REPORT [ ———
Cell Cycle 13:22, 3576-3589; November 15, 2014; © 2014 Taylor & Francis Group, LLC

Tauroursodeoxycholic acid increases neural stem
cell pool and neuronal conversion by regulating
mitochondria-cell cycle retrograde signaling
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The low survival and differentiation rates of stem cells after either transplantation or neural injury have been a major
concern of stem cell-based therapy. Thus, further understanding long-term survival and differentiation of stem cells
may uncover new targets for discovery and development of novel therapeutic approaches. We have previously
described the impact of mitochondrial apoptosis-related events in modulating neural stem cell (NSC) fate. In addition,
the endogenous bile acid, tauroursodeoxycholic acid (TUDCA) was shown to be neuroprotective in several animal
models of neurodegenerative disorders by acting as an anti-apoptotic and anti-oxidant molecule at the mitochondrial
level. Here, we hypothesize that TUDCA might also play a role on NSC fate decision. We found that TUDCA prevents
mitochondrial apoptotic events typical of early-stage mouse NSC differentiation, preserves mitochondrial integrity and
function, while enhancing self-renewal potential and accelerating cell cycle exit of NSCs. Interestingly, TUDCA
prevention of mitochondrial alterations interfered with NSC differentiation potential by favoring neuronal rather than
astroglial conversion. Finally, inhibition of mitochondrial reactive oxygen species (mtROS) scavenger and adenosine
triphosphate (ATP) synthase revealed that the effect of TUDCA is dependent on mtROS and ATP regulation levels.
Collectively, these data underline the importance of mitochondrial stress control of NSC fate decision and support a

new role for TUDCA in this process.

Introduction

Several efforts have been made to strategically manipulate
neural stem cell (NSC) fate. Interestingly, recent evidence has
suggested that mitochondria may influence stem cell fate by
mechanisms defined as retrograde signaling." Indeed, the integ-
rity and functional stage of mitochondria are crucial for cell pro-
liferation, differentiation, apoptosis and survival.>” During
neural differentiation, profound mitochondrial morphologic and
metabolic alterations occur to assure successful differentiation.®”
The undifferentiated stage is usually associated with low mito-
chondrial oxygen consumption, needed to maintain the prolifer-
ative c:alpalcity,10 while aerobic metabolism, in association with
increased reactive oxygen species (ROS) production, is crucial for
the differentiation process. ”*''These subtle alterations in the
redox state of NSCs affect not only mitochondrial DNA
(mtDNA) damage repair, but also mitochondrial maturation and
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function.”"" Interestingly, it has been demonstrated that mito-
chondria-generated ATP and high mitochondrial reactive metab-
olites of oxygen, such as ROS, may also regulate cell cycle
progression.'” In fact, cell differentiation usually implicates cell
cycle exit and irreversible proliferative arrest. In contrast, cell pro-
liferation and concomitant DNA replication require significant
energetic supply, where a compromise between both cell cycle
machinery and metabolism is a prerequisite for efficient cell divi-
sion. Differentiation-induced cell cycle arrest occurs in G1 phase
and is mediated by upregulation of cyclin-dependent kinase
(cdk) inhibitory proteins, such as p21 and p27, and by activation
of the retinoblastoma protein family.'>'*

Importantly, mitochondrial apoptosis-associated events were
recently shown to be crucial during the early stages of NSC dif-
ferentiation. We have previously demonstrated that, under neural
differentiation conditions, p53 is actively translocated to mito-
chondria, and attenuates mitochondrial oxidative stress,
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mitochondrial loss, apoptosis-associated events, such as cyto-
chrome c release and mitophagy. The protective effect of mito-
chondrial p53 appeared to be partially dependent on manganese
superoxide dismutase (MnSOD).'®> Moreover, a tight control of
mitochondrial damage during differentiation was also shown to
be important for cell fate determination. Indeed, mtDNA dam-
age might be the primary signal for NSC commitment to the
astroglial lineage, and lack of neurogenesis seen during repair of
neuronal injury.'" In this respect, 8-oxoguanine DNA glycosylase
(OGG]1), an enzyme responsible for DNA repair, was shown to
play a critical role in both mtDNA damage repair and NSC sur-
vival, as OGGI expression is associated to higher neurogenic
potential.'®

The endogenous bile acid ursodeoxycholic acid (UDCA), an
FDA-approved molecule widely used in treatment of liver dis-
eases, was shown to be a potent inhibitor of apoptosis by prevent-
ing  mitochondria  membrane instability, Bax-induced
mitochondrial membrane perturbation and inhibition of cyto-
chrome ¢ release.'”° Notably, its taurine-conjugated form,
TUDCA, has been shown to be an orally bioavailable and central
nervous system penetrating agent.”’ TUDCA plays an important
neuroprotective role in animal models of acute stroke and
Huntington’s disease, by regulating mitochondrial apoptosis and
oxidative stress, while also improving survival and function of
cell transplants in Parkinson disease.”’ > UDCA has been used
also in clinical trials for amyotrophic lateral sclerosis.”® TUDCA
properties in preserving mitochondrial function, together with
the key role of mitochondria in regulating NSC fate, provide a
new framework to further explore the use of this bile acid in the
treatment of neurological disorders with neurogenesis deficit.

Here we sought to investigate the role of TUDCA in modu-
lating NSC fate, and explore its potential mechanisms of action.
Our results revealed that TUDCA prevents differentiation-
induced mitochondrial alterations, including mitochondrial
membrane depolarization, cytochrome c release, ROS produc-
tion, and ATP depletion, thus increasing self-renewal and cell
cycle progression of NSCs, as well as directing differentiating
NSCs toward the neuronal lineage. Importantly, cyclosporin A
(CsA) or oligomycin A (OligA), inhibitors of the mtROS scaven-
ger enzyme MnSOD and ATP synthase, respectively, abrogated
TUDCA effects indicating that NSC fate regulation by the bile
acid is dependent on mtROS and ATP regulation.

