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Abstract

In the present study, we investigated the role of the transcription factor RUNX2 in
melanomagenesis. We demonstrated that the expression of transcriptionally active RUNX2 was
increased in melanoma cell lines as compared with human melanocytes. Using a melanoma tissue
microarray, we showed that RUNX2 levels were higher in melanoma cells as compared with nevic
melanocytes. RUNX2 knockdown in melanoma cell lines significantly decreased Focal Adhesion
Kinase expression, and inhibited their cell growth, migration and invasion ability. Finally, the pro-
hormone cholecalciferol reduced RUNX2 transcriptional activity and decreased migration of
melanoma cells, further suggesting a role of RUNX2 in melanoma cell migration.
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1. INTRODUCTION

It is estimated by the NCI SEER that 44,250 American men and 32,000 American women
were diagnosed with invasive melanoma of the skin in 2012 and 9,180 men and women died
of this disease that year. Even with the development of more effective treatments [1; 2; 3],
metastatic melanoma is still associated with a poor prognosis [4; 5]. Transcription factors,
traditionally considered undruggable, have become the focus of new targeting strategies in
melanoma and other cancer types. [6; 7]. There is increasing evidence that transcription
factors play oncogenic roles in melanoma and this has driven efforts to develop new
approaches to target this class of proteins [8].

The RUNX (Runt-related transcription factor) genes comprise a family of three closely
related transcription factors, RUNX1, RUNX2 and RUNX3. These genes are defined by a
highly conserved 128 amino acid DNA binding/protein-protein interaction domain known as
the Runt box [9]. Knock out models have implicated RUNX2 in cartilage and bone
development [10; 11]. Some evidence also points to a role for RUNX2 specifically in bone
metastasis in advanced breast and prostate cancer. However, the role of RUNX2 in
promoting tumor development in hematopoietic lineages and in breast and prostate cancer
extends beyond its pro-bone metastatic effects. RUNX2 regulates the expression of genes
intimately associated with tumor progression, invasion and metastasis. These genes include
osteopontin, bone sialoprotein, collagenases, and FAK/PTK2 [9; 12; 13; 14]. In addition, the
pro-angiogenic effects of RUNX2 suggest a major role for this transcription factor in tumor
promotion. These effects include endothelial cell proliferation, migration and invasion [15;
16], induction of VEGF expression and physical and functional interactions between
RUNX2 and another major pro-angiogenic factor, hypoxia-inducible factor 1-a (HIF1-a)
[17; 18].

In one study, two melanoma cell lines showed coexpression of RUNX2 and Bone
Sialoprotein, whose expression in vivo correlated with local and regional melanoma spread
[19]. Another study indicated that TGFp, driving metastasis at advanced melanoma stages
[20], up regulated RUNX2 expression in the 1205LU melanoma cell line [21]. In addition,
the tumor suppressor p14ARF was reported to repress RUNX2 expression in melanoma cell
lines. In this study, the authors speculated that increased RUNX2 resulting from p1l4ARF
mutation might contribute to melanoma development [22]. As a first approach to studying
the role of RUNX2 in melanoma development, we determined that RUNX2 was
overexpressed in melanoma cell lines as compared with primary cultures of melanocytes or
an immortalized melanocyte cell line. ShRNA-mediated knock down of RUNX2 in
melanoma cell lines negatively affected cell growth and inhibited their migration and
invasion in conjunction with a reduction in the levels of the kinase FAK/PTK2 involved in
motility and adhesion. The RUNX2 DNA binding inhibitor Cholecalciferol [23] inhibited
the activity of the RUNX2-responsive MMP13 promoter, and also decreased melanoma cell
growth and their ability to migrate. Furthermore, we addressed the relevance of RUNX2
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expression to human melanomagenesis using a melanoma tissue microarray and confirmed
overexpression of RUNX2 in melanoma specimens as compared with benign nevi.

2. MATERIAL AND METHODS

2.1. Cell lines

WM1552C, WM9, WM1617, WM793, WM278, and 1205LU were kindly provided by Dr.
M. Herlyn (Wistar Institute, Philadelphia, PA, USA [24]). These lines were cultured in
MCDB153/L-15 (4/1 ratio) medium containing 2% FBS, 5 pg/ml Insulin and 1.7 mM
Calcium Chloride. C8161 melanoma cell line was provided by Dr. Mary Hendrix
(Children’s Memorial Research Center, Chicago, IL, USA [25] and was grown in D-MEM
(Mediatech, 10-013-CV) containing 10% FBS. UACC903 cells were provided by Dr.
Jeffrey M. Trent (Translational Genomics Research Center, Phoenix, AZ, USA [26]) and
were grown in RPMI1640 (Invitrogen, 11875) containing 10% FBS. The SKMEL?2 and
WM35 melanoma cell lines were purchased from ATCC (American Type Culture
Collection, Manassas, VA 20110, U.S.A). WM35 [24] was grown in MCDB153/L-15 (4/1
ratio) medium containing 2% FBS, 5 pg/ml Insulin and 1.7 mM Calcium Chloride.
SKMEL2 was grown in MEM containing 10% FBS [27]. Primary cultures of melanocytes
kindly provided by Dr M. Herlyn (Wistar Institute, Philadelphia, PA) were maintained in
MCDB153 medium containing 2% FBS, 10% chelated FBS, 2 mM L-Glutamine, 20 pM
cholera toxin, 60 pM basic FGF (Fibroblast Growth Factor), 100 nM Endothelin 3 and 10
ng/ml SCF (Stem Cell Factor). Two other primary cultures of melanocytes, AG22173 and
AG22151, were purchased from Coriell Institute for Medical Research (Camden, NJ) and
cultured in medium 254 from Invitrogen (#M254500), supplemented with human
melanocyte growth supplement (#S0025). Immortalized melanocytes (PMEL/hTERT/
CDK4(R24C)/p53DD) have been kindly provided by Dr. Hans Widlund and grown as
previously described [28].

