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Abstract The Grey horse phenotype, caused by a 4.6 kb
duplication in Syntaxin 17 , is strongly associated with high
incidence of melanoma. In contrast to most human melano-
mas with an early onset of metastasis, the Grey horse mela-
nomas have an extended period of benign growth, after which
50% or more eventually undergo progression and may metas-
tasize. In efforts to define changes occurring during Grey
horse melanoma progression, we established an in vitro model
comprised of two cell lines, HoMel-L1 and HoMel-A1,
representing a primary and a metastatic stage of the melano-
ma, respectively. The cell lines were examined for their
growth and morphological characteristics, in vitro and
in vivo oncogenic potential, chromosome numbers, and ex-
pression of melanocytic antigens and tumor suppressors. Both
cell lines exhibited malignant characteristics; however, the

metastatic HoMel-A1 showed a more aggressive phenotype
characterized by higher proliferation rates, invasiveness, and a
stronger tumorigenic potential both in vitro and in vivo.
HoMel-A1 displayed a near-haploid karyotype, whereas
HoMel-L1 was near-diploid. The cell lines expressed
melanocytic lineage markers such as TYR, TRP1, MITF,
PMEL, ASIP, MC1R, POMC, and KIT. The tumor suppressor
p53 was strongly expressed in both cell lines, while the tumor
suppressors p16 and PTEN were absent in HoMel-A1, poten-
tially implicating significance of these pathways in the mela-
noma progression. This in vitro model system will not only
aid in understanding of the Grey horse melanoma pathogen-
esis, but also in unraveling the steps during melanoma pro-
gression in general as well as being an invaluable tool for
development of new therapeutic strategies.
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Introduction

The Grey horse phenotype is strongly associated with a
high incidence of melanoma. It has been estimated that
almost 80% of Grey horses older than 15 yr develop
melanomas (Sutton and Coleman 1997), which occur as
jet-black, firm, well-circumscribed nodules primarily in
the dermis of glabrous skin of the ventral site of the tail
and in the anal, perianal and genital regions, perineum,
lips, and eyelids, but can also occur internally (Valentine
1995; Fleury et al. 2000; Seltenhammer et al. 2004). At
the onset, the primary multiple melanomas show benign
behavior; however, about 66% of the tumors may even-
tually undergo progression and metastasize into the sur-
rounding tissue (e.g., occur at atypical sites), lymph nodes,
and internal organs (Gorham and Robl 1986; MacGillivray
et al. 2002). As histopathology is not sufficient to predict the
metastatic potential of the tumors (Valentine 1995; Fleury
et al. 2000; Seltenhammer et al. 2004), a reliable marker
system needs to be established.

We have previously identified a 4.6 kb intronic duplication
in the Syntaxin 17 (STX17) gene as the causative mutation for
the Grey horse phenotypes including melanoma development
(Rosengren Pielberg et al. 2008). Further functional studies
revealed that the duplicated sequence contains an enhancer
element, and that the duplication transforms this element
from a weak to a strong melanocyte-specific element that
upregulates the expression of both STX17 and the neigh-
boring NR4A3 gene (Sundström et al. 2011). Interestingly,
we observed a copy number expansion of the STX17
duplication in more aggressive tumors, suggesting that
the duplication is a melanoma-driving element (Sundström
et al. 2012). To comprehensively study the mechanistic
link between the STX17 duplication and the Grey horse
melanoma (GHM) development, a convenient model system
is essential.

In vitro cell culture lines representative of different
stages of GHM would provide such a system in which
to study the molecular mechanisms of the disease, find
new markers of the melanoma progression, and test new
therapeutical strategies. To date, a few long-term growing
cell lines from primary GHM tumors have been established
(Chapman et al. 2009), whereas culturing of cells from
metastatic tumors has not been yet described. Here, we report
the establishment and characterization of two permanently
growing cell lines representing a primary and a metastatic
stage of Grey horse melanoma.