Results

TUDCA prevents differentiation-induced mitochondrial
stress

We have shown that mitochondrial apoptosis-associated
events are typical of early mouse NSC differentiation."” In addi-
tion, we have previously demonstrated that TUDCA is a strong
inhibitor of apoptosis by preventing mitochondrial apoptotic sig-
naling, including mitochondrial membrane perturbations and
cytochrome c release.*?> Therefore, we investigated the potential
effect of TUDCA during differentiation-induced mitochondrial
stress, as well as its efficacy in regulating NSC differentiation.
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For that, a NSC line was cultured and allowed to differentiate for
1 to 24 h, in an optimized neuronal differentiation-inducing
medium, as previously described.”” TUDCA prevented mito-
chondrial membrane depolarization occurring at early stages of
neural differentiation, such as at 6 h, as assessed by a significant
increase in DiOCg4(3) mitochondrial incorporation (P < 0.01)
(Fig. 1A). Cells were also incubated with MitoSOX™ Red
reagent, which exhibits red fluorescence when oxidized by super-
oxide, hence allowing the detection and quantification of
mtROS. As expected, mtROS production increased at 1 h of
neural differentiation (P < 0.01). However, in TUDCA-treated
cells, mtROS levels decreased significantly, when compared with
differentiated control cells (P < 0.01) (Fig. 1B). We then evalu-
ated the efficacy of TUDCA in modulating mitochondrial release
of cytochrome ¢ during NSC differentiation, and found a
marked reduction of cytochrome c release at 6 h, when compared
to control differentiating cells (at least 2 < 0.05) (Fig. 1C). The
relative purity of mitochondrial and cytosolic extracts was con-
trolled using GAPDH and VDAC antibodies, respectively. Since
mitochondrial translocation of p53 was shown to induce mito-
chondrial survival at early stages of NSC differentiation," we
also determined the effect of TUDCA treatment on p53 mito-
chondrial levels after 6 h of NSC differentiation induction. Curi-
ously, TUDCA significantly decreased p53 translocation to the
mitochondria, when compared to differentiating cells (7 < 0.01)
(Fig. 1D). The relative purity of mitochondrial p53 fractionation
was controlled using Lamin B1 antibody, which indicated the
absence of nuclear contamination in mitochondrial extracts.
Finally, to explore differences in mitochondrial viability and
function after TUDCA treatment, mtDNA content and ATP
production were evaluated throughout NSC differentiation, in
the presence or absence of TUDCA. The results obtained by
real-time PCR experiments revealed that TUDCA reverted the
decrease in mtDNA copy number observed at 24 h of NSC dif-
ferentiation (P < 0.01) (Fig. 1E). Notably, at this time of differ-
entiation, our results also revealed a significant drop in ATP
levels when compared to the undifferentiated cells (P < 0.01).
Nevertheless, TUDCA restored ATP levels that were lost with
(P < 001)
(Fig. 1F). Given the well-established survival role of taurine in

differentiation-induced mitochondrial stress
several biological processes including anti-oxidation, radioprotec-
tion, detoxification and proliferation,zﬁ29 we evaluated the role
of taurine in modulating mtROS and ATP production levels.
Taurine had no significant effect on both mtROS and ATP lev-
els, indicating that TUDCA function is not dependent on its tau-
rine-conjugated moiety (Fig. SI1). These findings indicate that
TUDCA prevents mitochondrial membrane-damaging and bio-
genesis alterations associated with early-stage mouse NSC
differentiation.

TUDCA regulates cell cycle and proliferation of NSCs

It has been recently recognized that mitochondria may also
regulate cell cycle progression and cell proliferation, as a retro-
grade signal.>'? In fact, it appears that mitochondrial oxidative
rate has to remain depressed for cell proliferation.’® To further
explore the impact of TUDCA on NSC fate, we next investigated
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the effect of this bile acid in regulating cell cycle progression and
proliferation of NSCs. Cell proliferation was determined by fluo-
rescence-activated cell sorting analysis (FACS) of bromodeoxyur-
idine (BrdU) incorporation in undifferentiated NSCs treated or
untreated with TUDCA. Interestingly, our results showed a sig-
nificant increase in BrdU incorporation after TUDCA incuba-
tion (P < 0.01) (Fig. 2A). To clarify whether TUDCA enhances
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NSC proliferation by modulating cell cycle progression, we next
investigated cell cycle phases throughout this process. As
expected, 24 h after induction of NSC differentiation, a signifi-
cant increase of cells in GO-G1 phase was accompanied by a
decrease in S/G2-M phases (P < 0.01). In contrast, TUDCA
treatment decreased cells in GO-G1 phase, and markedly
increased S/G2-M phases (P < 0.01) (Fig. 2B).

p21 and p27 are cdk inhibitors that play a major role in cell
cycle control, promoting cell cycle arrest, not allowing the
entrance into S phase and leading to cell cycle exit.>"** Since dif-
ferentiation has been associated with a reduction in cdk-activity
at G1, caused by an increase of its inhibitors, p21 and p27,'® we
next evaluated the expression of these regulatory proteins, during
NSC differentiation, as well as in the presence of TUDCA. p21
and p27 expression levels significantly increased after 6 h of dif-
ferentiation (P < 0.01). More importantly, when differentiating
NSCs were treated with TUDCA, p21 and p27 expression dra-
matically decreased (2 < 0.01) (Fig. 2C). Our data suggest that
TUDCA increases proliferation of NSCs by delaying cell cycle
arrest, through inhibition of p21 and p27 levels.

We then addressed the impact of TUDCA in NSC ability to
self-renew, by evaluating the potential regulation of Sox2 stem-
ness marker expression. As expected, the endogenous expression
of the neural progenitor Sox2 was significantly decreased in cells
that start to differentiate (Fig. 3A). On the other hand, TUDCA
did not impact on Sox2 expression under propagation condi-
tions. Indeed, it is expected that the percentage of growth factors
in undifferentiation culture medium assures the right conditions
for NSC self-renewal, leaving less room for the regulatory contri-
bution of TUDCA. However, in differentiation conditions, the
effect of TUDCA in delaying the decrease in Sox2 expression
was clearly evident, when compared with the control, thus