2.2. Cell counting

2-4 x 10% cells were seeded in 24-well plates. The following day, DMSO, 2.5 or 5 uM of
cholecalciferol (Sigma, Saint Louis, MO) were added to the plates for 24 or 48 hours. Cells
were then washed in phosphate-buffered saline, trypsinized and counted, using a Beckman
Coulter Vi-CELL 1.00. For the analysis of cleaved caspase 3, 5 x 10° cells were seeded in 6-
well-plates. The following day, melanoma cells were treated with DMSO, 2.5 or 5 uM of
cholecalciferol for 24 hours before harvesting the cells and preparing lysates for
immunoblotting.

2.3. Immunoblotting

Cells were harvested, washed with PBS, and lysed with cell lysis buffer in the presence of
protease and phosphatase inhibitors (Roche) as previously described [29]. Equal amounts of
protein were separated on polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membrane, and immunoblots were analyzed using antibodies against RUNX2
(Rabbit mAb, Epitomics, an Abcam Company, Burlingame, CA), GAPDH (Rabbit mAb),
FAK (Rabbit Ab), cleaved caspase 3 (Rabbit Ab) all three from Cell Signaling (Danvers,
MA) and Actin (Sigma Aldrich, St. Louis, MO)
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2.4. RNA isolation and real time gPCR

Total RNA was isolated using Trizol (Invitrogen, Carlshad, CA) and Direct-zol RNA
miniprep kit (Zymo Research, Irvine, CA) following manufacturer’s instruction. One
microgram of total RNA was used for cDNA synthesis using SuperScript Il cDNA synthesis
kit (Invitrogen, Carlsbad, CA) The gPCR was performed in One Step Plus gPCR instrument
(Applied Biosystems Inc, Carlsbad, CA). All primers for SYBR qRT-PCR were purchased
from Qiagen (Valencia, CA). Changes in gene expression were calculated using the delta
delta Ct method. All experiments were independently replicated 3 times.

2.5. Detection of RUNX2 by immunofluorescence

50,000 cells were plated on Poly-L-Lysine (ScienCell Research laboratories, Carlsbad, CA)
coated glass cover slip 24 hours before the experiment. After 24 hours, cells were washed
twice in phosphate-buffered saline (PBS) at room temperature, fixed in 4%
paraformaldehyde for 10 min, and permeabilized with 0.5% Triton X-100 in PBS for 25
min. Cells were then incubated with 1 ug/ml mouse monoclonal anti-RUNX2 antibody
(Abcam, Cambridge, MA) diluted in PBS containing 5% goat serum for 1 hour in room
temperature. The cells were then washed twice with PBS and incubated with the 1:200
diluted fluorescein isothiocyanate conjugated goat anti-mouse antibody (Jackson
Immunoresearch Laboratories, West Grove, PA) for 1 hour at room temperature in the dark.
The cells were then washed with PBS twice and 4/,6-diamidino-2-phenylindole (DAPI) was
added, and digital images were obtained with a Nikon eclipse 80i fluorescence microscope.

2.6. Detection of RUNX2 by immunohistochemistry

The human melanoma tissue microarray (TMA) was purchased from US Biomax, Inc.
(Rockville, MD, USA). The melanoma TMA was deparaffinized and antigen retrieval was
performed using extended CC1 treatment (Cell Conditioning Solution, Ventana Medical
Systems, Oro Valley, AZ). The rabbit polyclonal antibody for RUNX2 (Abcam, Cambridge,
MA) was applied and incubated at 37°C for 1 or 2 hours. Donkey anti-Rabbit secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) was then applied and
incubated at 37°C for 60 min, followed by chromogenic detection using the RedMap kit
(Ventana Medical Systems, Oro Valley, AZ). Slides were counterstained with Hematoxylin
and dehydrated and cleared before coverslipping from Xylene.

2.7. Imaging and sub-sampling (cropping)

Glass slides were digitized under 20x objective on a Trestle MedScan Whole-Slide Scanner.
The resulting image archives were viewed and sub-sampled via the Trestle web service
hosted on a Windows 2003 Server R2 server.

