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Abstract

Background: Statistically significant linkage of melanoma to chromosome 9q21 was previously reported in a Danish pedigree
resource and independently confirmed in Utah high-risk pedigrees, indicating strong evidence that this region contains a
melanoma predisposition gene.
Methods: Whole-exome sequencing of pairs of related melanoma case subjects from two pedigrees with evidence of 9q21
linkage was performed to identify the responsible predisposition gene. Candidate variants were tested for association with
melanoma in an independent set of 454 unrelated familial melanoma case subjects and 396 unrelated cancer-free control
subjects from Utah, and 1534 melanoma case subjects and 1146 noncancer control subjects from Texas (MD Anderson) via a
two-sided Fisher exact test.
Results: A rare nonsynonymous variant in Golgi Membrane Protein 1 (GOLM1), rs149739829, shared in two hypothesized
predisposition carriers in one linked pedigree was observed. Segregation of this variant in additional affected relatives of the
index carriers was confirmed. A statistically significant excess of carriers of the variant was observed among Utah case
subjects and control subjects (odds ratio [OR] ¼ 9.81, 95% confidence interval [CI] ¼ 8.35 to 11.26, P < .001) and statistically
significantly confirmed in Texas case subjects and control subjects (OR ¼ 2.45, 95% CI ¼ 1.65 to 3.25, P ¼ .02).
Conclusion: These findings support GOLM1 as a candidate melanoma predisposition gene.

The clinical and economic burden of cutaneous malignant mel-
anoma (CMM) is substantial and increasing (1), with a lifetime
risk of 1% (2). Familial aggregation studies conducted in popula-
tion genealogies have provided substantial evidence for a ge-
netic contribution (3–6), and multiple CMM predisposition genes
have been identified. Variants in CDKN2A (p16) (7) explain a
high percentage of familial CMM (40% of melanoma families
and 2% of case subjects) (8). Other CMM predisposition genes,
each explaining a small number, or percentage, of CMM pedi-
grees, include ACD (six families) (9), BAP1 (24 families) (10), CDK4
(17 families) (11), CDKN2B (p14ARF; 1% of families) (12), MITF (1%
of CMM) (13), POT1 (12 families) (14,15), TERF2IP (five families)

(8), and TERT (one family) (16); however, a large number of high-
risk CMM pedigrees and case subjects remain unexplained by
any of these genes.

Almost a quarter century after the study of melanoma pedi-
grees identified CDKN2A as the first CMM predisposition gene
(7,17), it is still recognized that high-risk pedigree studies are a
powerful method for identification of rare predisposition var-
iants with large effects and should be performed when these
rare resources are available (18–20).

Statistically significant evidence for linkage of CMM to chro-
mosome 9q21 was previously reported in the Danish population
(21) and confirmed in Utah pedigrees (22). To identify the
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predisposition genes and variants that contribute to CMM at
this locus, whole-exome sequencing was performed on pedigree
members that shared the hypothesized segregating predisposi-
tion haplotype in each of two Utah CMM pedigrees showing evi-
dence of 9q21 linkage.

Methods

Utah CMM Pedigrees

Hundreds of high-risk CMM pedigrees have been identified and
studied in Utah using genealogy linked to state-wide Utah
Cancer Registry (UCR) data from 1966 to the present in the Utah
Population Database (UPDB). CMM case subjects recorded in the
UCR (National Cancer Institute [NCI] Surveillance,
Epidemiology, and End Results [SEER] Registry from 1973) repre-
sent histologically confirmed, independent primary cancers.
Two Utah high-risk CMM pedigrees were previously reported to
show linkage to the 9q21 region (22). Linkage analysis identified
hypothesized predisposition haplotype carriers at the 9q21 lo-
cus from each linked pedigree, and whole-exome sequence data
were generated for two hypothesized carriers from one pedigree
and three from the other. Whole-exome sequence data from 12
pairs of CMM-affected cousins from an additional 12 Utah high-
risk CMM pedigrees (all screened negative for known melanoma
predisposition genes CDKN2A, CDKN2B, or CDK4) were used to
perform a burden test for GOLM1 with pVAAST software, ver-
sion 2.2.0 (Omicia, Inc., Oakland, CA).