Material and Methods

Establishment of cell lines . Excision of the melanoma tumors
was performed according to standard surgical methods. A
deeply pigmented, firm, well-circumscribed homogenous pri-
mary dermal melanoma tumor with a size of 15×15×12 cm
was excised from the ventral side of the tail of a 25-yr-old
Lipizzaner stallion (HoMel-L1). A relapsing, proximal to the
primary site, nonhomogeneous, partly unpigmented, ulcerat-
ing, and fast growing dermal–epidermal skin metastasis with a
size of 14×10×10 cm was excised from the dorsal side of the
tail of an 18-yr-old Shagya-Arabian mare (HoMel-A1). The
tumors were minced mechanically in phosphate-buffered sa-
line (PBS; Invitrogen, Lofer, Austria). Each resulting suspen-
sion, containing only few single cells and small tissue
fragments, was extensively washed in PBS for several times
in order to remove melanin. After the last centrifugation, the
pellets were resuspended in RPMI-1640 medium (Invitrogen)
containing 10% fetal bovine serum (Invitrogen) and antibiotics
(GIBCOTM antibiotic–antimycotic 100X liquid; Invitrogen).
The suspensions were seeded in tissue culture flasks and incu-
bated at 37°C in a humid atmosphere of 5% CO2 in air. The
cultures were left for up to 2 wk almost undisturbed to facilitate
the adaptation of cultures to in vitro conditions, as well as the
attachment of cells and tissue fragments. Thereafter, medium
was changed once a wk. Routine assays forMycoplasma using
a MycoAlert™ Mycoplasma detection kit (Lonza Bioscience,
Stockholm, Göteborg) were negative.

In vitro proliferation. Growth characteristics in monolayer
cultures were determined after at least ten culture passages
using a commercially available proliferation assay (Quick Cell
Proliferation assay kit II; BioVision, Milpitas, CA) according
to the manufacturer's instructions.

Light and transmission electron microscopy. For light mi-
croscopy, cells were examined as 80% confluent cultures in
bright field and phase contrast to investigate cytoplasmatic
and membrane morphology, respectively (NIKON Eclipse TE
300, Vienna, Austria).

For transmission electron microscopy of cells, cultures
were prepared as described (Cengelli et al. 2009). Subsequent-
ly, cells were fixed in 0.25% buffered glutaraldehyde (Sigma-
Aldrich, Vienna, Austria), incubated in osmium tetroxide,
rinsed in increasing concentrations of hexylene glycol (30,
50, 70, 90, and 100%) and embedded into epoxy cast (JEOL
TEM Transmission electron microscope, Vienna, Austria).

Giemsa–Wright staining . The cells grown on cover slips
were fixed in methanol for 10 min and stained with Giemsa–
Wright stain (Sigma-Aldrich) for 2 min and then with
five times diluted Giemsa–Wright stain for additional 2 min,
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washed with dH2O, and observed for nuclear and cytoplasmic
morphology (NIKON Eclipse TE 300).

Determination of chromosome numbers. Chromosome num-
bers of each cell line were determined according to standard
procedure. Briefly, to the cells of each line in log growth
phase, 60–80% confluent, Colcemid (Boehringer Mannheim;
10 μg/ml, Vienna, Austria) was added to a final concentration
of 0.1 μg/ml and incubated at 37°C, 5%CO2 for 45 min.
Subsequently, the cells were detached by trypsin/EDTA, cen-
trifuged, and treated with hypotonic solution (0.075 M potas-
sium chloride). After incubation for 15 min in 37°C water
bath, reaction was stopped by adding fixative solution
(3:1—methanol/acetic acid). After another centrifugation
step, cells were incubated in fixative solution and centrifuged.
Chromosomes were prepared on slides and stained with either
DAPI or Quinacrine-HCl (Sigma-Aldrich) according to man-
ufacturer's guidelines. Documentation was carried out with
fluorescence microscopy (NIKON Eclipse TE 300).

