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Summary
We have previously shown that Wnt5A-mediated signaling can promote melanoma metastasis. It
has been shown that Wnt signaling is antagonized by the protein Klotho, which has been
implicated in aging. We show here that in melanoma cells, expressions of Wnt5A and Klotho are
inversely correlated. In the presence of recombinant Klotho (rKlotho) we show that Wnt5A
internalization and signaling is decreased in high Wnt5A expressing cells. Moreover, in the
presence of rKlotho, we observe an increase in Wnt5A remaining in the medium, coincident with
an increase in sialidase activity and decrease in syndecan expression. These effects can be
inhibited using a sialidase inhibitor. In addition to its effects on Wnt5A internalization, we also
demonstrate that Klotho decreases melanoma cell invasive potential by a second mechanism, that
involves the inhibition of calpain and a resultant decrease in filamin cleavage, which we
demonstrate is critical for melanoma cell motility.

Significance
We report here a mechanism by which Klotho, the loss of which results in an accelerated
aging phenotype, decreases the invasion of melanoma cells. It does this in a two-pronged
manner, by inhibiting the internalization of Wnt5A, and also by inhibiting the cleavage of
Filamin. Our data support those in which the aging microenvironment of a tumor has been
shown to influence the metastatic process. Our results suggest that while Klotho can act to
suppress Wnt signaling, Filamin cleavage and tumor progression in a “younger”
microenvironment, loss of Klotho during aging could contribute to a microenvironment that
promotes tumor invasion.
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Introduction
The incidence of the vast majority of cancers, including melanoma, increases with
advancing age. However, the mechanism by which aging influences the risk of developing
cancer is not fully understood. Whether this is attributable to declines in immunity or other
changes, such as changes in the aging microenvironment, remains unclear. Amongst the
many proteins implicated in aging is the protein Klotho. Loss of Klotho function results in
the early appearance of several pathologies associated with human aging including
artherosclerosis, osteoporosis, and skin atrophy (Kuro-o et al., 1997), and mice lacking
Klotho die prematurely around the age of 8–9 weeks (Nabeshima, 2006). Overexpression of
Klotho, however, has been shown to increase lifespan by 20–30% on average compared to
wild-type mice (Kurosu et al., 2005).

The Klotho gene codes for a single pass transmembrane protein and two forms of the protein
have been identified: a transmembrane form present primarily in the kidneys, as well as a
secreted form found in the blood circulation (Matsumura, 1998, Kurosu et al., 2005 and
Imura et al., 2004). The existence of a third form, secreted and generated by alternative
splicing was also reported, although its presence was never detected in the blood
(Matsumura et al., 1998). The transmembrane form of Klotho acts as a co-factor for FGF23,
an endocrine factor that lowers blood phosphate and vitamin D levels (Kurosu et al., 2006).
The secreted form of Klotho was shown to have a putative sialidase activity and be involved
in the regulation of glycoprotein function at the cell surface (Cha et al., 2008). Interestingly,
secreted Klotho was reported to inhibit insulin/IGF-1 signaling (Kuro-o et al., 1997 and
Kurosu et al., 2005), a pathway previously reported to be linked to aging. This inhibitory
effect of Klotho on IGF-1 signaling was recently proposed as a mechanism for the reported
tumor suppressor role of Klotho in breast cancer (Wolf et al., 2008).

A putative role for Klotho in cancer was also suggested in a recent study showing that
downregulation of Klotho induced premature cellular senescence in a p53/p21-dependent
mechanism (de Oliveira, 2006). Very recently, a study by Lee et al showed that Klotho is
epigenetically silenced during cervical cancer progression (Lee et al, 2010). In addition,
Klotho was shown to antagonize the activity of several members of the Wnt family (Liu et
al., 2007), which have been shown to be involved in cancer progression. Our laboratory has
had a long-standing interest in Wnt5A, a non-canonical Wnt protein, which we have shown
to be involved in melanoma progression (Weeraratna et al., 2002), and Wnt5A
overexpression is associated with a more aggressive form of the disease (Da Forno et al.,
2008). We have previously shown that Wnt5A increased the metastatic ability of melanoma
cells both in vitro (Weeraratna et al., 2002, Dissanayake et al., 2007) and in vivo
(Dissanayake et al., 2008). In particular, we recently demonstrated that Wnt5A induced a
migratory phenotype and increased cell motility via calpain-mediated cleavage of the
cytoskeletal protein Filamin A (O'Connell et al., 2009a). We have also shown that the effects
of Wnt5A on motility are augmented by its ability to interact with heparan sulfate
proteoglycans, specifically syndecans (O'Connell et al., 2009b). Both of these observations
hinted at a possible link between Klotho and Wnt5A, since Klotho has been shown to inhibit
calpain activity, and also to have putative sialidase activity. Thus, we investigated the
expression of Klotho in melanoma cells and its regulation in cells of differing metastatic
potential expressing different levels of Wnt5A.