Figure 1. TUDCA modulation of NSC differentiation-induced mitochon-
drial alterations. Mouse NSCs were expanded, induced to differentiate in
the presence or absence of TUDCA, and then collected for flow cytome-
try, immunoblotting and quantitative real-time PCR, as described in
Materials and Methods. (A) Representative histogram (left) and quantifi-
cation data (right) of DiOCe(3)-positive cells in self-renewal or at 6 h of
differentiation evaluated by flow cytometry. (B) Representative histo-
gram (left) and quantification data (right) of mtROS levels in self-renewal
or at 1 h of differentiation, evaluated by FACS, using MitoSOX™ Red
reagent. (C) Representative immunoblots of cytochrome c (top) and cor-
responding densitometry analysis (bottom) in both mitochondria and
cytosolic extracts, during self-renewal or at 6 h of differentiation. The
mitochondrial and cytosolic fractionation was monitored by the pres-
ence of VDAC and GAPDH endogenous protein levels. (D) Representative
immunoblots of p53 in mitochondrial extracts (top) and respective quan-
tification data (bottom), in self-renewal or at 6 h of differentiation.
Results were normalized to endogenous VDAC protein levels, and
nuclear contamination was assessed using Lamin B1 antibody. (E) Real-
time PCR analysis of relative mtDNA copy number in self-renewal or at
24 h of differentiation. (F) Representative quantification data of ATP lev-
els in self-renewal or at 24 h of differentiation. Results are expressed as
mean + SEM fold-change for at least 3 different experiments. *P < 0.01
and §P < 0.05 from undifferentiated cells; 1P < 0.01 and P < 0.05 from
cells treated with TUDCA alone.
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Figure 2. TUDCA modulation of cell cycle and proliferation of NSCs. NSCs
were expanded, induced to differentiate in the presence or absence of
TUDCA, and then collected for flow cytometry and immunoblotting, as
described in Materials and Methods. (A) Representative histogram of
BrdU incorporation by flow cytometry (left) and quantification data
(right) in self-renewal conditions, 24 h after cell treatments. (B) Represen-
tative quantification data of GO-G1 and S/G2-M phase cells in self-
renewal or at 24 h of differentiation. (C) Representative immunoblots of
p21 (top left) and p27 (top right) in total extracts and respective quantifi-
cation data (bottom right or left), in self-renewal or at 6 h of differentia-
tion. Results were normalized to endogenous B-actin protein levels, and
are expressed as mean £ SEM fold-change for at least 3 different experi-
ments. *P < 0.01 from undifferentiated cells; P < 0.01 from cells treated
with TUDCA alone.

suggesting that this bile acid maintains the self-renewing poten-
tial of NSCs even during differentiation context (Fig. 3B). In
addition, symmetrical and asymmetrical divisions were analyzed
through the cell pair assay by culturing NSCs in low percentage
of growth factors, in the presence or absence of the bile acid, and
evaluating Sox2 expression in mitotic cell pairs through immuno-
cytochemistry. In accordance with increased BrdU incorporation,
higher levels of symmetrical divisions were detected after 24 h of
TUDCA incubation, when compared with control cells (P <
0.01) (Fig. 3C and D). Given the well-established anti-apoptotic
role of TUDCA in several biological contexts, we also evaluated
the effect this bile acid on NSC viability at 24 h of neural differ-
entiation. Surprisingly, measurement of Annexin-V- and Pl-neg-
ative cells by FACS analysis, revealed no significant alterations in
cell death or cell viability during early stages of NSC differentia-
tion after TUDCA treatment (Fig. 3E).
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Finally, since TUDCA promotes self-renewal and cell cycle
progression without involving cell death per se, the contribution
of this bile acid to increase the NSC pool was investigated. For
that, the number of cells was quantified in NSCs in the presence
or absence of TUDCA, 24 h after induction of differentiation.
Curiously, our results revealed a significant increase in cell num-
ber in TUDCA-treated NSCs when compared with untreated
differentiating cells (? < 0.01) (Fig. 3F). Therefore, TUDCA
not only promotes self-renewal and cell cycle progression, but
also contributes to an increase of the NSC pool.

TUDCA-regulated NSC mitochondrial alterations are
dependent on mtROS and ATP regulation

In the past few years, mitochondria have been ascribed as
important regulators of cellular fate, not only by controlling
energy generation, but also by modulating cell cycle for develop-
ment and growth.3  The mitochondrial regulation of prolifera-
tion and differentiation potential is dependent on a very precise
control of mitochondrial metabolism, biogenesis and dynamics,
with ROS and ATP acting as 2 major players.”® To further
explore whether TUDCA-regulated NSC fate was dependent on
its mitochondrial effects, both mtROS and ATP levels were mod-
ulated in the presence of TUDCA. For that, CsA, inhibitor of
mtROS scavenger MnSOD, and OligA, inhibitor of F,F,-ATP
synthase complex, were used. As expected, a marked increase in
mtROS levels was observed in the presence of CsA alone, when
compared to control (? < 0.01) (Fig. S1). On the other hand,
ATP levels significantly decreased in the presence of OligA, when
compared to control (P < 0.01) (Fig. S1). More importantly,
CsA and OligA treatments rescued TUDCA-induced decrease in
mtROS production (P < 0.01) and increase in ATP levels
throughout differentiation (P < 0.01), respectively (Fig. 4A and
B). Finally, determination of Annexin-V- and Pl-negative cells
by FACS analysis, revealed a significant decrease in the number
of viable cells incubated with CsA or OligA for 24 h (P < 0.01).
In fact, increased mtROS and decreased ATP levels, through
incubation with CsA or OligA, respectively, reduced cell viability
of differentiating NSCs, when compared with control (P < 0.01)
or TUDCA treatment alone (at least P < 0.05) (Fig. 4C). Thus,
these results indicate that TUDCA-regulated mitochondrial
alterations and NSC survival might involve regulation of mtROS

and ATP levels.