Colony forming assay. To investigate the colony forming
capability of HoMel-L1 and HoMel-A1 cultures, 150–200
single cell suspensions of each cell line in 0.8 ml growth
media containing 0.3% low-melting agarose (Sigma-Aldrich)
were plated in triplicates in 24-well plates over a base layer of
0.8 ml growth media containing 0.6% low-melting agarose.
The plates were incubated for 15–17 d or until colonies were
formed. Colony diameters larger than 70 μm or colonies
containing more than 45 cells were then counted as 1 positive
colony using light microscopy (NIKON Eclipse TE 300).

Matrigel invasion assay. The Matrigel invasion chambers
(Becton Dickinson, Franklin Lakes, NJ) were used to assess
the invasive potential of HoMel-L1 and HoMel-A1 cultures
essentially according to the manufacturer's instructions. Brief-
ly, the control and test inserts were rehydrated for 2 h in the
cell culture incubator in 24-well plates with 500 μl serum-free
DMEM in the well and 500 μl in the insert. After rehydration,
about 3×104 cells of each line in 500 μl of complete
DMEM were seeded in each of the control and test inserts.
Seven hundred fifty microliter of DMEM with 10% FCS
was served as chemoattractant in the bottom of each well.
The plates were incubated for 24 h in the cell culture
incubator. The cells on the inserts were fixed in 4% PBS-
buffered paraformaldehyde, washed in PBS, stained with
Giemsa–Wright stain (Sigma-Aldrich, St Louis, MO) for
30 min, and washed in dH2O. The cells on the top of
insert's membranes were removed with several Q-tips. In-
vading cells were counted in three microscopic fields using
a ten × objective.

The percentage of invasion was determined as the mean
number of invading cells in the test membrane/number of the

cells migrating through the control membrane × 100. The
assay was performed in sextuplicates and repeated twice.

In vivo tumor growth in SCID mice. Six-week-old female
severe combined immunodeficient (SCID) mice were
xenografted by injecting 1.5×106 cells in 200 μl PBS of each
cell line subcutaneously into the interscapular region. Non-
tumorigenic equine fibroblast served as negative control. Five
animals of each group were injected and observed over a
period of 16 weeks. SCID mice were obtained from The
Jackson Laboratory and bred and housed according to the
guidelines of the Medical University of Vienna, Divi-
sion of Comparative Medicine. The animal ethics com-
mittee approved all the experiments. For each group of
mice, the data were described using the mean value of
each group and its associated standard deviation. The
tumor volumes were calculated as tumor size**3*pi/6 (SAS
2011). The statistical comparisons were performed using the
Student's t test for the difference between group experiment
and group control. Value of P <0.05 was considered statisti-
cally significant.

Immunofluorescence. The cells were grown on glass cover-
slips for 1–3 d, fixed in 2.4% PBS-buffered paraformalde-
hyde, and permeabilized in 0.2% Triton X-100. Subsequently,
the cells were incubated with the following primary antibod-
ies: anti-TRP1, anti-TYR, and anti-TRP2–rabbit polyclonal
(Santa Cruz Biotechnology, Inc., Heidelberg, Germany), anti-
AP-2α, anti-MITF–mouse monoclonal (Santa Cruz Biotech-
nology, Inc.), and anti-PMEL–rabbit affinity-purified poly-
clonal (Raposo et al. 2001). Respective fluorescent Alexa
Fluor 488 and Texas Red-X secondary antibodies were used
for visualization of the signals (Molecular Probes, Invitrogen,
Life Tech Austria, Vienna, Austria). Antigen expression was
analyzed by fluorescence microscopy (NIKON Eclipse TE
300).