Results
Klotho expression is inversely correlated to Wnt5A expression in melanoma cells

In previous studies (Dissanayake et al., 2007, Dissanayake et al, 2008), we have
characterized a panel of melanoma cell lines with respect to their levels of Wnt5A, PKC,
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MART1 and invasive capacity, allowing us to establish a positive correlation between high
levels of Wnt5A and PKC activation, low levels of MART1 expression, and an increase in
metastatic potential. We therefore investigated whether Klotho was expressed in these
melanoma cell lines, and if its expression was affected by that of Wnt5A. Western blot
analysis of Klotho protein expression in melanoma cell lines showed that whereas Wnt5A-
low G361 cells, with low metastatic ability, expressed high levels of Klotho, its expression
was reduced in Wnt5A-medium UACC903 cells and considerably diminished in Wnt5A-
high M93-047 cells (Figure 1A). To determine if changes in the levels of protein expression
were the result of transcriptional regulation in these cells, we used real time PCR analysis to
quantitate levels of Klotho gene expression. Levels of Klotho mRNA were reduced in both
UACC903 and M93-047 cells as compared to Wnt5A-low G361 cells (Figure 1B). These
results show that Klotho is expressed in melanoma cells, and that its expression is inversely
correlated with levels of Wnt5A expression. Moreover, this inverse correlation in the
expression of Wnt5A and Klotho is observed both at the protein and mRNA level. Because
high expression of Wnt5A is correlated with increased metastatic potential in these
melanoma cell lines, these results also suggest that Klotho expression might be reduced in
more highly metastatic melanoma cells.

To assess this prediction in human melanoma samples, we used a melanoma tissue
microarray to stain for Klotho expression. We have previously demonstrated that the vast
majority of visceral metastases (VM) in this array (94%; 34/36) stain strongly positive for
Wnt5A while only 33% of nevi, and 56% of primary lesions (PRIM) stain even weakly
positive for Wnt5A (Dissanayake et al., 2008). By contrast, 100% of nevi (n=23), and 90%
of primary lesions (n=21), stain strongly positive for Klotho, and only 66% of visceral
metastases (n=36) stain positive, with generally weaker intensity. Graphing these data show
a trend of decreasing Klotho expression, which is concomitant with an increase in Wnt5A
expression (Figure 1 C). As previously shown (Dissanayake et al., 2008), lymph node
metastases (LNM) rarely express Wnt5A (only 26%, or 6/23), while over 80% of lymph
node metastases express Klotho. Klotho staining is shown in a primary melanoma sample,
and compared to Wnt5A staining in a corresponding serial section (Figure 1D). These data
confirm an inverse relationship between Klotho, Wnt5A and the metastatic capacity of
melanoma cells.

Wnt5A regulates Klotho expression in melanoma cells
Since we observed a decrease in Klotho expression in Wnt5A-high cell lines, we examined
whether Wnt5A could regulate Klotho in melanoma cells. Using immunofluorescent
confocal microscopy, we confirmed that Wnt5A-high M93-047 or UACC903 cells have
very low levels of Klotho (Figure 2A). Conversely, Klotho was expressed in low-Wnt5A
G361 cells and localized predominantly in the cytoplasm and around the nucleus, as
previously reported (Liu et al., 2007) (Figure 2B, left panel). To determine if this was a cell-
specific or Wnt5A-related effect, G361 cells were treated with recombinant Wnt5A
(rWnt5A), which resulted in a decrease in Klotho expression (Figure 2B, right panel). This
decrease in Klotho protein expression in the presence of Wnt5A was also shown by Western
blot analysis (Figure 2C). We then asked whether Wnt5A could affect Klotho mRNA
expression in Wnt5A-low/ Klotho-high cells. Indeed, treatment of G361 cells with
recombinant Wnt5A resulted in a decrease in Klotho gene expression (Figure 2D). Wnt5A-
high M93-047 cells were then transfected with siRNA that we have previously shown
specifically downregulates Wnt5A expression (Dissanayake et al., 2007). Upon Wnt5A
knockdown, Klotho gene expression was increased (Figure 2E), as was Klotho protein
expression (figure 2F). Taken together, these results suggest that Wnt5A antagonizes the
expression of Klotho.
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Klotho Prevents HSPG-mediated Wnt5A uptake and signaling
Since Klotho was previously reported to negatively regulate Wnt signaling in a mouse
model (Liu et al., 2007), we also investigated the effect of Klotho on Wnt5A expression in
our human melanoma cell lines. Wnt5A-high, Klotho-low M93-047 cells were treated with
recombinant Klotho (rKlotho). Western analysis showed a reduction in Wnt5A expression in
the presence of rKlotho in UACC903 and M93-047 cells (Figure 3A), and specifically of the
upper, glycosylated band, often indicative of Wnt5A activity (Dissanayake et al., 2007). We
have previously demonstrated that Wnt5A activation results in an increase in phospho-PKC,
and more robustly, a down-regulation of MART1. Although M93-047 cells are completely
negative for MART1, UACC903 cells have low levels of this protein. Treatment of
UACC903 cells with rKlotho effectively increases the expression of MART1 (Figure 3B),
indicating that Wnt5A signaling is inhibited. Interestingly, gene expression of Wnt5A was
not decreased by rKlotho, suggesting that regulation of Wnt5A by Klotho may be post-
translational (Figure 3C). We have previously demonstrated that heparan sulfate
proteoglycans (HSPGs), specifically syndecan 1 and 4, are essential for Wnt5A
internalization and signaling (O'Connell et al., 2009b). In addition to weak glucuronidase
activity (Tohyama et al., 2004), Klotho was shown to affect glycosylation status of proteins
by modification of N-linked glycans (Chang et al., 2005), which was further shown to
implicate removal of sialic acid from glycan chains (Cha et al., 2008). This reported
sialidase activity led us to hypothesize that Klotho may be either directly affecting the
glycosylation of Wnt5A, required for its secretion, or affecting the HSPGs that play a role in
Wnt5A internalization and signaling. We therefore looked at Wnt5A expression in the
culture medium. In the presence of rKlotho we observed an increase in Wnt5A expression in
the medium (Figure 3D). This suggested that glycosylation of Wnt5A itself was unaffected,
since it could still be efficiently secreted into the medium, and pointed instead to the
possibility that the internalization of Wnt5A, potentially due to sialidation of HSPGs, was
being affected. We assayed sialidase activity in melanoma cells. G361 cells released much
higher amounts of sialic acid than M93-047 cells. Treating M93-047 cells with rKlotho
resulted in an increase in their sialidase activity (Figure 3E). Next, we used a sialidase
inhibitor DANA (2-deoxy-2,3-dehydro-N-acetylneuraminic acid), that has been previously
shown to inhibit Klotho activity (Cha et al., 2008). When M93-047 cells are treated with
DANA alone there is no decrease in the level of Wnt5A, and when treated with rKlotho,
Wnt5A decreases dramatically. When cells are treated with rKlotho in the presence of
DANA, rKlotho is no longer able to inhibit the expression of Wnt5A (Figure 3F), suggesting
that the effect of Klotho on Wnt5A may be attributable to its sialidase activity.

