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ABSTRACT During development, neurons can be generated directly from a multipotent pro-
genitor or indirectly through an intermediate progenitor (IP). This last mode of division ampli-
fies the progeny of neurons. The mechanisms governing the generation and behavior of IPs
are not well understood. In this work, we demonstrate that the lengthening of the cell cycle
enhances the generation of neurons in a human neural progenitor cell system in vitro and also
the generation and expansion of IPs. These IPs are insulinoma-associated 1 (Insm1)*/BTG fam-
ily member 2 (Btg2)-, which suggests an increase in a self-amplifying IP population. Later the
cultures express neurogenin 2 (Ngn2) and become neurogenic. The signaling responsible for
this cell cycle modulation is investigated. It is found that the release of calcium from the en-
doplasmic reticulum to the cytosol in response to B cell ymphoma-extra large overexpression
or ATP addition lengths the cell cycle and increases the number of IPs and, in turn, the final
neuron outcome. Moreover, data suggest that the p53-p21 pathway is responsible for the
changes in cell cycle. In agreement with this, increased p53 levels are necessary for a calcium-
induced increase in neurons. Our findings contribute to understand how calcium signaling can
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modulate cell cycle length during neurogenesis.

INTRODUCTION

Understanding neuron generation from their precursors is of inter-
est from a developmental point of view and also for improving
drug screening, diagnostic, and therapeutic strategies. The whole
CNS starts developing from just a layer of neural progenitor/stem
cells (NPCs) that expand through rounds of symmetric prolifera-
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tive divisions. Later they start to differentiate into the diverse cell
types of the CNS (Gotz and Huttner, 2005). The first progeny to
appear is the neuron population (Qian et al., 2000). NPCs achieve
neurogenesis by changing their symmetric, self-renewing division
into 1) self-consuming neurogenic division, producing two neu-
rons, or 2) asymmetric division, in which one cell remains an NPC
while its sister becomes either a neuron, or 3) a mitotic intermedi-
ate progenitor (IP). Understanding the decision taken by an NPC
between differentiating directly into a neuron or through an IP is
of relevance because the amplification of neuronal precursors
leads to an increase in the final neural outcome and defines the
final size and structure of the CNS (Miyata et al., 2004; Huttner
and Kosodo, 2005; Farkas and Huttner, 2008; Noctor et al., 2008;
Zhong and Chia, 2008). Indeed, mutations in genes regulating the
division modes of NPCs during development produce severe
brain malformations (Bond and Woods, 2006; Fish et al., 2008).
Moreover, knowledge of the mechanisms guiding the generation
of IPs is a key to explaining the differences between the cortex
size in gyrencephalic and lissencephalic brains in terms of evolu-
tion (Kriegstein et al., 2006). In the present study, we investigated
the mechanisms involved in the generation of IPs as governed by
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the balance between proliferation and differentiation in human
NPCs (hNPCs).

Many cues—external and internal—regulate the balance be-
tween proliferation and differentiation. One is the rate of progres-
sion through the cell cycle (Dehay and Kennedy, 2007; Doe, 2008).
Correlation has been established between the length of cell cycle
and the differentiation potential of progenitors (Salomoni and
Calegari, 2010). Experiments on forced lengthening of the cell cycle
in rodents promoted an increase in neurons, demonstrating the
causal relationship between cell cycle length and neurogenesis
(Calegari and Huttner, 2003). On the other hand, recent work de-
scribed how the IPs have a longer cell cycle than noncommitted pro-
genitors in the mouse cerebral cortex, probably due to its more dif-
ferentiated state. However, it is an open issue whether lengthening
the cell cycle promotes the IP fate from NPCs (Arai et al., 2011.).

During recent years, cell cycle inhibitors have been shown to
play key roles in regulating proliferation versus differentiation choice
during neurogenesis, and many external cues have been reported
to modulate them (Ohnuma et al., 2001; Besson et al., 2008; Joseph
and Hermanson, 2010). However, work based on clonal neural pro-
genitor cultures concluded that neurogenic timing is also defined by
cell-intrinsic determinants (Qian et al., 2000; Shen et al., 2006). The
precise nature and mechanism of action of these intrinsic determi-
nants are not understood.