Western blot analysis. Cells were lysed in a buffer containing
50 mM Tris (pH 7.5), 100 mM NaCl, 1 mM EDTA, 10%
glycerol, 20 mM sodium fluoride, 2.5 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, and 0.5% Triton X-100
with a protease- and phosphatase-inhibitor cocktails (Roche
Diagnostics, Mannheim, Germany). Immunoblotting was
performed with antibodies against mouse monoclonal anti-
p16 (clone G175-405, BD Pharmingen), mouse monoclonal
anti-p53 (clone Pab240, Calbiochem, Darmstadt, Germany),
and mouse monoclonal anti-α-tubulin (clone 6A204, Santa
Cruz Biotechnology).

RT-PCR. Total RNA was prepared from HoMel-L1 and
HoMel-A1 cells using the RNeasy mini kit (Qiagen, Valencia,
CA) according to manufacturer's recommendations, including
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on-column DNase digestion with RNase free DNase (Qiagen).
The RNA was eluted in RNase-free water, quantified using a
ND100 spectrophotometer (NanoDrop Technologies, Inc., Wil-
mington, DE), and stored at −70°C. First-strand complementary
DNA (cDNA) synthesis was performed using the Advantage
RT-for-PCR kit (BDBiosciences/Clontech, PaloAlto, CA). One
microgram total RNAwas mixed with oligo(dT)18 primers and
random hexamers, and reverse transcription was performed
according to manufacturer's recommendations. For both cell
lines, a control reaction without reverse transcriptase was run
in order to detect possible DNA contamination later in the PCR
step. The cDNA was diluted in 30 μl DEPEC-treated H2O,
purified with a Chroma Spin TE-10 column (Clontech),
aliquoted, and stored at −70°C. The following primers
were used to obtain the corresponding equine full length
(FL) or partial (P) transcripts: ASIP FL forward 5′-
GGATGTCATTCACCTGTTCCTGG-3′ and reverse 5′-
CACACGAGTGAGCGTGGACGA-3′, MC1R FL forward
5′-GCAGGGGCCCCAGAGGAG-3′ and reverse 5 ′-
CTCCACGACGACACGAGGAC-3′, POMC FL forward 5′-
CTGCTGCTTCAGGCTTCTGT-3 ′ and reverse 5 ′-
ACCACCACCTCCTCCTCCT-3′, and c-KIT P forward 5′-
CTCGGCTTTGCCGCGCTCG-3′ and reverse 5′-GTCTAGTT
CCGTGGACTCAATGTGG-3′. PCR was performed using a
touchdown PCR program (annealing at 63 to 53°C for 7 cycles
followed by annealing at 56 or 59°C for 37 cycles) in 25 μl
reactions using 200 ng cDNA, 1M betaine (Sigma-Aldrich),
and 0.6U AmpliTaq Gold (Applied Biosystems, Foster City,
CA). Products were purified and sequencedwith the correspond-
ing PCR primers.

Analysis of p53 mutations. DNAwas prepared from HoMel-
A1 and HoMel-L1 cells using the DNeasy Blood & Tissue kit
(Qiagen). Exons 2–10 of p53 were PCR-amplified with the
following primers: exons 2–3 forward 5′-CTGTGGGAA
GCAAAACCAGT-3′ and reverse 5′-GTACCAACTGGAAG
CCATGC-3′, exons 4–6 forward 5′-ACGGTCTCCTGA
CCTTCCA-3′ and reverse 5′-GAGCATGGGAGAAAGTG
CTG-3′, exons 7–8 forward 5′-CCCTTCTTACCTGGGTAG
TGGT-3′ and reverse 5′-CTGAGCCTAACCTGGCATTT-3′,
and exons 9–10 forward 5′-ACTTCTCTGTCCCCCTCCTC-
3′ and reverse 5′-CCTGTAGCAAGCAGAGGTTCA-5′.

Statistical analysis. Data were analyzed by Student's t test.
Statistically significant differences were determined at P <
0.05 level.