TUDCA-regulated NSC proliferation and cell cycle
progression are dependent on mtROS and ATP regulation

To further characterize the mechanisms by which TUDCA
increases proliferation of NSCs, we reevaluated TUDCA effects
on cell fate, in the presence of CsA or OligA. In fact, treatments
with CsA (P < 0.01) and OligA (P < 0.05) markedly decreased
BrdU incorporation of NSCs when compared with control cells,
corroborating the idea that high ROS and diminished ATP
impair cell cycle progression.’**> More importantly, our results
showed that TUDCA was ineffective in the presence of both
inhibitors, indicating that TUDCA-regulated NSC proliferation
is indeed dependent on mtROS and ATP regulation (P < 0.05)
(Fig. 5A). Moreover, the effect of TUDCA in cell cycle
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progression was also determined by FACS analysis, following
modulation of mtROS and ATP levels. After incubation with
both CsA or OligA, we found a significant increase of cells in
GO-G1 phase accompanied by a marked decrease of cells in S/
G2-M phases, when compared to control (at least 2 < 0.05).
Interestingly, inhibitors of the mtROS scavenger and ATP syn-
thase were able to rescue the TUDCA-mediated S/G2-M phase
progression (P < 0.01) (Fig. 5B). In fact, recent evidence demon-
strated that p21 and p27 might also be controlled by mitochon-
drial retrograde signals, including meROS and ATP levels.'? In
this regard, incubation of NSCs with CsA or OligA, resulted in a
marked increase of p21 and p27 levels when compared with
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untreated cells (P < 0.01), which reflects the effects of increased
mtROS and decreased ATP levels in promoting cell cycle arrest.
However, co-incubations of NSCs with CsA or OligA, and
TUDCA, abolished the bile acid effect in reducing p21 and p27
levels (at least P < 0.05) of differentiating cells (Fig. 5C). There-
fore, these results suggest that TUDCA may increase prolifera-
tion of NSCs by retarding cell cycle arrest, through inhibition of
p21 and p27 levels, which in turn is mediated by mtROS and
ATP regulation.

TUDCA-mediated mitochondrial protection favors
neuronal cell fate determination of NSCs

mtDNA integrity was shown to be essential for mitochondrial
maturation and cell fate determination during NSC differentia-
tion. mtDNA damage has already been associated to higher astro-
gliogenesis and lack of neurogenesis during neural injury
repair.""'® On the other hand, cell division speed may also influ-
ence the neurogenesis process. In fact, anti-proliferative genes-
mediated changes in G1 phase length were shown to directly reg-
ulate the differentiation of neural precursors. Several studies have
reported that timing of cell cycle has an impact on the relative
rates of gliogenesis and neurogenesis.>® > Therefore, we explored
the potential role of TUDCA in directing NSCs toward neuronal
fate by assessing the ratio of neurons versus glial cells. Cells were
grown under optimized neuronal differentiation-inducing condi-
tions for 24 h, and the expression of neuronal (BIII-tubulin) and
glial (glial fibrillary acidic protein, GFAP) markers was assessed
by FACS analysis, in the presence or absence of TUDCA, as well
as in the presence of mtROS and ATP modulators. Notably, our
results revealed that TUDCA significantly increased the ratio of
neurons vs. glial cells, when compared with control (7 < 0.01).
The incubation with mtROS and ATP modulators, in turn, sig-
nificantly decreased this ratio, when compared with control (P <
0.01). More importantly, our results showed that increased
mtROS levels and reduction of ATP levels by CsA and OligA,
respectively, markedly reduced TUDCA effects on NSC fate

Figure 3. TUDCA modulation of self-renewal and NSC pool. NSCs were
expanded and induced to differentiate, in the presence or absence of
TUDCA, and then collected for immunoblotting, immunocytochemistry
counting and flow cytometry, as described in Materials and Methods. (A)
Representative immunoblot of Sox2 in total extracts in self-renewal or at
6 h and 24 h of differentiation. Results were normalized to endogenous
B-actin protein levels. (B) Representative histograms of Sox2-positive
cells in self-renewal or at 6 and 24 h of differentiation, in the presence or
absence of TUDCA, evaluated by flow cytometry. (C) Representative
quantification data of paired cells Sox2-positive and -negative, in low
EGF/bFGF containing medium, 24 h after TUDCA treatment. (D) Repre-
sentative microscopy images of undifferentiated NSC pairs labeled with
Hoechst 33258 and anti-Sox2 antibody, 24 h after TUDCA treatment.
(E) Quantification of NSC viability, by measuring Annexin-V- and Pl-nega-
tive cells using flow cytometry, in self-renewal or at 24 h of differentia-
tion. (F) Representative bright-field images (left) and quantification of
viable cells (right), after 24 h of differentiation. Scale bar, 5 um and
10 wm (zoom). Results are expressed as mean + SEM fold-change for at
least 3 different experiments. *P < 0.01 from undifferentiated cells; P <
0.01 from cells treated with TUDCA alone.
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Figure 4. TUDCA modulation of NSC differentiation-induced mitochon-
drial alterations is dependent on mtROS and ATP regulation. NSCs were
expanded, induced to differentiate for 1 h and 24 h, in the presence or
absence of TUDCA and/or CsA or OligA, and then collected for flow
cytometry and luminescence detection, as described in Materials and
Methods. (A) Representative quantification data of mtROS levels after
1 h of differentiation, using MitoSOX™ Red reagent. (B) Representative
quantification data of ATP levels at 24 h of differentiation, using Mito-
chondrial ToxGlo™ assay. (C) Representative quantification of NSC viabil-
ity by measuring Annexin-V- and Pl-negative cells using flow cytometry,
at 24 h of differentiation. Results are expressed as mean + SEM fold-
change for at least 3 different experiments. *P < 0.01 and §P < 0.05 from
non treated cells (control); 1P < 0.01 and {P < 0.05 from cells treated
with TUDCA alone.
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determination (P < 0.01) (Fig. 6A), suggesting that TUDCA
shifts NSC differentiation by regulating mitochondrial stress and
function. These results were also corroborated by immunocyto-
chemistry, using fluorescence microscopy (Fig. 6B).

Finally, to evaluate whether TUDCA was still able to modu-
late. NSC fate determination in non-neurogenic conditions,
NSCs were grown under optimized glial differentiation-inducing
conditions for 24 h, to hamper neuronal commitment, and
TUDCA effect was re-evaluated. FACS analysis of BIII-tubulin
and GFAP expression showed that TUDCA-treated cells still
have a higher proportion of neurons, when compared with con-
trol (P < 0.01) (Fig. 6C). CsA or OligA markedly increased the
proportion of glial-differentiating cells when compared with con-
trol (P < 0.01), and were able to revert the bile acid effect on
NSC fate determination. Thus, our results support a role for
TUDCA in directing NSCs to a neuronal lineage, and underline
the importance of mtROS and ATP in this regulatory

mechanism.

