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Fenofibrate-induced nuclear translocation
of FoxO3A triggers Bim-mediated apoptosis
in glioblastoma cells in vitro
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CNS, central nervous system; FBS, fetal bovine serum; ROS, reactive oxygen species; TNF, tumor necrosis factor; MnSOD, Mn-

dependent superoxide dismutase; NAD*, nicotinamide adenine dinucleotide; DAPI, 4',6-diamidino-2-phenylindole; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling; AMPK, AMP-activated protein kinase; PTEN, phosphatase and
tensin homolog; IKK, IkB-kinase [kinase which phosphorylated the inhibitor (IkB) of nuclear factorkappa B (NFkB)]; PI3K,
phosphatidylinositol-3-kinases; SGK, serum-and glucocorticoid-induced protein kinase; MST1, macrophage stimulating 1
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Anti-neoplastic potential of calorie restriction or ligand-induced activation of peroxisome proliferator activated receptors
(PPARSs) has been demonstrated in multiple studies; however, mechanism(s) by which tumor cells respond to these stimuli
remain to be elucidated. One of the potent agonists of PPAR, fenofibrate, is a commonly used lipid-lowering drug with
low systemic toxicity. Fenofibrate-induced PPAR«a transcriptional activity is expected to shift energy metabolism from
glycolysis to fatty acid B-oxidation, which in the long-term, could target weak metabolic points of glycolysis-dependent
glioblastoma cells. The results of this study demonstrate that 25 wM fenofibrate can effectively repress malignant growth
of primary glial tumor cells and glioblastoma cell lines. This cytostatic action involves G, arrest accompanied by only a
marginal level of apoptotic cell death. Although the cells treated with 25 M fenofibrate remain arrested, the cells treated
with 50 wM fenofibrate undergo massive apoptosis, which starts after 72 h of the treatment. This delayed apoptotic
event was preceded by FoxO3A nuclear accumulation, FoxO3A phosphorylation on serine residue 413, its elevated
transcriptional activity and expression of FoxO-dependent apoptotic protein, Bim. siRNA-mediated inhibition of FoxO3A
attenuated fenofibrate-induced apoptosis, indicating a direct involvement of this transcription factor in the fenofibrate
action against glioblastoma. These properties of fenofibrate, coupled with its low systemic toxicity, make it a good
candidate in support of conventional therapies against glial tumors.

Introduction studies, various members of the fibrate family, which are syn-

thetic agonists of peroxisome proliferator activated receptor a

Despite recent advances in cancer therapy, there is an enormous
need for new therapeutic approaches against CNS malignances.
Recent reports suggest a beneficial role for lipid-lowering drugs,
fibrates and statins in anticancer treatment."” For example, a
ten-year mortality study of over 7,722 French subjects treated
with different fibrates revealed that the use of these drugs is
associated with a significantly lower total mortality and reduced
probability of death from cancer.® In cell culture and in animal

*Correspondence to: Krzysztof Reiss; Email: kreiss@lsuhsc.edu
Submitted: 05/02/12; Revised: 06/04/12; Accepted: 06/05/12
http://dx.doi.org/10.4161/cc.21015

2660

Cell Cycle

(PPAR@), were shown to exert interesting anticancer properties.
Clofibrate attenuated human ovarian cancer cell proliferation in
vitro and in mouse xenograft model;*!° growth arrest and apop-
totic response were observed in glioblastoma cells treated with
gemfibrozil;'"' and fenofibrate induced apoptosis and decreased
proliferation rate in endometrial cancer cells* and in human and
mouse medulloblastoma cell lines.!? In addition, fenofibrate sen-
sitized melanoma cells to staurosporin? and inhibited motility
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and invasiveness of human glioblastoma cell lines." In spite of
these multiple observations, molecular mechanism(s) by which
fenofibrate targets cancer cells are not well defined, and a pos-
sibility of PPARa-independent action is gaining attention. With
respect to these mechanisms, we have previously reported highly
encouraging in vivo effects of fenofibrate oral administration
against melanoma lung metastases in which anticancer effect
was associated with the inhibition of the constitutively active in
these tumor cells, Akt.>"* Other examples of a possible PPARa-
independent action include fenofibrate-induced attenuation of
the IGF-IR signal transduction,'" inhibition of endothelial cell

growth and associated attenuation of angiogenesis;>"
16,17

effects on
mitochondrial respiration;'®" and inhibition of cell motility and
gap-junction intercellular coupling in prostate cancer.'