Utah Case and Control Subjects

Utah CMM case subjects included 923 case subjects who are
members of hundreds of Utah high-risk CMM pedigrees; all
CMM diagnoses came from the Utah Cancer Registry or
Huntsman Cancer Institute Clinics and were histopathologically
confirmed. Utah control subjects included 396 unrelated
cancer-free subjects who had no first-degree relatives with can-
cer and no second-degree relatives with melanoma. This study
was approved by the Institutional Review Board, and informed
consent was obtained from all participants.

Texas Case and Control Subjects

The 1534 CMM case subjects and 1146 control subjects from
Texas were participants in a previously described hospital-
based case–control study at MD Anderson (23). All participants
self-identified as non-Hispanic with European ancestry and
were recruited between March 1998 and August 2013. Control
participants were cancer-free and were recruited from friends
or acquaintances of patients. The case–control study was ap-
proved by the Institutional Review Board, and informed consent
was obtained from all participants.

Utah Exome Data Analysis

Whole-exome sequencing for 29 Utah CMM case subjects se-
lected as cousin pairs (and one cousin trio) from 14 high-risk
CMM pedigrees (including the two 9q-linked pedigrees) was per-
formed at the Huntsman Cancer Institute’s Genomics Core facil-
ity. DNA libraries were prepared from 3 micrograms of DNA
using the Agilent SureSelect XT Human All Exon þ UTR (v5) cap-
ture kit. Samples were run on the Illumina HiSeq 2000

instrument, which generates paired-end reads up to 100 base
pairs in length. Raw reads were mapped to the human genome
v19 reference genome using BWA-mem (24) for alignment, and
variants were called using Genome Analysis Toolkit (GATK) (25)
software following Broad Institute Best Practices Guidelines.
Exome capture resulted in an average of 85.7% of target bases
being covered by greater than 10� coverage across the genome.
Variants were called with GATK software and annotated with
Annovar (26). Variants occurring outside the exon capture kit
intended area of coverage were removed.

Texas Exome Data Analysis

Whole-exome sequencing for 396 Utah cancer-free control sub-
jects was performed at the MD Anderson Sequencing and
Microarray Facility. DNA libraries were prepared from 0.5 micro-
grams of DNA per sample using the Agilent SureSelect Clinical
Research Exome capture kit. Samples were run on the Illumina
HiSeq 4000 instrument, with eight samples per lane and 150 base
pair paired-end reads. Raw reads were mapped, and variants were
called simultaneously with the Utah melanoma case subjects.
Exome capture resulted in an average of 98.2% of target bases be-
ing covered by greater than 10� coverage across the genome.

Genotyping of GOLM1 Variant

The GOLM1 candidate variant was confirmed in the Utah index
carriers and their relatives with Sanger sequencing. In addition,
the entire set of 923 Utah CMM case subjects, 1534 Texas CMM
case subjects, and 1146 Texas control subjects were genotyped
for single nucleotide polymorphism (SNP) rs149739829 from ge-
nomic DNA using the TaqMan Assay C_175102585_10 (Applied
Biosystems, Carlsbad, CA) according to the manufacturer’s
specifications on a Bio-Rad CFX96 (Utah samples) and CFX384
(Texas samples) real-time PCR instruments.

Statistical Analysis

Statistical analysis for case–control association used a two-
sided Fisher exact test; a P value of less than .05 was considered
statistically significant. Clusters of related CMM case subjects in
pedigrees were characterized as high risk by comparing ob-
served with expected numbers of CMM case subjects among
members of a descending pedigree based on age-, sex-, and
birthplace-specific CMM rates estimated in the UPDB (27). A test
for significance of the relative risk statistic and 95% confidence
intervals assume that the observed number of case subjects fol-
lows a Poisson distribution, with mean equal to the expected
value (3).

The Pedigree Variant Annotation, Analysis, and Search Tool
(pVAAST), version 2.2.0, was used to perform a burden test for
GOLM1 in exome data from the 14 Utah pedigrees (28). pVAAST
combines case–control information, functional variant predic-
tion, and evidence of segregation for variants shared among re-
lated case subjects to evaluate the combined statistical
evidence of disease-gene association in familial sequencing
studies (28). Background genomes used to run pVAAST included
1000 Genomes Phase 1 samples (1K-Genomes) (29) denoted as
having Northern European ancestry and the Complete
Genomics Diversity Panel samples (http://www.completege-
nomics.com/public-data/69-genomes/). When the same individ-
ual was sequenced by both 1K-Genomes and the Complete
Genomics Diversity Panel, the 1K-Genomes sample was
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removed, resulting in 1112 samples. Analysis excluded low-
quality variants with statistically significant departure from
Hardy-Weinberg equilibrium (P < .0001) or with missing geno-
type rates greater than 10.0% among background genomes.