To assess if this increased sialidase activity and the increased expression of Wnt5A in the
medium upon Klotho treatment could be due to the reduced ability of Wnt5A to bind to
syndecans, and thus internalized, we used immunofluorescent confocal microscopy to look
at syndecan −1 and −4 expression and localization in Wnt5A-high M93-047 cells. As
previously reported (O'Connell et al., 2009b), the expression of both syndecans was high in
untreated M93-047 cells (in the interest of space, syndecan 1 is shown in Figure 4A, and
syndecan 4 in Supplementary Figure 1). In the presence of rKlotho however, in addition to a
decrease in Wnt5A expression and internalization, we also observed a decrease in the
expression of both syndecans (Figure 4A, and Supplementary Figure 1). However, mRNA
levels of syndecans remain unaffected by Klotho, suggesting that this decrease is post-
translational. We have previously shown that although it is difficult to show binding of
Wnt5A to syndecans, given the nature of the interaction (protein binding to sugar chains
rather than protein to protein binding), when Wnt5A and syndecans bind, they are
internalized together and co-localize within the cell. We treated the cells with Klotho, and
examined the co-localization profiles of Wnt5A and syndecan over a time course. Untreated
cells show tight co-localization of red and green signal (forming yellow), representing
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Wnt5A (green) and syndecan (red, Figure 4B, panel 1). As early as 5 minutes after treatment
with Klotho, Wnt5A and syndecan start to lose co-localization (Figure 4B, panel 2). By 1
hour, there is a significant decrease in co-localization, and Wnt5A can be seen mainly in the
cytoplasm rather than in its typical perinuclear location (Figure 4B, panel 3), By 4 hours,
while some syndecan expression is sustained, all perinuclear Wnt5A and co-localization of
syndecan and Wnt5A is abolished, and by 16 hours as also shown in Figure 4A, both Wnt5A
and syndecan expression is significantly reduced. To confirm that Klotho was affecting the
binding of Wnt5A to syndecan, a solid-phase binding assay was performed as described in
detail in Materials and Methods. Briefly, recombinant syndecan 1 was bound to a plate, and
then rWnt5A was bound to the immobilized syndecan, in the presence or absence of
rKlotho. The data demonstrate that Klotho can inhibit the binding of Wnt5A to syndecan in
a dose-dependent manner (Figure 4C).

Finally, to ascertain whether it is the sialidase activity of Klotho that has this effect, cells
were treated with the sialidase inhibitor DANA, at 50nM. Untreated cells, and those treated
with DANA alone (Figure 4C, panels 1 and 2 respectively) demonstrate clear co-localization
and expression of Wnt5A and syndecan (yellow). Klotho treatment for 16 hours ablates this
(Figure 4C, panel 3). However, if the cells are treated with Klotho in the presence of the
sialidase inhibitor DANA, then co-localization of Wnt5A and syndecan is restored, albeit
not to the levels of untreated cells (Figure 4C, panel 4, yellow). Taken together, these data
strongly suggest that Klotho regulates the internalization of Wnt5A by the sialidation of
syndecans.

Klotho negatively regulates the Wnt5A-mediated cleavage of Filamin A
Having established in previous studies a major role for Wnt5A in cell motility and
melanoma metastasis, we investigated whether Klotho reduction of Wnt5A could decrease
the invasive potential of highly invasive M93-047 cells. Highly metastatic melanoma cells
that were treated with rKlotho showed a decrease in the number of cells that migrated
through the transwell (Figure 5A). These results suggested that Klotho could affect Wnt5A-
mediated melanoma cell invasiveness. In previous experiments we have shown that adding
excess rWnt5A can overcome decreases in syndecans, because there is so much Wnt5A, that
at least a portion can bind to the receptor and be internalized, reconstituting signaling
(O'Connell et al 2009b). However, in the presence of Klotho, treating cells with excess
Wnt5A cannot restore motility, strongly suggesting that Klotho may be acting by a second
mechanism independent of its effects on the internalization of Wnt5A via syndecans.

