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Abstract

Metastasized malignant melanoma has a poor prognosis because of its intrinsic resistance to chemotherapy and
radiotherapy. The central role in the melanoma transcriptional network has the transcription factor MITF (microphthalmia-
associated transcription factor). It has been shown recently that the expression of MITF and some of its target genes require
the SWI/SNF chromatin remodeling complex. Here we demonstrate that survival of melanoma cells requires functional SWI/
SNF complex not only by supporting expression of MITF and its targets and but also by activating expression of prosurvival
proteins not directly regulated by MITF. Microarray analysis revealed that besides the MITF-driven genes, expression of
proteins like osteopontin, IGF1, TGFB2 and survivin, the factors known to be generally associated with progression of
tumors and the antiapoptotic properties, were reduced in acute BRG1-depleted 501mel cells. Western blots and RT-PCR
confirmed the microarray findings. These proteins have been verified to be expressed independently of MITF, because MITF
depletion did not impair their expression. Because these genes are not regulated by MITF, the data suggests that loss of
BRG1-based SWI/SNF complexes negatively affects survival pathways beyond the MITF cascade. Immunohistochemistry
showed high expression of both BRM and BRG1 in primary melanomas. Exogenous CDK2, osteopontin, or IGF1 each alone
partly relieved the block of proliferation imposed by BRG1 depletion, implicating that more factors, besides the MITF target
genes, are involved in melanoma cell survival. Together these results demonstrate an essential role of SWI/SNF for the
expression of MITF-dependent and MITF-independent prosurvival factors in melanoma cells and suggest that SWI/SNF may

be a potential and effective target in melanoma therapy.
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Introduction

Malignant melanoma is highly invasive and early metastasizing
tumor, and its incidence has been increasing in recent years [1,2].
In the melanocyte lineage, MITF-M (melanocyte-specific isoform
of MITF, referred to as MITYF in the text), a member of the large
basic helix-loop-helix leucine zipper family of transcription factors,
plays an essential role in the embryonic development, mainte-
nance of lineage identity, and differentiation. MITF is central for
the transcription of genes involved in various cellular processes
from embryonic development of melanocytes to metastasis of
melanoma [3,4,5]. Targets of MITF include genes involved in
pigment formation [5], cell cycle regulation (p21 and CDK2)
[6,7], apoptosis (Bcl-2 and livin) [8,9] and organization of
cytoskeleton (diaphanous-related formin Dial) [10]. MITF
expression is heterogeneous in advanced melanomas [11] but is
highly expressed at the early phases of melanocyte transformation.

SWI/SNF chromatin remodeling complexes are consisting of
about 12 proteins, and are present in cells as several subcomplexes
having only subtle differences in subunit composition [12,13,14].
They alter the local nucleosome structure at the promoter regions
to regulate transcription. These complexes use the energy
provided by either BRM (Brahma, SMARCA2) or BRGI
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(Brahma-related gene, SMARCA4), two homologous enzymes
with ATPase activity which are present in the complexes in a
mutually exclusive manner [14]. The complexes containing BRG1
or BRM may have distinct specificity toward different promoters
or may function promiscuously depending on cell and promoter
context.

Two subunits of the SWI/SNF complex, INI1/hSNF5/BAF47
and BRGI1, are regarded as tumor suppressors. The INI1/hSNF5
subunit is a bone fide tumor suppressor whose homozygous
inactivation results in rhabdoid tumors in humans [15]. A number
of reports have demonstrated that BRG] or BRM are downreg-
ulated or inactivated in cancer cell lines and tumor samples
derived mostly from non-small cell lung cancer. BRG1 has been
described frequently mutated in lung cancer cell lines [16]. In
contrast to BRG1, BRM is inactivated by epigenetic mechanisms
[17]. Loss of BRM or BRG1 was implicated in cancer progression
[14,17,18,19]. This was partly attributed to the necessity of BRG1
in Rb-mediated cell cycle arrest [20,21]. However, the function of
SWI/SNF is controversial because some cancer cells such as from
gastric or prostate tumors have aberrantly increased expression of
BRG1 [22,23]. Thus, SWI/SNF can behave also as a tumor

promoter, depending on the cancer tissue context.
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Expression of MITF and several pigment cell-specific MITF
target genes have been previously reported to be dependent on
SWI/SNF chromatin remodeling complex [24,25,26]. It has been
shown that expression of dominant-negative (DN) mutants of
BRM and BRGI repressed transcription of melanocyte markers
(tyrosinase, Trpl, dct, and silver), the expression of which was
induced by exogenous MITF in murine fibroblasts [24]. In human
melanoma cell lines, many MITF targets require the SWI/SNIF
complex for expression. As for MITF expression, either BRG1 or
BRM can be present in the complex [25,26,27] to activate
transcription of MITF targets. Moreover, BRG1 expression was
found increased in primary melanoma and metastatic melanoma
when compared with dysplastic nevi and reduction of BRGI
expression by siRNA in melanoma cell lines resulted in a
significantly decreased cell proliferative ability [28], concordant
with our previous results [26] and findings presented here.
Furthermore, BRG1 expression has been reported to be elevated
during melanoma progression and modulated the expression of
some of the extracellular matrix and adhesion proteins [29] such
as the metastasis-associated protein metalloproteinase (MMP) 2,
which contributed to the BRG1-mediated increase of melanoma
invasiveness [29].