Some of the GOLM1 candidate variant carriers from Utah (n
¼ 16) had been genotyped on Illumina Human OmniExpress
high-density SNP array platform. SNP genotypes were used to
estimate shared haplotypes between carriers to assess the pos-
sibility of an inheritance from a common ancestor using Shared
Genomic Segments analysis (SGS) (30). SGS analysis identifies
the set of contiguous markers at which genotyped individuals
could share alleles; long runs of such markers indicate identity-
by-descent sharing from a common ancestor (30). The length of
the shared haplotype in carriers was used to estimate the num-
ber of meioses between the haplotype carriers and a common
ancestor. Thomas et al. (1994) showed that the extent of haplo-
type sharing L, measured in centi-Morgans, around a locus
shared identical-by-descent by k individuals linked together in
a pedigree comprising d meioses has the Gamma(2,d/100) distri-
bution (31). Thus, dL/100 has the Gamma(2,1) distribution, from
which E(dL/100) ¼ 2 and P(0.242 � dL/100 � 5.572) ¼ 0.95. In addi-
tion, Kingman (1982) showed that the time to coalescence for k
haplotypes is given by

k� 1
k
� 1
Pk�1

i¼1

1
i

� d: (32)

Results

Exome Sequencing of Utah CMM Case Subjects

Analysis of exome data at chromosome 9q21 for the hypothe-
sized predisposition haplotype carriers from each of two 9q21
linked high-risk CMM pedigrees identified a rare coding variant
in GOLM1 that was shared by the three hypothesized carriers in
one pedigree. This GOLM1 variant (rs149739829) is a nonsynony-
mous variant substitution of C to T in exon 8 that codes a Serine
> Leucine amino acid substitution. Available population fre-
quency estimates (minor allele frequency/number of alleles
tested) include A ¼ 0.00398, 483/121 370 ExAC browser (33); A ¼
0.0010, 5/5008 1000 Genomes database v3 (29); and A ¼ 0.00339,
44/12 962 NHLBI Exomes (GO-ESP; Exome Variant Server, NHLBI
GO Exome Sequencing Project; Seattle, WA; http://evs.gs.wash-
ington.edu/EVS/).

Sanger sequencing confirmed the presence of the rare
rs149739829 allele in the three sequenced subjects and in two
additional CMM-affected relatives in the original pedigree; the
variant was inferred in an additional CMM case subject in the
pedigree (the affected parent of one carrier; informed consent
was obtained for each living individual represented) (Figure 1).
A test of statistical excess of CMM among all 797 descendants of
the pedigree founders who are included in the UPDB (not all
shown) identified a total of eight CMM case subjects, 1.7
expected (two-sided P < .001). Four of the variant carriers have
at least two independent melanomas, and the fifth had an addi-
tional cancer. The average age at diagnosis of the melanomas
was 40 years; all melanomas were stage 1 (localized) at diagno-
sis per SEER staging data.

Case–Control Association for rs149739829

The 923 Utah CMM case subjects consisted of 454 unrelated
case subjects and 469 CMM case subjects related to them in

pedigrees. The genotype data for variant rs149739829 (Taqman
assay) in the 454 unrelated Utah CMM case subjects was com-
pared with data on this variant from the 396 exomes from unre-
lated cancer-free Utah control subjects; 22 case subjects and
two control subjects carried the variant (odds ratio [OR] ¼ 9.81,
95% confidence interval [CI] ¼ 8.35 to 11.26, Fisher two-sided P <
.001). Variant rs149739829 was also genotyped in an indepen-
dent population from MD Anderson Cancer Center. Among a to-
tal of 1534 CMM case subjects and 1146 control subjects, 26 case
subjects and eight control subjects carried the variant (OR ¼
2.45, 95% CI ¼ 1.65 to 3.25, Fisher two-sided P ¼ .02).