2.8. Quantification and statistics

A mixture of three colors is present on each specimen prepared for this experiment: red
corresponds to the immunohistochemical stain; brown reveals the presence of melanin; and
blue serves as the hematoxylin counter stain. In order to isolate the immunohistochemical
signal for quantification, three representative color vectors, referred to as the principal color
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vectors (PCVs) [30], were systematically sampled from different areas throughout the
specimen.

Using algorithms and software previously reported by our team [30], digitized TMA
specimens were first registered to correctly cross-reference spatial coordinates of each of
TMA core (histospot). The PCVs were subsequently used to split all imaged TMA cores into
three constituent staining maps, thereby isolating the immunohistochemical signal (red
map); melanin (brown map); as well as the hematoxylin signal (blue map). The hematoxylin
maps were used to generate masks for the nuclear and cytoplasmic regions in each imaged
histospot. For quality control, a certified pathologist reviewed all images to eliminate any
artifacts that may have been introduced during this stage of processing. During the review
TMA cores exhibiting over-staining for melanin were also eliminated from the study.
Finally, the nuclear region masks and cytoplasmic region masks were superposed on the red
map of the tissue cores to quantify the immunohistochemical signal. The ratio [average
nuclei staining intensity]/[average cytoplasmic staining intensity] was used as an indicator of
subcellular localization of the immunohistochemical signal.

2.9. RUNX2 knock down

We used two different human RUNX2 ShRNA targeting either the coding sequence
(ShRUNX2-3) or the 3’'UTR (ShRUNX2-2) in the pGIPZ lentiviral vector. The mature
senses were CCAGCTGCATCCTATTTAA for ShRUNX2-2 and
ACAAGGACAGAGTCAGATT for ShRUNX2-3. The mature sense was
ATCTCGCTTGGGCGAGAGTAAG for the non-silencing control. This sequence does not
match any known mammalian gene (has at least 3 or more mismatches against any gene as
determined via nucleotide alignment/BLAST of 22mer sense sequence). 80-90 % confluent
293 amphotropic cells were transfected with 10 pg of non-silencing control or ShRUNX2
plasmid and 4 pg of PREV (pcmv-dR8.2 dvpr) plasmid using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). 48 hours following transfection, the supernatant media was
filtered through a 0.4uM filter for infection. Melanoma cell lines WM278, WM1617, WM35
and 1205LU were seeded at a density of 0.2 x 106 cells/ 6 well plate 24 hours prior to the
infection. The cells were then infected with 1 ml viral particles and 8ug/ml polybrene and
after 6 hours, 1ml fresh media was added and incubated for overnight. The following day,
cells were incubated with 2 ml fresh media followed by stable selection with 3 pg/ml
Puromycin for 1 to 2 weeks.

2.10. Trans-well Migration

Melanoma cells were seeded at a density of 75,000 cells per well in triplicates in serum free
media into a 0.8uM pore insert chamber in 24-well plates containing medium with serum.
The cells were left to migrate for 24 hours after which the inserts were washed with PBS and
cells inside the inserts were cleaned with cotton tips. Cells which migrated were fixed and
stained using the diff-quick stain according to the manufacturer’s protocol. Stained cells on
the membrane were imaged and 5 random fields counted to obtain the average number of
cells per mm2.
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2.11. Invasion through Matrigel

Melanoma cells were seeded at a density of 75,000 to 100,000 cells per well in triplicates in
serum free media into a 0.8uM pore BD Matrigel™ Invasion chamber (BD Biosciences) in
24-well plates containing media with serum. The cells were left to invade through Matrigel
for 24 hours after which the inserts were washed with PBS and cells inside the inserts were
cleaned with cotton tips. Cells which invaded through Matrigel were fixed and stained using
the diff-quick stain according to the manufacturer’s protocol. Stained cells on the membrane
were counted using 5 random fields to obtain the average number of cells per mm2.

2.12. Cell viability assay

Cell viability was analyzed using CellTiter 96 AQueous non-radioactive cell proliferation
assay (MTS-MethaneThioSulfonate) reagent from Promega following the instructions of the
manufacturers. Briefly, melanoma cells were seeded at a density of 9,000 to 10,000 cells per
well in a flat bottom 96-well plate containing 100ul culture medium. After 48 hours, 15l of
MTS reagent was added and the plate was incubated for 1 to 3 hours in the tissue culture
incubator before measuring the absorbance at 490 nm using Nanoquant 96 well plate reader
(Tecan).

2.13. Luciferase assay

1205LU, WM793, WM1617 and WM35 cells were seeded at a density of 0.2 x 106 cells/ 6
well plate 24 hours prior to the transient transfection in duplicates. The cells were then
transfected with PGL3 vector alone or MMP13-luciferase (MMP13-Luc, kindly provided by
Dr. Nicola C. Partridge, New York University College of Dentistry, New York, NY [31])
plasmid in PGL3 vector backbone, and Renilla luciferase (phRL-CMV) plasmid as an
internal control using lipofectamine LTX reagent (Invitrogen, Carlsbhad, CA) according to
the manufacturer’s instructions. For shRNA transfection, non-silencing control plasmid or
shRUNX2-3 plasmid were co-transfected along with MMP13-luciferase and renilla
luciferase plasmids. Following incubation at 37°C for 24 hours, cells were washed with
phosphate-buffered saline twice, lysed with 1 x Passive Lysis Buffer (Promega, Madison,
WI1) and equal quantities of protein extracts were used to measure luciferase activity using
Dual-Luciferase reporter assay system (Promega, Madison, WI) following the
manufacturer’s protocol. Luciferase and renilla activities were measured using the Perkin
Elmer Wallac instrument (Waltham, MA). Total firefly luciferase activity was normalized
against total renilla activity or total protein from each well.

