
Integrated genomic analyses reveal frequent TERT
aberrations in acral melanoma

Winnie S. Liang,1 William Hendricks,1 Jeffrey Kiefer,1 Jessica Schmidt,2 Shobana Sekar,1

John Carpten,1 David W. Craig,1 Jonathan Adkins,1 Lori Cuyugan,1 Zarko Manojlovic,1

Rebecca F. Halperin,1 Adrienne Helland,1 Sara Nasser,1 Christophe Legendre,1

Laurence H. Hurley,3 Karthigayini Sivaprakasam,1 Douglas B. Johnson,4 Holly Crandall,4

Klaus J. Busam,5 Victoria Zismann,1 Valerie Deluca,1 Jeeyun Lee,6 Aleksandar Sekulic,1,2

Charlotte E. Ariyan,5,8 Jeffrey Sosman,7,8 and Jeffrey Trent1,8
1Translational Genomics Research Institute, Phoenix, Arizona 85004, USA; 2Mayo Clinic, Scottsdale, Arizona 85259, USA;
3University of Arizona, College of Pharmacy, Tucson, Arizona 85721, USA; 4Vanderbilt University Medical Center, Nashville,
Tennessee 37232, USA; 5Memorial Sloan-Kettering Cancer Center, New York, New York 10065, USA; 6Samsung Medical Center,
Sungkyunkwan University School of Medicine, Seoul 135-710, Korea; 7Northwestern University, Robert H. Lurie Comprehensive
Cancer Center, Chicago, Illinois 60611, USA

Genomic analyses of cutaneous melanoma (CM) have yielded biological and therapeutic insights, but understanding of non-

ultraviolet (UV)-derived CMs remains limited. Deeper analysis of acral lentiginous melanoma (ALM), a rare sun-shielded

melanoma subtype associated with worse survival than CM, is needed to delineate non-UV oncogenic mechanisms. We

thus performed comprehensive genomic and transcriptomic analysis of 34 ALM patients. Unlike CM, somatic alterations

were dominated by structural variation and absence of UV-derived mutation signatures. Only 38% of patients demonstrated

driver BRAF/NRAS/NF1mutations. In contrast with CM, we observed PAK1 copy gains in 15% of patients, and somatic TERT trans-
locations, copy gains, and missense and promoter mutations, or germline events, in 41% of patients. We further show that in

vitro TERT inhibition has cytotoxic effects on primary ALM cells. These findings provide insight into the role of TERT in ALM

tumorigenesis and reveal preliminary evidence that TERT inhibition represents a potential therapeutic strategy in ALM.

[Supplemental material is available for this article.]

Comprehensive sequencing of large cancer cohorts has revealed
genomic landscapes of common malignant diseases, enabling
deduction of tumorigenic pathways and clinically actionable in-
formation. Such genomic analyses of more than 600 cutaneous
melanomas (CM), the most common melanoma subtype, have
identified a small number of frequent driver mutations (impacting
BRAF, NRAS, and NF1), a large number of low-frequency muta-
tions, and a complex array of genotypes reflecting diverse paths
to tumorigenesis (for review, see Zhang et al. (2016)). Although
all melanomas arise from transformed melanocytes, the genetics,
biology, and pathology of melanoma subtypes are shaped by ana-
tomic location (cutaneous or acral skin, mucosal surfaces, or the
eye), host-tumor microenvironment, and the unique mutational
processes at work in each location.Mapping the relatively unchart-
ed landscapes of melanoma in noncutaneous sites will have broad
relevance for understanding melanoma biology and clinical
management.

Acral lentiginous melanoma (ALM), first described in Reed
(1976), is a rare subtype of non-CM. Although there is debate
about ALM’s distinctive histologic features, it is characterized by
occurrence in sun-shielded skin sites on palms, soles, or nail
beds (subungual). It comprises 2%–3% of melanoma cases in the