Additional rs149739829 Variant-Carrying Utah
Pedigrees

Additional carriers of the rare allele at rs149739829 were identi-
fied among the 469 Utah CMM related case subjects. We ob-
served two other pairs of related case subjects who carried the
rare variant (a pair of second cousins and a pair of first cousins).
The first pedigree has 2000 descendants, including five Utah
CMM case subjects (with six expected; two-sided P ¼ .69). The
second pedigree has 300 descendants, including four CMM case
subjects (with 0.8 expected; two-sided P ¼ .009).

pVAAST Burden Test

A burden test was performed for the GOLM1 gene as the only ge-
nomic feature in 29 Utah CMM exomes together with 1111 con-
trol subjects of European ancestry. pVAAST estimated a burden
score of 13.563 (permutation-based 95% CI ¼ 6.3E-4 to 1.0E-5,
two-sided P < .001), demonstrating that the observed allele fre-
quency among the case subjects is unlikely under the null hy-
pothesis of no disease association.

Two GOLM1 variants received a positive score in the burden
test, rs149739829 and another nonsynonymous variant
(rs142242230) detected in two unrelated sequenced CMM case
subjects. This additional GOLM1 variant rs142242230,
chr9:88,648,217 (hg19), is a nonsynonymous variant substitution

Figure 1. High-risk cutaneous malignant melanoma (CMM) pedigree segregating

a rare variant in GOLM1. Arrows indicate index predisposition haplotype carriers

with whole-exome sequencing data, black fill indicates CMM diagnosis, 1 indi-

cates carriage of the rare allele at rs149739829 confirmed by Sanger Sequencing,

and (1) indicates inferred carriage.
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of C to T in exon 9 that codes a Glycine > Glutamic acid amino
acid substitution with population frequency estimates (given as
minor allele frequency/number of alleles tested): T ¼ 0.0042,
506/121 186 (ExAC) (33), T ¼ 0.0026, 13/5008 (1000 Genomes) (29),
T ¼ 0.0053, 69/12 937 (GO-ESP). The second GOLM1 variant was
not statistically significantly associated with CMM in the 454
Utah CMM case subjects and 396 control subjects, where 17 case
subjects and 11 control subjects were observed (OR ¼ 1.35, 95%
CI ¼ 0.59 to 2.12, Fisher two-sided P ¼ .44), and was not consid-
ered further here.

Identification and Age of Shared Haplotype in GOLM1
Variant Carriers

SGS analysis identified that all 16 GOLM1 candidate variant car-
riers with high-density SNP array data shared a 306 Kb region of
chromosome 9 (88.641–88.714 Mb) containing the GOLM1 gene.

Thus, by the method of moments, an observation of L ¼ 306
Kb, which is approximately 0.306 centi-Morgans, gives an esti-
mate of d ¼ 2*100/0.306 ¼ 653.6 meioses (95% CI ¼ 79.1 to
1820.9). Thus, for k ¼ 16, an estimate for the time to most recent
common ancestor is 184.7 generations (95% CI ¼ 22.3 to 514.5).
Assuming 20 years per generation, this is estimated to be 3693
years ago (95% CI ¼ 447 to 10 289).

Discussion

A powerful and efficient study design for predisposition gene
identification, focused on sequencing members of extended
high-risk pedigrees with evidence for linkage, combined with
validation in multiple populations, has identified GOLM1 as a
candidate predisposition gene for CMM. Previous analysis of
large CMM pedigrees led to the discovery of CDKN2A as a predis-
position gene for CMM (7,17). These outcomes speak to the con-
tinued value of high-risk pedigree resources for predisposition
gene discovery.

The GOLM1 gene encodes Golgi-related Golgi membrane pro-
tein 1 (GOLM1, GOLPH2, or GP73), which is a type II transmem-
brane protein localized predominately to the cis- and medial-
Golgi cisternae in cells of epithelial lineage within most human
tissue types (34). GOLM1 has a short 12–amino acid N-terminal
cytoplasmic domain, a 13–amino acid transmembrane domain
that regulates its Golgi localization (35), and a 376–amino acid
Golgi luminal domain containing multiple N- and O-linked
glycosylation sites and a coiled-coil domain that mediates
GOLM1 dimerization (35). A pro-protein protease cleavage site
spanning residues 52–55 allows for removal of the large luminal
domain and secretion of cleaved GOLM1 into the extracellular
milieu (35).

Secreted GOLM1 has been used as a biomarker for clinical di-
agnosis of hepatocellular carcinoma (HCC) (36) and chronic liver
disease (37) as numerous reports have demonstrated that viral
infection of hepatocytes by hepatitis B or C virus increases
GOLM1 expression and serum levels (34,38). In patients with
virus-induced HCC, elevated GOLM1 is associated with poorer
patient survival (39–41). Increased GOLM1 expression has also
been reported in gastric cancer (42), prostate cancer (43), and
melanoma (44). Elevated GOLM1 expression is correlated with
decreased disease-free survival and cancer-specific overall sur-
vival in melanoma patients (44) as its expression coincides with
clinical features indicative of aggressive disease such as in-
creased tumor thickness, ulceration, and lymph node metasta-
sis (44).