In the present work, we identify novel proteins repressed by the
mactivation of BRG1 expression, which are not directly regulated
by MITF. Importantly, we find here that several additional pro-
survival proteins (osteopontin, IGF1, TGFB2, and survivin) are
downregulated after the acute depletion of BRGI, together
implicating SWI/SNF as a transcription coactivator important
for survival and proliferation of melanoma cells. We also
demonstrate that the BRG1 knockdown suppressed proliferation
of melanoma cells and both BRG1 and BRM are highly expressed
in melanoma samples. These results indicate that BRGI is
involved in melanoma progression and possibly metastasis through
both the MITF-dependent and independent mechanisms and
suggest the disparity of the SWI/SNF function in different types of
cancer cells.

Results

Ablation of SWI/SNF Function by the BRG1 Knockdown in
501mel Melanoma Cells Inhibits Proliferation, Decreases

Viability and Induces Apoptosis

Acute silencing of MITTF causes cell cycle arrest in 501mel cells
[10]. Consistently, both sh-BRG1 and sh-MITF-transfected cells
revealed diminution of cell numbers in the S/G2 phases of the cell
cycle after two days following puromycin selection (Figure 1A, left
panels). However, when cells were analyzed after additional 3 days
in culture, enhanced cell detachment was observed, accompanied
by a prominent increase of cell counts in the sub-Gl phase,
indicating apoptosis (Figure 1A, right panels). Apoptotic nuclei
were observed in the remaining adherent cells in sh-MITF and sh-
BRGT cells but not in controls (Figure S1). In addition, detached
and remaining attached cells were separately analyzed by flow
cytometry and high sub-G1 and G1 contents were observed for
detached cells (Figure S2) while no G2/M and very low S phase of
the cell cycle were dectected, indicating that detached cells did not
proliferate and most of them succcumbed to apoptosis. To further
document the apoptotic process appearing 3 days after puromycin
selection, we detected apoptosis by TUNEL assay (Figure S3). In
this case, more prominent apoptosis was seen in sh-MITF than in
sh-BRG1 cells. This might be due to a more immediate effect of
MITF (which directly activates many apoptosis-inducing genes),
while the apoptosis caused by silencing of BRG] may require
more time because MITT expression has to be inhibited first. No
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apoptosis was detected in sh-control cells. Expression of both
BRG1 and MITF was effectively blocked by appropriate shRNA,
as assessed by Western blots (Figure 1A, right). However, only
slight activation of caspase 3 and 7 and no PARP cleavage was
revealed (not shown), implying that cell death in sh-BRG1 and sh-
MITF-transfected 501mel cells was predominantly caspase-inde-
pendent. Similar caspase-independent triggering of apoptosis has
also been observed in melanoma cells after the inactivation of
survivin function by its dominant negative mutant [30].

Expression of MITT has been associated with proliferation and
survival of melanoma cells via its target genes CDK2, Bcl-2, livin,
c-met, and HIFla [6,8,9,31,32]. Indeed, both BRG1 or MITF
depletion severely reduced proliferation of 501mel cells, whereas
the growth of BRG1/BRM non-expressing A427 lung carcinoma
cells (used as a control to exclude a possible off target effects of sh-
BRGI1) was not inhibited, indicating that the effect of sh-BRGI
plasmid was specific (Figure 1B, upper, left). Depletion of BRM in
BRGI1-negative SK-MEL-5 cells [26] was sufficient to block
proliferation, whereas the growth of BRG1/BRM-expressing
RPMI7951 melanoma cells, which are exceptionally MITT-
negative [33], was not affected (Figure 1C). Western blots
(Figure 1B right) show efficient inhibition of BRG1 or MITF
expression in 501mel cells, or BRM in SK-MEL-5 cells.

Further, cell viability was negatively impacted to various degree
upon knockdown of BRM, BRG1, or both, in MeWo, Beu and
501mel cells, while only BRG1-negative SK-MEL-5 cells became
less viable after BRM-depletion alone (Figure 2). The highest
decrease of viability in cell lines expressing both BRG1 and BRM
was seen when both were depleted concomitantly by using the
common BRG1/BRM shRNA. All these results are in line with
the necessity that at least one ATPase must be present for
proliferation and viability of each cell line [26]. Cell viability was
not affected in A427 cells used as controls because they do not
express either BRG1 or BRM.