Another regulator of final brain size, tightly linked to the cell cy-
cle, is programmed cell death, acting not merely as a clearing pro-
cess of unwanted cells, but also as a necessary event during devel-
opment (Garrido and Kroemer, 2004). In this way, animals lacking
some of the proapoptotic members, such as Bak or Bax, show brain
overgrowth (Lindsten et al., 2003). To add more complexity, an in-
creasing number of studies have showed that cell death of key pro-
teins, such as caspase-3, also play a role in developmental process
per se, not directly related to cell death (Kuranaga and Miura, 2007;
Kuranaga, 2011). Key proteins important for the decision of cell sur-
vival versus death are the members of the Bcl-2 family, with proapop-
totic members such as Bax and Bak, or BH3-only proteins and anti-
apoptotic members like Bcl-2, B cell ymphoma-extra large (Bcl-XL),
and Mcl-1 (Youle and Strasser, 2008). In recent years, we and others
have demonstrated that Bcl-XL has a significant effect on the differ-
entiation of murine and human NPCs in vitro and in vivo, promoting
the generation of more neurons—specifically those with a dopamin-
ergic phenotype (Liste et al., 2004, 2007; Shim et al., 2004; Chang
et al., 2007).

Our previous work demonstrated that Bcl-XL increases the
amount of neurons generated from human NPCs, using the hNS1
cell differentiation system as a model of in vitro and in vivo neuro-
genesis. This increase was not due to counteracting cell death but
to enhancing the neuronal progenitor population (Liste et al., 2007;
Courtois et al., 2010). On the basis of this finding, in the present
work we further study the cellular and molecular mechanisms by
which Bcl-XL promotes neurogenesis as a model to determine novel
mechanisms that govern the generation and expansion of IPs.

RESULTS

Lengthening the cell cycle increases the number of IPs

We previously showed that an increased level of Bcl-XL protein dur-
ing the differentiation of hNS1 cells enhances neuronal progenitor
proliferation (Liste et al., 2007). Thus, before studying in depth this
model of neuronal progenitor generation, we asked about the mo-
lecular identity of the enlarged progenitor population, according to
different transcription factors expressed in different cell populations
during development (Guillemot, 2007). To this end, we compared a
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FIGURE 1: Increased Bcl-XL enlarges the neuronal committed
progenitor population. mRNA levels of key developmental
transcription factors present in neural progenitor (A) Sox2 and (B)
Pax6, neuronal lineage (C) Ngn2 and (D) NeuroD1, and intermediate
progenitors (E) Btg2 and (F) Inms1 were measured on the indicated
days by quantitative real-time PCR, relative to the mRNA levels
present in hNS1 cells. GAPDH expression was used as a total
normalizing mRNA. Dashed line indicates equal levels of expression
between Bcl-XL and hNS1 cells. Data are means + SEM (n = 4), and
asterisk indicates a significant difference (p < 0.05) from the value 1
(equal expression in both cell types) by interval of confidence analysis.

Div D1 D2

stable subclone with forced expression of Bcl-XL to the parental
hNS1 control cells. First, we observed that mRNA levels of transcrip-
tion factors present in uncommitted progenitors—(sex determining
region Y)-box 2 (Sox2) and paired box 6 (Paxé6)—were reduced in
Bcl-XL cells during day 2 of differentiation (Figure 1, A and B). Sec-
ond, the bHLH neurogenin 2 (Ngn2) transcription factor, which in-
duces neuronal choice from progenitors, was transiently increased
on day 3 of differentiation in Bcl-XL cells in comparison to control
hNS1 cells (Figure 1C). Third, NeuroD1, a bHLH transcription factor
involved in terminal neuronal differentiation, was increased at later
days of differentiation in Bcl-XL cells (Figure 1D). Finally, the marker
for neurogenic progenitor BTG family member 2 (Btg2; human ho-
mologue of mouse Tis21) was reduced during day 2 (Figure 1E), but
insulinoma-associated 1 (Insm7), a marker for proliferative IP, was
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Lengthening the cell cycle promotes an increase of neuronal progenitor
population in differentiating hNS1 cells. EAU 10 pM was administrated to Bcl-XL and control
hNS1 cells at 24 h after growth factor withdrawal (D1) or in the presence of growth factors
(Div; time 0), and cultures were fixed at different times. (A) Representative pictures of EdU
detection (red) combined with immunostaining for Kié7 (green) and counterstained with
Hoechst (blue) on day 1. Scale bar, 25 pm. (B, C) Graphs show the EdU labeling index (EdU*
cells in the Ki67* pool). Data represents means = SEM (n = 4), and lines show the best fits
(r?=0.980897 and 0.9173 for control hNS1 [solid line] and Bcl-XL cells [dashed line],
respectively, on D1 and r? = 0.9916 and 0.9191, respectively, on Div). (D, E) Summary of the
obtained data. The cell cycle length (Tcycle) is the sum of the duration of the S phase (Ts) plus
the duration of G1 + G2 + M phases (T) per experiment. Data are means = SEM (n = 4), and
the asterisk indicates a significant difference between cell types (p < 0.01, Student’s t test).
There is a statistically significant increase of the S-phase and total cell cycle length in Bcl-XL
cells when compared with control hNS1 cells on day 1 of differentiation. (F) Oloumicine
(15 pM) and its inert form iso-oloumicine (15 pM) were applied to hNS1 cells at day 1 of
differentiation for 24 h, and cells were fixed on day 8 of differentiation and stained for Tuj1
(red) and Hoechst (blue). Scale bar, 25 um. (H) Oloumicine (15 uM) and iso-oloumicine (15 pM)
were added to hNS1 cultures on day 1 for 24 h; on day 2, BrdU (1 pM) was added for another
24 h, then cells were let to differentiate until day 8 and stained for Tuj1 cells (red) and BrdU
(green). Scale bar, 25 pm. (G, 1) There was a higher number of Tuj1* cells and double
BrdU*-Tuj1* cells on day 8 of differentiation only in oloumicine-treated cultures. Data are
means + SEM (n = 4), and the asterisk indicates a significant difference versus the other
groups (p < 0.05, one-way analysis of variance (ANOVA), followed by a Fisher test).
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increased in Bcl-XL cells (Figure 1F). All of these
data are consistent with an increase in the num-
ber of proliferative IPs (Insm1*, Btg2") on day 2
at the expense of uncommitted progenitors
(Pax6*, Sox2*). Then these IPs become neuro-
genic (Ngn2*) on day 3, and later they render
terminally differentiated neurons (NeuroD1*).

