
Abstract. Heterochromatin protein 1 (HP1) is associated with
heterochromatin formation and the regulation of gene expression.
In this study, we demonstrated that decreased HP1‚, but not
HP1·, mRNA and protein expression, correlates with invasive
potential in five human melanoma cell lines, and we used
immunohistochemistry to confirm that HP1‚ expression is
suppressed during melanoma progression. HP1‚ levels are
decreased in V600EB-RAF-transformed mouse melanocytes,
suggesting that HP1‚-mediated suppressive mechanisms correlate
with melanoma oncogenesis. Expression of microphthalmia
associated-transcription factor (MITF), an important melanocyte
differentiation factor, is reduced in melanoma, which is
correlated with poor prognosis. In CRL1579, SK-MEL-28 and
HMV-II human melanoma cells in which HP1‚ expression is
reduced by RNAi, MITF RNA levels and invasiveness activities
are differentially altered and are not correlated with each other.
Our findings indicate that the V600EB-RAF mutation induces
HP1‚ down-regulation, which causes epigenetic gene regulation
associated with melanoma progression. 

Heterochromatin protein 1 (HP1) is associated with
heterochromatin formation and plays many important roles in
the regulation of gene expression. In Drosophila melanogaster,
HP1 participates in a phenomenon known as position effect
variegation, in which heritable gene suppression is caused by
abnormal translocation in the proximity of heterochromatin
(1-3). Moreover, targeting of HP1 to a euchromatic promoter

can induce a gene-silenced state in mammals that is similar to
variegation in Drosophila (4). Overexpression of HP1 has been
shown to cause a reduction in gene expression (5, 6); HP1 is
known to associate with Krüppel-associated box (KRAB) zinc
finger proteins, resulting in reduced gene expression (7, 8).
Thus, HP1 is considered to function during heterochromatin-
associated gene expression regulation.

HP1 has the ability to interact with many partners,
including DNA, RNA, and various nuclear proteins that
participate in the formation and maintenance of
heterochromatin (9, 10). It can bind RNA in vitro (11) and it
has also been shown to interact with DNA and chromatin (12,
13). In addition, some reports have suggested that binding of
HP1 to methylated lysine 9 of histone H3 (H3-K9) is essential
for the recruitment of HP1 to heterochromatin (14-16).
Binding of HP1 to these various cellular components may
enable it to play an important role as a structural adaptor for
heterochromatin maintenance (10).

HP1 is a highly conserved protein that has homologues in a
broad spectrum of species, from S. pombe to mammals.
Human HP1 has three isoforms: HP1·, ‚ and Á (17). HP1
proteins are primarily located at centromeric heterochromatin,
although HP1‚ and Á have also been shown to be associated
with euchromatic regions (18, 19). HP1· can dimerize with
either itself or with HP1‚ (20), and its targeting causes the
aggregation of endogenous HP1‚ to chromatin (21). 

HP1· is down-regulated in highly invasive/metastatic breast
cancer cells in comparison to poorly invasive/non-metastatic
breast cancer cells. In addition, transfection of the HP1· gene
into breast cancer cells has been shown to decrease their
invasive abilities in vitro. In concordance with this observation,
HP1· expression has also been shown to be diminished in
sections from various metastatic tissues in breast cancer
patients (22).

Mutated forms of RAS and RAF function as oncogenes in
melanoma (23-25). The RAS-RAF-MEK-ERK signaling
cascade is thought to play an important role in initiation and
progression of melanoma by activating a number of proteins,
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including NF-κB, phosphatidylinositol 3’-kinases and
microphthalmia-associated transcription factor (MITF) (26).
MITF plays an important role during melanocyte
differentiation (27) and increased MITF expression has been
shown to exert antiproliferative effects in melanoma (26).
Moreover, reduced MITF expression is correlated with bad
prognosis in melanoma (28). 

B-RAF is mutated in nearly 70% of cutaneous melanomas
(29-31), and almost 80% of nevi have B-RAF mutations (30,
32). However, oncogenic B-RAF mutations may not be
sufficient to initiate melanoma. 