Microarray Analysis of Gene Expression after BRG1
Knockdown in 501mel Cells

We next used cDNA microarrays to investigate the transcrip-
tional response to the BRG1 depletion in a genome-wide analysis
(Figure 3A). We chose the BRGI1 knockdown, because its
depletion resulted in much stronger inhibition of MITF and its
three analyzed target genes (melastatin, CDK2, and tyrosinase)
than ablation of BRM in 501mel cells, implicating that BRG1-
based SWI/SNF complexes may play more important role in
expression of these and possibly other target genes [26]. The
changes in gene expression were studied shortly after the complete
inhibition of BRG1 (2 days after a 2-day selection in puromycin),
ensuring that the changes in expression profile were due
exclusively to BRGI loss. In the microarray analysis, we found
that expression of 381 genes (represented by 485 probes) had been
downregulated >2-fold (P<<0.005) (Table S1), including some of
the known MITT targets (Table S2), while other MITT targets
were decreased to a lesser extent (not shown). Sox10, the upstream
MITF transactivator, was also repressed, by ~5-fold (Table S1).
By contrast, a smaller number of genes (210, represented by 273
probes) was upregulated >2-fold (P<<0.005) (Table S3). Interest-
ingly, among the strongly repressed genes (67 genes, downregu-
lated >8-fold, P<<0.005; Figure 3A and Table S1) are insulin-like
growth factor 1 (IGF1) and osteopontin (OPN, also named SPP1),
two factors known to have anti-apoptotic, proliferative, and pro-
Invasive activity in melanoma [34,35]. Notably, the expression of
TGFB2, a secreted growth factor overexpressed in several tumor
types including melanomas [36], was also downregulated ~12-fold
(Table S1). TGFB/SMAD pathway contributes to melanoma
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Figure 1. Flow cytometry and colony formation of melanoma cells after knockdown of BRG1, MITF or BRM. A. Effect of BRG1 or MITF
depletion on DNA content profile determined by flow cytometry in 501mel cells. Cells were analyzed 2 days after selection in 2.5 pg/ml puromycin
(left), or combined (detached and adherent) cells were analyzed 5 days after selection (right). All cells killed by puromycin were removed shortly after
antibiotic selection and only puromycin resistant cells were assayed. Right, Western blots verifying the knockdown efficiency for BRG1 and MITF were
performed after 2 days followimg the selection. B. BRG1 or MITF depletion inhibits colony formation in 501mel cells. A427 cells (BRGT and BRM
negative) were not affected by sh-BRG1. Middle, the quantitation of cells on dishes shown on the left. Right, Western blots verifying the knockdown
efficiency for BRG1 and MITF. C. BRM depletion inhibits cell growth in BRG1-negative SK-MEL-5 melanoma cells, but not control RPMI7951 melanoma
cells, which are BRM and BRG1-positive [26] but MITF-negative [33]. Right, Western blots showing the efficient shRNA-mediated BRM downregulation.
*, not statistically significant (P<<0.01).

doi:10.1371/journal.pone.0054110.g001

invasiveness [36,37] and TGFB2 has been shown to be an [39]. An efficient acute suppression of BRGI1 expression was
important determinant of melanoma brain metastases [38]. An achieved in cells in which microarray analysis was performed, as
antiapoptotic protein survivin was downregulated ~1.9-fold (data shown by W. blot (Figure 3B). Additionally, the cell cycle driving
not shown). Of the smaller set of >8-fold upregulated genes, 10 protein E2F1 was downregulated about ~4-fold (Table S1) and
probes (out of 23) detected collagen type XIIal, which was the cdk inhibitor p15 was upregulated ~5-fold (Table S3). These

previously reported to participate in epidermal cell-cell adhesions changes might have contributed to the antiproliferative phenotype
after BRG1 depletion. Collectively, the microarrays confirmed the
160 requirement of BRG1 for the maintenance of pigment cell-specific
B sh-control transcription regulated by MITF and, 1n.1portantly, revealed a
140 4 =1 sh-Brm/Brg1 positive role of SWI/SNF for expression of several novel
% I sh-Brm prosurvival molecules in melanoma cells, which are not known
o 1201 [ sh-Brgt - to be connected to the MITF axis.
e
;? 100 Verification of Decrease of Prosurvival Molecules in
g 80 - Melanoma Cells
‘E Although most of the effects caused by BRG1 knockdown on
2 g0 - proliferation could be mediated by repression of MITF and hence
g its targets, several prosurvival factors (OPN, IGF1, survivin and
:g 40 - TGFB2), the transcription of which was not reported to be MITF-
= responsive, were downregulated by BRG1 depletion, as revealed
20 - by microarray analysis. All of these proteins were previously
mmplicated as pro-oncogenic factors in melanoma, promoting