In our current study, we propose a new mechanism that links
the pro-apoptotic action of fenofibrate with FoxO3A transcrip-
tional activity in human glioblastoma cells. FoxO3A is a mem-
ber of an evolutionary conserved class of transcription factors,
the forkhead-box O (FoxO), which have been shown to play an
important role in the control of various cellular processes, such
as cell death, cell cycle progression, metabolism and longevity."”?°
Recent studies implicate FoxO3A in cellular responses to envi-
ronmental stress, where it can play a crucial role as a molecu-
lar switch between detoxification and induction of cell death.?!
FoxO3A undergoes intensive posttranslational modifications,
including phosphorylation, acetylation and ubiquitynation,
which affect its subcellular localization and transcriptional activ-
ity.*>* Here, we demonstrate that glioblastoma cells responded
to the fenofibrate treatment by G, cell cycle arrest, with only a
moderate effect on cell survival during first 48 h of the treat-
ment. However, prolonged exposure to fenofibrate triggered mas-
sive apoptosis of the tumor cells. In our experimental setting, this
delayed apoptotic event was preceded by nuclear retention and
serine phosphorylation of FoxO3A (pS413), which resulted in
FoxO-dependent expression of pro-apoptotic protein Bim. Since
other agonists of PPARa were much less effective, and siRNA
against PPARa only partially rescued glioblastoma cell from the
treatment, we concluded that both PPARa-dependent and -inde-
pendent mechanisms might contribute to the fenofibrate-induced
activation of FoxO3A/Bim apoptotic axis.

Results

Fenofibrate mediated inhibition of cell proliferation and sur-
vival. We have previously reported that 25 wM fenofibrate
attenuated growth of mouse and human medulloblastoma cell
lines in anchorage independence'? and inhibited glioblastoma cell
motility and invasiveness without major effects on cell survival.”?
We have also noticed that prolonged cell exposure to fenofibrate
often triggers massive apoptosis in monolayer cultures of differ-
ent tumor cells. To further investigate this delayed pro-apoptotic
action of fenofibrate, we tested human glioblastoma cell line,
LN-229, which is PPARa-positive, responds to IGF-1 stimula-
tion and expresses wild type PTEN." Results in Figure 1A (first
panel) demonstrate that the exponential growth of LN-229 cells is
effectively inhibited in the presence of 25 WM fenofibrate (FF25),
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and this reversible cytostatic effect (the cells exposed to 25 pM
fenofibrate for 48 h are able to resume proliferation after removal
of the drug) was accompanied by only a minimal cell loss. In con-
trast, LN-229 cells exposed to 50 wM fenofibrate (FF50), caused,
in addition to growth retardation at 48 h, a severe cell loss at 72 h.
To verify that the observed anticancer effects were not restricted
to this particular glioblastoma cell line, we tested primary tumor
cells isolated from brain biopsies of patients diagnosed with
grade IIT and IV Astrocytic tumors. As shown in the second and
third panel of Figure 1A, the expected increase in cell number
in control cultures (10% FBS) was effectively blocked by 25 pM
fenofibrate, and, similar to the observed effect on LN-229, these
primary tumor cells were practically eliminated after 72 h of the
exposure to 50 wM fenofibrate. In addition, both 25 and 50 pM
fenofibrate treatment resulted in a complete inhibition of LN-229
clonogenic growth, further supporting anticancer potential of
this common lipid-lowering drug (Fig. 1B).

Flowcytometric analysis of the cell cycle, depicted in
Figure 1C, demonstrated 37.2% of cells in G /G,, 34.3% in S,
26.9% in G,/M and 1.6% in sub-G, phase in control cultures of
LN-229 cells in the presence of 10% FBS. The treatment with
25 uM fenofibrate applied for 72 h resulted in G, arrest, which
was accompanied by proportional decreases in S and G,/M con-
tent, and moderate accumulation of the cells in sub-G, (dead
cells). Quantitatively, 59.8% of cells were in G /G, 16.2% in
S, 17.0% in G,/M and 7% in sub-G,. In the presence of 50 .M
fenofibrate, the cells demonstrated more advance G, /G, arrest at
48 h (67.7%), followed by extensive cell death at 72 h of treat-
ment (sub-G, = 66.7%). The TUNEL analysis performed at the
same time revealed that the sub-G, cells are indeed apoptotic
(Fig. 1D).

Next we asked whether the observed cytostatic and cytotoxic
effects of fenofibrate depend on the activation of PPARa. Results
in Figure 2A demonstrate over 90% decrease in PPARa protein
levels when LN-229 cells were incubated with 100 nM PPAR«
siRNA for 48 h (Fig. 2A), and the siRNA treatment partially
rescued LN-229 cells from both fenofibrate-induced cell cycle
arrest (Fig. 2B) and cytotoxicity (Fig. 2C). Quantitatively, we
observed over 5-fold decrease in cell number between feno-
fibrate-treated and untreated cells, when the experiment was
performed in the presence of control (off-target) siRNA against
nuclear lamin (NL). This strong cytostatic effect of fenofibrate
was diminished by almost 3-fold (from 5-fold decrease to 1.8-
fold decrease) when the experiment was performed in the pres-
ence of the on-target siRNA against PPARa (Fig. 2B). In respect
to fenofibrate-induced cytotoxicity, we have employed a flow
cytometry-based JC-1/7-AAD assay. The cells were labeled with
JC-1 fluorescent dye in which a gradual increase in JC-1 green
fluorescence and loss of orange fluorescence represents compro-
mised mitochondrial membrane potential. By double labeling
the same cells with 7-Aminoactinomycin D (7-AAD), we were
also able to distinguish the population of dead cells in the same
experiment.” Results depicted in Figure 2C demonstrate 81.6 +
9.5% of cells with severely compromised cell membrane integrity
when 50 wM fenofibrate treatment was applied in the presence of
control siRNA against nuclear lamin (FF50 + NLsiRNA). This
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Figure 1. Evaluation of glioblastoma cells growth in vitro. (A) Human glioblastoma cell line, LN-229, and two primary cells from patients diagnosed
with grade lll and grade IV Astrocitic tumors were cultured in 10% FBS (FBS) in the presence or absence of 25 (FF25) and 50 .M (FF50) fenofibrate.