In this study, we used immunohistochemistry to
demonstrate that HP1‚ expression is decreased in both
invasive and metastatic human melanoma. We also showed
that HP1‚ expression is reduced in V600EB-RAF transfected
melanoma cells compared to cells transfected with wild type
B-RAF. Recently, RNA interference (RNAi) has been shown
to be a highly effective method for silencing specific genes, not
only in C. elegans and Drosophila, but also in mammalian
genomes (33-36). In the three melanoma cell lines tested,
following an RNAi-induced reduction in HP1‚ expression,
invasive properties and MITF RNA expression were
dramatically altered and were not always correlated with each
other. These results suggest that the oncogenic V600EB-RAF
mutation causes various epigenetic gene expression changes
related to melanoma invasion and progression by decreasing
HP1‚ expression levels. 

Materials and Methods

Cells and culture conditions. The human melanoma cell lines CRL1579,
G361, HMV-I, HMV-II and SK-MEL-28 were supplied by the Cell
Resource Center for Biomedical Research, Institute of Development,
Aging and Cancer, Tohoku University, Japan. These cell lines were
routinely cultured in RPMI 1640 (Sigma, St. Louis, MO, USA) with
10% fetal bovine serum (Gibco/Invitrogen, Carlsbad, CA, USA) at
37ÆC in an atmosphere of 5% CO2 in air. Mouse melanocytes
transformed with WTB-RAF (B2), V600EB-RAF (VE16) and G12VRAS
(LTRras) have been described previously (25). WTB-RAF (B2) cells
were cultured in RPMI 1640 (Sigma) with 10% fetal bovine serum
(Gibco/Invitrogen) supplemented with 200 nM TPA (Sigma) and 0.05
Ìg/ml cholera toxin (Sigma) at 37ÆC in an atmosphere of 5% CO2 in
air. V600EB-RAF (VE16) and G12VRAS (LTRras) lines were cultured in
RPMI 1640 (Sigma) with 10% fetal bovine serum (Gibco/Invitrogen) at
37ÆC in an atmosphere of 5% CO2 in air. 

RNA isolation and RT-PCR. Total RNA was isolated from melanoma
cells using an RNA extraction kit according to the manufacturer’s
protocol (Qiagen, Valencia, CA, USA). First-strand cDNA synthesis
was performed using the Superscript II RNase Reverse Transcriptase
kit according to the manufacturer’s protocol (Invitrogen). Non-RT-
PCR was performed simultaneously as an internal control. cDNA
synthesis was performed at 42ÆC for 50 min. PCR conditions were as
follows: 40 cycles of denaturation (95ÆC for 15 sec), annealing (HP1·,
53ÆC; HP1Á, 55ÆC; MITF, 57ÆC; and GAPDH, 57ÆC for 15 sec),
extension (72ÆC for 30 sec) and 1 cycle of final extension (72ÆC for 7

min). The PCR product sizes for HP1·, Á, MITF and GAPDH were
185, 192, 232 and 229 bp, respectively. The following HP1-specific
primers were used for PCR: HP1· forward primer, 5’-
AGACCACACCAGAAACCCTG-3’; HP1· reverse primer, 5’-
GAATTTTGGTTTCTTGCTTTGG-3’; HP1Á forward primer, 5’-
CAACCCCCAAGTAGAGAGCG-3’; HP1Á reverse primer, 5’-
TGGAAAAGACATTGGTCCCC-3’; MITF forward primer, 5’-
TGCTTCCTTTCTTGATTCGT-3’; MITF reverse primer, 5’-
AGCTAAAGTCTGTGGTGAAT-3’; and GAPDH forward primer,
5’-GAAGGTGAAGGTCGGAGTC-3’; GAPDH reverse primer, 5’-
CTGGAAGATGGTGATGGGATTTCC-3’. PCR products were
separated on a 1.5% TBE agarose gel, stained by ethidium bromide
and visualized under UV light. 