" proliferation,  antiapoptosis,  invasiveness, or  metastasis
[30,34,37,40]. To validate the microarray results, we estimated
the protein expression and found that protein levels of OPN,

SK-MEL-5 MeWo Beu 501mel A427

Figure 2. Viability of melanoma cell lines after shRNA- . .. ..
mediated depletion of BRG1, BRM, or both. Viability of each cell ~ S*"ViVin: TGFB2, and also livin, a MITF transcriptional target

line is indicated in the histogram. The results are expressed as per cents added as a control for MITF'drl.Ven gene, were substantially
of control shRNA-transduced cells. The cells were infected with decreased in BRG1-depleted cells (Figure 4A). Sox10 (an upstream
appropriate lentivirus, replated two days later into 12-well plates, and MITF regulator) was also decreased, but to a lesser extent
viability was determined after next 3 days. The values are means of (Figure 4A). We were not able to detect an appreciable expression
triplicates +-SE. One of the three independent experiments is shown. No level of the very small molecule IGF1 on W. blots, probably

decrease of viability was observed in BRM/BRG1-null A427 cells, used as because this autocrine factor could be secreted early from cells and
a negative control. The knockdown of BRG1, BRM or common BRG1/ Y

BRM was efficient (see Figures 1, 3B, and 4, and Figure 3 in our previous stimulates growth through the bi.nding to its receptors. Neverthe-
article [26]). less, IGF1 mRNA was lowered in 501mel cells (Figure 4B). The
doi:10.1371/journal.pone.0054110.g002 mRNA levels of OPN, livin, survivin, IGF1, TGFB2, and Sox10
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Figure 3. Microarrays showing transcriptional response of BRG1 knockdown in 501mel cells. A. Microarray analysis of genes that are
differentially expressed between sh-control-transfected and sh-BRG1-transfected 501mel cells. Heat map shows only genes whose expression was
changed more than 8-fold (P<<0.005). Color key (bottom, the highest expression is in red color) shows the relative range of expression. Genes the
expression of which was down- or up-regulated >2-fold (P<<0.005) are listed in Tables S1 and S3, respectively. Control and BRG1-shRNA transfected
501mel cells were analyzed immediately after a short (2-day) selection in puromycin to prevent cell death or reexpression of MITF due to the
persisting BRM [26]. Two experiments (in duplicates) were carried out with similar results and one is presented. B. Western blot confirming the
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efficiency of BRG1 knockdown in cells which were used for microarray analysis. BRM protein expression was not appreciably affected (not shown and

[26]).
doi:10.1371/journal.pone.0054110.9003

were also significantly reduced, by RT-PCR (Figure 4B) and real-
time PCR (for survivin, 5-fold, data not shown). By contrast, the
mRNA levels of two antiapoptotic proteins Bcl2 and Mcl-1
remained unchanged, by real time PCR (not shown). To further
verify that all these protumorigenic factors were downregulated
after BRG1 depletion also in different melanoma cells, we used
melanoma cell line MeWo, where we proved that the same factors
were downregulated similarly as in 501mel cells (Figure 4C). Thus,
these factors generally need the presence of BRGI for their
expression in melanoma cells.

Expression of OPN, IGF1, TGF32, and Survivin is not
Affected by MITF Knockdown in Melanoma Cells

The expression of OPN, IGF1, TGFB2, and survivin was not
reported previously to be MITF-dependent in melanomas.
Nevertheless, we wished to exclude that the decrease of these
molecules were caused by the depletion of MITF or genes
downstream of its cascade. We blocked MITF in 501mel cells by
shRNA and performed a Western blot of an extract from both
blocked and control cells. As expected, none of the OPN, TGFB2,
survivin, and Sox 10 proteins was affected by severe MITF
downregulation, while expression of livin, a MITF target, almost
disappeared (Figure 4D). Thus, we verified that the above cancer
prosurvival factors and Sox10 require BRG1, not MITF, for
expression.