The cells were plated at 5 x 10°/35 mm dish and the number of cells was evaluated at 24, 48 and 72 h. The control cells (FBS) were treated with equal
volume of DMSO (vehicle) used to dissolve fenofibrate. Viable cells were counted by utilizing GUAVA easyCyte 8HT flowcytometer and ViaCount assay
(Millipore). The data represents average number of cells from three separate experiments in triplicate (n = 9) £SD. (B) Inhibition of clonogenic growth
by fenofibrate. The cells were plated at the clonal density, 1 x 103/35 mm dish, in the presence of 10% FBS + fenofibrate used at 10, 25 and 50 .M. The
treatment was applied every 3 d over a period of 2 weeks by changing fresh media with indicated concentrations of fenofibrate. Three plates for each
condition were used in a single experiment and the experiment was repeated three times (n = 9). Note that the number of clones decreased sharply
with the increasing concentration of fenofibrate. (C) Flow cytometry-based analysis of cell cycle distribution of exponentially growing LN-229 cells in
10% FBS, and following the treatment with 25 and 50 M fenofibrate. The aliquots of cells collected at 24, 48 and 72 h of the treatment were labeled
with propidim iodine (Pl) and were analyzed by GUAVA easyCyte 8HT flowcytometer using CellCycle software included in GuavaSoft 1.1 (Millipore). The
diagram is a representative experiment of cell cycle distribution, which was repeated at least three times. (D) Apoptotic cell death by TUNEL assay. The
TUNEL staining, specific for apoptosis-related DNA damaged, was performed on untreated (FBS) and fenofibrate (25 M, 50 wM) treated cells at 72 h
time point using TUNEL assay reagents (Roche) and Guava/Express plus software. The data are presented as average % of TUNEL-positive cells with
standard deviation. *Indicates a value statistically different from FBS (p < 0.05). Statistical significance between two measurements was determined
with the two-tailed Student’s t-test.
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cytotoxic effect was reduced by an almost 2.5-fold (decrease from
81.6% to 33.74% of dead cells) when the fenofibrate treated cul-
tures were pre-incubated with 100 nM siRNA against PPARa,
confirming a partial involvement of this nuclear receptor in the
fenofibrate action against glioblastoma. Surprisingly, two other
potent agonists of PPARa, gemfibrozil and WY14643, did not
induce any significant changes in cell viability even when used at
100 wM concentration (Fig. 2D), which, in contrast to siRNA
data, suggest PPARa-independent mode of the fenofibrate action.
Alternatively, LN-229 cells could be simply resistant to gemfi-
brozil and WY14643. However, we have previously reported
that LN-229 express PPARa protein at a level comparable to
other tumor cell lines examined,'*"® and gemfibrozil, similarly
to fenofibrate, activated PPAR-responsive elements in these cells
(not shown). Therefore, there is still an unidentified and unique
property of fenofibrate, which seems to synergize with a PPARa-
dependent mechanism for its anticancer action.

Fenofibrate affects FoxO3A subcellular localization and
activity. Since fenofibrate has been shown to inhibit constitutively
active Akt in melanoma cell lines,” attenuated IGF-I-induced
Akt phosphorylation in LN-229 cells,"” and activation of Akt
by growth factors is a known negative regulator of FoxO3A,*"#
we asked if apoptotic cell death observed in fenofibrate-treated
glioblastoma cells depend on FoxO3A. Results in Figure 3A
demonstrate immunofluorescent detection of FoxO3A (green
fluorescence) in exponentially growing LN-229 cells (10% FBS)
and in cells treated with 25 and 50 wM fenofibrate for 24 h. The
co-localization between FoxO3A specific (green fluorescence)
and DAPI (nuclear blue fluorescence) demonstrate a significant
3-fold increase in FoxO3A nuclear accumulation in the presence
of 50 wM fenofibrate. In contrast, control cells and cells treated
with 25 pM fenofibrate did not show any significant changes in
FoxO3A nuclear content. We have confirmed this nuclear accu-
mulation of FoxO3A by utilizing subcellular fractionation and
western blot analysis, in which Lamin A/C and GAPDH were
used as markers of nuclear and cytosolic fraction, respectively
(Fig. 3B and C). In addition, fenofibrate-induced nuclear accu-
mulation of FoxO3A was accompanied by a transient increase in
serine phosphorylation of FoxO3A (pS413), detected 24 h follow-
ing the treatment (Fig. 3D). This specific phosphorylation was
not observed in cells treated with 25 WM fenofibrate, and we did
not observe any detectible changes in FoxO3A acetylation (not
shown). Importantly, these fenofibrate-induced FoxO3A modi-
fications resulted in a 4-fold increase in FoxO transcriptional
activity, detected by luciferase-based reporter construct contain-
ing the region from Fas-ligand promoter with three canonical
forkhead responsive elements (Fig. 3E).