United States and ismore prevalent thanCM inheavily pigmented
ethnic populations with an age-adjusted incidence rate of 1.8 per
1,000,000 persons/year (Bradford et al. 2009). ALM has a worse
prognosis than CM, demonstrating inferior 10-yr and overall sur-
vival rates (Bradford et al. 2009; Bello et al. 2013). Unfortunately,
understanding of ALM’s genomic landscape remains limited.
Analysis of small ALM cohorts by next-generation or targeted se-
quencing has revealed a low single-nucleotide variant (SNV) and
high structural variant (SV) burden (Curtin et al. 2005; Turajlic
et al. 2012; Furney et al. 2014). Notably, CM bears the highest mu-
tation burden of any cancer due to DNA damage from ultraviolet
(UV) radiation, an established melanoma risk factor. UV induces
characteristic C > T transitions at dipyrimidines that occur in
>76% of CMs with variability based on anatomic site and degree
of sun exposure (The Cancer Genome Atlas Network 2015). A
UV signature is present when C > T transitions at dipyrimidine
sites account for >60%, or CC > TT mutations account for >5%,
of the total mutation burden. UV signatures are less frequent in
ALM in keeping with lower SNV burden and occurrence in sun-
shielded sites, although exceptions have been reported (Turajlic
et al. 2012; Furney et al. 2014). Driver mutations implicated in
ALM include mutations at BRAF (B-Raf proto-oncogene) V600
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(reported in ∼15% of ALMs) (The Cancer Genome Atlas Network
2015) and in KIT (KIT proto-oncogene receptor tyrosine kinase; re-
ported in ∼11% of ALMs) (Curtin et al. 2006) in addition to focal
amplifications involvingCCND1 (cyclin D1),CDK4 (cyclin depen-
dent kinase 4), and GAB2 (GRB2-associated binding protein 2)
(Sauter et al. 2002; Curtin et al. 2005; Chernoff et al. 2009;
Krauthammer et al. 2012). Finally, TERT (telomerase reverse tran-
scriptase) promoter mutations driving TERT overexpression occur
as an early tumorigenic event in >70% of CMs (Horn et al. 2013;
Huang et al. 2013; Griewank et al. 2014), resulting fromC > T tran-
sitions reflective ofUVmutagenesis, and often in cooperationwith
BRAF mutations. These events are more rare in ALM with a recent
report identifying TERT promoter mutations in 9.3% of 48 ALMs
(de Lima Vazquez et al. 2016). The unique etiology of non-UV
and non-CM melanoma still remains to be understood. Further,
targeted treatment for ALM is limited. To date, KIT and BRAF mu-
tations, although infrequent, have been the focus of targeted ther-
apy for ALM. It is thus critical to define additional targetable
genomic or transcriptomic alterations in ALM. To address these
needs, we performed comprehensive, integrated genomic and
transcriptomic analysis of 38 ALMs from 34 patients with detailed
clinical annotation, along with downstream in vitro analyses
based on our findings. These data establish a foundation for under-
standing ALM’s genetic etiology with the ultimate goal to inform
ALM clinical management.

Results

The genomic and transcriptomic landscape of ALM

Patient information is shown in Supplemental Tables S1A,B, and
overall survival and progression-free survival analyses are shown

in Supplemental Figure S1A,B. Paired tumor/constitutional exome
sequencing was performed across 33 patients, and tumor-only
exome sequencing was performed for the 34th patient, for
whom constitutional DNA was not available (Methods). For 32
patients, sufficient amounts of DNA were extracted to support
additional analysis using long-insert whole-genome (LIWG) se-
quencing of ∼900 bp inserts to identify breakpoints that reflect
structural variants (SVs) in the form of copy number variants
(CNVs) and translocations (Liang et al. 2014). RNA-seq was addi-
tionally performed for 33 patients. A summary of assays performed
and estimated tumor cellularities (median = 50%) are listed in
Supplemental Table S2, and sequencing metrics are listed in
Supplemental Table S3.

Paired-exome sequencing across 34 patients led to the identi-
fication of 9522 somatic SNVs and 72 somatic small indels (SNV/
small indel median = 116, range = 3–2278), including intronic,
UTR, loss of function, missense, splice site (splicing altered or
splice site loss), and synonymous events. With respect to coding
somatic mutations (missense, nonsense, splice site, indels), a me-
dian of 42 mutations (range 0–869) across all tumors was observed
(SNVmutation burden) (Fig. 1). These findings are consistent with
prior next-generation sequencing studies that have identified a rel-
atively low ALM coding mutation burden with averages ranging
from 9–80 somatic coding mutations per tumor dependent on
platform, analysis, and cohort characteristics (Berger et al. 2012;
Hodis et al. 2012; Krauthammer et al. 2012; Turajlic et al. 2012;
Furney et al. 2014). Notably, the treatment status of sequenced tu-
mors may also impact mutation burden as the tumor demonstrat-
ing the highest SNV burden in our study (patient 7; 867 coding
SNVs) was collected following treatment with ipilimumab, fol-
lowed by pembrolizumab (Supplemental Table S1B). Pretreated tu-
morswere also sequenced for patients 4, 5, and 28, and thenumber

Figure 1. The mutational landscape of ALM. A summary of somatic alterations is shown. Patients for whommultiple tumors were sequenced are shown
with partially shaded rectangles on the bottom row.
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of identified coding SNVs also trended toward higher levels for
these patients (median = 75, range = 42–177). As secondary confir-
mation of somatic coding point mutations identified in our study,
12% of these events were confirmed by LIWG data in tumors with
both exome and LIWG data, noting the lower coverage for LIWG
sequencing. Furthermore, 90% of somatic coding point mutations
were confirmed in RNA-seq data in tumors with both exome and
RNA-seq data.