Expression of BRG1 and BRM in Melanoma Tumor
Specimens and Nevi

The results suggest that the presence of either BRG1 or BRM is
pivotal for MITF expression [26]. We therefore asked whether
cells in the tumor tissue maintain expression of at least one
ATPase. Immunohistochemical analysis (Figure 5) revealed that

A B C

BRM protein was highly expressed in nevi (5 analyzed samples)
and tumors (9 samples of primary melanomas) (score predomi-
nantly 3); no BRM-negative cells were found. Detection of BRG1
generally showed more heterogeneous staining (score 2 or 3) with a
higher proportion of moderate expression levels in nevi compared
with melanomas. Also, increased number of weakly stained nuclei
and very rare BRG1-negative cells (score 0) were detected in some
melanoma specimens. MITF immunostaining showed heteroge-
neity of expression in nevi and melanomas (score 0-3) with some
cells being devoid of MITF expression (Figure 5), in concert with
previous findings [10]. The results together show that both
ATPases are expressed in melanomas and whereas BRGI
expression might be attenuated or rarely entirely lost in some
tumor cells, BRM positivity is maintained in nevi and primary
melanomas.

Partial Rescue of Cell Proliferation by CDK2, Osteopontin,
and IGF1

Next, we explored the consequences of overexpressing several
prosurvival proteins and MITF on proliferation of BRG1-depleted
cells. Addition of recombinant OPN protein alone rescued the
colony formation by about ~2-fold (Figure 6A), whereas
individually overexpressed livin, survivin, or Bcl-2 failed to show
any effect (data not shown). Overexpression of the MITF-Vpl16
chimera, a transcriptionally more active MITT derivative [41],
only insignificantly increased the number of colonies, presumably
because the expression of some downstream targets involved in
proliferation are also SWI/SNF-dependent [25], while the MITF
target CDK2 was more effective (Figure 6B). Furthermore, the
presence of IGF1 protein in the culture medium increased
proliferation of BRG1-blocked cells in a dose-dependent manner
up to about 3~fold (Figure 6C). Together, although the individual
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Figure 4. Several prosurvival molecules are decreased in BRG1-depleted cells and are not affected by sh-MITF. A. Decreased protein
expression of OPN, livin, survivin, TGFB2 and Sox10 after BRG1 silencing in 501mel cells. B. Decreased mRNA levels for the same proteins after BRG1
silencing in 501mel cells. C. Similar decrease of expression levels for the proteins analyzed in (A) performed in MeWo cells. D. Verification that OPN,
survivin, TGF32 and Sox10 are not regulated by MITF since MITF depletion in 501mel cells did not have any effect on their protein levels. Livin alone
was decreased because it is a MITF target. B-actin used as a control was not changed in all experiments.

doi:10.1371/journal.pone.0054110.9g004
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Figure 5. Immunostaining of BRM, BRG1, and MITF in nevi and primary melanomas. A. Intradermal nevus; B and C. Primary melanomas.
Parallel sections (5 um) were stained with antibodies against BRM (left), BRG1 (middle), and MITF (right). Protein expression was analyzed in
intradermal or compound nevi (5 sections) and primary melanomas >1 mm in thickness (9 sections) and representative images were shown. Black
arrows indicate negative interphase nuclei in BRG1 and MITF staining, open arrows mark BRM- or BRG1-negative mitotic nuclei. Scoring (0-3) is

described in Materials and Methods. Magnification, x400.
doi:10.1371/journal.pone.0054110.g005

effects of exogenously supplemented molecules on restoring
growth were generally mild, the results suggest that mainly the
decreased CDK2 and OPN levels may be partly responsible for
the proliferation defect and a combined decrease of survival factors
might contribute to growth inhibition and apoptosis, either directly
or indirectly, elicited by blocking the SWI/SNF function in
melanoma cells.

Discussion

Although both BRG1 and BRM display extensive homology
and are interchangeable in function to support MITF and its
targets expression in melanoma, their function in SWI/SNF
complexes may not be equivalent. For example, these ATPases
were differentially required for the expression of p53-induced p21
and MDM2 [42]. Also, an opposite role of BRM- versus BRG1-
containing complexes was suggested during osteoblast differenti-
ation [43] and maintenance of chromatin integrity was specifically
dependent on BRG1 [44]. Our previous results suggest that BRG1
is fully capable of maintaining MITF expression and its acute
knockdown abrogate several MITF target genes. Nevertheless,
BRM can also support MITF expression in 501mel cells if it is
present as the only ATPase in melanoma cells [26]. A similar
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compensatory role of BRM has been described previously when
BRM was able to restore the Rb-dependent sensitivity to cell cycle
arrest [45] or coactivate the induction of p21 in BRG1-knocked
down MCF7 cells [42].

Several reports have suggested that BRM may constitute an
important constraint against malignant transformation. In normal
melanocytes, BRM is transiently recruited into Rb- and HDAC1-
containing complexes when heterochromatin has been formed
during cellular senescence [46]. Loss of BRM also promoted
proliferation of prostate epithelial cells [47] and was associated
with poorly differentiated gastric carcinomas [48]. Expression of
BRM was also found silenced in cell lines derived from multiple
tumor types through an epigenetic mechanism and restoration of
its expression by HDAC (histone deacetylases) inhibitors was
considered as an approach in cancer therapy [17]. By contrast, we
observed that BRM was expressed not only in all melanoma cell
lines analyzed, but also in nevi and primary melanomas.