Discussion

We have recently shown that apoptosis-associated mitochon-
drial events, including ROS production, mitochondrial mem-
brane permeabilization, cytochrome c release and mitophagy are
associated with early stages of NSC differentiation, without
involving cell death per se.'” In addition, the endogenous bile
acid, TUDCA, has been identified as a general modulator of apo-
ptosis by preventing mitochondrial membrane instability, Bax-
induced mitochondrial membrane permeabilization and cyto-
chrome c release in different cell types.'””'® However, its poten-
tial effect in regulating NSC fate has never been explored. In this
study, we identified a novel role for TUDCA in enhancing both
proliferation and neuronal conversion potential of NSCs.
TUDCA prevented differentiation-induced mitochondrial altera-
tions, without influencing cell death, while increasing self-
renewal and proliferation levels of NSCs. Importantly, the mech-
anisms by which TUDCA modulates cell fate were shown to be
dependent on mtROS and ATP regulation, ultimately favoring
NSC commitment to a neuronal fate (Fig. 7).

TUDCA is neuroprotective in several animal models of neu-
rodegeneration and improves survival and function of mesence-
phalic cell transplants in Parkinson disease.”’>** In a 3-
nitropropionic acid (3-NP) rat model of Huntington’s disease,
TUDCA prevents mitochondrial outer membrane permeabiliza-
tion (MOMP), inhibits cytochrome c release, and modulates
downstream apoptotic events, such as caspase activation and poly
ADP-ribose  polymerase  (PARP) cleavage.17 Furthermore,
TUDCA was also shown to inhibit bilirubin- and AB-induced
Bax translocation, MOMP and subsequent cytochrome c release,
in isolated mitochondria of both neuronal and glial cells. 4!

Based on the fact that mitochondrial integrity and function is
crucial for the life-long activity of NSCs,'®*? and that disturban-
ces in mitochondrial signaling have been largely associated with
age-related decrease in neuroplasticity and r1<:urogenesis,6’8’43 we
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Figure 5. TUDCA modulation of cell cycle and proliferation of NSCs is dependent on mtROS and ATP regulation. NSCs were expanded, induced to differ-
entiate up to 24 h in the presence or absence of TUDCA and/or CsA or OligA, and then collected for flow cytometry and immunoblotting, as described
in Materials and Methods. (A) Representative quantification data of BrdU incorporation in self-renewal conditions, 24 h after cell treatments. (B) Repre-
sentative quantification of GO-G1 and S/G2-M phase cells. (C) Representative immunoblots of p21 (top left) and p27 (top right) in total extracts and
respective quantification data (bottom right or left), at 6 h of differentiation. Results were normalized to endogenous B-actin protein levels, and are
expressed as mean + SEM fold-change for at least 3 different experiments. *P < 0.01 and §P < 0.05 from non treated cells (control); 1P < 0.01 and P <

0.05 from cells treated with TUDCA alone.

decided to investigate the potential role of TUDCA in increasing
NSC activity.

We began to explore the effect of this bile acid on differentia-
tion-induced mitochondrial alterations, and demonstrated that
transient ROS production, mitochondrial membrane depolariza-
tion and cytochrome ¢ release were significantly prevented by

TUDCA at 6 hours of NSC differentiation. In fact, it is well
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established that increased mitochondrial activity is a prerequisite
for the differentiation process.44 During neural differentiation,
profound mitochondrial morphologic and metabolic alterations
occur to assure successful differentiation,®” ! leading to
increased oxidative stress and mitochondrial damage. On the
other hand, differentiation-mediated mitochondrial oxidative
stress was shown to trigger mitophagy, a selective type of
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differentiation conditions, was not
observed in differentiating cells treated
with TUDCA. This may be explained
by the fact that p53 mitochondrial
translocation was only shown to occur
after the first signs of differentiation-
induced mitochondrial clamalge.15 It is
possible that mitochondrial defense

against ROS injury by TUDCA might
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autophagy characterized by the engulfment of dysfunctional
mitochondria, as a protective mechanism.*> Of note, we have
also found that TUDCA rescued the decrease in mitochondrial
mass and ATP levels observed after induction of the differentia-
tion process. These data are in accordance with our previous
observation revealing a decrease of mitochondrial mass at early
stages of neural differentiation,'” as well as with other studies
reporting the protective effect of TUDCA on mitochondria
ir1tegrity.17’21’25

Intriguingly, mitochondrial translocation of p53, already
described as a possible protective mechanism of neural differenti-
ation-induced mitochondrial stress’> and also detected in our

www.landesbioscience.com

dismiss p53 mitochondrial transloca-
tion as a backup mechanism of mito-
chondrial protection. Indeed, the effect
of the bile acid in inhibiting both the
increase of ROS and the depletion of
ATP was very pronounced since differ-
entiation-induced changes in mtROS
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and ATP were completely abolished by
TUDCA. Thus, it is not surprise that
p53 mitochondrial translocation, usu-
ally triggered by differentiation-medi-
ated mitochondrial stress, was also
totally repressed by the bile acid.

Additionally, TUDCA treatment resulted in profound
changes of NSC cycle progression. In fact, it thus appear that the
relieve of mitochondrial stress by bile acid exposure allowed
NSCs to re-enter the cell cycle, as detected by increased BrdU
incorporation and decreased expression of cell cycle arrest-related
proteins, p21 and p27. By evaluating cell cycle, our results dis-
closed that TUDCA incubation elicited a marked increase in S
phase with a subsequent reduction in NSC population at G1
phase. In fact, other studies have already reported that short G1
is typical of cells in expansion. For instance, fast cell cycles were

shown to be characteristic of pluripotent embryonic stem cells in
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Figure 7. TUDCA mediates mitochondria-cell cycle retrograde signals to regulate NSC fate. The NSC modulatory
properties of TUDCA result from inhibition of differentiation-induced mitochondrial apoptotic events by the bile
acid, and from subsequent decrease in ROS and ATP mitochondrial levels. This, in turn, contributes for the enhance-
ment of both NSC proliferation and neuronal rather than astroglial conversion of differentiating NSCs. Importantly,
TUDCA-mediated effects in increasing NSC pool and lineage determination occur in a mitochondrial redox state-
and ATP-dependent manner. Interactions that were described, suggested or shown indirectly are depicted.