Overall, C > T transitions, whichhave a 75%probability of oc-
curring in dipyrimidine sequences (Brash 2015), were the most
common base substitution in the ALMs analyzed here, making
up 55.0% of all identified somatic point mutations (Supplemental
Fig. S2). Across all patients, 39.4% of C > T transitions occurred in
dipyrimidine sequences, which falls short of the 60% threshold
that characterizes the presence of a dominant UV signature (Brash
2015; The Cancer Genome Atlas Network 2015) observed in CMs,
such that a more minor signature may be present. However, indi-
vidual analysis of each tumor revealed the presence of a UV signa-
ture in two ALMs (Fig. 1), with patient 7 demonstrating a trend
toward the presence of a signature with 59% of C > T transitions
occurring at dipyrimidines.

SNVs identified through exome sequencing, along with re-
spective sequence contexts, were used to characterize somatic mu-
tational signatures across all tumors (Methods). The distribution of
signatures across tumors and the context of each identified signa-
ture are shown in Supplemental Figure S3, A and B, respectively.
Analysis of variance (ANOVA) indicated that differences in the fre-
quency of signatures across all samples was not statistically signifi-
cant (P = 0.699). Correlation of the identified signatures against
previously reported somatic cancer signatures (Alexandrov et al.
2013) was also performed (Supplemental Table S4). Overall, the
most common ALM signature that was identified is S1, with an in-
cidence of 0.658 across samples. ALM signature S1 (cosine similar-
ity value [CSV] = 0.981) correlated with the Alexandrov UV light
signature (Alexandrov signature S7) and was also the dominant
signature for samples 7, 15, 24, 25a, and 25b. Notably, these pa-
tients overlap with the patients for whomUV signatures were pre-
viously identified (patients 25 and 15) from analysis of C > T
transitions in dipyrimidines. These findings provide evidence of
a putative UV signature in a small subset of patients. We addition-
ally observed limited correlation between ALM signature S4 and
Alexandrov signature S1A (CSV = 0.846), as well as between ALM
signatures S7 and S10 with Alexandrov signature S1B (CSV =
0.710–0.761). Alexandrov signatures S1A and S1B were previously
reported across 83% of cancer classes analyzed and may be associ-
ated with increased spontaneous deamination of 5-methyl-cyto-
sine events resulting in C > T transitions in both normal and
cancerous cells (Alexandrov et al. 2013).

Analysis of somatic coding SNVs and small indels revealed
NRAS and BRAF as the most significant putative drivers in ALM.
Three patients demonstrated the well-recognized activating NRAS
(neuroblastoma RAS viral oncogene homolog) Q61K (9%) hotspot
mutation that has been reported in CMs (The Cancer Genome
Atlas Network 2015), which was validated in two of three patients
based on available DNA, and a fourth demonstrated an A59G
event.With respect to BRAF alterations, four patients each demon-
strated V600E (12%), a fifth demonstrated a G466E mutation, and
a sixth demonstrated two separate BRAF mutations (V600K,
R462K). The NRAS and BRAF events were mutually exclusive (Fig.
1), and these putative driving events occurred in 10 of the 34 as-
sayed patients (29%), indicating that the remaining 24 patients
garner unique driving alterations. Previous studies also reported

the presence of mutually exclusive mutant BRAF and mutant
NRAS in ALMs (Curtin et al. 2005; Krauthammer et al. 2012), in ad-
dition to KIT mutations in 11% of ALMs (Curtin et al. 2006).
However, in our analysis, we identified only one patient with a
KIT L576P mutation, that was exclusive of driving BRAF/NRAS
events, and that was previously reported in ALM patients
(Krauthammer et al. 2012). No correlation was observed between
mutation burden and BRAF or NRAS mutation status.

In addition to these driving events, we also observed low inci-
denceof somaticmutations inotherkeygenes, includingNF1 (neu-
rofibromin 1), EGFR (epidermal growth factor receptor), KRAS
(KRAS proto-oncogene, GTPase), and TP53 (tumor protein p53)
(Supplemental Table S5). We observed homozygous loss of NF1
in 9%of patients (Fig. 1), and in a fourthpatient (19), loss of hetero-
zygosity (LOH) of NF1 was accompanied by a nonsense mutation
(E2578∗) on the second allele. Additional somatic mutations were
identified in EGFR (R334C, V726M), KRAS (V14L with a CNV
gain in patient 5), TP53 (R248W), and ERBB3 (erb-b2 receptor
tyrosine kinase 3; S1119C). Two nonsynonymous events were
also detected (patients 11 [S1167T] and 24 [A355T]) in PREX2
(phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange
factor 2), which has been reported to be frequently mutated in
CM (Berger et al. 2012). These two point mutations have not
been described in melanoma, but the S1167 position was found
to also be mutated in a CM metastasis (S1167N) (Krauthammer
et al. 2012).

We additionally performed mutational landscape analyses
by segregating primary frommetastatic tumors. Although no nov-
el drivers emerged, BRAF remained significant (IntOgen; Q-value
< 0.05) in both groups. UV signatures were also absent in each
group, and mutation burden differences trended toward signifi-
cance (P = 0.06) with a higher number of mutations in metastases
(mean = 113) compared to primary ALMs (mean = 50).