Fenofibrate-induced FoxO3A-Bim apoptotic pathway.
Among a large number of FoxO3A-dependent genes, there are
several which are directly involved in promoting apoptosis.?*2"*
In particular, FoxO3A is known to bind and activate the pro-
moter of pro-apoptotic gene, Bim.”” Our preliminary real-time
PCR screening of the LN-229 cells treated with 50 wM feno-
fibrate revealed high levels of Bim mRNA (data not shown).
The western blot in Figure 4A demonstrates a strong increase
in BimEL protein level, and detectable bands corresponding to
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BimL and BimS isoforms following 48 h cell incubation with
50 wM fenofibrate.

Since all Bim isoforms promote mitochondrial-dependent
apoptosis, with the shortest form, BimS, being the most potent,
we asked whether the observed activation of Bim is accompanied
by changes in mitochondrial membrane potential, using again
JC-1/7-AAD assay. The results in Figure 4C demonstrate that
in control condition (FBS), 82 + 7.3% of cells were not affected,
and 13.7 £ 2.1% of cells were depolarized, among which 3.6%
of the cells were partially depolarized and 10.1% severely depo-
larized. Following the treatment with 25 wM fenofibrate for 48
h, the population of unaffected cells slightly decreased, and the
overall content of depolarized cells increased from 13.7 + 2.1%
t0 20.3 + 3.2%. In the presence of 50 wM fenofibrate, the values
were 48.8 + 6.7% for unaffected cells and 54.9 + 8% for depolar-
ized cells, confirming the expected mitochondrial failure in the
presence of fenofibrate-induced Bim expression. Despite of this
severe loss of mitochondrial membrane potential in the presence
of 50 WM fenofibrate, the percentage of dead cells was still low at
48 h time point (Fig. 4C, lower panel).

To determine if the activation of FoxO3A-Bim axis is indeed
directly involved in the observed fenofibrate action against
glioblastoma, we have tested FoxO3A siRNA. The results in
Figure 5A demonstrate over 80% reduction in FoxO3A protein
levels at 24 and 48 h following cell transfection with 100 nM
FoxO3A-specific siRNA. Note, however, that the effectiveness
of this treatment was partially compromised at 72 h time point.
We have used this siRNA in LN-229 cells exposed to 50 pM
fenofibrate. As shown in Figure 5B, the percentage of TUNEL-
positive cells was reduced from 74.8 + 13.2% to 43.6 + 11% in
the presence of FoxO3A siRNA, and this partial rescue of the
cells was statistically significant. Considering, however, that our
siRNA strategy against FoxO3A was much less effective at 72 h
time point (Fig. 5A), we have also tested the cells at 48 h. The
results in Figure 5C show that the siRNA-induced inhibition of
FoxO3A represents a very effective protection against fenofibrate-
induced cell death, demonstrated here by the 7-AAD-based cell
death assay (upper panel) and by cell morphology (lower panel).

Discussion

Our present study demonstrates two distinct responses of Glial
tumor cells treated either with 25 WM or 50 WM fenofibrate.
At 25 pM, fenofibrate inhibited monolayer and clonogenic
growth of the tumor, which involved reversible G, arrest accom-
panied by only a marginal level of cell death. In contrast, the
cells treated with 50 wM fenofibrate undergo massive apoptosis,
which started after 72 h following the treatment. Interestingly,
this delayed apoptotic effect was not reproduced by other ago-
nists of PPARa; however, it was partially reversed in the pres-
ence of PPARa siRNA. In addition, we have observed a direct
link between fenofibrate-treatment and FoxO3A nuclear accu-
mulation, which was followed by FoxO3A phosphorylation
on serine residue 413, increased transcription from the FoxO-
responsive elements and elevated expression and accumulation of
FoxO-dependent apoptotic protein, Bim. Since siRNA-mediated
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at least three independent experiments with standard deviation.

Figure 2 (See opposite page). Evaluation of PPARa involvement in fenofibrate effects against glioblastoma cell growth and survival. (A) Western
blot analysis showing PPARa protein levels in LN-229 cells incubated with 100 nM of OFF-TARGET siRNA against nuclear lamins (NL: 7100 nM), which
efficiently downregulated nuclear lamines without affecting PPAR« or Grb-2;* and with 100 and 200 nM of ON-TARGRT plus SMARTpool siRNA against
human PPARa (Thermo Scientific). (B) Evaluation of LN-229 cell number following 72 h of a continuous cell growth in 10% FBS (FBS), in which the
treatment with 25 wM fenofibrate (FF25) was evaluated in the presence of 100 nM of NL-siRNA or PPARa-siRNA. The data are presented as an average
of cell number at 72 h with standard deviation. *Indicates a value statistically different from FBS + NL-siRNA; **Indicates a value statistically different
from FBS + PPARa-siRNA (p < 0.05). Statistical significance between two measurements was determined with the two-tailed Student’s t-test. (C and D)
Flowcytometry-based evaluation of cell death using 7-AAD red fluorescent dye from Guava EasyCyte MitoPotential Kit. Exponentially growing LN-229
cells, in 10% FBS, were treated with 100 nM of indicated siRNAs in the presence or absence of 50 wM fenofibrate (C) or with three different PPARa ago-
nists including fenofibrate, gemfibrozli and Wy14643 at the indicated concentrations and time points (D). Data represent average % of cell death from

inhibition of FoxO3A attenuated fenofibrate-induced apoptosis,
we concluded that a specific transcriptional action induced by
FoxO3A is responsible for the observed apoptotic action of feno-
fibrate against glioblastoma.