2.14. Statistical Analysis for MTS, migration, invasion and luciferase assays

Data are presented as the average + standard error of the mean. For migration and invasion
assays, each independent experiment was performed in triplicates. For MTS assays, each
independent experiment was performed in quadruplicates. For luciferase assays, each
independent experiment was performed in duplicates. Statistical analysis were performed by
Student’s t test and P values < 0.05 were considered statistically significant.
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3. RESULTS

3.1. Overexpression and high activity of RUNX2 in melanoma cell lines

As a first step to address the possible role of RUNX2 in melanoma pathogenesis, RUNX2
MRNA expression was first assessed in two independent primary cultures of human
melanocytes and six different human melanoma cell lines using real time PCR. The results
showed overexpression of RUNX2 mRNA in the melanoma cell lines as compared with
melanocytes (Figure 1A). By immunoblot, we tested RUNX2 expression in three different
primary cultures of melanocytes and in the immortalized melanocyte cell line PMEL/
hTERT/CDK4(R24C)/p53DD [28]. Except for one lysate showing some RUNX2 expression
at a lower level than in the human melanoma cell lines WM793 and WM1617, RUNX2 was
not detectable by immunoblot in the primary cultures of melanocytes. In addition, we could
not detect significant levels of RUNX2 expression in the immortalized melanocytes.
WM793 and WM1617 lysates exhibited significant levels of RUNX2 (Figure 1B). We
extended our analysis of RUNX2 expression to a larger panel of melanoma cell lines. As
shown in figure 1C, all the melanoma cell lines tested demonstrated varying levels of
RUNX2 expression. As expected for a transcription factor, immunofluorescence analysis of
RUNX2 expression in the human melanoma cell lines WM1617 and 1205LU showed
mainly nuclear localization. Interestingly, in the WM1617 cell line, demonstrating the
highest expression level, we could observe some RUNX2 cytoplasmic staining (Figure 1D).
These results demonstrated that RUNX2 expression is overexpressed in human melanoma
cells as compared to normal melanocytes or immortalized melanocytes, suggesting a role for
RUNX2 in melanomagenesis. In order to determine whether RUNX2 was transcriptionally
active in melanoma cell lines, we performed luciferase assays using a vector carrying the
MMP13 promoter (—148/+14) fused to the luciferase gene [31] as a reporter gene. Previous
work by others demonstrated that RUNX2 positively regulates the MMP13 promoter in
osteoblastic cells [32]. As shown in Figure 1E, transfection of the MMP13-luciferase
construct in four melanoma cell lines significantly increased luciferase activity as compared
with the vector-transfected cell lines, suggesting that RUNX2 is transcriptionally active in
melanoma cells. To confirm that MMP13 promoter activation is indeed due to RUNX2, we
co-transfected melanoma cells with MMP13-luciferase along with either a ShRUNX2-3
expression vector, targeting the RUNX2 coding sequence (see Material and Methods for the
specific sequence) or a non-silencing ShRNA expression vector. When 1205LU and
WM1617 melanoma cells were transfected with ShRUNX2-3, MMP13 promoter activation,
as reflected by luciferase activity, was significantly reduced as compared with cells
transfected with the non-silencing control ShRNA (Figure 1F).

3.2. Overexpression of RUNX2 in melanoma cells as compared with melanocytes in human

samples

To examine the clinical relevance of RUNX2 expression in melanoma, we analyzed
melanoma samples and benign nevus cells by immunoblot. As shown in figure 2A, we could
not detect RUNX2 expression in the two nevi, while all melanoma samples were positive for
RUNX2. We are aware that immunoblot might not be sensitive enough to detect RUNX2 in
nevi.
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We further performed a quantitative immunohistochemical analysis of RUNX2 expression
in a melanoma tissue microarray (TMA). The analysis included 43 melanoma samples and
18 benign nevi. Figure 2C shows strong nuclear and diffuse cytoplasmic staining for the
melanoma sample, while melanocytes in nevi (Figure 2B) express RUNX2 predominantly in
the nucleus, with some weaker cytoplasmic staining. There is an apparent discrepancy
between the expression of RUNX2 in nevi observed by immunohistochemistry and the lack
of expression of RUNX2 in primary cultures of melanocytes and immortalized melanocytes
invitro. This apparent discrepancy between in vivo and in vitro data will be addressed in the
Discussion.