Results

Establishment of cell lines. The most critical part of the initial
optimization of the culturing conditions was the reduction of

the melanin content, by extensive washing of the cells in PBS,
due to the toxicity of melanin and its byproducts to cells
in vitro. In HoMel-A1 cultures, regularly proliferating cells
were observed after 3 wk of incubation, whereas in HoMel-L1
cultures, deeply pigmented slowly growing cells appeared at
the periphery of tumor fragments after 12 wk. The resulting
melanoma cell cultures were subcultured by limited dilution.
Permanently growing cells of both established cell lines were
routinely subcultured by 1:5 dilution once a wk when plated
at a density of 6×104 cells/cm2. The cells frozen in liquid
nitrogen at various passages upon recovery maintained their
initial morphology and behavior in culture for more than 100
passages.

Morphological and in vitro growth characteristics . Light
microscopy showed that the cells of both cell lines ranged in
shape from triangular and stellar to spindle-like with dendritic
extensions Fig. 1A. The cells had a single nucleus with prom-
inent nucleoli. The main difference between the cell lines was
the size of the cells, with the HoMel-A1 cells being about 30%
smaller than the HoMel-L1 cells. Furthermore, the HoMel-A1
cells had a higher degree of anisokaryosis and anisocytosis
Fig 1B. Transmission electron microscopy revealed the pres-
ence of melanosomes at various developmental stages in both
cell lines Fig. 1C. Pigmentation decreased in both cell lines
during long-term growth in RPMI-1640 medium. However,
the melanin synthesis could be restimulated upon addition of
tyrosine or phenylalanine, or by reducing the glucose supply.

The calculated population doubling time in the log growth
phase was 90 h for HoMel-L1 and 42 h for HoMel-A1, clearly
indicating a growth advantage of the latter Fig. 1D. Neither of
the cell lines required exogenous growth factors for permanent
growth. Furthermore, no detrimental effect on cell prolifera-
tion was observed upon FCS deprivation. The cells of both
cell lines showed no contact inhibition and grew in a tightly
packed monolayer.

Determination of chromosome numbers. The chromosome
numbers remained constant in both of the cell lines throughout
the culturing period as was determined by chromosome
counting at different passages. Of 100 metaphases of HoMel-
A1 cells, 78% showed near-haploid number of 32 to 38 chro-
mosomes. The remaining metaphases had either 46 (8%),
59(6%), 62 (2%), 64 (7%), or 128 (2%) chromosomes
(Fig. 2). Of 100metaphases of theHoMel-L1 cells, 75% showed
near-diploid number of 64 chromosomes. The remaining meta-
phases ranged from 60 to 72 chromosomes (Fig. 2).

Evaluation of the tumorigenic potential . Both of the cell lines
formed colonies in the soft agar assay, showing the anchorage-
independent growth ability (Fig. 3A). The number of the
colonies was roughly equal between the lines; however,
HoMel-A1 formed colonies with higher cell counts (although
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the difference did not reach statistical significance), suggesting
a more aggressive transformation activity (Fig. 3B). The
in vitro transformed status of the cell lines was strongly
matched by their in vivo ability of tumor formation in SCID
mice upon subcutaneous injection. Tumors of both cell lines
developed at the site of injection in all the injected mice within
8 to 11 d. In consecutive daily observation, the HoMel-
A1 cells clearly showed a stronger tumorigenic potential,

characterized by faster tumor growth (Fig. 3C). After 9 weeks,
the maximal HoMel-A1 tumor diameter was 24.5 mm, where-
as that of the HoMel-L1 tumor was 19.7 mm (P <0.05). From
this stage, the HoMel-A1 tumors stopped gaining in volume in
comparison to the HoMel-L1 tumors. None of the tumors
progressed to metastasis. In line with a higher tumorigenicity,
HoMel-A1 cells also showed a higher invasion capacity in
Matrigel invasion assay. The invasiveness of the cells of both