Bcl-XL has been involved in the control of
cell cycle (Janumyan et al., 2008), and cell cycle
duration is central in the decision of differentia-
tion versus proliferation (Arai et al. 2011). Thus
we asked whether the increase in IPs and neu-
rogenesis observed in this model correlates
with an increase in the length of cell cycle. To
this end, we measured the cell cycle length in a
Bcl-XL gain-of-function situation. According to
the foregoing data and with the conditions of
the mathematical model used (see Materials
and Methods), the experiment was run on day
1 of differentiation, when fate decisions are be-
ing taken in a homogeneous, dividing, Ki67*
marker population (Figure 2A). As Figure 2, B
and D, illustrates, Bcl-XL cells had longer cell
cycle than did hNS1 control cells on day 1 of
differentiation. In addition, Bcl-XL cultures pre-
sented an increase in S-phase length. Because
this set of experiments was run with a stable,
overexpressing Bcl-XL clone, we also analyzed
the length of the cell cycle under proliferation
conditions to test whether cell cycle lengthen-
ing by Bcl-XL occurs only during differentiation
(Figure 2C, DIV conditions; Villa et al., 2000).
Under these conditions, Bcl-XL did not induce
a lengthening of cell cycle or of the S phase
(Figure 2E).

It also was shown that lengthening of the cell
cycle can increase the number of neurons
in mouse in vitro and in vivo (Salomoni and
Calegari, 2010). We then asked whether the
same phenomenon also applied to a human
model system such as the one used here. To this
aim, we applied oloumicine on day 1 of differ-
entiation for 24 h; this is a cdk inhibitor that at
low concentration slows the progression through
G1 phase (Calegari and Huttner, 2003). Then we
allowed the cells to differentiate and quantified
the number of neurons. By doing this, we could
observe that the oloumicine-induced lengthen-
ing of the cell cycle on day 1 produces an in-
crease in the number of Tuj1* cells after 8 d of
differentiation (Figure 2, F and G). In addition,
we repeated the experiment in Bcl-XL cells and
observed no increment in the number of neu-
rons after olocumicine treatment (Supplemental
Figure S1). We next asked whether the length-
ening of the cell cycle causally contributes to an
increase of IP population. To this end, we added
oloumicine as previously described and moni-
tored the progenitors by pulsing hNS1 cells with
5-bromo-2’-deoxyuridine (BrdU) on day 2 of the
differentiation for 24 h. Then cells were allowed
to differentiate until day 8, and the number of
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double Tuj1*/BrdU* cells was quantified relative to the total number
of neurons (Figure 2H). The cultures grown in the presence of
oloumicine for 24 h had a higher number of double-stained neurons,
indicating a larger progenitor population on days 2-3 of differentia-
tion (Figure 2l).