Glial neoplasms represent almost 50% of adult primary brain
tumors, with glioblastoma multiforme (GBM) being the most
malignant and practically incurable CNS tumor.?>?® Currently,
the only treatments that prolong, to some extent, survival of
GBM patients are invasive surgery and aggressive radiotherapy,
followed by chemotherapy (temolozomid);*# treatment with
antibodies and inhibitors (imatinib, gefitinib, avastin);* or anti-
growth factor therapy (for instance antisense strategies against
IGF-I or TGFB**%), which may prolong survival up to 18—24 mo.

Metabolic responses of Glial tumor cells to fenofibrate have
never been tested. Although anticancer properties of fenofibrate
are thought to depend, at least partially, on PPARa transcrip-
tional activity, which supports the expression of genes involved
in fatty-acid B-oxidation and inhibits glycolysis,*” the metabolic
consequence(s) of this action in Glial tumor cells are not well
defined. According to Otto Warburg’s discovery, who observed,
more than six decades ago, a distinctive dependency of tumor
cell metabolism from glycolysis,*®?’ fenofibrate-induced PPARa
activity should trigger a severe energy deficit in glycolysis/glu-
taminolysis dependent glioblastoma cells.’® PPARa, which is a
transcriptional activator of fatty acid (-oxidation machinery,
can switch energy metabolism toward fatty acid degradation and
decrease glucose uptake by repressing insulin-dependent glucose
transporter GLUT4.*%° In addition, the increased rate of fatty
acid and ketone oxidation forces the decline in glucose utilization
through the inhibition of glycolytic enzymes.*#* Note, however,
that the human glioblastoma cells tested here are much less sensi-
tive to other potent agonists of PPARa and are only partially res-
cued from the fenofibrate treatment by PPARa siRNA (Fig. 2).

In parallel to these metabolic events, fenofibrate triggers sev-
eral cellular responses that seem to be PPARa-independent. First,
we have observed highly encouraging in vivo effects of fenofibrate
oral administration against melanoma lung metastases, in which
the anticancer effect was associated with the inhibition of consti-
tutively active Akt in these cells.>'* In addition, we observed feno-
fibrate-induced attenuation of Akt activity in medulloblastoma'?
and in glioblastoma® cell lines. Interestingly, some of the most
common mutations found in GBMs include phosphatase and ten-
sin homolog, PTEN gene and overexpression of EGF receptor,*#4
which both may result in a constitutive activation of the PI-3K-
Akt pathway and subsequent cytosolic retention of FoxO3A.”
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Indeed, Akt and SGK have been shown to phosphorylate FoxO3A
on the conserved serine and threonine residues (S52, S256 and
Thr752) inhibiting its activity.?"** In addition, other protein
kinases, GSK1 and IKK can trigger inhibition of DNA binding
and nuclear exclusion of FoxO3A, leading to its cytosolic reten-
tion.”>* In contrast, stressful conditions are known to activate
FoxO3A via a direct serine phosphorylation mediated by stress-
responsive protein kinases, including MST1, AMPK and JNK,
which phosphorylate FoxO3A at multiple serine and threonine
residues.?’ In response to energy deficit, for instance, an increas-
ing AMP/ATP ratio triggers AMPK-mediated phosphorylation of
FoxO3A transactivation domain, including serine residues S399,
S413, S555, S588 and S626.°' Similarly, inhibition of the PI3K/
AKT pathway results in nuclear accumulation of FoxO3A mainly
via disruption of the FoxO3A-14-3-3 complex and subsequent
inhibition of FoxO3A nuclear export.’* Subsequent activation of
FoxO3A transcriptional activity may either lead to cell cycle arrest
by cyclin-dependent kinase inhibitor (CKI) p27%% activation,”
downregulation cyclin D,>* and by protection from oxidative
stress, via MnSOD expression,” or to apoptotic cell death trig-
gered by FoxO3A-dependent genes Bim and PUMA.?%?7 This
wide spectrum of regulation of the target genes by FoxO3A may
suggest a multi-factorial mechanism in its regulatory activity.?”