The quantitative analysis was based on our previously reported principal color
decomposition method [30] which is able to decompose the mixture of three colors present
on the specimen prepared for this experiment: red corresponds to the immunohistochemical
stain; brown reveals the presence of melanin; and blue serves as the hematoxylin counter
stain. We computed a ratio R = Nuclear Staining Intensity/Cytoplasmic Staining Intensity
for each tissue core as a measure of the subcellular distribution. A two-sample t-test
demonstrates that melanoma samples had significantly lower R values than normal nevi,
indicating more cytoplasmic distribution of RUNX2 in the melanoma samples as compared
with nevi (p= 2.03e-5). In addition, there existed statistical differences in the average
staining intensity between melanoma and nevi, in the nucleus, the cytoplasm and in the sum
of both (Figure 2D). Therefore, the TMA analysis confirmed the overexpression of RUNX2
in melanomas as compared with nevi. The same analysis revealed similar staining pattern
and intensity in primary cancer and metastasis (data not shown).

3.3. RUNX2 knockdown inhibits cell growth, migration and invasion of melanoma cells

The link between RUNX2 and migration [14; 15; 33] and RUNX2 involvement in the
metastatic process [9; 34] prompted us to investigate whether RUNX2 played a role in
melanoma cell migration. Using RUNX2 shRNA lentiviral expression vectors, we generated
stable melanoma cell lines expressing two types of RUNX2 ShRNA, called ShRUNX2-2,
targeting RUNX2 3’'UTR, and shRUNX2-3 targeting the RUNX2 coding sequence. As
shown in Figure 3A, we obtained a reduction in RUNX2 expression levels in WM1617,
WM278 and 1205LU melanoma cells expressing these two types of RUNX2 ShRNA, and in
WM35 melanoma cells expressing ShRUNX2-3. The FAK/PTK2 gene has been shown to
be a RUNX2 target gene, and to contribute to RUNX2-induced motility in osteosarcoma
cells [14]. We found that FAK was down regulated in parallel with the RUNX2 decrease in
WM1617, WM278, WM35 and 1205LU melanoma cells expressing ShRUNX2-2 and
ShRUNX2-3 (Figure 3A). In WM1617 melanoma cells, it seems surprising that while
RUNX2 knockdown is stronger with ShRUNX2-3 than with ShRUNX2-2, the expression of
FAK remains higher in ShRUNX2-3-expressing cells than in ShRUNX2-2-expressing cells.
This result could be explained by a feedback mechanism (occurring in WM1617 melanoma
cells expressing ShRUNX2-3) by which FAK expression could be reactivated by other
transcription factors such as c-myc or NF-kB [35]. The decrease in FAK expression
observed when RUNX2 is reduced in the four melanoma cell lines suggested that RUNX2
knockdown could affect their in vitro migration and invasion abilities. Indeed, WM1617 and
WM278 melanoma cells expressing ShRUNX2-2 and ShRUNX2-3 had significantly
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reduced migration ability as compared with WM1617 and WM278 cells expressing the
empty vector or the non-silencing ShRNA (Figure 3C). In addition, 1205LU and WN278
melanoma cells expressing ShRUNX2-2 and ShRUNX2-3 had significantly reduced
invasion ability as compared with 1205LU and WM278 cells expressing the non-silencing
shRNA (Figure 3D). These results suggest that RUNX2 plays an active role in melanoma
cells migration and invasion. In order to determine whether RUNX2 knock down also
affected cell growth, we performed MTS assays. 48 hours after seeding 1205LU and
WM278 melanoma cells expressing non-silencing ShRNA, ShRUNX2-2 or ShRUNX2-3,
the number of viable cells was counted. As shown in Figure 3B, 1205LU and WM278
melanoma cells expressing ShRUNX2-2 or ShRUNX2-3 had reduced numbers of viable
cells as compared with 1205LU and WM278 melanoma cells expressing non-silencing
ShRNA, suggesting that RUNX2 is involved in melanoma cell growth.

3.4. Inhibition of RUNX2 transcriptional activity reduces cell growth and migration of
melanoma cells

Complementary to the genetic approach, we were interested in analyzing the effect of a
RUNX2 inhibitor on melanoma cells migration. The inactive vitamin D3 precursor
cholecalciferol has been shown to enhance RUNX2 DNA binding in vitro at a dose of 1 nM,
while doses greater than 10 nM inhibited RUNX2 DNA binding [23]. In order to determine
whether cholecalciferol was able to inhibit RUNX2 transcriptional activity in melanoma
cells, we performed luciferase assays in the presence or absence of micromolar
concentrations of cholecalciferol. As illustrated in Figure 4A, 1205LU melanoma cells
treated with 2.5 or 5 UM cholecalciferol had a significant decrease in MMP13 luciferase
activity, indicating that this molecule inhibited RUNX2 transcriptional activity on the
MMP13 promoter. In parallel, we showed that treatment with 2.5 or 5 uM cholecalciferol for
24 hours inhibited the migration ability of 1205LU and WM1617 cells in transwell assays
(Figure 4B). In order to verify that at these concentrations, the effect of cholecalciferol on
migration was not related to an effect on cell proliferation or apoptotic death, we performed
cell growth experiments in the presence of 2.5 or 5 UM cholecalciferol for 24 hours and
showed no major effect of the treatment on 1205LU and WM1617 cell numbers at this time
point (Figure 4C). In addition, 1205LU and WM1617 cells did not show any increase in
cleaved caspase 3 levels after treatment with 2.5 or 5 uM cholecalciferol for 24 hours as
compared with vehicle-treated cells (Figure 4D). These results further support the
hypothesis that RUNX2 activity is required for melanoma cell migration. In order to
determine whether longer treatment with cholecalciferol will have an effect on melanoma
cell growth, we performed cell growth experiments in the presence of 2.5 or 5 uM
cholecalciferol for 48 hours. As shown in Figure 4E, 5 uM cholecalciferol significantly
reduced 1205LU and WM1617 cell numbers to around 60% of DMSO-treated cells. Since
1205LU and WM1617 cells did not exhibit any increase in cleaved caspase 3 in the same
conditions (48 hours in the presence of 2.5 or 5 uM cholecalciferol; Figure 4F), our results
suggest that inhibiting RUNX2 transcriptional activity by cholecaciferol negatively affected
cell proliferation.
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4. DISCUSSION

