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Abstract

Here we report that ALDH1L1 (FDH, a folate enzyme with tumor suppressor-like properties)
inhibits cell motility. The underlying mechanism involves F-actin stabilization, re-distribution of
cytoplasmic actin towards strong preponderance of filamentous actin, and formation of actin stress
fibers. A549 cells expressing FDH demonstrated a much slower recovery of GFP-actin
fluorescence in a FRAP assay, as well as an increase in G-actin polymerization and a decrease in
F-actin depolymerization rates in pyren-actin fluorescence assays indicating the inhibition of actin
dynamics. These effects were associated with robust dephosphorylation of the actin
depolymerizing factor cofilin by PP1 and PP2A serine/threonine protein phosphatases but not the
cofilin-specific phosphatases slingshot and chronophin. In fact, the PP1/PP2A inhibitor calyculin
prevented cofilin dephosphorylation and restored motility. Inhibition of FDH-induced apoptosis
by the JNK inhibitor SP600125 or the pan-caspase inhibitor z\VAD-fmk did not restore motility or
levels of phospho-cofilin, indicating that the observed effects are independent from FDH function
in apoptosis. Interestingly, cofilin sSiRNA or expression of phosphorylation-deficient S3A cofilin
mutant resulted in a decrease of G-actin and the actin stress fiber formation, the effects seen upon
FDH expression. In contrast, the expression of S3D mutant, mimicking constitutive
phosphorylation, prevented these effects further supporting the cofilin-dependent mechanism.
Dephosphorylation of cofilin and inhibition of motility in response to FDH can be also prevented
by the increased folate in media. Furthermore, folate depletion itself, in the absence of FDH,
resulted in cofilin dephosphorylation and inhibition of motility in several cell lines. Our
experiments showed that these effects were folate-specific and not a general response to nutrient
starvation. Overall, this study demonstrates the presence of distinct intracellular signaling
pathways regulating motility in response to folate status and points toward mechanisms involving
folates in promoting a malignant phenotype.
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Introduction

Enhanced motility of transformed cells causes tumor spreading and represents a hallmark of
the malignant phenotype in advanced tumors (Hanahan and Weinberg, 2000). Transition to
the migratory phenotype requires reorganization of the cytoskeleton, a complex network of
actin microfilaments, microtubules and intermediate filaments (Ananthakrishnan and
Ehrlicher, 2007). The leading role in this process is played by actin due to its unique
dynamic properties, associated with two interchangeable protein forms, globular (G-actin)
and filamentous (F-actin) (dos Remedios et al., 2003). Actin filaments are polar in their
nature, with two distinct ends, pointed and barbed (Pantaloni et al., 2001). Polymerization of
actin is essentially unidirectional taking place at the barbed ends (Winder and Ayscough,
2005). Rapid elongation of actin filaments, required for actin-based motility, strictly
depends on the availability of globular actin monomers. To enable actin polymerization, the
content of G-actin should exceed a critical concentration, that can be achieved by
depolymerization of F-actin at the pointed end (Pantaloni et al., 2001). Association and
dissociation of actin filaments are regulated by multiple actin-binding proteins (dos
Remedios et al., 2003; Winder and Ayscough, 2005). One of these proteins, actin-
depolymerizing factor cofilin, is the major calcium-independent regulator of actin dynamics
(Wiggan et al., 2005). Cofilin is a small, 19 kDa, ubiquitous protein capable of binding both
filamentous and globular actin, facilitating the turnover between the two forms (Yamaguchi
and Condeelis, 2007). Its function is tightly regulated in the cell by several mechanisms
(DesMarais et al., 2005; Oser and Condeelis, 2009; van Rheenen et al., 2009).
Phosphorylation of cofilin at a single serine residue, Ser3, by LIMK/TESK kinases prevents
its binding to actin and inhibits, while dephosphorylation restores, the actin-related activity
(DesMarais et al., 2005; Wiggan et al., 2005; Yamaguchi and Condeelis, 2007).