Structural alterations in ALM

Across 31 patients with LIWG data, a total of 2490 somatic break-
points, in the form of inversions, large indels, or translocations,
were identified across 74% of patients (25 ALMs; median = 31,
range = 0–683) (Figs. 1, 2; genic breakpoints listed in Supplemental
Table S6; tumor-specific SVs are shown in Supplemental Fig. S3).
Notably, patient 14 showed evidence of chromothripsis with 503
breakpoints on Chromosome 12. Patients 24 and 29c additionally
demonstrated a high number (more than 200), with 242 total
events fallingwithinChromosome11 for patient 24 and135break-
points falling within Chromosome 5 for patient 29c. Overall, two
genes were found to be most highly impacted across the cohort—
these include ADCY2 (adenylate cyclase 2), for which 32 break-
points were identified across seven samples (21% of patients),
and CLPTM1L (CLPTM1 like), for which 22 breakpoints were
identified across six samples (15% of patients). ADCY2 transloca-
tion partners include CLPTM1L,HECTD4 (HECT domain contain-
ing E3 ubiquitin protein ligase 4), TERT, and UBE2QL1 (ubiquitin
conjugating enzymeE2Qfamily-like 1).CLPTM1Lpartners include
ADCY2, PDZD2 (PDZ domain containing 2), RAI14 (retinoic acid
induced 14), and TRIO (trio Rho guanine nucleotide exchange fac-
tor). These breakpoints all occurred in BRAF wild-type tumors.

Overall, a total of 1115 somatic focal CNVs (median = 12,
range = 0–211) (Fig. 2A,B; Supplemental Fig. S3, tumor-specific
CNVs) were identified. To identify statistically significant consen-
sus CNVs across all samples, CNVs detected using either exome
or LIWG data were integrated. As a result, 48 total CNVs were
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identified (95% confidence interval). CNVs include 40 deleted
regions and eight amplified regions (Supplemental Table S7).
Key events include TERT and CLPTM1L gains on Chr 5, loss of
CDKN2A on Chr 9, and a gain in a region on Chr 12 encompass-
ing CDK4. TERT gains were separately validated by real-time
PCR for available samples (six of eight ALMs; 75%). Following
segregation of samples based on primary or metastasis status, the
TERT and CLPTM1L gains and the CDKN2A losses remained

statistically significant even when the
primary (Q = 1.28 × 10−4) or metastatic
lesions (Q = 1.98 × 10−7) were analyzed
separately. However, the CDK4 gain
only retained significance in metastases.
Notably, relevant CNVs that were not
previously observed in the analysis of
all samples include PTEN (10q23.31)
and NF1 (17q11.2) deletions in only
the primary tumors and gain of MDM2
(MDM2 proto-oncogene; 12q15) in
only metastases.

Focal copy gains impacting PAK1
were also observed in five (15%) patients,
with one of these patients also demon-
stratingmultiple SVs impacting PAK1, in-
cluding evidence of multiple inversions
and a large indel. PAK1 gains were sepa-
ratelyvalidatedby real-timePCR foravail-
able samples (four of five ALMs; 80%).
Elevated expression of PAK1 was also ob-
served in two of five patients (1, 10).
These patients were exclusive of charac-
teristic CM BRAF and RAS subtypes, with
one patient demonstrating the NF1 sub-
type and the remaining four demonstrat-
ing the triple-wild-type (TWT) subtype,
providing evidence that alternate routes
toward dysregulation of MAPK signaling
may be present in the TWT context.

RNA fusions

Using RNA-seq data, we detected 106
RNA fusions across 74% of patients
(median = 2) (Supplemental Table S8).
Thirteen of these fusions (13%) were
also supportedby thedetectionof a corre-
sponding DNA breakpoint. Additional
selected fusions include two MDM2
events (MDM2:GNS, MDM2:CCT2), and
PTEN:RPL11, PAK2:LOC646214, and
MAP3K8:DEK fusions (each observed
in a single tumor). MDM2 structural
breakpoints and overexpression were
additionally observed in the respective
patients with the reported fusions. How-
ever, no additional alterations in PTEN
and PAK2 were identified in the tumors
demonstrating PTEN to PAK2 fusions,
but patient 28, who garners the MAP3K8
fusion, also demonstrated a breakpoint
adjacent to the fusion boundary.

Perturbed biological processes in ALM

In order to evaluate the impact of identified mutations on path-
ways, we assessed somatic genomic alterations according to aman-
ually curated set of commonly altered melanoma pathways
(Supplemental Fig. S4A). These pathways include MAPK/PI3K
(proliferation/survival, altered in 66% of patients), TERT (telomere
maintenance, altered in 37%of patients), CDK4/CDKN2A (cell-cy-
cle progression, altered in 51% of patients), and MDM2/TP53