daughter cells during NSC
proliferation. Importantly,
although TUDCA treatment did not affect cell survival, it ulti-
mately increased the number of cells capable of differentiating.
Of note, this TUDCA effect might prove useful for in vitro
expansion of NSCs, but also for a more efficient increase of the
in vivo NSC pool. Therapeutic strategies pushing NSC asymmet-
ric divisions and neurogenesis are thought to contribute to a
faster loss of the NSC pool, hence compromising the regenerative
capacity of the brain. On the other hand, the self-renewing pro-
cess becomes scarce with aging and the regenerative properties of
aged stem cells are progressively deteriorated in ways that tissue
repair and maintenance become inefficient.® ' Indeed, sys-
temic, cellular and molecular alterations induced by aging have
been shown to interfere with the neurogenic niche, at the level of
NSC proliferation, their fate, neuronal survival, and subsequent
integration in neural circuitry.> In this respect, and given the
fact that TUDCA is an orally bioavailable and central nervous
system-penetrating molecule,”" it would be interesting to also
test in the future the effects of this bile acid in vivo.

To go deeper into the molecular mechanism by which
TUDCA enhances the NSC pool in vitro, namely whether it
could be dependent on its mitochondrial effects, we decided to
re-evaluate TUDCA effects following mtROS and ATP modula-
tion. Importantly, anti-oxidant and proliferative effects, as well as
maintenance of mitochondrial metabolism and function of
NSCs, by TUDCA, were dependent on mtROS and ATP modu-
lation. In fact, several reports have already supported the idea that
distinct mitochondrial retrograde signals control cell cycle check-
points and that low levels of ROS might function as intracellular

5

messengers of G1-S cell cycle arrest.” >4 Curiously, it has been

demonstrated that mitochondrial dysfunction activates two
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retrograde signals resulting in cell cycle modulation. The decrease
in ATP production is usually followed by downregulation of
cyclin E, while increased ROS production induces upregulation
of p27.'*7% Accordingly, studies in Drosophila have also demon-
strated that decreased levels of ATP result in mitochondrial
checkpoints in late G1 and the concomitant arrest of energeti-
cally impaired cells.”

We then investigated whether TUDCA-induced effects on
mitochondria and cell cycle of differentiating cells could influ-
ence NSC lineage determination. And if so, whether this shift in
differentiation potential would be caused by mtROS and ATP
modulation of TUDCA. According with our expectations,
TUDCA induced a significant increased in the ratio of B-III
tubulin- to GFAP-positive cells throughout differentiation either
in optimized neuronal or glial differentiation-inducing condi-
tions. The mechanism by which TUDCA mediates neuronal
rather than astroglial conversion appeared to involve the regula-
tion of mtROS or ATP, since we did not observed this shift in
the presence of CsA or OligA. These results are in agreement
with the idea that increased levels of mitochondrial damage are
associated with elevated astrogliogenesis and decreased neurogen-
esis,' !¢ and also with other studies showing the impact of the
length of cell cycle in NSC lineage determination. In fact, G1
stage was recently shown to influence cell fate determination of
neural precursors, leading to the hypothesis that longer cell cycles
allowed the accumulation of factors necessary for cell fate changes
to occur.”®>® Furthermore, others have also demonstrated that
glial cells are formed after neurons and that astrocytes take more
time to re-enter cell cycle than neurons.”” These conclusions
were made after several experiments using cell cycle inhibitors,
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which demonstrated that the increasing expression of p27 in neu-
ral progenitor cells led to cell cycle exit and glial terminal
differentiation.*®

Finally, given the involvement of Bcl2 family elements in the
determination of neuronal versus glial lincages®® and the well-
established role of TUDCA in wupregulating Bcl2 and
BclX,>*? it will be important to clarify whether this bile acid
might also increase neuronal conversion by raising the expression
levels of anti-apoptotic Bcl2 family members. In addition, it is
also possible that TUDCA might interfere with other regulators
of NSC lineage specification, such as REST and CoREST. Of
note, the profiles of REST and CoREST target genes were dem-
onstrated to be largely non-overlapping between neuronal sub-
types and astroglial lineage species.®® In fact, further insights into
the regulatory network of TUDCA during NSC differentiation
could shed light on the molecular processes leading to a more
efficient production of neurons during developmental, neurode-
generative, and aging processes.

In conclusion, the present study identifies a novel role for
TUDCA as a modulator of long-term proliferation and neuronal
conversion of NSC, and underlines its mechanism of action by
showing the contribution of mitochondria redox state and ATP
levels on the TUDCA-regulated NSC fate. This novel mecha-
nism of TUDCA action suggests new intervention methods for
preventing aged-associated loss of NSCs and for treating neuro-
logical disorders associated with deficits in neuronal density.

Materials and Methods

Ethics statement

The mouse NSC line used in this study was obtained from
Dr. Smith’s Laboratory, University of Cambridge, Cambridge,
UK,°! and provided by Dr. Henrique, Universidade de Lisboa,
Lisbon, Portugal. The Animal Ethical Committee at the Faculty
of Pharmacy, University of Lisbon, Portugal waived the need for
approval.