Cell motility is regulated by a complex network of extracellular signals including essential
nutrients (Jin et al., 2007; Merlot and Firtel, 2003). One of such nutrients is folate, a vitamin
serving as a coenzyme for the fundamental metabolic reactions of one-carbon transfer
(Wagner, 1995). Folate abundance is beneficial for proliferation of cancer cells, which
require efficient folate pathways to support de novo nucleotide biosynthesis and methylation
processes (Wagner, 1995). This is the basis for treatment of malignancies by antifolate
drugs, which inhibit folate enzymes (Zhao and Goldman, 2003). Not much is known,
however, about the role of folate in cell motility. An early study reported that in vegetative
amoeba actin nucleation activity is stimulated by folate pointing toward an association
between folate availability and motility (Hall et al., 1989). In higher organisms, disruption
of the actin cytoskeleton reversibly increases the proportion of folate receptors on the cell
surface and the rate of 5-methyltetrahydrofolate delivery (Lewis et al., 1998). Low
extracellular folate status is also associated with altered expression of genes involved in cell
adhesion, migration and invasion indicating a potential role for folate in these processes
(Crott et al., 2004; Crott et al., 2008; Jhaveri et al., 2001). Furthermore, a study of cardiac
development revealed dramatic alterations in components of the actin cytoskeleton network,
including down-regulation of cofilin, in folate receptor knockout mice (Zhu et al., 2007).
This later finding is in line with the proteomic study, which demonstrated down-regulation
of cofilin in rats kept on folate-deficient diet (Chanson et al., 2005).

Oncogene. Author manuscript; available in PMC 2011 May 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oleinik et al.

Results

Page 3

Intracellular folate status is defined by folate supplementation, its transport and enzymes of
folate pathways. Impairment of any of these elements could result in cellular stress (Wagner,
1995; Zhao and Goldman, 2003; Zhao et al., 2009). In recent years we have demonstrated
that one of the folate enzymes, ALDH1L1 (10-formyltetrahydrofolate dehydrogenase, also
named FDH), possesses tumor suppressor-like properties: it is down regulated in
malignancies and induces apoptosis upon expression in cancer cells (Krupenko and Oleinik,
2002; Oleinik and Krupenko, 2003). The enzyme converts 10-formyltetrahydrofolate to
tetrahydrofolate and serves as an important regulator of intracellular folate pools (Oleinik et
al., 2006). The mechanism of its suppressor effects is likely associated with the depletion of
10-formyltetrahydrofolate (Oleinik et al., 2005), which is an essential donor of formyl group
in two reactions in the de novo purine pathway (Fox and Stover, 2008). Here we report that
folate stress, induced by either FDH expression or folate depletion, inhibits migration and
invasion of cancer cells by a mechanism associated with robust dephosphorylation of cofilin
by two major cellular phosphatases, PP1 and PP2A, and alterations in actin cytoskeleton.

FDH inhibits motile characteristics of the cell

We have examined effects of FDH on chemotactic migration and invasive potential in
transwell migration and invasion assays, respectively. A549/Tet-On cells (Oleinik and
Krupenko, 2003) capable of inducible FDH expression were tested in these experiments.
This inducible system allows gradual expression of FDH (depending on the concentration of
the inducer, doxycycline) which mimics physiologically relevant protein levels. After
induction of FDH, cell migration across the fibronectin-coated membrane and invasive
potential were both decreased by as much as 66% (Fig. 1a). Doxycycline is a known
inhibitor of matrix metalloproteases (Franco et al., 2006) and as such could exert anti-
migratory effects. In our experiments the concentrations of doxycycline were much lower
than those reported to inhibit metalloproteases (Tyagi et al., 1996) and did not affect control
A549 cells not capable of FDH expression (Supplement Fig. S1).

To confirm that the decrease in migration/invasion ability was not due to apoptosis, the
experiments were performed in the presence of zZVAD-fmk. We have previously shown that
this caspase inhibitor protects cells from FDH-induced toxicity by inhibiting apoptosis
(Oleinik and Krupenko, 2003). Our experiments demonstrated similar effects of FDH on cell
motility in the presence and in the absence of zZVAD-fmk (Fig. 1a), indicating that cell death
does not account for the inhibition of migration caused by FDH expression. In a control
experiment zVAD-fmk by itself did not affect migration/invasion (Supplement Fig. S1).

We also examined the influence of FDH on the ability of individual cells to form migration
tracks through a field of fluorescent micro-spheres (Yujiri et al., 2000). As cells migrate,
they engulf the spheres leaving a non-fluorescent track that can be quantified. These
experiments demonstrated a clear difference in the track-forming ability between the cells
expressing FDH and control A549 cells: the average migration area for an individual cell
expressing FDH compared to FDH deficient A549 cells was reduced by about 80% (Fig.
1b).
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Alteration of G/F-actin ratio and actin dynamics in response to FDH

G/F-actin ratio is an indicator of the extent of stabilization of actin fibers and focal adhesion
of the cell (Turner et al., 2007). Cell adhesion assays have demonstrated that FDH weakens
cellular ability to attach to fibronectin (Fig. 1c) indicating decreased adhesion potential.
Confocal microscopy showed changes in actin cytoskeleton in FDH-expressing compared to
FDH-deficient cells with the appearance of stress fibers and visible decrease in cytosolic G-
actin content (Fig. 2a). To confirm this observation, we have separated actin into G and F
fractions and evaluated their relative content (nucleus-associated actin was excluded from
calculations). Examination of G-actin to F-actin ratio revealed a distinct shift towards
prevalence of F-actin in FDH expressing cells compared with control FDH deficient cells
(Fig. 2b). We also observed an overall decrease of cytoplasmic G-actin in FDH-expressing
cells (Fig. 2b, inset). The levels of total actin were essentially the same in both types of cells
(Fig. 2b, inset).