Figure 2. Consensus somatic SVs and CNVs. (A) Summary of somatic SVs and CNVs.
Intrachromosomal SVs: (gray) <1 Mb; (green) ≥1 Mb and <50 Mb; (black) ≥50 Mb and <100 Mb;
(red) ≥100 Mb. Interchromosomal SVs are shown in red; interchromosomal SVs impacting Chr 5 are
in yellow. Consensus CNVs are shown in the inner circle adjacent to chromosomes: (red) exome CNV
gain; (green) LIWG CNV gain; (blue) exome CNV loss; (orange) LIWG CNV loss. (B) Consensus CNVs.
Selected common gains and losses are indicated by green arrows. The percentage of impacted tumors
is shown in parentheses. The plot shows the Q-values; Benjamini and Hochberg FDR (bottom) and
G-score (top), with the copy number gains (left) indicated in red and copy number losses (right) in
blue. Chromosome positions are indicated along the y-axis.
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(apoptosis and senescence, altered in 17%of patients). Next, we in-
tegrated gene expression data from 24 samples in order to identify
transcriptionally dysregulated pathways in ALM and to pinpoint
associations with genomic and clinical characteristics of these
samples. Through unsupervised hierarchical clustering of the
421 genes with the greatest differential expression, we identified
three dominant sample clusters (Supplemental Fig. S4B). Of
note, these 421 genes did not include the melanogenesis associat-
ed transcription factor (MITF), which demonstrates key roles in
CMs through regulation of melanocyte development and func-
tion. The three dominant clusters trended toward segregation of
primary from metastatic samples, but did not significantly corre-
late with mutational profiles or other clinical features including
age, gender, race, primary location, in-transit status, and response
to immunotherapy. Five dominant gene clusters were present,
including gene sets associated with (1) protein translation; (2)
the ER stress response; (3) antigen presentation and immune pro-
cesses; (4) keratinization, chemotaxis, and intermediate filaments;
and (5) G2/M cell-cycle, pigmentation, and nonsense-mediated
decay. Notably, cluster 4 containing keratin genes was down-
regulated in metastases and overexpressed in primary tumors to
parallel previous reports in CM (The Cancer Genome Atlas
Network 2015).

Neo-antigen burden

Although response to immune checkpoint inhibitors has been
well demonstrated in CM (Snyder et al. 2014; Van Allen et al.
2015), it has not beenwell studied in ALM. In a previous retrospec-
tive analysis, 11% of ALM cases responded to ipilimumab, but the
response rate to anti-PD1 has not been reported (Johnson et al.
2015). In this cohort, 22 patients received immune checkpoint in-
hibitors, with 10 receiving only anti-CTLA4 and 10 receiving both
anti-CTLA4 and anti-PD1. In order to help inform utility of check-
point blockade in ALM, we assessed neo-antigen burden and HLA
expression in patients for whom both RNA and DNA data were
available (Supplemental Fig. S5). Neo-antigen burdenwas associat-
ed withmutation burden (0.89, Pearson’s correlation) as shown in
studies of CM (Snyder et al. 2014; Van Allen et al. 2015; Hugo et al.
2016). Mutation and neo-antigen burden has been previously re-
ported to be associated with response to immune checkpoint
blockade (Snyder et al. 2014; Van Allen et al. 2015). Although we
did not observe that trend here, the number of samples limits
our power to detect such a correlation. Interestingly, we observed
that two patients with complete response to anti-PD1, and one
with complete response to anti-CTLA4 treatments had lower mu-
tation (less than 75) and neo-antigen (less than 60) burdens.

TERT alterations in ALM

In addition toTERT gains, additionalTERT eventswere also detect-
ed with a total of 14 (41%) patients demonstrating either somatic
or germline aberrations in this gene. TERT promoter mutations
were not initially identified because of limited coverage of the pro-
moter region by exome baits. However, targeted Sanger sequenc-
ing of TERT promoters led to the identification of promoter
mutations in 9% of patients (four of 28 ALMs; 15, 24, 25a, 25b)
with available DNA (Chr 5: 1,295,113: G>A) (Fig. 1) to parallel pre-
vious reports (Liau et al. 2014; de Lima Vazquez et al. 2016). From
exome sequencing, one nonsynonymous mutation in patient 12
(F919L) was also identified; in patient 24, an intronic SNV (Chr
5: 1,293,410: C > A), which is localized to TERT’s RNA-interacting
domain and a region required for oligomerization, was observed.

Notably, two rare germline polymorphisms were identified in pa-
tients 1 and 4 (A1062T) and 8 (T1110M) and were mutually exclu-
sive of patients with somatic TERT events. Both these events are
predicted to be damaging by FATHMM (functional analysis
through hiddenMarkovmodels). One case, patient 1, additionally
displayed LOH in tumor DNA.