Becker etal. [49] recently described undetectable BRGI
protein in more than a half of primary and metastatic melanomas
while BRM negativity was much less frequent. Although BRGI
negativity in their work was much more frequent than detected
here, the tendency of preferential BRG1 loss with retained BRM
expression was similar in both studies. Thus, BRM might become
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Figure 6. Separate restitution of OPN, CDK2 or IGF1 partly rescued cell proliferation. A. Addition of recombinant OPN (50 ug/ml) can
partly increase colony formation of BRG1-silenced 501mel cells. OPN has been added 1 day after shRNA encoding plasmid and fresh OPN was
replaced two days later. Cells were analyzed 5 days after transfection. The values are means of duplicates +-SE. One of four independent experiments
is shown. B. Overexpression of CDK2 (by use of a CDK2-FLAG expression plasmid), but not the MITF-VP16 chimera [41] slightly rescues colony
formation of BRG1-silenced cells 501mel cells. *, not statistically significant (P<<0.05), compared to control. CDK2-FLAG was efficiently expressed,
estimated by Western blot (not shown). C. Exogenously added recombinant IGF1 protein partly restores colony formation of BRG1-depleted 501mel
cells in a dose-dependent manner. No effects of added recombinant factors or CDK plasmid were seen in control shRNA cells. The values are means of
duplicates +-SE. Western blot detecting OPN and RT-PCR detecting IGF1T mRNA showed no increase of their levels in cell extract (not shown),
evidently because these factors are added as recombinant proteins and exert their effects via cell receptors. In B and C, one of three independent
experiments is depicted. Relative cell number was estimated by staining with crystal violet as described in Materials and Methods.
doi:10.1371/journal.pone.0054110.g006

a crucial remaining ATPase maintaining the expression of MITF portion of detached cells and apoptosis was detected. According to
and perhaps additional new targets described here in melanoma the postulated rheostat model for MITF levels in melanoma cells
cells in vivo under conditions of BRG1 loss [26], especially in later [10], small changes of MITF level can cause very different cellular
stages of tumor progression. In tumor specimens, we also observed effects. We argue that in the described experiments [53] MITF
MITF-negative cells, which were evidently BRM/BRG1-positive. could have dropped to a low level causing senescence, while
It is possible that these cells survive and proliferate due to the sustained complete inhibition of MITF expression may indeed
expression of multiple pro-proliferative and antiapoptotic non- lead to apoptosis in 501mel cells.
MITF-targets identified here. Importantly, our results further indicate that the SWI/SNF
Our recent silencing experiments further indicate that melano- complex may be crucial for the activity of MITF-independent

ma cells exert defects in proliferation when both BRG1 and BRM pathways resulting in upregulation of critical factors such as OPN
are depleted [26], which could be attributed to the loss of MITF or IGFI1. Both of these molecules were capable of rescuing
expression. However, reexpression of hyperactive MITF-Vpl6 proliferation of BRG1-depleted 501mel cells, albeit their overall

construct is not sufficient to restore growth (Figure 6B), presum- effect was mild. Presumably, combined silencing of MITF and
ably because the expression of proliferation-related downstream prosurvival growth factors participated in loss of proliferation in
targets are also SWI/SNF-dependent [25] and/or other factors BRG1-depleted cells. The expression of a secreted phosphoprotein
besides MITTF, as described here, may be important for survival. OPN, which is involved in tumor progression and metastasis, is
Moreover, since melanoma lines were found to be differentially increased in many kinds of tumors including melanomas [34] and
sensitive to MITT depletion [50], MITF target genes might play OPN promoter was shown to be a target of activated Hedgehog
distinct roles in survival of individual cell lines. We also observed pathway in melanoma [40]. The Hedgehog-GLI signaling is
prominent increase of collagen type XIII expression in BRG1- activated in melanoma and interference with this pathway inhibits
blocked cells, and a similar induction of this molecule involved in melanoma growth and prevents recurrence and metastases in mice
cell-cell contact has been described earlier in cancer cells, though [54]. It remains to be investigated if SWI/SNF could activate
stromal ones [51], and proposed to have pro-metastatic properties. transcriptional responses to aberrantly activated Hedgehog