Fluorescence Recovery After Photobleaching (FRAP) assays have demonstrated much faster
recovery of the fluorescence in GFP-actin transfected cells in the absence of FDH (Fig. 2, ¢
and d). Since this parameter is an indicator of actin treadmilling rate, our experiments show
that actin dynamics is significantly inhibited in FDH-expressing cells compared to control
FDH-deficient cells. The fluorescent pyren-actin polymerization assay has further revealed
an increase in actin polymerization rates upon FDH expression (Fig. 2e). A similar type of
assay demonstrated a significantly decreased ability of these cells to depolymerize F-actin
(Fig. 2f). Based on these experiments we have concluded that FDH inhibits actin dynamics
through suppression of filamentous actin depolymerization.

FDH induces robust dephosphorylation of cofilin

In eukaryotes, actin dynamics is regulated by actin-depolymerization factor cofilin (dos
Remedios et al., 2003; Winder and Ayscough, 2005). This process depends on
phosphorylation status of the protein (DesMarais et al., 2005). To address the potential role
of cofilin in the effects of FDH on cell motility, we have examined the levels of total and
phosphorylated cofilin in the presence and in the absence of FDH using immunoblot assays
with specific antibodies. We observed that the total levels of cofilin were similar in FDH
proficient and deficient cells (Fig. 3a). In contrast, levels of phosphorylated cofilin were
dramatically decreased in FDH-proficient cells as compared to the FDH-deficient cells (Fig.
3a). The magnitude of this effect depended on FDH levels and was enhanced over time of
FDH induction (Fig. 3a). Confocal microscopy has confirmed overall dephosphorylation of
cofilin in response to FDH expression (Fig. 3b).

Alterations in cofilin status result in the loss of cytosolic G-actin and stress fibers

formation

To investigate whether FDH-independent alterations in the cofilin status have an effect on
cellular phenotype with regard to actin, we have knocked down cofilin in A549 cells using a
SiRNA approach. A strong down-regulation of the protein was observed in these
experiments between 24 and 120 h post-transfection of the cofilin-targeting siRNA duplex
(Supplement Fig. S2). Simultaneously with the decrease in cofilin levels the decrease in G-
actin content and formation of actin stress fibers were revealed (Fig. 4c and 4d). Similar
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changes were seen in the cells transiently expressing phosphorylation-deficient cofilin
mutant, S3A (Fig. 4c and 4d; expression of the mutant is shown in Supplement Fig. S2).
These experiments strongly indicate that the direct disruption of cofilin levels/
phosphorylation produces effects on actin seen upon FDH induction. Not surprisingly, the
effects produced by the combination of either cofilin knock down or the mutant expression
with FDH induction were the same as effects seen upon a single insult (Fig. 4c and 4d).

The cofilin mutant mimicking constitutive phosphorylation reverses effects of FDH on

actin

We have suggested that, if cofilin dephosphorylation is a mechanism by which FDH affects
actin dynamics, the S3D cofilin mutant mimicking constitutive phosphorylation should
reverse the phenotype seen in FDH-expressing cells. This was based on the assumption that
the balance between phosphorylated and non-phosphorylated cofilin is a key to support
simultaneously actin polymerization and depolymerization (Oser and Condeelis, 2009; van
Rheenen et al., 2009). Transient transfection of A549 cells with corresponding plasmid
resulted in an effective expression of the S3D mutant (Supplement Fig. S2). We observed
that cells expressing this mutant did not form actin stress fibers upon FDH induction and did
not lose G-actin (as can be judged by confocal microscopy and Western blot, Fig. 4c and
4d). Furthermore, transwell migration assays showed that the presence of S3D mutant
restored motility of FDH-expressing cells (Supplement Fig. S2). Overall, these results
indicated that S3D cofilin mutant indeed reverses the FDH-induced phenotype.

FDH-induced cofilin dephosphorylation is not a part of the antiproliferative response

FDH-induced antiproliferative effects include G1 arrest and apoptosis (Oleinik and
Krupenko, 2003). Therefore, alterations in cofilin status could potentially be a part of these
responses. To determine whether cofilin dephosphorylation could be caused by cell cycle
arrest, we have evaluated the total cofilin and its phosphorylated form in synchronized cells
in different phases of the cell cycle. We observed that the levels of total cofilin and phospho-
cofilin remained constant regardless of the cell cycle phase, while upon FDH expression the
levels of phospho-cofilin were drastically diminished and became undetectable without
noticeable change of the total cofilin (Fig. 4a). These effects were uniform throughout the
cell cycle suggesting that the FDH-dependent drop in phospho-cofilin content was not cell
cycle specific (Fig. 4, a and b) and thus was not a result of FDH-induced G1 arrest.