Several studies suggest that activation of FoxO3A may affect
tumor growth and survival, including prostate and breast cancer
cell lines and acute myeloid leukemia, in which either growth
factors withdrawal or hypomethylating agents caused FoxO3A-
dependent upregulation of pro-apoptotic PUMA and BIM.?!426
In addition, survival analyses showed that low expression of
FoxO3A is associated with a poor prognosis of patients with
ovarian cancer.”” These findings may implicate the FoxO3A in
the suppression of tumor growth and induction of cell death,*
especially when the PI3K/AKT pathway is compromised. In this
respect, fenofibrate-induced inhibition of the IGF-IR'*" could
also contribute to the enhanced FoxO3A-Bim axis, since the
IGF-IR-Akt pathway is a well-known FoxO inhibitor.”*>

We have previously reported that short exposure (up to 48 h)
of glioblastoma cells to fenofibrate resulted in a significant decline
in intracellular ATP, accompanied by the accumulation of reac-
tive oxygen species (ROS) and ROS-dependent impairment of
glioblastoma cell motility.”® In a different experimental setting,
TNFa-treated PC12 neuron-like cells underwent FoxO3A-
dependent apoptosis only when this pro-apoptotic cytokine was
used in the presence of high levels of intracellular ROS, induced
by high glucose concentration.”® Also, in this PC12 study, nuclear
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retention of FoxO3A was accompanied by elevated Bim expres-
sion, which happened in the absence of the expected activation
of FoxO-dependent antioxidant protein MnSOD.® Therefore, in
glioblastoma cells treated with 50 wM fenofibrate, at least two

2666 Cell

independent stimuli, ROS and AMPK, should be considered as
direct modulators of FoxO3A-mediated expression of Bim.

In addition, FoxO3A acetylation can modulate its transcrip-
tional activity. Although our preliminary experiments did not
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Figure 3 (See opposite page). Effects of fenofibrate on subcellular localization and transcriptional activity of FoxO3A. (A) Quantification of FoxO3A
nuclear localization in exponentially growing LN-229 cells (FBS) in presence of 25 M (FF25) and 50 wM (FF50) fenofibrate. Nuclear localization of
FoxO3A was calculated from the entire volume of the nucleus (DAPI labeled) by utilizing Mask Operation included in SlideBook5 software. The data
represents average number of voxels per nucleus +SD. *Indicates values significantly different from FBS (p < 0.05). Lower panel: representative im-
munofluorescent images of nuclear FoxO3A. The cells treated with 50 .M fenofibrate show over 30% increase in FoxO3A nuclear co-localization.

(B) Western blot to detect FoxO3A-regulated pro-apoptotic gene, Bim, was performed using protein extracts from exponentially growing LN-229
cells (10% FBS), and from the same cells exposed to 25 and 50 uM fenofibrate for 48 h. Grb-2 was used as a loading control. (C) Densitometric analysis
of the experiment depicted in (B) by utilizing EZQuant-Gel 2.17 (EZQuant Biology Software Solutions). The data represent average values from three
independent blots with standard deviation. FoxO3A values were normalized either with cytosolic marker GAPDH or with nuclear marker, Lamin A/C.
(D) Western blot to detect FoxO3A phosphorylation on serine residue (S413), using anti-pS413-FoxO3A antibody. Total proteins were extracts from
exponentially growing LN-229 cells (10% FBS), at indicated time points following the treatment with 50 wM fenofibrate. Grb-2 was used as a loading
control. (E) FoxO3A transcriptional activity was evaluated in fenofibrate treated (FF25 and FF50) LN-229 cells by utilizing three copies of FoxO3A con-
sensus sequences from the Fas ligand promoter and dual-Firefly/Renilla luciferase reporter system. Data are presented as mean + SD calculated from
two experiments in triplicates (n = 6). *Indicates value statistically significantly different (p < 0.05) from control (FBS, cells treated with vehicle only).

Statistical significance between two measurements was determined with the two-tailed Student’s t-test.

show any detectable changes in FoxO3A acetylation in LN-229
cells treated with fenofibrate (not shown), there is a possibil-
ity that fenofibrate-induced mitochondrial crisis results not only
in ATP deficitinduced AMPK activation but also may trigger
NAD?" release from the stressed mitochondria.®® Consequently,
NAD*-dependent de-acetylase, SIRT-1, could be activated and
modulate FoxO3A transcriptional activity. This, however, is
expected to induce FoxO3A survival mode rather that apop-
tosis.?*! Further experiments are required to determine intra-
cellular NAD* levels and to answer why fenofibrate-treated
glioblastoma cells are unable to de-acetylate FoxO3A, which
seems to be a necessary step for FoxO3A-mediated survival
pathways.2¢
fenofibrate triggers FoxO3A nuclear retention and its specific
serine phosphorylation on the residue S413, which, in the
absence of FoxO3A de-acetylation, seems to favor its transcrip-

! In summary, our results demonstrate that 50 nM

tional activity toward the expression of pro-apoptotic protein,
Bim.

Materials and Methods

Cell culture. The tumor cells used in this study include human
glioblastoma cell line, LN-229 (ATCC #CRL-2611), which has
been shown in our previous studies to express PPARa, IGF-IR
and wild type PTEN, and two primary human brain tumor cells
isolated from patients diagnosed with grade III and grade IV
Astrocytic tumors. The cells were maintained as monolayer cul-
tures in DMEM supplemented with 50 U/ml penicillin, 50 ng/
ml streptomycin and 10% fetal bovine serum (FBS) at 37°C in
a 7% CO, atmosphere. Exponentially growing cells were treated
either with fenofibrate or with two other PPAR agonists, gem-
fibrozil and WY14643, applied at concentrations ranging from
10 to 100 pM. In some experiments, the cells were transfected,
using oligofectamin, with ON-TARGETplus SMARTpool
siRNA against human PPARa or FoxO3A; or with OFF-
TARGET siRNA against nuclear lamin (Thermo Scientific) at
100 and 200 nM as indicated.