Western-blot analysis. Melanoma cells were harvested in a lysis buffer
(RIPA buffer; 10 mM Tris-HCl [pH 8.0], 1% NP-40, 0.1% SDS, 150
mM NaCl, 1 mM EDTA, double-distilled water, protease inhibitor)
and incubated on ice for 10 min. Samples were then sonicated. After
an additional 10-min incubation on ice, cell debris was removed by
centrifugation at 15,000 xg for 5 min and the supernatant was
collected. Protein concentrations were measured with a UV mini 1240
(SHIMADZU, Kyoto, Japan). Protein samples (20 Ìg) were separated
by SDS-PAGE (10% acrylamide), transferred to nitrocellulose
membranes (Hybond-ECL, AmershamBiosciences, Chalfont St. Giles,
UK), and blocked with 0.1% Tween 20 and 5% skimmed milk in PBS
for 30 min at room temperature. Membranes were incubated with
anti-HP1‚ antibody (Upstate/Millipore, Billerica, MA, USA) for 3 h
and washed three times with 0.1% Tween 20 in PBS. Protein G HRP
(BIO-RAD, Hercules, CA, USA) was used to detect bound antibodies
that were visualized by exposure to film.

Preparation and transfection of HP1‚-targeted RNAi. 25-nt RNAs were
obtained from Invitrogen (Stealthì RNAi). The RNAi sequences
targeting HP1‚ (GenBank accession No. NM_006807) corresponded
to the region 117-141 nt. CRL1579 cells were cultured at a
concentration of 1x105 cells for 48 h before transfection in RPMI
1640 with 10% fetal bovine serum in a 6-cm dish. Transfection of
HP1‚-targeted RNAi was performed using Lipofectamineì 2000
Transfection Reagent (Invitrogen) and 200 pmol RNAi per 6-cm dish
according to the manufacturer’s protocol. Fifty-seven hours after
RNAi transfection, total RNA or total protein were isolated for 
RT-PCR or Western-blotting, or cells were resuspended to perform
the Matrigel invasion assay.

Matrigel invasion assay. Invasive properties of melanoma cell lines
were analyzed using the BD BioCoatì Matrigelì Invasion Chamber
according to the manufacturer’s protocol (pore size, 8.0 Ìm; BD
Biosciences, Franklin Lakes, NJ, USA). Melanoma cells were
suspended in the upper chamber at a concentration of 2x104 cells/well
in 0.1 ml RPMI 1640 with 0.1% bovine serum albumin, and 0.7 ml
RPMI 1640 with 10% fetal bovine serum was added to the lower
chamber. Cells were incubated in a 5%-CO2 atmosphere at 37ÆC for
22 h. After incubation, the non-invading cells were removed from the
upper side of the filter by scrubbing with a cotton swab. The
membrane was fixed with 100% methanol and stained with Giemsa.
The invading melanoma cells were counted under a light microscope
at x100 magnification. Invasive potential was defined as the mean
number of invasive cells in all fields of triplicate membranes. 

Immunohistochemistry. Sections (4-Ìm-thick) were cut from
formalin-fixed, paraffin-embedded blocks of human melanoma
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tissues. After deparaffinization and rehydration, the sections were
incubated in 0.01 M sodium citrate buffer (pH 6.0) for 10 min at
100ÆC. The VENTANA EX system (VENTANA, Tucson, AZ,
USA) was used to stain the sections with the Alkaline Phosphatase
Enhanced Detection kit (VENTANA), Hematoxylin Counterstain
(VENTANA), Blueing Reagent (VENTANA) and anti-HP1‚
antibody (Upstate/Millipore) according to the manufacturers’
specifications. The sections were analyzed for the percentage of
stained cells and the staining intensity, graded from 1+ (lowest) to
3+ (highest), which are indicative of HP1‚ immunoreactivity. 

Ethical consideration. Written informed consent was obtained from
each patient and permission for this study was obtained from the
Ethics Board of Mie University Graduate School of Medicine, Japan. 