In the present study, we examined for the first time the role of RUNX2 in melanoma
pathogenesis. We demonstrated that RUNX2 mRNA and protein are overexpressed in
melanoma cell lines as compared with normal melanocytes. Interestingly, radial growth
phase (such as WM35 and WM1552c¢), vertical growth phase (such as WM793, WM278)
and metastases (such as 1205LU, C8161)-derived cell lines had comparable levels of
RUNX2, suggesting that RUNX2 is not only involved in the metastatic process, but possibly
in melanomagenesis as well. Luciferase assays using the RUNX2-responsive MMP13-
luciferase vector [32], showed that RUNX2 was functionally active in the radial growth
phase melanoma (WM35), vertical growth phase melanoma (WM793) and metastases
(1205LU)-derived cell lines. Immunofluorescence analysis for RUNX2 demonstrated
mainly nuclear staining, with some cytoplasmic staining visible in the highest RUNX2-
expressing melanoma cell line, WM1617. Dynamic shuttling of RUNX2 between the
nucleus and the cytoplasm was reported to be dependent on microtubules in osteosarcomas
cells. This nuclear-cytoplasmic shuttling likely contributes to the modulation of RUNX2
transcriptional activity [36]. Analysis of a melanoma tissue microarray confirmed that in
addition to the nuclear localization of RUNX2, we observed some expression of RUNX2 in
the cytoplasmic compartment of melanoma cells and to a lesser extent in melanocytes from
nevi (Figure 2B, C and D). These results may appear to contradict a role for RUNX2 as an
oncogenic transcription factor since the presence of such a factor in the cytoplasm usually
equals inactivity. However, the possibility that cytoplasmic RUNX2 might be fulfilling
another task is not excluded. In favor of this hypothesis, localization of RUNX proteins at
the centrosome, through interaction with rootletin and y-tubulin, and at the mitotic spindle
and midbody was reported. These results suggest a role for RUNX proteins in the
functioning of the mitotic apparatus and cytokinesis [37; 38]. These results are in
accordance with the effects of RUNX2 knock down on melanoma cell growth (Figure 3B).
In addition, the detection of RUNX proteins at non-transcription sites indicates that RUNX
factors can be involved in processes other than transcriptional regulation. Interestingly,
unphosphorylated latent STAT1 was shown to sequester RUNX2 in the cytoplasm, thereby
attenuating RUNX2 activity. This study provides an example of a transcription factor
(STATL) playing an active role while in the cytoplasm by preventing another transcription
factor, RUNX2, from entering the nucleus [39]. Similarly, overexpression of the
transcription factor Thx3 was reported to mislocalize RUNX2 in the cytoplasm, although the
study did not analyze whether RUNX2 directly associates with Tbx3 [40]. These studies
altogether expand the functions of RUNX proteins outside the nucleus.

The quantitative analysis of the melanoma tissue microarray further confirmed the
overexpression of RUNX2 in melanoma cells as compared with nevic melanocytes.
Although this result further suggests that RUNX2 might play a role in melanoma
pathogenesis, it is surprising that we detected RUNX2 expression in melanocytes in nevi,
while RUNX2 was undetectable in all but one melanocyte lysates by immunoblot. Nevi
contain senescent melanocytes. Melanocytic nevi are a well-studied system for oncogene-
induced senescence (OIS), a well-established tumor suppressive mechanism that impairs
proliferative signals initiated by deregulated oncogenes [41]. The activating mutation VV600E
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in BRAF observed in a large majority of nevi [42] likely plays a role in the induction of the
OIS program in melanocytes by yet undefined mechanisms [43; 44; 45]. The detectable
expression of RUNX2 in melanocytes in nevi suggests that in normal cells, RUNX2 may
contribute to OIS, as a major role has been attributed to RUNX transcription factors in OIS
[46]. In vitro, the primary cultures of melanocytes and the immortalized melanocytes may
develop a growth advantage by down regulating RUNX2, which could explain the
observation that RUNX2 is almost undetectable in these cells. Similarly, primary RUNX2-
null osteoblasts have a growth advantage, exhibit loss of p21WAF1/CIP1 expression and fail
to undergo cellular senescence [47]. Although our conclusion that RUNX2 may play a
similar role in melanocyte is speculative, it seems to reconcile the results found in situ in
melanocytic nevi (where RUNX2 is expressed) with the loss of RUNX2 expression in
melanocytes established in culture. The concept that RUNX factors may play a pro or anti-
proliferative role depending on the context is well established [46]. It is conceivable that
RUNX2 plays an anti-proliferative role in melanocytes and promotes proliferation in
melanoma cells. The negative effects of both the RUNX2 knock down and the 48 hour-
treatment with cholecalciferol on the number of melanoma cells suggest that RUNX2 plays
a pro-proliferative role on these cells. In favor of this hypothesis is the demonstration that
RUNX2 is associated with the mitotic spindle [37] and the centrosomal protein y-tubulin
[38].