Clonogenic growth. Exponentially growing cultures of
LN-229 cells were washed with fresh serum-free medium,
trypsinized and transferred to 35 mm culture dishes at 1 x 10°
cells/35 mm dish. Clonogenic growth was evaluated 2 weeks
after the continuous cell growth in the media containing 10%
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FBS + fenofibrate used at 10, 25 and 50 M concentration. The
resulting clones were fixed and stained with 0.25% Cristal Violet
in methanol as described in our previous work.!

Cell cycle distribution and cell viability. Flow cytometry
(GUAVA easyCyte8HT) was used to detect and quantify these
cellular parameters. Briefly, the aliquots of 1 x 10° cells/ml were
fixed in 70% ethanol at -20°C overnight. For cell cycle distribu-
tion, the cells were centrifuged at 1,600 rpm and the resulting
pellets suspended in 1 ml of freshly prepared propidium iodide/
RNaseA solution. Cell cycle was evaluated using specialized soft-
ware CellCycle included in GuavaSoft 1.1. In some experiments,
DNA replication was evaluated by BrdU pulse labeling using a
DNA replication Assay (Millipore). Cell death and cell viabil-
ity were evaluated by two independent assays: TUNEL assay
(Roche), which detects DNA damage associated with apoptosis
and cell membrane integrity by using 7-amino-actinomycin D
(7-AAD), according to the manufacturer’s recommendations
(Guava/Express plus and Guava/ViaCount).

Mitochondrial membrane potential. We used flow cytome-
try-based MitoPotential Kit according to manufacturer protocol
(Guava EasyCyte). Loss of the mitochondrial inner transmem-
brane potential (A¥m) was measured by a cationic dye JC-1,
which gives either green or orange fluorescence depending
upon mitochondrial membrane depolarization. Following cell
exposure to fenofibrate, the cells were harvested by trypsiniza-
tion, loaded with JC-1 reagent for 30 min and immediately
analyzed by Guava EasyCyte using Mito-Potential software
(GuavaSoft 1.1). The cell treatment with ionophore valinomycin,
which fully depolarizes mitochondria, was utilized as a positive
control.®? In some cases, JC-1 loaded cells were also labeled with
7-Aminoactinomycin D (7-AAD), which allowes detection and
quantification of dead cells in the same experiment.

Luciferase assay. FoxO transcriptional activity was evalu-
ated in exponentially growing LN-229 in the presence of 0,
25 and 50 pM fenofibrate by utilizing the reporter construct
in which a region from Fas-ligand promoter, containing three
canonical forkhead responsive elements (FHREs), was inserted
5" of the basal promoter controlling the expression of luciferase.’®
Fenofibrate-induced activation of FoxO elements was measured
by dual-Firefly/Renilla luciferase reporter system (Promega),
using a Synergy 2 micro-plate reader (BioTech) and calculated
using Gene 5 software (BioTech).
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Figure 4. Fenofibrate-induced activation of pro-apoptotic protein, Bim. (A) Western blot showing FoxO3A-dependent pro-apoptotic gene, Bim, and
Grb-2 (loading control) in LN-229 cells cultured in 10% FBS and in cells treated with 25 and 50 M fenofibrate for 48 h. Note that anti-Bim antibody rec-
ognizes three forms of Bim protein: BimEL, BimL and BimS. (B) Densitometric analysis of the experiment depicted in (A) by utilizing EZQuant-Gel 2.17
(EZQuant Biology Software Solutions). The data represent average values from three independent blots with standard deviation. BimEL values were
normalized with the loading marker, Grb-2. Statistical significance between two measurements was determined with the two-tailed Student’s t-test.
(C) Flowcytometry-based evaluation of mitochondrial potential and cell death using JC-1/7-AAD test by Guava EasyCyte MitoPotential Kit. Exponen-
tially growing LN-229 cells, in 10% FBS, were treated with 25 and 50 .M fenofibrate for 48 h. Data represent average % of cells characterized by healthy
mitochondria (first quarter); partially compromised mitochondrial potential (second quarter) and severely compromised mitochondrial potential (third
quarter). The percentage of 7-AAD-positive cells (cells with compromised membrane potential) is indicated in the lower part of (C).