While the native function of GOLM1 is still poorly under-
stood, high GOLM1 expression in HCC cells promotes prolifera-
tion, migration, and invasion in vitro and ultimately metastasis
of HCC xenografts in vivo (41,45,46). Loss-of-function experi-
ments show that silencing elevated GOLM1 expression attenu-
ates metastasis by inhibiting the epithelial-to-mesenchymal
transition required for migration and invasion (47). These
GOLM1-modulated cellular phenotypes enable malignant cell
progression to metastasis and are mechanistically regulated
through altered membrane trafficking of receptor tyrosine kin-
ases (RTKs). Aberrant, unregulated RTK signaling is a hallmark
of oncogenic transformation and cancer metastasis (48).

Using HCC cell lines, Ye et al. demonstrated that GOLM1 is
recruited from the trans-Golgi network to Rab5-positive early
endosomes upon epidermal growth factor stimulation of HCC
cells, where it mediates the “slow recycling” of the epidermal
growth factor receptor (EGFR) via re-entry through the Golgi
network back to the cell surface in lieu of lysosomal degrada-
tion. GOLM1 binds EGFR or other RTKs (c-MET, VEGFR) through
residues 5–12 in its short N-terminus and thus promotes RTK
postendocytic recycling via a Rab11-regulated recycling com-
partment (41). Thus, increased levels of GOLM1 promote ele-
vated EGFR expression on the cell surface by enhanced
recycling, which results in elevated Protein Kinase B pathway
activity that drives HCC metastasis, rather than mitogenic sig-
nal attenuation through lysosomal RTK degradation (41). While
these and other reports demonstrate that elevated levels of
GOLM1 are sufficient to drive oncogenesis and metastasis, no
reports to date have demonstrated a GOLM1 mutation that
alters its cellular function and thus predisposes to malignant
transformation. The GOLM1 variant of interest, at amino acid
position 307, is within 2 amino acids of a known phosphoryla-
tion site, S309; phosphorylation of S309 might be affected by the
variant. The kinase implicated in modifying S309 is Fam20C,
which is responsible for generating the vast majority of the se-
creted phosphoproteome, including substrates linked to tumor
cell migration (49).

Given the recognized link between GOLM1 expression and
melanoma progression (44) and the association of the variant
with melanoma predisposition reported here, we hypothesize
that this variant may increase cellular levels of the protein ei-
ther through increased protein stability or decreased degrada-
tion in melanocytes. Future studies will test this hypothesis.

Melanoma incidence is rising, increasing the need to better
identify persons at risk to facilitate earlier and more efficient
skin screening for detection. It is likely that GOLM1 will only ex-
plain a small number of melanomas, as is the case for most of
the melanoma predisposition genes identified. Nevertheless,
each predisposition gene identified increases our understand-
ing of the biology underlying melanoma. Currently, only the
CDKN2A (p16) test is commercially available; each new predis-
position identified can potentially identify additional individu-
als at risk.

There are some limitations that must be noted. CMM pheno-
types were identified primarily from the Utah Cancer Registry,
an NCI SEER registry registering all cancers in Utah since 1973.
CMM case subjects diagnosed before 1973, outside Utah, or in
individuals without linked genealogy data were censored.
Utah’s population is reflective of its founding Mormon pioneers,
which consisted of largely unrelated groups of northern
Europeans from Scotland, Wales, Denmark, Sweden, and
England. Subsequent migration, along with a more recent sub-
stantial influx of international migrants, contributes to a popu-
lation mix that is thought to be representative of the broader US
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and northern Europe. Our focus on established Utah high-risk
pedigrees (requiring genealogy data) limited the population we
analyzed to original Utah pioneer pedigrees, which are exclu-
sively of Northern European extraction. It should be recognized
that extrapolations to other populations should not be made
without additional evaluation.

In conclusion, we report evidence for the role of a rare
GOLM1 variant (rs149739829) in CMM predisposition. The
detected variant conveys moderate risk in a set of population-
ascertained case subjects (Texas) and high risk among familial
case subjects (Utah).
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