Cofilin dephosphorylation was also not associated with induction of apoptosis: the decrease
in phospho-cofilin levels was essentially independent of the proportion of apoptotic cells
(Fig. 4b, bottom panel). Strong dephosphorylation of cofilin was seen even in the absence of
the apoptotic sub-Gg peak (Fig. 4a and 4b, bottom far right panel). Furthermore, zZVAD-fmk
treatment, which effectively protects cells from FDH-induced apoptosis (Oleinik and
Krupenko, 2003), did not prevent cofilin dephosphorylation (Fig. 4c). Another compound
that protects against FDH-induced apoptosis (Oleinik et al., 2007), JNK inhibitor SP600125,
also had no effect on the levels of total cofilin/phospho-cofilin upon FDH expression (Fig.
4c). The FDH-induced apoptosis in A549 cells proceeds through the p53 signaling pathway
(Oleinik et al., 2005). In contrast, FDH-induced inhibition of motile characteristics does not
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depend on p53 status: A549 cells lacking p53 also revealed strongly decreased migration
potential upon FDH expression (data not shown).

Effect of folate supplementation on cell motility

We have previously shown that high folate supplementation can partially compensate for
antiproliferative and apoptotic effects of FDH (Krupenko and Oleinik, 2002). In a similar
manner, high folate supplementation (10 uM leucovorin in the media) restored the levels of
phosphorylated cofilin in FDH-expressing cells (Fig. 5a). This supplementation has also
shifted G/F actin ratio in these cells towards the ratio observed in FDH-deficient cells and
restored motility as well as invasion and adhesion potential (Fig. 5a). We have also
evaluated effects of folate depletion on the same parameters in FDH-deficient cells (Fig. 5b
and Supplement Fig. S3). We observed that the lack of media folate resulted in a strong
decrease in the levels of phosphorylated cofilin, decreased G/F-actin ratio, and decreased
motility/adhesion, the effects similar to those produced by FDH (Fig. 5b). Restoration of
folate supplementation returned these parameters to the levels found in cells kept on normal
folate regimen (Fig. 5b).

Cofilin is dephosphorylated by PP1 and PP2A in response to FDH

To study whether the decrease of phospho-cofilin is a result of activated dephosphorylation
and not the lack of kinase activity, we have monitored phospho-cofilin levels in A549 cell
lysates after mixing them with the lysates from FDH expressing cells. We observed rapid
time-dependent dephosphorylation of cofilin upon addition of the FDH-containing lysate
(with presumably activated cofilin phosphatases) (Fig. 6a). To identify the phosphatase
responsible for cofilin dephosphorylation in response to FDH, we used pull down assays
with a cofilin-specific antibody. Immunoblot analysis revealed PP1 and PP2A in the pull-
down preparation, while slingshot or chronophin, two cofilin-specific phosphatases (Huang
et al., 2006), were not detected (Fig. 6b). To confirm that PP1 and PP2A were responsible
for cofilin dephosphorylation, we monitored phospho-cofilin dephosphorylation by the
lysate from FDH-expressing cells in the presence of the specific PP1/PP2A inhibitor,
calyculin, which does not inhibit slingshot or chronophin (Huang et al., 2006; Niwa et al.,
2002). In agreement with the results of the pull-down experiments, calyculin blocked
dephosphorylation of cofilin (Fig. 6a).

Inhibition of PP1 and PP2A prevents FDH-induced cofilin dephosphorylation and restores

motility

We further studied whether inhibition of PP1 and PP2A is sufficient to rescue cells from the
effects of FDH on motility. After FDH induction, A549 cells were subjected to wound
healing or transwell migration assays in the presence or absence of calyculin. In these
experiments, cells were grown in the presence of pan-caspase inhibitor zVAD-fmk to
prevent FDH-associated apoptosis. The treatment with 2.5 nM calyculin protected cells from
FDH and restored motility (Fig. 6¢ and Supplement Fig. S4). In agreement with the in vitro
experiments, dephosphorylation of cofilin in response to FDH was also inhibited in cells
upon calyculin treatment (Fig. 6d). The inhibitor itself did not produce any visible effects on
the levels of phosphorylated cofilin or motility (Fig. 6, ¢ and d, and Supplement Fig. S4).
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Discussion