We have recently shown that one of the ways in which Wnt5A mediates melanoma cell
motility is via the μ-calpain-mediated cleavage of Filamin A, resulting in remodeling of the
cytoskeleton (O'Connell et al., 2009a). Interestingly, Klotho deficiency, which we show in
this study to be associated with high levels of Wnt5A, was reported by others to result in the
activation of μ-calpain (Manya et al., 2002). Treatment of Wnt5A high melanoma cells with
recombinant Klotho results in a decrease in calpain 1 protein expression (Figure 5B). We
therefore investigated the effect of Klotho on Filamin cleavage, a downstream result of
calpain activity. We analyzed the expression of cleaved Filamin by Western blot analysis.
Following treatment of M93-047 or UACC903 cells with recombinant Klotho we observed a
decrease in the expression of the 190 kDa band corresponding to the cleaved N-terminal
product of Filamin A cleavage (Figure 5C). Immunofluorescent analysis was also used to
visualize whether Klotho decreases filamin cleavage. Filamin expression in untreated
Wnt5A-high M93-047 cells was very diffuse throughout the cytoplasm (Supplementary
Figure 2A, upper panel, green staining). This diffuse expression of Filamin is associated
with high Wnt5A (Supplementary Figure 2A, upper panel, red staining), and corresponds to
increased Filamin cleavage as described previously (O'Connell et al., 2009a). Upon
treatment of these cells with rKlotho, the expression of Filamin A was relocalized to the
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edges of the cell (Supplementary Figure 2A, lower panel, green staining), which we have
previously reported to correlate with a decrease in Filamin A cleavage (O'Connell et al.,
2009a). Wnt5A protein levels were also decreased by rKlotho (Supplementary Figure 2A,
lower panel, red staining).

In order to confirm the effect of Klotho on Filamin cleavage, small interfering RNAs
targeted against Klotho, were used on G361 cells, which normally express low levels of
Filamin A cleavage, low levels of Wnt5A and high levels of Klotho. Transfection of G361
cells with Klotho siRNA caused ~60% knockdown of Klotho (Supplementary Figure 2B),
which led to an increase in Wnt5A expression as well as an increase in Filamin A cleavage,
as measured by Western blot analysis (Figure 5D). These data could also be further
confirmed by immunofluorescent analysis (Supplementary Figure 2C), where siRNA against
Klotho caused an increase in Filamin cleavage as shown by the increased diffusion of
Filamin staining upon Klotho knockdown. Finally, we sought to determine if Klotho was
modulating these effects via the reduction of Wnt5A internalization as demonstrated in
Figure 3, or if these effects on Filamin were partially independent, due to Klotho effects on
calpain. We treated M93-047 cells with rKlotho in the presence of excess rWnt5A. We show
here that despite some internalization of excess Wnt5A (Figure 5E, green staining), Filamin
cleavage is still inhibited by rKlotho (Figure 5E, red staining), implying that Klotho effects
on Filamin cannot be fully overcome by Wnt5A.

In order to confirm that these effects of Klotho involved specifically the calpain-mediated
cleavage of filamin, we obtained M2 melanoma cells, that, while devoid of filamin, have
active calpain signaling (Mammoto et al, 2007). Transfecting M2 cells with a wild type, full
length clone of Filamin (Woo et al, 2004) resulted in the expression of large amounts of
cleaved filamin in M2 cells (Figure 5F). Treatment of the cells with rWnt5A did not increase
the already substantial cleavage much further, but treatment of Klotho, as seen before,
significantly inhibited the cleavage of filamin, an effect that could not be restored in the
presence of Wnt5A. We then transfected the cells with a calpain-resistant Filamin clone
(Mammoto et al, 2007). Filamin remains uncleaved, due to a deletion in the calpain cleavage
site, and neither treatment with Klotho nor Wnt5A affects this (Figure 5G). To assess the
effects of Klotho on motility of cells containing cleavage-sensitive (WT) filamin as
compared to calpain-resistant (CR) filamin, we repeated the same experiment, and subjected
the cells to a transwell assay. Where Filamin is cleaved cells are highly motile, however,
transfection of these cells with a calpain-resistant, uncleavable Filamin construct
significantly reduces the ability of the cells to invade. Furthermore, rKlotho treatment also
inhibits motility in cells transfected with wild type filamin, presumably due to decreases in
Filamin cleavage (Figure 5H). It should be noted that while untransfected M2 cells are
slightly less motile than WT-Filamin expressing cells (Supplementary Figure 2D), and more
motile than CR-Filamin expressing cells, these data fall outside of statistical significance
(p>0.09 and p>0.07 respectively) allowing us to more accurately assess the direct effect of
Klotho on cleaved Filamin-mediated motility.

Taken together, these results show that Klotho expression leads to a decrease in Filamin A
cleavage, via the inhibition of calpain, as well as decreases in Wnt5A internalization, further
contributing to Klotho-mediated suppression of motility.

Discussion
Several studies have focused on Klotho and its role in the aging phenotype. In particular, its
expression has been shown to decrease with advancing age, and Klotho knockout mice
exhibit age-related degeneration, including muscle degeneration, increased artherosclerosis,
and loss of skin integrity (Kuro-o et al., 1997). In contrast, Wnt5A, the increased expression
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of which can promote melanoma metastasis, is increased in the skin of aged mice (data not
shown). An interaction between the Wnt pathway and Klotho was described in a study by
Liu et al., in which the authors report the suppression of Wnt biological activity in the
presence of Klotho, when both of these molecules are artificially expressed (Liu et al.,
2007). In this study, we show that Klotho and Wnt5A, a member of the non-canonical Wnt
pathway, are endogenously expressed in melanoma cells of different invasive capacity, and
can regulate each other. Interestingly, Wnt5A regulates Klotho at the transcriptional level.
Over expression of Wnt5A has been previously shown to be associated with the
downregulation of a large number of genes (Dissanayake et al., 2007), probably through
epigenetic silencing, although the mechanism in melanoma cells has not yet been described.
A very recent paper indicates that Klotho is epigenetically silenced in late-stage cervical
cancer largely via histone deacetylation activity (Lee et al, 2010). Whether or not this is a
mechanism via which Wnt5A can transcriptionally regulate Klotho is under investigation in
our laboratory.