Western blotting. Total protein extracts were obtained by lys-
ing the cells with 400 pl of buffer A [50 mM HEPES; pH 7.5;
150 mM NaCl; 1.5 mM MgClz; 1 mM EGTA; 10% glycerol;

2668

Cell Cycle

1% Triton X-100; 1 mM phenylmethylsulfonyl fluoride (PMSF);
0.2 mM Na-orthovanadate and 10 mg/ml aprotinin] on ice for 5
min. Protein extracts (50 pg) were separated on a 4-15% gradient
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Figure 5. Evaluation of FoxO3A involvement in fenofibrate-induced apoptosis. (A) western blot analysis showing FoxO3A protein levels in LN-229 cells
incubated with 100 nM of OFF-TARGET siRNA against nuclear lamins (NL: 100 nM), and with 100 nM of ON-TARGRT plus SMARTpool siRNA against hu-
man FoxO3A mRNA (Thermo Scientific) at 24, 48 and 72 h time points. Grb-2 was used as a loading control. (B) Detection of apoptosis by TUNEL assay
in LN-229 cells exposed to 25 and 50 wM fenofibrate (FF25 and FF50) for 72 h. To determine if fenofibrate-induced apoptosis is FoxO3A-dependent,
FF50-treated cells were additionally transfected with 100 nM siRNA against FoxO3A. The TUNEL assay (Roche) was adopted for the flowcytometric
analysis using GUAVA easyCyte 8HT, and according to the manufacturer recommendations (Guava/Express software). The data are presented as an
average % of TUNEL-positive cells at 72 h with standard deviation. *Indicates a value statistically different from FF50 (p < 0.05). Statistical significance
between two measurements was determined with the two-tailed Student’s t-test. (C) Flowcytometry-based evaluation of cell death using 7-AAD red
fluorescent dye from Guava EasyCyte MitoPotential Kit. Exponentially growing LN-229 cells, in 10% FBS, were treated with 50 wM fenofibrate for 48 h
in the presence of NL-siRNA (100 nM) or FoxO3A siRNA (100 nM). Note a significant decrease in cell death when the 50 .M fenofibrate treatment is ac-
companied by FoxO3A siRNA. Lower panel: Representative phase contrast images of LN-229 monolayer cultures taken before evaluation of cell death
(original magnification x20).
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SDS-PAGE (BioRad) and transferred using Trans-Blot Turbo sys-
tem (BioRad). Subcellular fractionation was applied to separate
cytoplasmic and nuclear proteins using the Nuclear/Cytoplasmic
Fractionation Kit (Thermo Scientific) with some modifications.®
The blots were analyzed by following primary antibodies: anti-
PPARa rabbit polyclonal antibody (Abcam); anti-Bim rabbit
polyclonal antibody (Cell Signaling); anti-FoxO3A rabbit poly-
clonal antibody (Cell Signaling); anti-FoxO3A (pS413) rabbit
polyclonal (Cell Signaling). Anti-Grb-2 mouse monoclonal anti-
body (BD Bioscience) was used to monitor loading conditions,
and purities of nuclear and cytosolic fractions were determined
by anti-Lamin A/C rabbit polyclonal and anti-GAPDH mouse
monoclonal antibody (Fitzgerald), respectively.
Immuno-cytofluorescence. The cells were fixed and permea-
bilized with the buffer containing 0.02% Triton X-100 and 4%
formaldehyde in PBS, followed by washing (3x in PBS) and block-
ing in 5% BSA for 30 min. Subcellular distribution of FoxO3A
was evaluated by utilizing anti-FoxO3A rabbit polyclonal anti-
body (Cell Signaling) followed by FITC-conjugated goat anti-
rabbit secondary antibody (Molecular Probes, Inc.,), and the
nuclei were labeled with the DNA binding blue fluorescent dye
4',6-diamidino-2-phenylindole (DAPI). We utilized dual color
co-localization analysis (DAPI blue fluorescence and Foxo3A-
associated green fluorescence) to quantify FoxO3A nuclear con-
tent during the course of the fenofibrate treatment. The images
were visualized with the Nikon Eclipse E400 upright fluores-
cence microscope equipped with Nikon Plan Fluor 100x/1.3
Oil objective, EXI aqua camera (Qimaging), motorized Z-axis,
and SlideBook5 acquisition/deconvolution software (Intelligent
Imaging Innovations, Inc.). A series of three-dimensional images

of each individual picture were deconvoluted to one two-dimen-
sional picture and resolved by adjusting the signal cut-off to near
maximal intensity to increase resolution. Nuclear content of
FoxO3A was calculated from the entire volume of the nucleus,
DAPI labeled, by the Mask Operation procedure included in
SlideBook5 software.

Real-time RT-PCR detection of Bim and MnSOD mRNAs.
The experimental protocol for this methodology has been
described in our previous publication.’® Briefly, total RNA
was extracted from 1.5 x 10° LN-229 cells with RNAqueous
kit (Ambion) according to the manufacturer protocol. Total
RNA (3 ng) was denatured and reverse transcribed using oligo
(dT),, primers and M-MLV reverse transcriptase (Invitrogen).
PCR reactions were performed with the LightCycler 480 and
SYBRGreen I Master (Roche) using the following primers for
human:

Bim. (forward primer) 5-AGA TCC CCG CTT TTC ATC
TT-3" (reverse primer) 5-TCT TGG GCG ATC CAT ATC
TC-3'

MnSOD. (forward primer) 5-TCC ACT GCA AGG AAC
AAC AG-3' (reverse primer) 5-TCT TGC TGG GAT CAT
TGA GG-3'.
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