Results

Comparison between invasive potential, HP1 mRNA and protein
expression levels, and mRNA expression of MITF in melanoma
cell lines. As shown in Figure 1A, HP1‚ protein expression
levels varied in the five melanoma cell lines tested. In
particular, SK-MEL-28 cells expressed low levels of HP1‚
protein. However, there were no robust differences in HP1·
and HP1Á mRNA expression levels between the different cell
lines (Figure 1B). To compare HP1‚ protein expression levels
with invasive potential, the Matrigel Invasion Assay was
performed using the BD BioCoatì Matrigelì Invasion
Chamber, as shown in Figure 1C and 1D. SK-MEL-28
melanoma cells were more invasive than CRL1579 melanoma
cells which showed higher HP1‚ protein expression levels
(Figure 1C). SK-MEL-28 melanoma cells also appeared to be
more invasive than the other melanoma cell lines with higher
HP1‚ protein expression levels (Figure 1D). Together, these
results suggest that lower HP1‚ protein expression may be
associated with invasive potential in melanoma cell lines.
Decreased expression of MITF, a regulator of melanocyte
differentiation (27), is correlated with bad prognosis in
melanoma (28). The most invasive cell line, SK-MEL-28,
showed the lowest MITF mRNA expression level, while the
HMV-II line, which has weak invasive properties, displayed
the highest MITF level. This result indicated that the higher
the MITF expression, the lower the invasive potential of the
melanoma cells examined (Figure 1E). 

Immunohistochemical analysis of HP1‚ expression in human
melanoma tissues. To compare the expression of HP1‚ with
invasive and metastatic properties, immunohistochemistry was
performed using an HP1‚ antibody in various human
melanoma tissues. Formalin-fixed, paraffin-embedded human
melanoma tissues (five cases of Clark’s level II, eight of
Clark’s level IV, two lymph node metastasis and four skin
metastasis) were analyzed for both the intensity of antibody
staining and the percentage of HP1‚-positive melanoma cells
(Figure 2). Melanoma tissues from Clark’s level II lesions

included >70% HP1‚-positive cells, and the intensity of
staining was as high as 3+ (see Materials and Methods section
for description of staining intensities). Out of eight invasive
lesions (Clark’s level IV), all showed <70% HP1‚-positive
staining, four indicated <5% HP1‚-positive staining and all
exhibited a staining intensity <2+. Furthermore, in two lymph
node-metastatic cases, both lesions displayed <10% HP1‚-
positive staining, and one of these had a staining intensity of
1+. In contrast, in four skin metastatic cases, two patients
showed <10% HP1‚-positive staining along with a staining
intensity of 1+. In addition, as the disease stage progressed,
the percentage of HP1‚-positive cells in metastatic lesions
(Clark’s IV ≥lymph node metastasis ≥skin metastasis) and in
tissue that was resected at a later time was progressively
reduced. Altogether, our results show that reduced HP1‚
expression is correlated with human melanoma progression.

HP1‚ expression levels are reduced in the V600EB-RAF-transfected
mouse melan-a cell line. As shown in Figure 3, Western-blot
analysis was performed with total protein from the WTB-RAF-
expressing clone B2, the V600EB-RAF-expressing clone VE16
and oncogenic RAS-expressing LTRras cells to compare
differences in HP1‚ protein expression levels. HP1‚ expression
was lowest in the V600EB-RAF-expressing clone and highest in
the oncogenic RAS-transfected clone. 

Down-regulation of HP1‚ using RNAi changes, invasive activity
and mRNA expression of MITF in three human melanoma cell
lines. To examine the effect of HP1‚ down-regulation on
invasiveness and MITF mRNA expression, we performed
transfection with HP1‚-targeted RNAi in the CRL1579, 
SK-MEL-28, and HMV-II melanoma cell lines. In RNAi-
transfected CRL1579 cells, there were approximately 2.4 times
more invading cells than in control cells (p=0.03; Figure 4A).
In contrast, there were about 2-fold fewer invading cells in
RNAi-transfected SK-MEL-28 cells than in control cells
(p<0.001). In addition, RNAi-transfected cells also reduced
invasive activity to a lesser degree in the HMV-II cell line
compared to control cells (p=0.04). Furthermore, mRNA
expression of MITF, the inhibitor of melanoma progression,
was increased in CRL1579 and HMV-II cells compared to
control cells. In contrast, SK-MEL-28 cells showed a reduction
in MITF mRNA expression compared to control cells (Figure
4B). These results demonstrate that reduction of HP1‚ affects
MITF gene regulation in human melanoma cell lines.
Nevertheless, in melanoma, simple down-regulation of HP1‚
is not directly correlated with increased invasiveness. 