Figure 1. (A) Phase contrast
microscopy of HoMel-A1 and
HoMel-L1 cell cultures. ×40
magnification. Scale bar, 18 μm.
(B) Giemsa–Wright staining of
HoMel-A1 and HoMel-L1 cells.
×60 magnification. Scale bar,
18 μm. (C) Electron microscopy
of HoMel-L1 (similar to HoMel-
A1). Mt mitochondrion, Ms
melanosome. Scale bar, 2 μm.
(D) Growth curves of the cell
cultures. Note a considerably
longer lag-phase in HoMel-L1 in
comparison to HoMel-A1. Cells
were counted at passage 10 as
described in Material and
Methods.
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lines was determined as the percentage of cells that can pene-
trate the control insert relative to the Matrigel insert. About 10
to 28% of HoMel-L1 cells penetrated theMatrigel compared to
the control insert. In contrast, about 55 to 88% cells of HoMel-
A1 could migrate through the Matrigel insert compared to the
control insert (Fig. 3D).

Expression of melanocyte - and melanoma -associated
antigens. To ascertain that the established cell lines are of
melanocytic origin and to test for potential differences be-
tween the lines, we examined expression of melanocyte- and

melanoma-associated antigens using indirect immunofluores-
cence (IF). As shown in Fig. 4, both cell lines expressed
MITF, TYR, TRP1, PMEL, and AP-2α. The protein expres-
sion patterns were similar between lines, except for the appar-
ent reduction in the expression of the melanoma marker AP-
2α in HoMel-A1 (Fig. 4A). The IF results were confirmed by
RT-PCR (data not shown). In addition, we analyzed the
mRNA expression of other melanocyte/melanoma-related an-
tigens for which functional antibodies were not available. RT-
PCR products of the expected sizes were generated for ASIP,
MC1R , POMC , and KIT transcripts in both cell lines

Figure 2. Metaphase
chromosome spreads from
HoMel-L1 and HoMel-A1 were
stained with quinacrine-HCl and
chromosome numbers were
counted. A representative
metaphase spread of HoMel-A1
with haplod set of chromosomes
(left) and HoMel-L1 with diploid
set of chromosomes (right). Scale
bar, 10 μm.

Figure 3. In vitro and in vivo
tumorigenic potential of HoMel-
A1 and HoMel-L1 cells. (A , B)
Colony formation assay in soft
agar. Representative images of
colonies for HoMel-A1 and
HoMel-L1 cell lines (A) and
quantification of colony-
formation efficiency (B). ×40
magnification. (C) Tumor in vivo
growth in SCID mice. Shown are
tumor volumes for tumors formed
by subcutaneous inoculations of
1.5×106 cells. Each line
represents an individual animal.
The data shown is representative
of one of three independent
experiments. (D) Quantification
of invasiveness of HoMel-A1 and
HoMel-L1 cells measured by
Matrigel invasion assay.
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(Fig. 4B). The identity of the PCR products was confirmed by
sequencing.

Tumor suppressor profiling. Expression of tumor suppressors
p16INK4A, p53, and PTEN is often lost or altered in metastatic
melanomas (Hearing and Leong 2006). To test for potential
alterations in the expression of these proteins in our cell lines,
we used Western blot analysis. We found that both p16INK4A

and PTEN were lost in HoMel-A1, while these proteins were
present in HoMel-L1 (Fig. 4C). Loss of PTEN has been linked
to the activation of PI3K/Akt signaling in human melanomas
(Hearing and Leong 2006), and, in line with this, we detected
a higher level of the activated Akt (pAkt) in HoMel-A1 in
comparison to HoMel-L1 (Fig. 4C). Strong p53 protein ex-
pression was detected in both HoMel-L1 and HoMel-A1 cells
(Fig. 4C). Since the antibody we used here (Pab240) detects
both the wild type and mutant forms of the p53 protein, it was
not clear which form is expressed in our cell lines. We

therefore screened for mutations in exons 2–10 of p53 by
direct sequencing of the corresponding PCR products ampli-
fied from genomic DNA. No p53 mutation was detected in
either of the cell lines.