Our results clearly indicate that expression of Klotho is lost as cells become more metastatic,
and describe a mechanism whereby this loss may contribute to Wnt5A-mediated metastasis.
Coincident with this, others have suggested a tumor suppressor function for Klotho, in
particular based on its decreased expression in more advanced lung cancer (Chen et al,
2010), cervical cancer (Lee et al, 2010), and breast cancer (Wolf et al., 2008). The loss of
Klotho expression in more metastatic and higher Wnt5A expressing melanoma cells
suggests one of two things: 1) in less metastatic cells, high expression of Klotho inhibits
Wnt5A expression, but as the cells become more metastatic, loss of Klotho results in
increased levels of Wnt5A, or 2) low levels of Wnt5A in less metastatic cells permit Klotho
expression, but as the cells become more metastatic, higher levels of Wnt5A inhibit Klotho
expression. These two possibilities are not mutually exclusive, and indeed, these two
molecules may exist in a regulatory feedback loop.

The inhibition of Wnt signaling by Klotho was previously reported (Liu et al., 2007) and
hypothesized to be the result of reduced ability of Wnt to bind to its receptor. In a recent
study, we showed a role for heparan sulfate proteoglycans (HSPGs) in Wnt5A signaling in
melanoma metastasis (O'Connell et al., 2009b). In particular, we showed that the expression
of syndecans 1 and 4 was increased in more metastatic melanoma cell lines and promoted
the binding and internalization of Wnt5A, and thus, an increase in Wnt5A signaling
(O'Connell et al., 2009b). Knockout of syndecans 1 and 4 decreased Wnt5A internalization,
signaling, and effects on motility. This could be overcome by adding back excess
recombinant Wnt5A. Klotho has been shown to affect the glycosylation status of
glycoproteins by modification of N-linked glycans (Chang et al., 2005). It has also been
shown to have both glucuronidase (Tohyama et al., 2004), (Chang et al., 2005) and sialidase
activity (Cha et al., 2008), which in turn have been shown to affect the glycosylation and
expression of heparan sulfate proteoglycans. We hypothesized that Klotho may affect the
glycosylation and sialylation of syndecans and limit their ability to promote Wnt5A
internalization, resulting in reduced Wnt5A signaling. We show here that the presence of
Klotho increases the release of Wnt5A in the medium, suggesting a decrease in receptor-
mediated internalization, and this effect correlates with a decrease in syndecan-1 and
syndecan-4 protein expression. We also show that this decrease in syndecan and Wnt5A
internalization in the presence of Klotho correlates with an increase in sialidase activity that
can be specifically attributed to Klotho, and the use of a sialidase inhibitor can promote the
co-localization and internalization of syndecan and Wnt5A. Hence, we clearly implicate
Klotho sialidase activity in reducing syndecan 1 and 4-mediated Wnt5A signaling. These
results are particularly interesting when considering the correlation between excessive sialic
acid expression and increased metastatic ability (reviewed in Miyagi et al., 2004, Miyagi et
al., 2008). The sialidase NEU1 for example, can act as a metastasis suppressor in colon
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cancer. Increases in sialic acid residues have been shown to augment melanoma metastasis
(Uemura et al., 2009). It is possible that, in melanoma, the sialidase activity of Klotho plays
a similar role to NEU1, one of the effects of which is a decrease in the internalization and
subsequent signaling of Wnt5A.

In addition to inhibiting the internalization of Wnt5A, we show here that Klotho has a
second effect on melanoma metastasis, related to, but not dependent upon Wnt5A signaling.
We have previously shown that Wnt5A signaling induced Filamin A cleavage, which
resulted in increased melanoma cell motility (O'Connell et al., 2009a) and that this Wnt5A-
induced cleavage of Filamin A was dependent on the activation of calpain-1. Several studies
have shown increased calpain activity during aging (Baudry et al., 1986, Lynch et al., 1986),
consistent with an increased intracellular or calcium influx in aging tissues (Besse et al.,
1994, Blalock et al., 1999, Ouanounou et al., 1999 and Romero et al., 2002). In turn,
deficiency in Klotho protein was reported by others to lead to the overactivation of calpain-1
(Manya et al., 2002). We show here that Klotho expression results in a decrease in calpain-1
expression in melanoma cells. Although this decrease in expression is not a direct measure
of activity, in the presence of Klotho we also observe a decrease in the cleavage of Filamin
A, an effect that we have previously attributed to calpain activity (O'Connell et al., 2009a).
Treatment with excess rWnt5A, which we have shown can overcome decreases in syndecan-
mediated internalization (O'Connell et al., 2009b), simply by the increase in ligand
availability, cannot rescue the effect of Klotho pre-treatment on Filamin A in this case, and
more importantly cannot restore motility to the melanoma cells (Figure 5). These data
suggest that the effect of Klotho on Filamin A has less to do with its effects on Wnt5A than
its direct effects on calpain, providing a second impediment to melanoma metastasis. This
has huge implications for the potential use of Klotho as an anti-metastatic agent.