Discussion

In this study, we showed that decreased HP1‚ expression is
associated with high invasiveness in five human melanoma cell
lines in vitro. The results of our immunohistochemical analysis
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Figure 1. A. Western-blot analysis of HP1‚ expression in five human
melanoma cell lines. Expression of HP1‚ protein is lowest in SK-MEL-
28, which is the most invasive line (see Figure 1D). B. HP1· and HP1Á
RT-PCR analysis. There were no robust differences between HP1· and
HP1Á mRNA expression in the five melanoma cell lines. C. Matrigel
Invasion Assay with the BD BioCoatì Matrigelì Invasion Chamber.
Chamber images in SK-MEL-28 and CRL1579 melanoma cell lines are
shown. SK-MEL-28 melanoma cells, which express lower levels of HP1‚,
are more invasive than CRL1579 cells. D. Invasive properties of
melanoma cell lines. The Matrigel Invasion Assay was performed in five
melanoma cell lines. Invading melanoma cells were counted under a light
microscope at x100 magnification. Invasive potential was defined as the
mean number of invading cells in all fields of triplicate membranes. E.
RT-PCR of Microphthalmia-associated transcriptional factor (MITF)
expression in three human melanoma cell lines, CRL1579, SK-MEL-28,
and HMV-II. The lowest level of MITF was observed in SK-MEL-28 cells,
which have aggressive invasion activity, and the highest MITF levels were
observed in HMV-II cells, which are associated with a lower degree of
invasiveness. Reduced expression of MITF was also seen in CRL1579 cells
(see Figure 1D). The MITF sequence was confirmed following gel
purification of PCR product bands. 



of HP1‚ expression in human melanoma tissue sections were
consistent with these findings. As reported in the literature,
overexpression of HP1· or ‚ induces changes in the
transcriptional activity of some genes, including nuclear
receptor subfamily 1 group H member 4, asparagine

synthetase, isoleucine t-RNA synthetase and zinc finger
protein 6 (37); furthermore, overexpression of HP1· or ‚ is
associated with a reduction of cell growth activity and
increased sensitivity to cell death by ionizing radiation (38).
Taken together, these observations suggest that genes
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Figure 2. HP1‚ immunohistochemistry in melanoma tissues. These images show HP1‚ expression in formalin-fixed, paraffin-embedded sections from
various melanoma lesions, including Clark’s level II (A), Clark’s level IV (C), lymph node metastasis (D), and skin metastasis (E). HE staining was also
performed in sections from the same melanoma tissues: Clark’s level II (B). Reduction of HP1‚ was associated with melanoma cell invasion and
metastasis, as shown in (C), (D), and (E). Note positive staining in keratinocytes or lymphocytes as internal controls.



required for melanoma invasion that are usually silenced or
repressed by HP1‚ may be up-regulated via a decrease in
HP1‚ levels, leading to increased melanoma invasion.

In this study, although down-regulation of HP1‚ expression
was correlated with tumor invasion, as represented by Clark’s
level, Breslow’s depth and degree of lymph node metastasis,
there was differential expression of HP1‚, particularly in
Clark’s level IV and skin metastasis tissues. To explain these
results, we propose the following hypothesis: various genes
involved in melanoma progression may be regulated through
epigenetic gene silencing by HP1‚ during melanoma
progression. Furthermore, compared with the sections of
Clark’s level IV and lymph node or skin metastatic tissues,
both the percentage and intensity of cell staining were
decreased in metastatic lesions or in those isolated at later
time-points from the same patient. We interpreted this result
by suggesting that melanoma cells with lower HP1‚ expression
are more likely to be selected as metastatic clones. An
alternative hypothesis is that epigenetic regulation of different
genes is related both to the degree of invasiveness, as well as
metastasis. Two cases demonstrated relatively high expression
(≥40%) of HP1‚ in skin metastatic tissue, thereby supporting
this second hypothesis, as skin metastasis ordinarily occurs
after lymph node metastasis. 