Recently, other authors described the appearance of senescent pathway, and whether BRG1 is involved directly in transcription
cells rather than apoptosis upon inhibition of MITF expression from promoters of IGF1, OPN, survivin, or TGFB2. Recent
[52,53]. These results are not so contradictory and could be search for driver and passenger mutations in melanoma on the
explained by different experimental design employed by Giuliano whole-genome basis by the use of exome sequencing revealed
et al. [53], who used RNA duplexes for MITF inhibition, a short abundant passenger mutations caused evidently by UV light
pulse of transfection, and used conditioned medium in some exposure. Only one Brgl nonsense mutation and no Brm
experiments [52]. Instead, we used a plasmid producing contin- mutations were found [55]. These data indicate that the Brgl
uously very efficient sh-BRG1. In our experiments, several days and Brm are not a subject of driver and passenger mutations and
after transfection, the cells were grossly deteriorated with a large indirectly support our current results that SWI/SNF ATPases are
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preserved intact in melanoma cells and the SWI/SNF complex
plays a prosurvival role in this cancer type. Mutations of ARID2
(BAF200), ARIDIA (BAF250A) and ARID1B (BAF250B), which
are also SWI/SNF components [14], were also found mutated at
relatively low frequencies and ARID2 mutations were predicted to
be loss of function events. However, no data about the function of
ARID proteins and the functional consequence of their mutations
in melanoma cells are available. Evidently, more investigation is
needed to delineate the function of ARIDs in melanoma in the
context of SWI/SNF. In summary, as BRG] knockdown
downregulated expression of a large number of MITF-dependent
and MITF-independent prosurvival proteins, our data suggest that
a tissue-aimed inactivation of the SWI/SNF complex might
become an effective approach in the therapy of melanoma.

Materials and Methods

Ethics Statement

The samples of patients (primary melanoma lesions and benign
nevi) used in this work were obtained with the patients written
informed consent. The Ethics Committee of the University
Hospital Bulovka, Prague, approved the written informed consent
and agreed with the analysis of samples which was performed in
the present work.

Cell Lines

501mel cells were gift from Dr. R. Halaban (Yale University,
New Haven, CT) and were previously published [10,11,52,53].
50lmel cells were maintained in the RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) and 293FT
cells (Life Technologies, Carlsbad, CA) were maintained in the
DMEM medium supplemented with FBS. A427 lung carcinoma
cells (ATCC, Manassas, VA) were grown in the RPMI-1640
medium and SK-MEL-5 and MeWo melanoma cells (ATCC)
were maintained in the E-MEM medium supplemented with FBS,
pyruvate, and non-essential amino acids (Sigma). Beu melanoma
cells were described [33]. All cell lines contained 1% penicillin and
1% streptomycin in the medium.

Plasmids, Transfections, and Chemicals

CDK2 cDNA was expressed from the pFLAG-CMV-4 (Sigma,
St. Louis, MO). The MITF-Vpl6 construct was described [41].
Cells were transfected using Lipofectamine 2000 (Life Technolo-
gies) and selected in 2.0 pg/ml puromycin for indicated time
intervals. Recombinant human osteopontin and IGF1 were
purchased from Sigma. Other chemicals were from Sigma.

shRNA Knockdowns and Lentiviruses

The shRINA sequences were cloned in the pSUPER.puro vector
(Oligoengine, Seattle, WA). The target sequence for knockdown of
human MITF was GGACAATCACAACCTGATTG. The
BRM, BRG], and the common BRM/BRGI target sequences
were described previously [56], and are as follows: BRM,
GGAGGTGCTAAGACACTTATG; BRGI1, GTAGCTCC-
GAGGTCTGATAG; common BRM/BRG1, GCTGGAGAAG-
CAGCAGAAG. The non-targeting sequence was GACGG-
TACCGCGAACGAGC. Generation of lentiviral vectors (by
using pLVTHM plasmid) (Addgene, Cambridge, MA) and
lentiviruses were performed as described [26]. We used virus
titers that infected nearly 100 per cent of cells (as assessed by GFP
positivity). Cells were infected in the presence of 8 pug/ml
Polybrene for 48 hrs, harvested or replated for analyses after the
time intervals as indicated.
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Immunoblotting and Immunohistochemistry

Whole cell extracts were subject to Western blot analysis. Anti-
MITT antibody (D5) was from Labvision (Kalamazoo, MI), and
anti-B-actin from Sigma. Other antibodies used were from Santa
Cruz Biotechnology (Santa Cruz, CA) unless otherwise indicated.
Primary antibodies used were against BRG1 (G-7), osteopontin
(LFMb-14), livin/ML-IAP (H-90), IGF1 (H-70), and survivin (D-
8). Anti-Sox10 antibody was from Abcam (Cambridge, UK)
(ab25978). Proteins were visualized using ECL (GE Life Sciences,
Buckinghamshire, UK) according to the manufacturer’s instruc-
tions.