Several lines of evidence indicate a link between advanced age and tumor onset and
progression, and melanoma is no exception (Lachiewicz et al, 2008). In particular, a number
of factors secreted by senescent cells in the direct microenvironment of melanoma cells can
contribute to the acquisition of a more invasive phenotype (reviewed in (Campisi and
d'Adda di Fagagna, 2007)). Loss of Klotho is associated with an aging phenotype, and older
animals have less secreted Klotho in their serum (Xiao et al., 2004). It could be that in a
“younger” microenvironment, Klotho is present and acts as a check on Wnt5A signaling,
Filamin cleavage and metastatic progression. In a scenario where the microenvironment of
the tumor has significant effects on its outcome, the progressive loss of Klotho in an aging
microenvironment could potentially allow for an increase in Wnt5A expression, and calpain
activity and subsequent Filamin cleavage, thus increasing melanoma progression. These data
suggest that reconstitution of Klotho may have beneficial effects, not only for reversal of
aging-related phenotypes, but also for the successful management of metastatic melanoma.

Materials and Methods
Cell Culture

UACC903 and M93-047 cell lines were maintained in RPMI 1640 medium (Invitrogen,
Carlsbad, CA), while G361 cells were maintained in McCoy's 5A medium (Invitrogen). M2
cells were maintained in MEM. All media were supplemented with 10% fetal Bovine serum
(Invitrogen), 100 U ml-1 penicillin and streptomycin, and 4mM L-glutamine. All cell lines
were cultured at 37°C in 5% CO2, and the medium was replaced every 2 days.

Wnt5A, Klotho, and DANA treatment
Cells were treated with 100ng/ml recombinant mouse Wnt5A (R&D systems, Minneapolis,
MN) for 16 hours, or 250ng/ml recombinant mouse Klotho (R&D systems) for 16 hours,
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unless otherwise stated. Cells were treated with DANA (2-deoxy-2,3-dehydro-N-
acetylneuraminic acid) (Sigma, St. Louis, MO) for 16 hours as co-treatment with
recombinant Klotho.

siRNA and Filamin construct Transfection
Cells were transfected with high performance (HP)-validated negative control (CTRL), and
Wnt5A siRNA (Qiagen, Valencia CA) and Klotho siRNA (Applied Biosystems/Ambion,
Austin, TX) using Lipofectamine (Invitrogen) for 48–72 hours as described previously
(Dissanayake et al., 2007). Wnt5A sequences have been previously described, and tested by
microarray analysis for off-target effects (Dissanayake et al., 2007, Dissanayake et al, 2008)
and are as follows: Sense: r(GGAUAACCUUgUAACAUAU)dTdT Antisense:
r(AUAUgUUACAAggUUAUCC)dgdg. Two Klotho sequences (Ambion) were used to
confirm specificity of observed effects and were as follows: SiRNA 1: sense:
5'gUAUCAAUCUUUCgCgAUAtt -3' and antisense 5'- UAUCCgCAAAgAUUgAUACca
-3' and SiRNA 2: Sense: 5'- gCAgAUCAgUUUgAgCCCAtt -3' Antisense:
5'UgggCUCAAACUgAUCUgCag -3'

Plasmids
The pRep4-FilaminA vector encoding the full-length, wildtype Filamin (Woo et al, 2004)
was obtained from Dr. Michel Bernier (National Institute on Aging, Baltimore, MD). The
pEGFP-Filamin-del2 vector, encoding calpain-resistant Filamin (Mammoto et al, 2007) was
obtained from Dr. Akiko Mammoto (Childrens Hospital, Boston, MA). Full-length Filamin
was excised by first linearizing the pRep4 vector with EcoRV, then excising full-length
Filamin with NruI. XbaI and HindIII were used to sticky end digest the purified filamin
fragment. The pEGFP-C1 vector was transformed into JM110 dam−/dcm− cells to
demethylate the XbaI restriction site. Finally, XbaI/HindIII were used to digest the EGFP-
C1 empty vector (Invitrogen) and the full-length filamin fragment was subcloned into the
vector and transformed into DB10B electrocompetent cells (Invitrogen). Plasmids were
transfected into Filamin-deficient M2 cells using Lipofectamine Plus for 24 hours as
described previously (Dissanayake et al., 2007), then cells were treated as described in the
text.

Immunofluorescence
Cells were seeded at a density of 3 × 105 cells per well (G361) and 2 × 105 cells per well
(M93-047 and UACC903) into one-well chambers treated for the appropriate time. At the
end of the treatment, cells were washed in phosphate buffered saline (PBS), fixed in ice -
cold 95% methanol for 20 minutes at room temperature, washed in PBS, and blocked using
sterile-filtered blocking buffer (0.2% triton X-100, 0.2% BSA, 0.2% casein, 0.2% gelatin,
and 0.02% sodium azide) for 1 hour at room temperature. Biotinylated Wnt5A (5 μg/ml,
R&D), Klotho (5 μg/ml, Abcam, Cambridge, MA), Filamin A (1:100, Millipore, Billerica,
MA), syndecan-1 (1:100, R&D), and syndecan-4 (1:100, R&D) primary antibodies were
diluted in blocking buffer, and slides were incubated overnight at 4°C. Cells were washed in
PBS and incubated with Alexa Fluor-568 (1:2,000) or Alexa-488 (1:2,000) conjugated
secondary antibodies (Invitrogen) in blocking buffer for 1 hour at room temperature. The
cells were then washed in PBS and mounted in Prolong Gold antifade reagent containing
4,6-diamidino-2-phenyindole (Invitrogen) and cured for at least 24 hours at room
temperature in the dark. Images were taken using a Zeiss Meta 510 confocal microscope.