Cell culture

Neural stem cells were derived from 14.5-dpc mouse fetal fore-
brain. This cell line was established using a method that produces
pure cultures of adherent NSC, which continuously expand by
symmetrical division and are capable of tripotential differentia-
tion.>"** NSCs were grown in monolayer and routinely main-
tained, as previously described.>®® Neural differentiation was
performed by first platting NSCs in undifferentiation medium
onto uncoated tissue culture plastic dishes at 6.5 x 10° cells/mL
for 24 h, and changing the culture medium to an optimized neu-
ronal differentiation-inducing medium, comprising Euromed-N
medium supplemented with 10 ng/mL bFGF, 0.5% N-2 supple-
ment, 1% B27 supplement (17504-044; InvitrogenTM, Life
Technologies Corporation) and 1% penicillin-streptomycin, or
an optimized glial differentiation-inducing medium, comprising
1% fetal bovine serum (FBS, 10082147; InvitrogenTM, Life
Technologies Corp.) instead of B27 supplement.
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Cellular treatments

Cells were treated with chemical compounds upon medium
change, allowed to differentiate for different times up to 24 h,
and then collected for flow cytometry, immunoblotting, immuno-
fluorescence and quantitative real-time polymerase chain reaction
(PCR) assays. Concentrations of 100 uM tauroursodeoxycholic
acid (TUDCA, T0266; Sigma-Aldrich Corporation) were rou-
tinely added to NSC. As a proof-control that TUDCA effect was
not dependent of its taurine-conjugated group, 100 uM of tau-
rine (T0625; Sigma-Aldrich Corp.) was also added to cells. More-
over, 0.5 uM N-acetyl-L-cysteine (NAC, T7250; Sigma-Aldrich
Corp.), a well-established anti-oxidant, was used to compare
TUDCA anti-oxidant effect in this cellular context.

To inhibit the mtROS scavenger, MnSOD, NSCs were
treated with 10 pM CsA (30024; Sigma-Aldrich Corp.) for 1, 6
or 24 h before harvest. CsA induces nitration of MnSOD in
tyrosine 34 residues, leading to MnSOD functional inactiva-
tion.°®®” Since MnSOD is an important antioxidant that neu-
tralizes superoxides at the mitochondrial compartment, its
inhibition causes increased ROS, oxidative mtDNA damage as
well as inactivation of respiratory and Krebs cycle enzymes.®®%
Finally, inhibition of ATP synthesis was achieved by treating
NSCs with 5 pg/mL of OligA (sc-201551; Santa Cruz Biotech-
nology, Inc.) for 1, 6 or 24 h before harvest. OligA inhibits F,F,
complex of the ATP synthase by blocking its proton channel (F,
subunit) and, consequently, proton conductance through the
inner membrane, thus inhibiting both ATP synthesis and ATP
hydrolysis.”*~"?

Measurement of mitochondrial transmembrane potential

Mitochondrial permeabilization was determined as the reten-
tion of the dye 3,3’-dihexyloxacarbocyanine iodide (DiOCq(3),
D273; Molecular Probes®, Life Technologies Corp.). NSCs
were loaded with 50 nM DiOCg¢(3) for 30 min at 37°C and
resuspended in DPBS with 2% FBS. The emission of green fluo-
rescence was analyzed by FACS using LSR Fortessa' ™ (Becton,
Dickinson and Company). Data were statistically evaluated using
FlowJo software (Tree Star, Inc.).

Mitochondrial ROS detection

For mtROS quantification, cells were pre-treated with 5 pM
MitoSOX™ Red mitochondrial superoxide indicator (M36008;
Molecular Probes®, Life Technologies Corp.) in Hank’s balanced
salt solution (HBSS, 24020; Gibco®, Life Technologies Corp.) at
37°C for 10 min. NSCs were then washed twice with Ca**- and
Mg2+-free PBS (Gibco®, Life Technologies Corp.), collected
with accutase and resuspended in DPBS with 2% FBS. Emission
of red fluorescence was analyzed in live cells by cytometric analy-
sis using Guava EasyCyte SHT® (Merck Millipore Corporation).
Data were statistically evaluated using GuavaSoft® software

(Merck Millipore Corp.).

Immunoblotting
Levels of cytochrome ¢, p53, p21, p27 and Sox2 were deter-
mined by Western blot analysis of total, mitochondrial and
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cytosolic protein extracts, obtained as previously described."
Briefly, 50-80 pg of protein extracts were separated on 12 or
15% sodium dodecyl sulfate-polyacrylamide electrophoresis gels
(SDS-PAGE) and then subjected to immunoblotting using pri-
mary mouse monoclonal antibodies reactive to cytochrome ¢
(556433; BD Biosciences PharMingen), p53 (2524; Cell Signal-
ing Technology®, Inc.), p27 (sc-1641; Santa Cruz Biotechnol-
ogy, Inc.) and Sox2 (MAB2018; R&D Systems® Inc.); primary
rabbit polyclonal antibodies reactive to p21 (sc-397-G; Santa
Cruz Biotechnology, Inc.). Blots were subsequently incubated
with secondary antibodies conjugated with anti-mouse and anti-
rabbit IgG conjugated with horseradish peroxidase (Bio-Rad Lab-
oratories) and anti-goat IgG-HRP (sc-2020; Santa Cruz Biotech-
nology, Inc.) for 2 h at room temperature. Finally, membranes
were processed for protein detection using Immobilon (Merck
Millipore Corp.). VDAC (4866; Cell Signaling Technology®,
Inc.), GAPDH (sc-32233; Santa Cruz Biotechnology, Inc.),
B-actin (A5441; Sigma-Aldrich Corp.) and Lamin B1 (ab16048;
Abcam®) antibodies were used as loading controls and/or to
monitor the purity of mitochondrial and cytosolic fractionation.

Quantification of mtDNA copy number

Total cellular DNA was isolated using the QiaAmp DNA
Mini Kit (51304; Qiagen), following manufacturer’s protocols.
Subsequently, quantitative real-time PCR was run in the ABI
7300 (Applied Biosystems®, Life Technologies Corp.) sequence
detection system. The relative mtDNA copy number was calcu-
lated based on the standard curve and the ratio of the amount of
mtDNA vs. 18S for each sample, as previously described.'>”?
The values were first expressed as percentage of total input and
converted to fold-change over control.

ATP measurements

For ATP production detection, cells were plated, treated and
then collected for processing according to the manufacturer’s
instruction of the Mitochondrial ToxGlo™ assay Kit (G8001;
Promega Company). ATP levels are measured by adding the
ATP Detection Reagent, resulting in cell lysis and generation of a
luminescent signal proportional to the amount of ATP present.
Emission of luminescence was detected using the GloMax® 96
Microplate Luminometer (Promega Co.). Data were statistically
evaluated using the Instinct® Software (Promega Co.).