Primary melanoma lesions and benign nevi were obtained with
the patients informed consent and with the approval of the Ethics
Committee of the University Hospital (see Ethics statement above).
Parallel tissue sections were stained with primary antibodies
against BRM (Abcam, ab15597), BRG1 (H-88, Santa Cruz) or
MITF (D5, Dako, Glostrup, Denmark). The detection of antigen/
antibody complexes were performed using EnVision+ avidin-
biotin detection system (Dako). Because Brm and Brgl contain
high sequence similarity, the specificity of primary antibodies were
verified by Western blot and immunofluorescence in Brgl+/Brm-
(A549) and Brgl—/Brm+ (G401) cell lines (not shown) and
antibodies were proved to be strictly specific. Score was obtained
for each sample of tissue section. Sections were independently
examined by two pathologists. Tissues were scored on a scale of 0
(negative) to 3 (highly positive) based on the intensity of staining.

Reverse Transcription-PCR

Total RNA was extracted from cells using TRIZOL reagent
(Life Technologies) and cDNA was synthesized from 2 pg of total
RNA using the SuperScript II RNase H- reverse transcriptase (Life
Technologies) with an oligo-dT primer. Detection of gene
expression by RT-PCR was carried out with primers pairs
purchased from Santa Cruz (for OPN, livin, survivin, IGF1,
TGFB2, and Sox10). Primers for the detection of control GAPDH
gene  expression  were 5'-TGAAGGTCGGAGTCAACG-
GATTTGGT (fw) and 5'-CATGTGGGCCATGAGGTCCAC-
CAC (rev).

Apoptosis, Colony Formation, and Viability Assays

Cells were evaluated for DNA content by flow cytometry. Cells
were washed, incubated in 0.2mol/1 sodium phosphate-0.1mol/1
citric acid solution (pH 7.8), digested with RNase A and stained
with propidium iodide before analysis in a FACSCalibur (BD
Biosciences, San Jose, CA). Results were analyzed by CellQuest
software. Detection of apoptosis with TUNEL assay was
performed by the use of APO-DIRECT™! kit (BD Biosciences)
according to manufacturers instructions without the propidium
iodide staining. Microscopic images of apoptotic nuclei in cultured
cells were taken on IX51 Olympus fluorescence microscope.
Caspase 3/7 activities were detected with a kit obtained from Enzo
Life Sciences (Farmingdale, NY). For colony formation assays,
cells were replated two days after transfection into the puromycin-
containing medium, and stained with crystal violet after 12 days.
Cell viability was assessed by growing lentivirus-infected cells in
24-well plates and staining with the MTT cytotoxicity/prolifera-
tion kit (Sigma) in triplicate samples. No decrease of viability was
observed in BRM/BRG1-null A427 lung carcinoma cells, which
were used as a negative control (Figure 2). For cell growth
quantitation, cells were fixed and stained with crystal violet and
the stain was then dissolved in wells with acetic acid/ethanol
solution and the relative number of cells was estimated by
spectrophotometry.
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Microarrays

Agilent Whole Human Genome (4x44K) expression arrays
(Agilent Technologies, Santa Clara, CA) were used according to
protocols recommended by the manufacturer. Total RNA was
isolated using TRIZOL reagent. RNA labeling, hybridization,
scanning and data acquisition was performed at AtlasBiolabs
(Berlin, Germany). Primary data were generated with Agilents
Feature Extraction Software (version 10.5.1.1) from which
differential gene expression ratio values were calculated. Data
analysis was done using the R-project (v. 2.8.1, www.r-project.org)
and BioConductor (v. 2.3, www.bioconductor.org) software.
Adjusted P value was calculated by the method of Benjamini-
Hochberg.

Statistical Methods
Statistical analyses of proliferation rates, real-time RT-PCR,
and luciferase assays were done using Student’s t test.

Supporting Information

Figure S1 Apoptotic nuclei in sh-MITF and sh-BRG1
treated cells. Apoptosis was detected by DAPI staining of
nuclear DNA. Mounting of the remaining attached cells was
performed in Vectashield mounting medium with DAPI five days
after puromycin selection and observed on Olympus IX51
Olympus fluorescence microscope. Nuclei with irregular and
lobular DNA staining, condensed DNA, and fragmented DNA
were scored on 100 independent cells and 9 and 11 apoptotic
nuclear patterns were seen in sh-MITF and sh-BRG1 cells,
respectively, while no nuclei of sh-control cells showed apoptotic
signs. Two representative images are shown for each shRNA (left
and right panels).

(TIF)

Figure S2 Flow cytometry of detached and adherent
cells. We performed separate flow cytometry profiles after 5 days
after a 2-day puromycin selection following transfection of
appropriate shRNA, similarly as in Figure 1. High content of
sub-G1 and G1 phase of the cell cycle was visible in floating cell
profiles. Remaining adherent cells showed normal-like profile of
DNA content. Absence of G2/M phase in floating cells indicates
that these cells ceased proliferating.
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