We have previously demonstrated that FDH produces strong antiproliferative effects in
cancer cells, which can be reversed by supplementation with high concentrations of folate
(Krupenko and Oleinik, 2002). It was not clear, however, whether the FDH suppressor
mechanism is limited to cell proliferation or whether it affects other cellular functions, such
as migration and adhesion potential. The present studies demonstrate that FDH inhibits cell
motility through a specific, folate regulated pathway, that is independent of apoptotic
signaling and imply that the anti-motile effects of FDH/folate stress are associated with the
inhibition of actin turnover. The conclusion was based on the decreased ratio between G-
and F-actin in FDH expressing cells with the strong shift towards preponderance of F-actin
suggesting a decreased ability to depolymerize filamentous actin. This was further
confirmed by direct measurements of the rates of actin polymeryzation/depolymerization.
While actin dynamics is a complex process involving many components, actin
depolymerizing factor cofilin is considered as one of the major players in this process
(DesMarais et al., 2005). Of note, the anti-motile effects of FDH were not associated with
the co-accumulation of cofilin and G-actin in nuclei (Supplement Fig. S5), a phenomenon
observed under some stress conditions (Bamburg and Wiggan, 2002; Chhabra and dos
Remedios, 2005).

Phosphorylation of cofilin at a single serine residue, Ser3, is a common mechanism
regulating its activity (DesMarais et al., 2005; Wang et al., 2007). Therefore, robust
dephosphorylation of cofilin upon FDH expression indicated that this is the likely upstream
event involved in redistribution of F and G actin. In support of this view, expression of the
phosphorylation-deficient S3A cofilin mutant in A549 cells produced the phenotype seen
upon FDH expression that is characterized by decreased G-actin content in the cytosol and
formation of actin stress fibers. Furthermore, the S3D mutant mimicking constitutive
phosphorylation reverses the effects of FDH. Previously non-phosphorylated cofilin was
commonly viewed as the active protein facilitating actin turnover in contrast to
phosphorylated cofilin, which was considered non-active (DesMarais et al., 2005; Wang et
al., 2007). Our findings appear controversial to this view. The complexity of cofilin-
dependent processes, however, is not yet completely understood: numerous studies indicate
that phosphorylation status of the protein does not directly reflect the rate of actin
polymerization/depolymerization and associated motility (Song et al., 2006; Wang et al.,
2007; Wang et al., 2006). Generally, the function of cofilin could be determined by many
factors including the balance between phosphorylated/non-phosphorylated forms and the
participation of other actin-regulating proteins, and perhaps is cell type specific (dos
Remedios et al., 2003; Lai et al., 2008; Oser et al., 2009; Wang et al., 2007; Winder and
Ayscough, 2005).

The recently introduced concept of a cofilin activity cycle consolidates the somewhat
controversial observations regarding active/non-active cofilin (Oser and Condeelis, 2009;
van Rheenen et al., 2009). It is based on the phenomenon of a constant turnover of cofilin
between phosphorylated and non-phosphorylated forms as the protein moves between three
cellular compartments: plasma membrane, cytosol and actin filaments. This model implies
that actin dynamics can be inhibited even in the presence of significant levels of non-
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phosphorylated cofilin, a presumably activated protein, and that rather the local cofilin
activity at a specific compartment defines the process (van Rheenen et al., 2009). Indeed, in
unstimulated cells not undergoing actin skeleton rearrangement, the majority of cofilin can
be either phosphorylated or non-phosphorylated depending on the cell type (Oser and
Condeelis, 2009). The cofilin activity cycle hypothesis also states that the initial activation
of cofilin requires different mechanisms depending on the starting point in the cycle.
Furthermore, cofilin can be uncoupled from actin regulation in any of the three
compartments thus disabling the cycle (van Rheenen et al., 2009). One of the mechanisms,
for example, to inactivate non-phosphorylated cofilin is through binding P1(4,5)P2 at the
plasma membrane (van Rheenen et al., 2007). It could be suggested, therefore, that if the
cycle is stalled at any point, the actin turnover will be suppressed resulting in inhibited
motility as the downstream effect. Thus, the idea that the cofilin turnover rather than the
prevalence of one of the forms is crucial to support the actin dynamics provides a rational
explanation for our findings.