RNA extraction, cDNA synthesis, and real-time PCR
RNA was extracted using Trizol (Invitrogen) and the RNeasy Mini kit (Qiagen). As
described previously (O'Connell et al., 2009a), cDNA was synthesized from 1 μg of RNA
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treated with DNase (Invitrogen) for 10 minutes. Gene expression was quantified using the
SYBR green method of real-time PCR, and specific mRNA levels were normalized to 18S
mRNA following the absolute quantitation method. Reactions were performed in triplicate
using 100 nM gene-specific primers or universal 18S primers (Ambion). Real time PCR
reactions were performed using an ABI prism 7300 sequence detection system under the
following cycling conditions: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles at 95°C
for 15 seconds, and 60°C for 1 minute. Sequences of the primers used were as follows:
Klotho, Sense: 5'TCTCAGTTTACCGACC TGAATGT-3'; antisense:
5'GCAAAGTCAACACAGTAGGA-3': Wnt5A: Sense: 5'-AGGGCTCCTACGAGA
GTGCT-3'; antisense: 5'- GACACC CCATGGCACTTG-3'.

Western Blotting
Cells were lysed or culture medium was collected and concentrated in microcon YM10
columns, as described previously (O'Connell et al., 2009b). 50–75 μg total protein was run
on a 4–20% Tris-glycine gel (Invitrogen). Proteins were then transferred, and blocked as
described previously (O'Connell et al., 2009a). Primary antibodies were used at the
following concentrations: Biotinylated Wnt5A (500 ng/ml, R&D systems), Klotho (1 μg/ml,
Abcam), N-terminal Filamin A (1:2000, Millipore), calpain-1 (1:1000, Abcam) and
MART-1 (1:500, Abcam). All primary antibodies were incubated overnight at 4°C, after
which the membranes were washed in TBS-T and probed with the appropriate secondary
antibody.

Invasion Assays
Invasion assays were performed using transwell migration chambers (Corning Life Sciences,
Lowell, MA, USA). The filters were coated with 150 μl of 80 μg/ml reconstituted basement
membrane (Matrigel) (Becton Dickinson, Franklin Lakes, NJ, USA). Prior to performing the
assay, cells were serum starved for 16 hours and treated with recombinant Klotho protein
(250 ng/mL) or recombinant Wnt5A (100 ng/ml) for 6 hours prior to seeding 100,000 cells
in serum- free medium on the transwell membrane. Recombinant Klotho or recombinant
Wnt5A was also added to the cells on the transwell membrane. The same medium, but
containing 10% fetal bovine serum was added to the well beneath the filter to act as
chemoattractant. The cells were then placed in a 37°C humidified incubator for 48 hours,
following which the cells at the bottom of the well were washed and fixed and stained with
crystal violet (0.5% in 40% Methanol) for 20 minutes. The number of cells was counted in
four different fields and averaged for each of three experiments.

Solid-phase binding assay
Solid-phase binding assys were performed by adapting the protocol of Hindson et al
(Hindson et al, 2005). Ninety-six-well high-binding ELISA plates (Costar, Cambridge, MA)
were coated with 10 μg/mL (25 μL/well) recombinant human Syndecan 1 (R&D Systems)
overnight at 4°C. Plates were then rinsed three times with TBST (50 mM Tris-HCl, pH 7.4;
0.15 M NaCl; 0.05% Tween 20) and blocked with 5% BSA in TBST for 1 hour. The plates
were washed briefly once, and then incubated for 2 hours at 37°C in 50 nM Tris-acetate
buffer (pH 8) with or without Heparinase (5 ng/mL), or with or without recombinant human
Klotho (R&D Systems) at either 250ng/mL, or 500ng/mL. After washing three times with
TBST, the wells were incubated with either 100ng/ mL or 500ng/mL recombinant Wnt5A
(R&D Systems) for 90 minutes. After washing three more times, the plates were incubated
with biotinylated Wnt5A antibody (R&D Systems, 1:500) overnight at 4oC. The next day
plates were washed, and incubated with HRP-anti-goat, diluted 1:1000 in TBST for 40
minutes before washing and visualizing with TMB microwell 2-component peroxidase
substrate system (KPL, Gaithersburg, MD) according to the manufacturer's instructions. The
reaction was stopped using an equal volume (100 μL) of sulfuric acid. Absorbance was read
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at 450 nm, and is presented as the OD450, corrected for blank (BSA only) wells. Other
negative controls included 1) Syndecan with no Wnt5A, but all other treatments as well as
2) Syndecan, Wnt5A, all other treatments but no primary antibody. Both of these conditions
ranked at or below BSA only background values. All data points were collected in triplicate.