LIWG also supported the identification of TERT breakpoints
in four patients (12, 17, 29a and 29c, 33). In patient 12, a break-
point was identified at −:5:36,583,500|−:5:1,288,500. Patient
12’s tumor demonstrated a complex rearrangement at the Chr
5p locus (Supplemental Fig. S6). This event encompasses an inver-
sion in intron 11 of TERT, directly 3′ of exon 11, as well as a trans-
location impacting exon 11. The inversion is evidenced by TERT
intron 11 reads with mates mapping to intron 3 of NIPBL (cohe-
sion loading factor), whereas the translocation suggests loss of
exon 11 of TERT. No RNA reads supporting a TERT:NIPBL fusion
were found.However, RNA reads supporting an intra-exon translo-
cation in exon 11 of TERTwere observed. Because of the complex-
ity of these events, it is unclear what the functional impact is,
but in the same tumor, TERT expression is elevated with an
FPKM of 32.5 (Fig. 3) to suggest the possibility of TERT activation.
Assembly of RNA-seq data of the same tumor also revealed the
presence of a TERT:ADCY2 RNA fusion. In patient 17, a breakpoint
was also called in intron 2 of TERT, but closer evaluation indicated
that this event falls in a GC-rich region with reads demonstrating
low mapping quality. RNA-seq data indicated that this event was
not expressed, coinciding with lower TERT expression in this tu-
mor (FPKM< 1). In both metastatic lesions from patient 29, a
TERT:PDCD1LG2 (PDL2; programmed cell death 1 ligand 2) inter-
chromosomal rearrangement was identified (29a: −:5:1,272,000|
+:9:5,560,500; 29c: −:5:1,271,200|+:9:5,560,800). Manual evalua-
tion led to the observation that the breakpoint inTERT falls within
Chr 5: 1,272,200–1,272,400, a region which encompasses exon 7
of the gene and which corresponds to the reverse transcriptase
domain of TERT. This region is linked to intron 5 of PDCD1LG2.
Although both TERT and PDCD1LG2 were expressed in both
tumors, expression of an RNA fusion was not observed. In both
tumors, a possible inversion impacting TERT and FER (FER tyro-
sine kinase; −:5:108,410,400|+:5:1,276,800) was also detected.
The breakpoints disrupt intron 6 of TERT and intron 16 of FER.
Although both TERT and FER (29a FPKM= 6.7, 29c FPKM= 6.4)
were expressed in both tumors, an RNA fusion resulting from
this event was not detected. Lastly, a possible large indel was de-
tected in patient 33. Upon closer inspection, this was determined
to be an intrachromosomal rearrangement (−:5:7,752,000|
+:5:1,294,500) between the 5′ UTR and exon 1 of TERT to intron
15 of ADCY2. A corresponding RNA fusion was not detected,
and both expression of TERT andADCY2were low in this patient’s
tumor (FPKM< 1). Variable levels of expression ofTERTwere, how-
ever, observed across all patients (Fig. 3).

TERT inhibition in ALM

To evaluate the impact of TERT inhibition in ALM, we performed
viability assays on two primary ALM cell lines, one with a TERT
CNV gain (SMC-09) and one with a homozygous TERT promoter
mutation (SU2C-001-002; Chr 5: 1,295,113: G > A [hg38]), as
well as on a normal melanocyte line (NHM-002). Testing was per-
formed using Telomerase inhibitor IX (Fig. 3B,C) or vehicle. After
72 h of drug treatment, we observed at least a 75% decrease in cell
viability with 2.5 µM of Telomerase Inhibitor IX, and not in nor-
mal melanocytes (Fig. 3B). To explore the effect of telomerase
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inhibition on TERT gene expression, we treated the same ALM
cells with 2.5 µM Telomerase Inhibitor IX, and measured TERT
mRNA by qPCR after 72 h of drug treatment. TERT mRNA expres-
sion was also reduced at 72 h by at least 25% in the ALM cell lines
and was undetected in normal melanocytes (Fig. 3C). These data
thus demonstrate that TERT inhibition may be an effective ap-
proach to reduce cell viability in TERT-dependent ALMs.

Discussion

Our analysis of 38 ALMs across 34 patients confirms a number of
findings of previous smaller analyses, but also sheds new light
on the molecular foundations of human ALM. As others have,
we observed lower SNV and higher SV burdens in ALMs (Furney
et al. 2014) compared to CM. Importantly, in our study, pretreated
tumors demonstrated elevated SNV burden, with one such tumor
demonstrating the highest SNV burden in this cohort. UV signa-
ture analysis of the entire cohort based on the frequency of C > T
transitions in dipyrimidines revealed the absence of a dominant
UV signature. However, two cases, both ofwhich areBRAFmutant,
individually demonstrated the presence of a UV signature, with
one of these two cases also being the tumor with the greatest

SNV burden. Secondary somatic signa-
ture analysis of SNVs, and sequence con-
texts of these events, additionally led to
the identification of another two pa-
tients, in addition to the two previously
identified cases, that demonstrate corre-
lations with the previously defined can-
cer UV signature (Alexandrov et al.
2013) to provide evidence of the pres-
ence of this signature in a small subset
of ALMs.

