indicate synchronous and metachronous metastasis. DP ¼ detectable primary; ED ¼ early dissemination; EP ¼ early primary; LD ¼ late dissemination; MT ¼meta-

chronous met; PS ¼ partially shared; SN ¼ synchronous met.
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study, we report considerable spatial, temporal, and interpa-
tient genomic heterogeneity in salivary ACC consistent with the
physiognomic and clonal compartmentalization reported in
other solid malignancies (18–21). Although the extent of intratu-
moral heterogeneity observed was relatively lower than those
of high-grade epithelial carcinomas (8,10), a single random pri-
mary tumor sample underrepresented the subclonal diversity
in a given primary ACC by at least 42.2%. We also noted a subre-
gional clonal overgrowth within certain primary tumors, regard-
less of the histologic patterns, suggesting a directional response
to variable local factors (vascular, nutritional, and immune re-
sponse) (22). Locating these regions through imaging modalities
may lead to better selection of specimens for genomic analysis.
Together, these findings clearly indicate a progressive subclonal
development and diversion within primary tumors requiring a
sampling strategy for reliable genomic representation.

Phylogeny of the clonal data shows consistent branching
evolution of primary tumor mass and metastatic dissemination
of ACC. Here we propose the ACC progression model shown in
Figure 4. Invariably, an early truncal formation followed by
main limbal bifurcations representing intratumoral subclonal
diversity and metastatic dissemination emerged. Metastatic
phylogeny evolved at varying temporal stages of tumor progres-
sion for both synchronous and metachronous lesions.
Interestingly, synchronous metastases appear to evolve early
and to manifest close genomic resemblance to primary tumors.
Paradoxically, metachronous metastasis manifested substantial
subclonal differences from primary tumors (23), suggesting that
dormancy and temporal adaptation to different host environ-
ments contribute to the emergence of new subclones in distant
metastasis. These findings, together with the considerable in-
tratumoral regional differences, underscore the need for a ratio-
nal sampling strategy for clinical management. Moreover, we
provide phylogenetic evidence that both synchronous and
metachronous metastases are derived from an ancestral pri-
mary source (24) consistent with parallel dissemination. Our
findings are in concordance with those of pancreatic carcino-
mas (24) and at variance with the metastatic cascade reported
in brain tumors (25). We contend, therefore, that evidence of
metastatic cascade (metastasis to metastasis) can only be sup-
ported by the lack of clonal association to primary tumors after
comprehensive regional intratumoral sampling analysis
(23,25,26).

An important aspect of our study is the delineation of multi-
ple key mutations and gene rearrangements associated with
ACC tumorigenesis. The finding of these truncal events is con-
sistent with similar results by others and supports an early and/
or an initiating tumorigenic role for these events in primary tu-
mor development and metastatic progression. These alterations
are comprised of somatic gene mutations in NOTCH1, CYLD,
KDM6A, SMARCA4, CREBBP, SPEN, and FGFR2 (2,14).
Interestingly, mutations of the NOTCH1 pathway genes were lo-
cated in the trunks of four of eight primary tumors and in the
branches of an additional tumor. These mutations were clus-
tered at the hinge and the REST domains of the intracellular
segment of the NOTCH1 gene, consistent with the activating
mutations seen in T-ALL (27–30). Our findings, in contrast to
studies of head and neck squamous and lung carcinomas
(31,32), suggest that c-secretase inhibitors may also be effective
in treating a subset of ACC patients with NOTCH1 mutations
(27,33,34). A a recent functional and clinical study of NOTCH1 by
our group, which included some of the current tumors, high-
lighted the clinical relevance of this driver mutation (35).
Additionally, mutation of the SPEN gene, a member of the

NOTCH pathway and a known histone modification gene (15),
further supports the role of the NOTCH pathway in ACC. The
finding of a CYLD gene mutation in the trunk of an ACC is also
of interest in view of the close similarity of ACC to basaloid der-
mal and salivary tumors and suggests a possible association of
this gene in a subset of tumors (36,37). Similarly, FGFR2 gene
mutations could be of interest if further verified as a target for
therapy (37–39).

Notably, the analysis confirmed the presence of the MYB-
NFIB fusions and identified novel fusion resulting from different
t(6;9) translocation and additional fusions involving the NFIB
gene with different gene partners. The etiologic and functional
implications of these novel fusions are currently uncertain.
Importantly, however, the truncal location of the t(6;9) transloca-
tion in three cases sustains an early tumorigenic role for this
event in a subset of ACC. Interestingly, we only detected trun-
cated MYB transcripts in tumors with MYB-NFIB fusion but not in
t(6;9) translocation tumors with intact MYB, suggesting a differ-
ential biological function. It remains unclear, however, whether
full-length and/or truncated MYB impart similar or different bio-
logical roles in ACC progression. We, however, contend that
truncated MYB may play a role in a subset of ACC tumorigenesis
because high intact MYB can be found in both ACC lacking MYB
fusion and other salivary tumors with basaloid features (data
not shown). Collectively, these findings indicate that fusions re-
sulting from t(6;9) translocation and/or NOTCH pathway alter-
ations constitute an early/primary event in a subset of ACC.

In this study, however, the limited size and accessibility to
critical samples precluded the discussion of other relevant het-
erogeneity issues. As an example, the lack of small tumors for
sampling did not allow for assessing the emergence of intratu-
moral evolution in relation to metastatic dissemination. The
study also could have benefited from the availability of meta-
static specimens from different organs to evaluate the effects of
homing, dormancy, and organ contextual milieu on clonal evo-
lution and pattern of dissemination. Similarly, the lack of sam-
ples from multiple concurrent metastases precluded kinetic
analysis of the timing and emergence of metastatic dissemina-
tion. Additional genomic correlation of distinct regions repre-
senting variable morphologic patterns within primary and
metastasis deposits would have shed some light on the under-
lying genomic events associated with morphologic manifesta-
tion. Higher depth of coverage would have also allowed for the
assessment of the extent of rare private mutation that may
have evaded detection in our analysis.

In conclusion, our data show considerable spatial, temporal,
and interpatient clonal differences and evidence for parallel
concurrent and metachronous metastatic disseminations. The
data also support a varied timing of metastatic spread relative
to primary tumor development, with progressive mutational ac-
quisition during dormancy and adaptation at distant organ
sites. The distribution of driver mutations and the evolution of
dominant clones as potential therapeutic targets warrant con-
sideration for sequential sampling of ACC patients in the con-
text of clinical trials (22,23,32,33,40).
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