Mechanistically, the overall levels of phosphorylated cofilin depend on the relative rate of
its phosphorylation by LIM kinases compared to the rate of dephosphorylation, which in
turn would depend on a specific phosphatase recruited for this process. The list of
phosphatases capable of cofilin dephosphorylation includes so far PP1 and PP2A (Ambach
et al., 2000), PP2B (Meberg et al., 1998), PP2C (Zhan et al., 2003), slingshot (Niwa et al.,
2002) and chronophin (Gohla et al., 2005). Our experiments demonstrate that in FDH-
stressed cells two phosphatases, PP1 and PP2A, were involved in cofilin dephosphorylation
but not slingshot and chronophine, which are recognized as cofilin-specific phosphatases
(Huang et al., 2006; Wiggan et al., 2005). Interestingly, inhibition of the phosphatases with
calyculin prevented FDH-induced cofilin dephosphorylation and protected motility in a cell
culture model. PP1 and PP2A are two major serine/threonine phosphatases, which
dephosphorylate a large number of targets including components of cytoskeleton (Cohen,
2002; Eichhorn et al., 2009; Janssens et al., 2008). Their recruitment for cofilin
dephosphorylation in response to changes in intracellular/extracellular folate status perhaps
defines such a robust protein dephosphorylation. This in turn indicates the necessity for a
rapid inhibition of actin dynamics and reflects the fact that the folate related stress is
recognized as a strong insult, which prompts the cell to a fast and decisive response.

We have previously shown that antiproliferative effects of FDH are associated with
activation of INKs and p53 as downstream effectors (Ghose et al., 2009; Oleinik et al .,
2007; Oleinik et al., 2005). These central players in controlling cellular proliferation are also
implicated in regulation of migration (Roger et al., 2006; Williams et al., 2006; Xia and
Karin, 2004). In the case of FDH-induced stress, however, mechanisms independent of
either INKs or p53 appear to be involved in the inhibition of cell motility. Indeed, inhibitors
of INKs, as well as the lack of p53, did not prevent effects of FDH on cofilin
phosphorylation, actin remodeling and motility while effectively protected cells against
apoptosis (Oleinik et al., 2007; Oleinik et al., 2005).

FDH effects on cell motility, F/G actin distribution and levels of phosphorylated cofilin are a
part of a more general cellular response to the disturbance of folate metabolism and are
similar to the effects produced by folate depletion. As such, these effects were reversed by
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the excess of extracellular folate. We propose that the mechanism underlying FDH effects
includes the following steps: (i) recruitment of PP1 and PP2A,; (ii) dephosphorylation of
cofilin; and (iii) inhibition of actin depolymerization. On a broader scale, our study indicates
that folate is required for the proper cell migration while folate depletion decreases motile
potential of the cell. Furthermore, it appears that these effects are folate specific rather than a
general response to nutrient starvation (Supplement Fig. S3). The mechanism of folate
control of cell motility, revealed by this study, might be relevant to the function of folate in
the prevention of neural tube defects. Indeed, cell matility is important for normal
development (Montell, 2008) while a limited motility at conditions of insufficient folate
supplementation is likely to result in the incomplete neural tube closure. On the other hand,
inhibition of this regulatory mechanism by excessive folate supplementation could enhance
the metastatic potential of transformed cells perhaps promoting invasive tumors.

Materials and Methods

Inducible FDH expression

A non-small cell lung carcinoma cell line A549 capable of inducible FDH expression
(A549/Tet-On) reported previously (Oleinik and Krupenko, 2003) was used in this study. To
induce FDH expression, cells growing in 6-well plates (0.5x10° cells per well) were kept on
media containing doxycycline (final concentration 0-2.5 pg/ml).

Evaluation of cell motility

Transwell migration, invasion, migration track, wound healing and adhesion assays were
used to characterize cell motility. Detailed descriptions of these assays are provided in
supplemental materials.

Actin polymerization/depolymerization assays

The kinetics of actin polymerization/depolymerization was measured using a non-muscle
Actin Polymerization Biochem kit (Cytoskeleton, Denver, CO) according to the
manufacturer's manual. Fluorescence measurements were performed at 25 °C using a Perkin
Elmer 1420 Multilabel Counter. The excitation wavelength was set at 355 nm and the
emission wavelength was set at 460 nm.

FRAP (Fluorescence Recovery After Photobleaching) assays

Photobleaching experiments were performed using a Leica TCS SP2 AOBS confocal
microscope; 488-nm line and 63x numerical aperture 1.2 water immersion objective were
used for GFP imaging. A549 and A549/FDH cells were transiently transfected with a GFP/
actin construct (kind gift from Dr. Imhof) (Ballestrem et al., 1998). Six hours later
doxycycline was added to induce FDH expression. Assays were performed 48 h post-
induction (corresponding to 54 h post-transfection). Two pre-bleach scans of an entire image
were followed by 10 scan iterations of a rectangular region of interest at 100% intensity of
30 mW argon-ion 488 nm laser (transmission intensity). After bleaching the fluorescence
recovery was measured automatically every 3 to 4 s. The intensity of fluorescence of the
bleached area was normalized to neighboring non-bleached area to account for normal
photobleaching during the monitoring period.
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G-actin/F-actin assay

G- and F-actin were measured as described elsewhere (Turner et al., 2007). Cells were lysed
in 50 mM PIPES buffer, pH 6.9 containing 50 mM NaCl 5 mM MgCl,, 5 mM EGTA, 5%
glycerol, 0.1% Nonidet P40, 0.1% Triton X-100, 0.1% Tween 20, 1 mM ATP and protease
inhibitor cocktail (Sigma). Cell lysates were centrifuged for 10 min at 500xg then for 30 min
at 18,000xg and the supernatant (containing G-actin) was collected. The 18,000xg pellet
containing F-actin was washed and resuspended in SDS-PAGE loading buffer. Levels of
actin in each fraction were evaluated after Western blot with actin-specific antibody.