BRAF/NRAS mutant tumors did not
demonstrate statistically significant dif-
ferences from wild-type tumors with re-
spect to SNV, CNV, or SV burden. These
findings contrastwith a previous analysis
of sun-shielded melanomas, which re-
ported a high number of CNVs and lower
mutation load in BRAF/NRAS wild-type
versus mutant melanomas (Krautham-
mer et al. 2012). We additionally ob-
served a low number of BRAF mutations
in ALMs to parallel previous reports of
a lower incidence of BRAF alterations
in sun-protected melanomas (Curtin
et al. 2006). On the other hand, we did
not observe any somatic SNVs or indels
in DYNC1I1 (dynein, cytoplasmic 1,
intermediate chain 1), ARID1A (AT rich
interaction domain 1A), and APC (APC,
WNT signaling pathway regulator) (Fur-
ney et al. 2014), all ofwhichhavebeen re-
ported to be recurrentlymutated in ALM.
Additional key findings include identifi-
cation of PAK1 copy gains in a subset of
patients, all in the BRAF/NRAS wild-type
context. PAK1 has been proposed as a
therapeutic target in BRAFwild-typemel-
anoma (Ong et al. 2013) based on its

activation in multiple tumors (Radu et al. 2014) as demonstrated
by increased cell proliferation, survival, invasion, and metastasis
pathways.

In 41%of acralmelanomapatients, we observed TERT aberra-
tions encompassing promoter regions and pointmutations, break-
points, copy gains, and coding germlinemutations. All ALMs with
TERT copy gains were also all BRAFwild type, but overlapped with
N/KRAS and NF1 alterations, and trended toward higher levels of
somatic alterations.We also identified potentially damaging germ-
line point mutations in TERT. Although TERT promoter germline
mutations have been described in melanoma (Horn et al. 2013),
nonsynonymous coding germline mutations have not been re-
ported. TERT breakpoints were observed in 12% of patients.
Althoughone tumor demonstrated elevatedTERT expression, it re-
mains to be clarified if and how these genomic eventsmay result in
TERT activation. In addition to observed somatic TERT SVs, break-
points were also identified in CLPTM1L, which is 5′ to TERT on
Chr 5. Breakpoints impacting CLPTM1L have been observed in
two ALM patients (Berger et al. 2012; Furney et al. 2014), and a
CLPTM1L:ADCY2 translocation has also been reported in one
ALM patient (Furney et al. 2014). Notably, single nucleotide poly-
morphisms (SNPs) within the TERT-CLPTM1L locus have been re-
ported to influence risk of developing melanoma (Law et al. 2012)

Figure 3. TERT in ALM. (A) TERT aberrations in ALM. 41% of patients demonstrated TERT alterations
(somatic, germline) and TERT expression. (B,C) TERT inhibition is selectively cytotoxic in ALM cell lines
and reduces TERT expression. (B) Cell lines were treated with DMSO vehicle or Telomerase Inhibitor IX,
and after 72 h cell viability was assessed by CellTiterGlo. Viability was reduced by at least 75% in ALM
cell lines, but only 12% in normal melanocyte controls. (C ) Cells were treated with DMSO vehicle or
Telomerase Inhibitor IX, and after 72 h, TERT mRNA was quantified by reverse transcription and qPCR.
Expression was reduced by at least 25% in ALM cell lines. NHM-002 TERT expression was undetectable.

Genomic analysis of acral melanoma

Genome Research 529
www.genome.org



and other cancers (Carvajal-Carmona et al. 2015; Liu et al. 2015;
Zhang et al. 2015; Bei et al. 2016). Furthermore, SVs identified
on Chr 5p are adjacent to, or fall within, reported super enhancers
(Khan and Zhang 2016;Wei et al. 2016) andmay thus impact tran-
scription. In our analyses, the same patients who garnered a
CLPTM1L SV also demonstrate at least one somatic TERT aberra-
tion (SV or copy gain) to provide evidence that TERT may be im-
pacted by events proximal to the gene. Notably, corresponding
expressed RNA fusionswere not detected for identified SVs impact-
ing TERT, with the exception that patient 12, whose tumor dem-
onstrated a complex rearrangement encompassing TERT, also
expressed a TERT:ADCY2 fusion. Overall, all patients with somatic
TERT events showed expression of TERT, which is reported to be
overexpressed in >90% of cancers (Kim et al. 1994; Shay and
Bacchetti 1997). Importantly, normal cells typically lack telom-
erase activity and bear 0.004 RNA molecules on average, whereas
in tumor cells, 0.2 TERT transcripts can lead to activation, al-
though tumors may express hundreds of TERT transcripts per
cell (Yi et al. 2001; Akıncılar et al. 2015). Lastly, our observation
that TERT inhibition (in the context of TERT promoter mutation
or CNV gain) successfully decreases ALM cell viability provides ev-
idence that targeting TERT under aberrant conditions may be effi-
cacious in ALM. This novel finding is particularly relevant given
that TERT has been described as a driver in CM but has not been
appreciated as a potential driver in ALM.