Sialidase Assay
One mL of culture medium was collected for the conditions described, and concentrated to
30 μL in centricon YM10 columns (Millipore). Measurement of free sialic acid in culture
medium was performed using the Sialic Acid (NANA) Assay Kit from BIOVISION
(Mountain View, CA), which uses a colorimetric measurement of the sialic acid-dependent
oxidation of a specific probe. The absolute amount of sialic acid in samples was determined
by running a standard curve with known concentrations of sialic acid standards in parallel
with the unknown samples. Each sample was assayed in triplicate and the data shown is the
average of three separate experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Melanoma cells express the protein Klotho and its expression decreases with increased
metastatic potential
(A) Total protein was isolated from melanoma cell lines of different metastatic potential and
Klotho protein expression was measured by western blot analysis. β-Tubulin was used as a
loading control. (B) Klotho mRNA expression by real-time PCR in G361, UACC903, and
M93-047 melanoma cell lines normalized to 18S levels (n=4, error bars are standard
deviation, *= p< 0.05, ** = p<0.005). (C) Percentages of lesions expressing Klotho, n= no
of tumors per group. Prim= Primary melanoma, VM= Visceral metastases, LNM= Lymph
node metastases. (D) Serial sections of primary melanoma stained for both Klotho and
Wnt5A expression.
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Figure 2. Wnt5A decreases Klotho expression
The expression and localization of Klotho (red) was examined in melanoma cell lines
expressing different levels of Wnt5A using immunofluorescent confocal microscopy. (A)
The expression of Klotho was low in M93-047 and UACC903 cell lines and (B) was
abrogated in G361 cells following treatment with recombinant Wnt5A for 16 hours. (C)
Total protein lysates from G361 cells were analyzed by Western blot for the expression of
Klotho, which was decreased following treatment with recombinant Wnt5A for 16 hrs. β-
Tubulin was used as a loading control. (D) Analysis of Klotho mRNA expression measured
by real-time PCR analysis shows that treatment of G361 cells with recombinant Wnt5A
decreased Klotho expression (n=3, error bars are standard error of the mean, * = p<0.05).
Transfection of Wnt5A-expressing M93-047 with Wnt5A siRNA for 48 hrs resulted in an
increase in (E) Klotho mRNA expression (Klotho mRNA expression was normalized to 18S
levels (n=3, error bars are standard error of the mean, ** = p<0.005)), as well as (F) Klotho
protein expression.
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Figure 3. Klotho decreases Wnt5A expression
Total protein lysates from UACC903 and/or M93-047 cell lines were used to analyze
Wnt5A and MART-1 protein expressions following treatment with recombinant Klotho for
16 hrs. (A) Wnt5A expression was decreased in both cell lines following rKlotho treatment.
(B) MART-1 protein expression was increased in UACC903 following rKlotho treatment. β-
Tubulin was used as a loading control. (C) Real-time PCR analysis of Wnt5A mRNA in
M93-047 cells. Wnt5A expression was not significantly decreased in the presence of
rKlotho. mRNA expression for Klotho was normalized to 18S levels (n=3, error bars are
standard error of the mean). (D) Cells were treated with rKlotho for 16h, and the medium of
the cells was examined for Wnt5A release. In the presence of Klotho, Wnt5A accumulates
in the medium (upper panel), which correlates with a decrease in Wnt5A expression in total
protein lysate (bottom panel). (E) Following appropriate treatment of cells, culture medium
was collected and analyzed for sialidase activity as measured by sialic acid release. (Each
sample was assayed in triplicate, n=3, error bars are standard error of the mean, * = p<0.05).
(F) M93047 cells were treated for 16 hrs with recombinant Klotho in the presence or
absence of DANA and total protein lysates were used to analyze Wnt5A protein expression.
In the presence of DANA, the Klotho-induced decrease in Wnt5A expression is no longer
observed.
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Figure 4. Klotho prevents HSPG-mediated Wnt5A uptake and signaling
The expression and localization of Syndecan-1 (red) and Wnt5A (green) were examined in
M93-047 cells using immunofluorescent confocal microscopy. (A) Treatment of M93-047
cells with recombinant Klotho for 16hrs shows that the decrease in Wnt5A expression in the
presence of Klotho correlates with a decrease in the expression of Syndecan-1. (B) Co-
localization of Wnt5A and syndecan-1 is affected as early as 5 mins after adding
recombinant Klotho. (C) A solid phase binding assay demonstrates that in the presence of
rKlotho, the binding of rWnt5A to rSyndecan is inhibited in a dose-dependent manner. (D)
In the presence of DANA (50nM), treatment with recombinant klotho for 16 hrs no longer
affects Wnt5A and syndecan expression levels as well as their co-localization.
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Figure 5. Klotho negatively regulates the Wnt5A-mediated Filamin A cleavage and invasive
potential
(A) M93-047 cells were subjected to a matrigel invasion assay. Invasion was measured by
counting the cells in the bottom well 48 hrs after seeding on the matrigel-coated transwell
filter. For each well, cells were counted in four different fields and averaged. The results are
the average of three separate assays in which each condition was performed in triplicate.
Error bars are standard error of the mean, * = p<0.05, **=p<0.005. (B) Calpain-1 protein
expression was measured by Western blot analysis and was decreased in the presence of
Klotho. (C) Total protein lysates from M93-047 cells were analyzed by Western blot for the
presence of Filamin A cleavage. The N-terminal Filamin A cleavage fragment was identified
as a 190 kDa band, and cleavage was decreased in the presence of Klotho. β-Tubulin was
used as a loading control. (D) Expression of the N-terminal Filamin A cleavage fragment
was increased in G361 cells transfected with Klotho SiRNA (E) The effect of excess
rWnt5A on the Klotho-mediated expression and localization of filamin was examined in
M93-047 cells. (F) M2 cells were transfected with either wildtype (WT) or Calpain resistant
(CR) Filamin A (FLNA) treated with recombinant Klotho and /or recombinant Wnt5A for
16 hrs. (G) Total protein lysates were analyzed for the expression of N-terminal Filamin A
cleavage and, (H) the invasive potential of the cells was measured using a matrigel invasion
assay as described in (A). Error bars are standard error of the mean, * = p<0.05,
**=p<0.005.
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