In vitro cofilin dephosphorylation assay

After rinsing with ice-cold PBS, cells were collected in ice-cold phosphatase extraction
buffer (20 mM imidazole HCI, pH 7.2, 2 mM EDTA, 0.2% B-mercaptoethanol, 2 mg/ml
rabbit liver glycogen, 1 mM benzamidine, 1 mM PMSF, 10 ug/ml of each aprotinin,
leupeptin, antipain and pepstatin) and immediately sonicated. Lysate aliquots from FDH-
expressing and FDH-free cells were mixed in pre-chilled tubes in the absence or in the
presence of 1.0 uM of calyculin and incubated at 30 °C. The reaction was stopped by
heating at 95 °C in SDS loading buffer for 3min. Levels of phosphorylated cofilin were
assessed by SDS-PAGE/immunaoblotting and quantified using Quantity One Software
(BioRad).

Knock down of cofilin by siRNA

Stealth siRNA duplex targeting cofilin 1 (targeted sequence: GGG AUC AAG CAU GAA
UUG CAA GCA A) and a negative control Stealth duplex were purchased from Invitrogen.
Thirty pmol of oligonucleotides were used to transfect A549 cells (2x106) by
electroporation with Amaxa nucleofector according to manufacturer's instructions. Cells
were collected at 24-120 h post-transfection, lysed and analyzed by Western blot assays for
the presence of cofilin 1 protein.

Transient expression of cofilin mutants

Vectors for expression of S3A and S3D cofilin mutants were generous gifts from Dr. Shieh
(Hsu et al.). Cells (2x10%) were transfected with 5.0 pg of pXIJN-HA/cofilin vector DNA
using Amaxa nucleofector according to the protocol optimized for A549 cells. Expression of
the mutants was detected by Western blot assays with the cofilin-specific antibody (due to
HA-tag the mutant cofilin appears as a band migrating slower than 19 kDa wild-type
endogenous cofilin).

Phosphatase pull-down

A slurry of protein G conjugated beads (100 pl) was pre-incubated with cofilin antibody (10
ul) for 1 h at 4 °C with gentle mixing. Lysate of A549 FDH-deficient cells was added to the
mixture and incubated 1 h. Beads were washed several times with the phosphatase
extraction buffer, mixed with the lysate of ATG10.26 cells obtained 48 h FDH post-
induction, and incubated at 30 °C for 30 min. Beads were washed several times with the
above buffer, heated at 95 °C in SDS-PAGE loading buffer for 3min and analyzed by SDS-
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PAGE and immunoblotting with antibodies against PP2A (Upstate), PP1j, PP1y (Santa Cruz
Biotechnology), slingshot (Abcam) and chronophin (Cell Signaling).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Changes of motile characteristics in A549 cells upon FDH expression. (a) Migration and

invasion of FDH deficient and FDH-expressing cells (inset shows levels of FDH with actin
as a loading control) in the absence or in the presence zZVAD-fmk. (b) Migration track of a
single cell in the absence (-) and in the presence (+) FDH (top panel); bottom panel shows
average track length calculated with NIH Image Software. (c) Adhesion potential of FDH-
expressing and FDH-deficient cells. Experiments were performed in triplicate; average + SD
is shown.
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Figure 2.