Discussion

We report here the establishment and comparative character-
ization of two novel cell lines, designated HoMel-L1 and
HoMel-A1, derived from a primary and a metastatic melano-
ma tumor of a Grey Lipizzaner and an Arabian horse, respec-
tively. Given that the primary cause for the development of the
Grey phenotypes including melanoma is the Grey mutation
(Rosengren Pielberg et al. 2008; Sundström et al. 2012), a
direct comparison of different tumors should be possible. In
addition, the fact that both of the cell lines are heterozygous

Figure 4. Expression of
melanocyte and melanoma
antigens in HoMel-A1 and
HoMel-L1 cells. (A)
Immunofluorescence with
antibodies against MITF, TYR,
TRP1, PMEL, and AP-2α in
HoMel-A1 (left panel) and
HoMel-L1 (right panel). Scale
bar, 20 μm. (B) RT-PCR analysis
of the expression of ASIP,MC1R,
POMC , and KIT transcripts in
HoMel-A1 (A) and HoMel-L1
(L). The RT-PCR products were
run on 1% agarose gel stained
with ethidium bromide. C
Expression of tumor suppressors
p16INK4A, PTEN, and p53 and
activation of the Akt pathway
analyzed by Western blotting in
HoMel-A1 (A) and HoMel-L1
(L).

62 SELTENHAMMER ETAL.



for the Grey mutation (Rosengren Pielberg et al. 2008;
Sundström et al. 2012), combined with the close genetic
relationship between the Lipizzaner and Arabian breeds
(Dovc et al. 2004; Luis et al. 2007), should further minimize
background genetic differences to enable comparative studies.
Establishment of cell cultures from primary GHMs has been
previously described (Chapman et al. 2009). To the best of our
knowledge, this study describes the first cell line from a
metastatic GHM tumor. Cell lines may change during extend-
ed culture periods and not always possess the characteristics
of the parental tumor. It is therefore important that both of our
GHM cell lines stably maintained their initial characteristics
throughout the culturing period as confirmed by various anal-
yses at early and later passages.

In efforts to define changes occurring during progression of
GHM, we examined the established cell lines for their growth
and morphological characteristics, oncogenic potential, kar-
yotypes, and expression of melanocytic antigens and tumor
suppressors. Both of the cell lines displayed characteristics of
malignancy, confirming the pathology diagnosis of the paren-
tal tumors. The population doubling time for the metastatic
HoMel-A1 was less than half of that for the primary HoMel-
L1, in line with the higher proliferation indexes observed in
human metastatic melanomas in relation to their primary
counterparts (i.e., Guerriere-Kovach et al. 2004). The cells
of both cell lines had similar morphologies, although the
HoMel-A1 cells were smaller and had a higher degree of
anisokaryosis and anisocytosis. The degree of pigmentation
in both cell lines was considerably lower than that in the
parental tumors, and depended on media conditions, as previ-
ously described for other GHM as well as canine melanoma
cell cultures (Koenig et al. 2001; Chapman et al. 2009).

Both of the cell lines were clearly tumorigenic as demon-
strated by their abilities to grow under anchorage-independent
conditions by forming colonies in soft agar and induce tumor
formation in SCID mice. In line with a more malignant
character of the HoMel-A1 cells, these tumors had a stronger
oncogenic potential characterized by a faster growth and
larger tumor size as compared to the tumors formed by the
HoMel-L1 cells. The fact that none of the HoMel-A1 tumors
developed metastasis may potentially be attributable to the
method of delivery, as it has been previously established that
subcutaneously injected melanoma cell lines only very rarely
give rise to metastasis. A further testing with intravenous
inoculations may help to elucidate whether the blood-borne
GHM cells are able to metastasize in SCID/nude mice. In line
with the metastatic characteristics of the HoMel-A1 parental
tumor, the cells of this line demonstrated a high invasive
potential compared to HoMel-L1, as assessed by Matrigel
invasion assay. Our in vitro data, therefore, showed a close
match to the in vivo characteristics of the parental tumors.