Our results demonstrated that RUNX2 knock down inhibited migration and invasion of
melanoma cells. These results are in accordance with the role of RUNX2 in migration and
invasion in other cellular systems. RUNX2 siRNA treatment of the prostate cancer cell line
PC3 decreased migration and invasion through Matrigel in vitro [48]. Overexpression of
Runx2 in the prostate cancer cell line C4-2B enhanced their invasiveness. In addition,
Runx2 overexpression up regulated transcription factors (Sox9, SNAI2 and SMAD3)
implicated in the process of epithelial to mesenchymal transition (EMT), whose features
include increased motility and invasion potential. Runx2 overexpression also up regulates
genes involved in cellular movement and cytoskeleton remodeling [49]. Forced expression
of Runx2 or dominant negative Runx2 in the mouse osteoblastic cells MC3T3-E1 enhanced
or inhibited cell migration respectively [33]. Interestingly, Runx2 stimulates the PI3K/AKT
axis whose role in EMT has been documented [50]. Indeed, Runx2 up regulates the
expression of the PI3K subunits p85 and p110Beta, as well as AKT [33]. The U20S
osteosarcoma cells also demonstrated reduced motility following SiIRNA-mediated depletion
of RUNX2. In addition, genomic promoter occupancy of RUNX2 in osteosarcoma cells
identified genes involved in motility, such as FAK/PTK2 or talin (TNL1) [14]. An earlier
study also demonstrated that RUNX2 regulated endothelial cells migration and invasion
[15]. These studies altogether support the role of RUNX2 in cell migration and invasion.

Finally, several lines of evidence suggest that RUNX2 plays a role in melanoma
development: 1) RUNX2 is overexpressed in melanoma cells as compared with melanocytes
from human tissues; 2) We found that 117 melanoma samples out of 316 (37%) had
complete RUNX2 gene amplification using The Cancer Genome Atlas data (TCGA, https://
tcga-data.nci.nih.gov/tcgal); Interestingly, RUNX2 was also found amplified in 16 out of 21
primary conjunctival melanomas [51]; 3) RUNX2 deficiency inhibits cell growth, migration
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and invasion of human melanoma cells; 4) Inhibiting RUNX2 activity by treatment with
cholecalciferol results in reduced cell growth and migration ability of melanoma cells; 5)
Decreased RUNX2 level is associated with a reduction in FAK level, whose involvement in
migration [14; 52] and melanoma metastasis is well documented [53; 54; 55]. Future
experiments are underway to determine whether knocking down RUNX2 in melanoma cell
lines will reduce their tumorigenicity and ability to form lung metastases in mouse xenograft
models.
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Figure 1. Transcriptionally active RUNX2 is overexpressed in melanoma cell lines as compared
with melanocytes

A: Quantitative PCR analysis of RUNX2 expression in independent primary cultures of
melanocytes (1,2) and six melanoma cell lines 3: WM793; 4: C8161; 5: 1205LU; 6: WM9;
7: UACC903; 8: WM1617. *: P < 0.05 as compared with melanocytes (1). B: Immunoblot
analysis of RUNX2 expression in the primary cultures of melanocytes AG22151: 1 and 2
(two different lysate preparations), AG22173: 3 and 4 (two different lysate preparations) and
FOM-136-1: 5; in immortalized melanocytes: 6-8 (three different lysate preparations); and
in the human melanoma cell lines WM793 and WM1617. GAPDH and Actin were used for
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normalization. C. Immunoblot analysis of RUNX2 in human melanoma cell lines. GAPDH
was used for normalization. D. Immunofluorescence analysis of RUNX2 in the two human
melanoma cell lines WM1617 and 1205LU. E. 1205LU, WM793, WM1617 and WM35
melanoma cells were transfected with the empty PGL3 vector (Vector) or the vector
carrying the MMP13 promoter fused to the luciferase gene (MMP13), along with the Renilla
plasmid. 24 hours post-transfection, firefly luciferase and renilla activities were measured
and relative light units (RLU) were normalized to the renilla units per sample. The values
for luciferase activity in the presence of MMP13-luciferase vector are reported as relative
fold change compared to the transfection with vector control (set to 1). This figure is
representative of three independent experiments. *** indicate p < 0.001 compared with the
vector control. F. WM1617 (Left) and 1205LU (Right) melanoma cells were co-transfected
with non-silencing ShRNA (NS) or ShRUNX2-3 (Sh3) lentiviral plasmids along with the
PGL3-MMP13-luc and renilla (phRL-CMV) plasmids. Firefly luciferase and renilla
activities were measured 24 hours post-transfection, and relative light units (RLU) were
normalized to the renilla units per sample. This figure is representative of three independent
experiments with p values indicated. * indicates p < 0.05 and ** indicate p < 0.01 compared
with the non-silencing (NS) vector.
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Figure 2. RUNX2 overexexpression in melanomas as compared with benign nevi
A. RUNX2 expression analysis in nevi and melanoma samples from one in transit metastasis