FDH induces shift in G/F actin ratio and inhibits actin dynamics. (a) Levels of F-actin
(green) and G-actin (red) in FDH deficient (-) and FDH expressing (+) A549 cells imaged
by confocal microscopy. Yellow indicates co-localization. Bar, 20 um. (b) Bar graph, G/F
actin ratio in cytosol of -FDH and +FDH cells (quantified from three Western blots as
described in Materials and Methods). Inset shows a representative Western blot of F, G and
total actin in FDH-expressing and FDH-deficient cells (¢) FRAP analysis of actin
treadmilling rate in A549 cells. Representative microphotographs show re-distribution of
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GFP-actin fusion after photobleaching in control FDH-deficient (-FDH) and FDH-
expressing (+FDH) A549 cells. Time (seconds) after photobleaching is indicated. The first
panel (-20 s) shows cells before photobleaching. (d) Quantification of FRAP data from (c)
for FDH-deficient cells (-FDH, closed circles) and FDH-expressing cells (+FDH, open
circles). The rate of fluorescence recovery was analyzed using Leica Confocal Software;
average of nine experiments was calculated for each time-point. (€) Actin polymerization
rate by A549 cell lysates with (closed circles) or without (open circles) FDH expression
evaluated by the increase of fluorescence intensity of pyrene conjugated to G-actin. Control
experiment (open diamonds): pyrene G-actin was incubated with lysis buffer. (f) Actin
depolymerization rate by the same lysates as in (€) evaluated by the decrease of fluorescence
intensity of the pre-formed pyrene F-actin.
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Decrease of phosphorylated cofilin upon FDH expression and effects of cofilin mutants/
SiRNA on G/F-actin and the FDH-induced phenotype. (a) Western blot analysis of cofilin
and its phosphorylated form in A549/Tet-On cells induced for FDH expression with
increasing concentrations of Dox (left panel) and at different time points after induction with
2.5 ug/ml of Dox (right panel). (b) Levels of cofilin (red) and its phosphorylated form
(green) assessed by confocal microscopy in FDH deficient (-) and FDH expressing cells (+).
Bar, 20 pm. (c) Confocal imaging of F-actin (green) and G-actin (red) in FDH-deficient or
FDH-expressing (+FDH) A549/Tet-On cells with different cofilin status: S3A and S3D,
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cells transfected with corresponding mutant; siRNA, cells with knocked down cofilin.
Yellow indicates co-localization. Bar, 20 um. (d) Western blot analysis (top panel) of G-,
F-, and the total actin in cells treated as indicated for panel (c); bar graph, ratio of G/F actin
quantified from the the western blots using Quantity One software (Bio-Rad). Average
(xSD) of two independent experiments is shown. Cells were analyzed 48 h or 72 h (SiIRNA)
post-transfection. FDH induction was initiated 6 h after transfection.
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Figure4.

FDH-induced cofilin dephosphorylation is not a part of antiproliferative response. (a) Levels
of cofilin and p-cofilin (Western blot) in A549/Tet-On cells synchronized at different phases
of the cell cycle, in the absence or in the presence of FDH. FDH was induced by the addition
of 2.5 pg/ml doxycycline 48 h prior to the cell collection. Actin is shown as a loading
control. (b) FACS analysis of the above cells. Apoptotic cells (sub-G0) were excluded from
calculation of the percentage of cells for different phases, shown in the histogram.
Synchronization was achieved as described in the Supplemental Materials. (c) Western blot
analysis of cofilin and p-cofilin in the cells induced for FDH expression (2.5 ug/ml of Dox
for 48 h) and treated with either 50 uM of zZ\VAD (top panel) or 10 uM of SP600125 (bottom
panel).
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Folate supplementation controls cellular motility and related effects of FDH. (a) Reversal of
FDH effects on motile characteristics by high folate supplementation (top panel, G/F actin
ratio; middle panel, migration; bottom panel, invasion). Control, untreated cells/regular
media; FDH, cells induced for FDH expression/regular media; FDH+ LU, cells induced for
FDH expression grown on regular media supplemented with 10 pM leucovorin. (b) G/F

actin ratio (top panel), and migration (middle panel) and invasion (bottom panel)

characteristics of A549 cells grown in normal folate (NM, control, 2.2 pM folic acid), folate-
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depleted (FD, folate free) and folate replete (FR, 2.2 uM folate added after folate depletion)
medium. Insets show phosphorylated cofilin. In depletion experiments, prior to analysis
cells were kept for 3 days in folate-free media supplemented with dialyzed FBS. In repletion
experiments, cells were analyzed 24 h after the return to regular folate-containing media.
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FDH activates dephosphorylation of cofilin by PP1 and PP2A. (a) Time dependent in vitro
dephosphorylation of p-cofilin by lysate from FDH-expressing cells (top panel); the same
assay in the presence of 1.0 uM of PP1/PP2A inhibitor calyculin (bottom panel); bar graph,
levels of p-cofilin quantified from the panels (-Inh, in the absence of calyculin; +Inh, in the
presence calyculin) using Quantity One software (Bio-Rad). Average (£SD) of three
independent experiments is shown. (b) Western blot analysis of phosphatases pulled down
with cofilin antibody from FDH expressing and FDH-deficient cells. (c) Motility of FDH-
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expressing A549 cells (wound healing assays) is restored by the addition of calyculin. (d)
Calyculin prevents FDH-induced cofilin dephosphorylation in vivo. Time (h) after addition
of calyculin to the cell culture is indicated. FDH expression was induced 24 h before
addition of calyculin.
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