Chromosome counting revealed a striking difference in
ploidy between the cell lines, with a near-diploid and a near-

haploid modal chromosome number in HoMel-L1 and
HoMel-A1, respectively. Previous cytogenetic studies have
indicated that genetic abnormalities increase in severity with
clinical progression of melanoma (Herlyn et al. 1990; Tlsty
et al. 1995). These abnormalities often manifested as progres-
sive aneuploidy as observed in the HoMel-A1 cell line. There
are, however, very few reports about a stable haploid cell line
developed from a solid tumor, although a hypodiploid DNA
pattern in a variety of human tumors (including melanoma)
has been found to correlate with a worse prognosis (Atkin and
Baker 1981; Toti et al. 1998). Interestingly, previous studies
have revealed that both copies of the STX17 locus on chro-
mosome 25 are maintained in both cell lines as they are
heterozygous at this locus (Rosengren Pielberg et al. 2008;
Sundström et al. 2012).

The detection of melanocytic markers such as TYR, TRP1,
MITF, and PMEL confirmed the melanocytic origin of the
lines and showed no discernible difference in the expression
pattern between the lines. However, the expression of a mel-
anoma antigen AP-2α, a transcription factor with an
established role in the progression of human melanoma
(Bar-Eli 1999), was reduced in HoMel-A1, suggesting its
potential link to GHM progression. We used RT-PCR to
analyze the expression of other melanocyte- and melanoma-
associated antigens such as MC1R , ASIP, POMC , and KIT,
for which no antibodies were available. The mRNA tran-
scripts of these genes were readily detectable in both cell lines.

In humans and mice models, melanoma progression is
often associated with reduction or loss of expression of the
tumor suppressor p16INK4A (Bennett 2003; Kannan et al.
2003; Monahan et al. 2010). Here, p16INK4A was detected
by immunoblotting in HoMel-L1 but absent in HoMel-A1, in
line with its loss in the later stages of humanmelanomagenesis.
Expression of another important tumor suppressor, p53,
whose functional inactivation with the consequent accumula-
tion of the protein has been associated with progression of
human, mouse, and zebrafish melanoma (Sharpless et al.
2003; Patton et al. 2005; Goel et al. 2009; Yu et al. 2009),
was strong in both lines. Since the antibody we used can
recognize both the wild-type and mutant forms of the p53
protein, it is possible that the observed accumulation of p53 is
due to the presence of mutated protein forms as found in some
melanomas (Castresana et al. 1993; Ragnarsson-Olding et al.
2002). However, sequencing of the p53 gene revealed no
mutations in either of the cell lines, indicating that other
mechanisms are responsible for the observed accumulation
of the protein.

In human melanoma, the PI3K/Akt pathway activation via
loss of a tumor suppressor PTEN is linked to acquisition of
insensitivity to apoptosis and progression to metastases
(reviewed in Yajima et al. 2012). Consistently, we found
PTEN loss and concurrent activation of the Akt pathway in
HoMel-A1 but not in HoMel-L1, thus suggesting that the
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pathways similar to those found in human melanoma operate
also in GHM.

Previously, we found that a higher copy number of the
STX17 duplication is associated with more malignant GHM
tumors, and HoMel-A1 was found to have 5–8 copies of the
duplicated sequence in contrast to HoMel-L1 with three cop-
ies (Sundström et al. 2012). These cell lines, therefore, are
useful to study the link between the presence of the STX17
duplication and GHM development.

It should be noted that, although the established cell lines
stably maintained their initial characteristics, there still might
be a possibility that some of the cytogenetic and/or expres-
sional changes we observed were the consequences of an
in vitro selection and progression, instead of a true represen-
tation of the situation in vivo. Complementary analysis on the
in vivo tumors at the appropriate stages will, therefore, be
needed.

In conclusion, our in vitro model system will be an impor-
tant tool for further dissection of the molecular mechanisms
behind GHM development and progression as well as an
appropriate model for testing new therapeutical strategies for
the melanoma treatment.
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