AlthoughALMisdefinedasoccurringon sun-shieldedplantar
locations, its etiological relationship to sun-shielded CM has been
unclear.CharacterizationofALMthus simultaneouslyestablishes a
foundation for understanding tumorigenic mechanisms in this
rare subtype aswell as supports thedevelopment and identification
of efficacious treatment options for patients. In doing so, the un-
veiling of non-UV-derived drivers and oncogenic mechanisms
may lend insight into other cancers, beyond sun-shielded CM,
and may ultimately also benefit these patients. Based on our find-
ings of TERT alterations in nearly half of ALMs analyzed here—
and while further functional studies are necessary to verify the im-
pact of such aberrations on TERT activity—TERT inhibitors repre-
sent a putative therapeutic strategy in ALM. This finding parallels
recent work showing that pharmacological repression of TERT ex-
pression in melanoma cells leads to cell death (Kang et al. 2016).
This is especially important since ALMhas a limited number of tar-
geted treatment options. Continued characterization of ALM and
evaluation of the functional implications of TERT aberrations
hold promise for paving an avenue toward improving outcomes
for ALM patients.

Methods

Patient enrollment and consent

Patients in this study were enrolled from either Vanderbilt
University or the Memorial Sloan-Kettering Cancer Center
(MSKCC). At Vanderbilt and MSKCC, all patients were consented
on a protocol approved by the institutional review board (IRB).
Samples were obtained in accordance with standard biopsy or sur-
gical procedures. Tissuewas selected by the pathologist to limit the
amount of necrotic tissue and placed into a vial and submerged
into a liquid nitrogen container.

Sample collection

For MSKCC cases, adjacent normal tissue was collected, and for
Vanderbilt cases, a tube of blood was collected during routine

blood drawing, for DNA extraction of germline DNA. An H+E slide
was made to confirm normal or malignant tissue and <50% necro-
sis, which was reviewed by the pathologist.

For three patients, multiple tumors were collected for analy-
sis—for patient 25, two metastases were collected; for patient 29,
the primary (29b) and two metastases (29a, 29c) were collected;
and for patient 34, a primary (34b) and metastasis (34a) were col-
lected. All specimens were fresh frozen with the exception of 34b,
which was formalin-fixed and paraffin embedded (FFPE).

Next-generation sequencing and analysis

SupplementalMethods provides details on sample preparation, se-
quencing, data analysis, and experimental validations. In brief,
paired tumor/normal whole exomes and long-insert whole-ge-
nome, as well as tumor RNA, libraries were constructed and se-
quenced on the Illumina HiSeq using V3 reagents. FASTQs were
aligned to build 37 of the human genome using BWA (Burrows–
Wheeler Aligner) (Li and Durbin 2009). Somatic variants were
identified by requiring detection by two of three callers (Seurat;
quality score>30) (Christoforides et al. 2013), MuTect (Cibulskis
et al. 2013), and Strelka (Saunders et al. 2012). LIWG data were uti-
lized for copy number and breakpoint detection analyses (Liang
et al. 2014). Aminimum tumor allele ratio of 0.10 and aminimum
quality score (depth) of 20 is required for an SV to be called.
For CNV detection, normalized log2 fold-changes between tumor
and normal are calculated, and a smoothing window is applied.
In addition, we used allele frequencies in the tumor of known
heterozygous germline SNPs identified within the normal to
both evaluate potential false positives and correct biases. Lastly,
we applied a circular binary segmentation (CBS) algorithm to cor-
rected log2 fold-changes using the Bioconductor DNAcopy imple-
mentation (https://bioconductor.org/packages/release/bioc/html/
DNAcopy.html). RNA reads were aligned to build 37 of the human
genome using STAR (Dobin et al. 2013), and differential analysis
against a universal RNA control was performed using Cufflinks
v2.2.1 Cuffdiff (Q-value < 0.05) (Trapnell et al. 2010, 2013) and
DESeq2 (P-adjusted < 0.05) (Love et al. 2014). RNA fusionswere de-
tected using TopHat-Fusion (quality score > 100) (Kim and
Salzberg 2011).

Clinical and pathologic characteristics were collected from
disease-specific databases. Survival curves were generated using
the date of the pathologic diagnosis until death from melanoma
or date of last follow-up. Analysis was performed using SAS soft-
ware (v9.4) (Supplemental Fig. S1A,B).

TERT inhibitor viability experiments

Cell lines were plated in 96-well microplates, in 100 µL culture me-
dium. Twenty-four hours after plating cells, dimethyl sulfoxide
(DMSO) vehicle, or Telomerase Inhibitor IX (EMD Millipore) was
diluted in culture medium and added to wells at 100 µL/well.
Cell Titer Glo (Promega) was added to cells after 72 h of drug
treatment. Plates were incubated at 37°C, and luminescence was
measured using a FlexStation 3 microplate reader (Molecular
Devices). The Supplemental Methods provide details on quantita-
tive PCR methods. In brief, qPCR was performed using the Kapa
Fast qPCR master mix (Kapa Biosystems) and TaqMan probes.

Data access

The sequencing data from this study have been submitted
to the NCBI Database of Genotypes and Phenotypes (dbGaP;
https://www.ncbi.nlm.nih.gov/gap) under accession number
phs001036.v1.p1.
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