On the other hand, RNAi-induced HP1‚ reduction alone
was not correlated with changes in invasiveness and was also
not directly associated with down-regulation of MITF mRNA
expression in two out of the three melanoma cell lines
examined. These results suggest that decreased HP1‚ levels
may alter epigenetic gene expression differently in each
melanoma cell line. Differential changes in invasiveness may
occur through haphazard changes in gene expression, and
both active and inactive genes regulated by HP1‚ may be
different in each of the melanoma cell lines tested. The
mechanism through which HP1‚ functions in epigenetic gene
regulation has, therefore, not yet been completely unveiled. 

Recently, in melanoma models, RNAi-induced changes in
B-RAF expression have been shown to lead to reversible
tumor progression (39). In addition, 57% of melanomas and
100% of melanoma cell lines have been reported to have RAS
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Figure 3. Comparison of HP1‚ protein expression levels in the WTB-RAF-
expressing clone B2, the V600EB-RAF-expressing clone VE16, and
oncogenic RAS-expressing (LTRras) melanoma cells. Decreased HP1‚
expression was observed in V600EB-RAF-expressing cells. 

Figure 4. A. Matrigel Invasion Assay in CRL1579, SK-MEL-28, and
HMV-II cells following RNAi treatment. Invading melanoma cells were
counted under a light microscope at x100 magnification in all fields with
triplicate membranes. Values shown represent the mean±SD from triplicate
membranes. Increased invasiveness was observed in RNAi-transfected
CRL1579 cells compared to control cells (p=0.03). However, invasiveness
was decreased in SK-MEL-28 (p<0.001) and HMV-II cells (p=0.04). B.
RT-PCR of Microphthalmia-associated transcriptional factor (MITF)
expression following HP1‚-targeted RNAi transfection in CRL1579, SK-
MEL-28, and HMV-II melanoma cell lines. Decreased MITF expression
was observed following HP1‚-targeted RNAi transfection at the mRNA
level in SK-MEL-28 cells compared with control. Nevertheless, in the
CRL1579 and HMV-II melanoma cell lines, MITF mRNA expression was
up-regulated following HP1‚-targeted RNAi transfection. 



or B-RAF mutations (40). Thus, B-RAF mutations are
considered to be oncogenic in melanoma. However, B-RAF
mutations have also been observed in melanocytic naevi: 
B-RAF mutations have been identified in 94% of congenital
melanocytic naevi and 28% of dysplastic melanocytic naevi
(41). Furthermore, B-RAF mutations do not appear to
produce ERK activation in melanocytic naevi (42). Therefore,
together these reports suggest that B-RAF mutations alone
may not be sufficient to initiate melanoma. 

Mutations in RAS or B-RAF are also known to influence
DNA methylation-induced transcriptional repression via
chromatin remodeling. In colorectal cancer, B-RAF mutations
are correlated with high-level promoter methylation of
multiple loci (43). Par-4 expression has also been shown to be
reduced through methylation at promoter site in RAS-
transformed cells (44). Finally, it is thought that BRAF-
HDAC complexes are associated with gene repression
through chromatin remodeling (45, 46). In this study, HP1‚
expression was decreased in V600EB-RAF-transfected melan-a
cells compared to WTB-RAF- or oncogenic RAS-transfected
melan-a cells. This result suggests that the V600EB-RAF
mutation might be initiated prior to HP1‚ down-regulation
and, thus, play a key role during melanoma progression. This
hypothesis is consistent with a recent report that B-RAF
mutations probably arise prior to the development of
metastatic lesions in melanoma (47). 

The V600EB-RAF mutation stimulates constitutive ERK
activity, while B-RAF is not required for ERK signaling in
RAS-transformed melanocytes or oncogenic RAS-expressing
melanoma cells (25). In our study, HP1‚ expression levels
were higher in RAS-expressing cells than in B-RAF-
transfected cells. This suggests that the distinction between
HP1‚ expression levels in V600EB-RAF mutation- and
oncogenic RAS-transfected cell lines might reflect different
pathways through which constitutive ERK activity is
stimulated.

In summary, we showed that HP1‚ is down-regulated in
highly invasive melanoma cell lines. In addition, decreased
HP1‚ expression occurs in V600EB-RAF transfected melan-a
cells. Altogether, our results suggest that HP1‚ may be a
useful prognostic indicator for cutaneous melanoma.
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