and lymph nodes metastases. B, Left Panel: Representative immunohistochemical staining
of a benign nevus showing mainly nuclear staining of RUNX2. Right Panel: Histogram
showing area distribution of staining intensity over each measuring mask for this nevus core.
The histograms were normalized to summation of 1. Green: Nuclear Staining Intensity;
Black: Cytoplasmic Staining Intensity. C, Left Panel: Representative immunohistochemical
staining of a malignant melanoma showing nuclear and cytoplasmic staining of RUNX2.
Right panel: Histogram showing area distribution of staining intensity over each measuring
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mask for this melanoma core. Green: Nuclear Staining Intensity; Black: Cytoplasmic
Staining Intensity. D: Average Staining Intensity in the nuclear and cytoplasmic
compartments for melanomas (N=43) and nevi (N=18). Average Staining Intensity for the
combined nuclear and cytoplasmic staining is also represented. Student t tests shows
significantly higher staining intensities in melanoma specimens as compared with nevi with
p values of 1.8e-7 (Nuclear), 2.4e-10 (Cytoplasmic) and 3.0e-10 (Total). Cyto: Cytoplasmic.
The scale bar represents 100 microns.
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Figure 3. Decreased RUNX2 expression results in reduced cell growth, migration and invasion of
melanoma cells and lower FAK expression level

A. RUNX2 and FAK levels in vector/non-silencing ShRNA (NS), ShRUNX2-2 (Sh2) and
ShRUNX2-3 (Sh3) stable melanoma cell lines. B. Non-silencing ShRNA (NS), ShRUNX2-2
(Sh2) and ShRUNX2-3 (Sh3) stable melanoma cells were used for MTS assays in
quadruplicates. 48 hours after seeding, the number of viable cells was counted. C. Vector,
non-silencing ShRNA (NS), ShRUNX2-2 (Sh2) and ShRUNX2-3 (Sh3) stable melanoma
cells were used for transwell migration assays in triplicates. After 24 hours, cells, which
migrated, were fixed and stained. The number of cells, which migrated through the insert,
was then quantified as described in Material and Methods. Results are expressed as mean
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count cells/mm?2 +/- SEM. ** indicate p < 0.01 compared with the Vector (WM1617) or the
non-silencing ShRNA (WM278). D. Non-silencing ShRNA (NS), ShRUNX2-2 (Sh2) and
ShRUNX2-3 (Sh3) stable melanoma cells were used for invasion through Matrigel assays in
triplicates. After 24 hours, cells were fixed and stained. The number of cells, which invaded
through Matrigel, was then quantified as described in Material and Methods. Results are
expressed as mean count cells/mm?2 +/— SEM. * indicates p < 0.05 and ** indicate p < 0.01
compared with the non-silencing ShRNA based on Student’s t-test.
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Figure 4. Inhibition of RUNX2 transcriptional activity leads to reduced cell growth and
migration of melanoma cells

A. Luciferase assays using the MMP13-Luc vector, in the presence of DMSO, 2.5 or 5 uM
cholecalciferol (Chol.) in 1205LU cells. *** indicate p < 0.001. B. 1205LU and WM1617
melanoma cell lines were analyzed in transwell migration assays, in the presence of DMSO,
2.5 or 5 uM cholecalciferol for 24 hours. The experiments were done in triplicates. *
indicates p < 0.05, ** indicate p < 0.01 compared with DMSO. C. Cell growth assays
showing 1205LU and WM1617 melanoma cell lines cultured in the presence of DMSO, 2.5
or 5 uM cholecalciferol for 24 hours. The experiments were done in triplicates. Results are
represented as percents: (cells with cholecalciferol/cells with DMSO) X 100. D. Analysis of
cleaved caspase 3 expression in the presence of DMSO or cholecalciferol (2.5 or 5 uM) for
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24 hours in WM1617 and 1205LU cells. E. Cell growth assays showing 1205LU and
WM1617 melanoma cell lines cultured in the presence of DMSO, 2.5 or 5 uM
cholecalciferol for 48 hours. The experiments were done in triplicates. Results are
represented as percents: (cells with cholecalciferol/cells with DMSO) X 100. F. Analysis of
cleaved caspase 3 expression in the presence of DMSO or cholecalciferol (2.5 or 5 uM) for
48 hours in WM1617 and 1205LU cells.
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