Proliferation index

Proliferation levels were determined by BrdU incorporation
analysis using the APC BrdU Flow Kit (BD Biosciences Phar-
Mingen). Of note, BrdU is a synthetic nucleoside thymidine ana-
log that is incorporated into newly synthesized DNA during the S
phase of the cell cycle.”* Cells were plated in undifferentiation
medium at 3.25 x 10° cells/mL for 24 h, in the presence or
absence (control) of TUDCA. BrdU was added to the culture
medium 21 h after cell treatments, and cells were re-incubated
for additional 3 h. The emission of red fluorescence was later
analyzed by FACS using LSR Fortessa' ™ (Becton, Dickinson
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and Co.). Data were statistically evaluated using Flow]Jo software
(Tree Star, Inc.).

The percentage of cells in G1, S and G2-M phases of the cell
cycle was also evaluated by FACS. First, cells were synchronized
by double-thymidine block. Ten hours after plating, 2 mM thy-
midine (Sigma-Aldrich Corp.) was added to the culture media for
additional 14 h. Cells were then released from the first thymidine
block by removing culture media, washing 3 times with PBS, and
adding fresh undifferentiation medium, without thymidine. Ten
hours later, cells were submitted to a second thymidine block.
TUDCA was added to the medium, with no thymidine, at the
end of the second block. Cells were grown for additional 24 h,
prior to cell collection with accutase. Subsequently, cells were
washed with PBS, fixed in 80% ethanol at 4°C overnight, and
then stained with 5 pg/mL propidium iodide (PI) (Sigma-
Aldrich Corp.) for DNA contents. Data were statistically evalu-
ated using ModFit software (Verity Software House Inc.).

Finally, the number of cells was evaluated by cell counting,
using the counting chamber of a hemacytometer. After 24 h in
differentiation medium, in the presence or absence (control) of
TUDCA, cells were collected with accutase and washed with
PBS. Cell suspension was diluted 1:500 in a solution of 0.4%
Trypan Blue (T8154; Sigma-Aldrich Corp.) and then gently
applied between the coverslip and the chamber, for counting.

Evaluation of self-renewal: Sox2 cell pair assay

NSCs were plated in uncoated tissue culture plastic 12-well
plates, at a density of 6400 cells/cm®. After seeding, NSCs cells
were grown in low EGF/bFGF containing medium supplemented
or not (control) with 100 wM TUDCA for 24 h. Cells were then
fixed in paraformaldehyde (4%, w/v) in PBS for 30 min at 4°C
and then processed for immunocytochemistry against Sox2. In fact,
the expression of Sox2, a transcription factor essential for maintain-
ing self-renewal and pluripontency, tends to disappear in dividing
cells that start to differentiate.”>”® The number of progenitor pairs
undergoing proliferative or differentiative cell divisions was deter-
mined by counting 60 pairs of cells, in control conditions or with
TUDCA, for at least 3 different experiments.77’78

Immunocytochemistry

For visualization of paired symmetrical and asymmetrical divi-
sions in NSCs, fixed cells were incubated with primary mouse
monoclonal antibody reactive to Sox2 (MAB2018; R&D Systems®
Inc.) at a dilution of 1:100, overnight at 4°C. After 2 washes, sec-
ondary DyLight 488 conjugated anti-mouse antibody (35502;
Thermo Fisher Scientific Inc.) diluted 1:100 was added to cells for
2 h at room temperature. For evaluation of NSC differentiation,
fixed cells were incubated with primary mouse monoclonal antibod-
ies reactive to PBIII-tubulin (MMS-435P, TUJ1; Covance) and
GFAP (MAB360; Merck Millipore Corp.), at a dilution of 1:500
and 1:200, respectively, overnight at 4°C. This was followed by 2 h
incubation with secondary anti-mouse Alexa Fluor® 568 (A-10037;
Invitrogen' ™, Life Technologies Corp.) diluted 1:200. Mouse NSC
nuclei were stained with Hoechst 33258 (861405; Sigma-Aldrich
Corp.) at 50 pg/ml in PBS, for 3 min at room temperature. Sam-
ples were mounted using Mowiol (81381; Sigma-Aldrich Corp.).
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The resulting fluorescent signals were imaged using fluorescence
microscopy assessments performed with a Zeiss AX10 microscope
(Carl Zeiss, Corp.), equipped with a 40x plan-apochromat objec-
tive and a Leica DFC490 camera (Leica Microsystems). Images
were processed using Image].

Evaluation of cell death and viability

Viability of NSCs was assessed by staining NSCs with the
Annexin-V-APC apoptosis detection kit (88—8007; eBioscience,
Inc.), according to manufacturer’s instructions. This kit allows
the determination of phosphatidylserine exposure as well as the
inclusion of the viability dye propidium iodide (PI). Samples
were then analyzed by FACS using LSR Fortessa'™ (Becton
Dickinson). Data were statistically evaluated using Flow]Jo soft-
ware (Tree Star, Inc.).

Analyses of NSC differentiation

For detection of Sox2, BIII-tubulin and GFAP expression lev-
els, cells were collected and processed as previously described.'
Subsequently, cells were washed and incubated for 30 min with
mouse primary antibodies reactive to Sox2 (MAB2018; R&D
Systems® Inc.), BIll-tubulin (MMS-435P, TUJ1; Covance) and
GFAP (MAB360; Merck Millipore Corp.) at a dilution of 1:100,
1:500 and 1:100, respectively. Cells were then washed twice and
incubated with appropriate secondary anti-mouse antibodies con-
jugated to DyLight 488 (35502; Thermo Fisher Scientific Inc.) at
a dilution of 1:100, for 30 min. Finally, cells were analyzed by
FACS using LSR Fortessa'™ (Becton Dickinson). Data were sta-
tistically evaluated using FlowJo software (Tree Star, Inc.).

Densitometry and statistical analysis
The relative intensities of protein bands were analyzed using
the Quantity One Version 4.6.3 densitometric analysis program

(Bio-Rad Laboratories). Results from different groups were com-
pared using the Student’s t test, 2-way ANOVA or one-way
ANOVA followed by Bonferroni’s or Dunnett’s multiple com-
parison tests. Values of P < 0.05 were considered statistically sig-
nificant. All statistical analysis was performed with GraphPad
Prism 5 software (GraphPad Software, Inc.).
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