Taking these data together, we conclude that elevated levels of
Bcl-XL lead to an increased IP population, identified by Insm1 and
Ngn2, and this effect is achieved by cell cycle lengthening.

Bcl-XL enhances neurogenesis by modulating

the p53-p21 pathway

The next aim was to determine which cell cycle regulator is respon-
sible for the lengthening of the cell cycle when Bcl-XL levels are in-
creased. We focused on the Kip/Cip1 family—p57, p27 and p21—
which are known to play key roles in cell cycle regulation during CNS
development (Joseph and Hermanson, 2010). First, we analyzed
their nuclear protein levels during the first days of differentiation,
especially on day 1. We observed that low expression of p57 did not
change during these days; p27 increased and p21 decreased as dif-
ferentiation progressed (Figure 3A). There were no differences in
p57 levels between Bcl-XL and control hNS1 cells. On the other
hand, Bcl-XL cells had lower p27 levels than control cells (Figure 3,
A and B). We then focused on p27 and quantified its expression at
longer time points. We observed that Bcl-XL cells contained lower
amounts of p27 during days 3 and 4, but its expression became
similar to that of control cells afterward (Figure 3, B and C). Because
the cell cycle inhibitor p21 was increased in Bcl-XL cells during day
1 of differentiation (Figure 3A), we studied the expression of a known
regulator of p21 activity, p53 (Boulaire et al., 2000). We observed
that Bcl-XL cells had higher levels of p53 protein than did control
hNS1 cells during the initial days of differentiation (Figure 3, D and
E). In addition, 30.11 £ 2.2% of the total Bcl-XL cells were p53* as
compared with 18.78 + 1.72% p53* cells in control hNS1 cells on
day 1 of differentiation (Figure 4A). Moreover, the intensity for p53
immunoreactivity in Bcl-XL—overexpressing cells was higher than in
control cells (Figure 4, A and B).

To determine that the results observed were specific to Bcl-XL
and not just the result of a long-term exposure of the cultures to an
antiapoptotic protein, first we demonstrated that a transient expres-
sion of Bcl-XL in hNS1 cells on day 1 (scheme in Figure 4C) produces
a threefold increase in the levels of p53 (Figure 4D) and second we
down-regulated the transgene Bcl-XL with specific small hairpin
RNA (shRNA; Supplemental Figure S2A). This induced a recovery of
hNS1 phenotype in terms of the number of p53* cells (Supplemen-
tal Figure S2, B and C) and Tuj1* cells (Supplemental Figure S2, D
and E). As a result, we propose that the increase in neurons ob-
served after the forced expression of Bcl-XL is due to an increase of
p53 protein. To verify this hypothesis, we infected Bcl-XL cells with
lentiviral vectors coding for interfering shRNA to decrease p53 lev-
els and also with control vectors (infection efficiency was ~95% for all
vectors; Supplemental Figure S3). After 8 d of differentiation, the
cultures infected with shRNAs 14 and 55 contained ~12% fewer
neurons than the cultures infected with an empty vector (turbo
green fluorescent protein [tGFP]; Figure 4, E and F). Therefore we
demonstrated that the increase in the number of neurons occurring
after the forced expression of Bcl-XL is mediated by an increased
level of p53 during the first days of differentiation.

Increased cytosolic calcium lengthens cell cycle
and promotes IP generation and neurogenesis
Next we asked how Bcl-XL increases the levels of p53. Our first
approach was to check whether both proteins could colocalize by
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FIGURE 3: The p53-p21 pathway is enhanced by Bcl-XL expression.
(A) Western blot of nuclear lysates isolated from Bcl-XL and control
hNS1 cells on the first days of differentiation. The blotted membranes
were probed against antibodies for Cip/Kip1 family members;

p21 was the only member that was increased in Bcl-XL when
compared with control hNS1 cells. (B) Total cell lysates were collected
from Bcl-XL and hNS1 cells on the indicated days and then blotted
and probed against p27. (C) Densitometry of p27 data normalized to
B-actin plotted as the ratio between Bcl-XL and control hNS1 cells for
every analyzed day. Dashed line shows equal p27 level (ratio, 1).
Lower p27 ratios in Bcl-XL than hNS1 cells on days 3 and 4 indicate a
higher progenitor population. (D) Densitometry shows that p53
protein is augmented during the first days of differentiation. Data are
means £ SEM (n = 5). The asterisk indicates significant difference

(p < 0.05) from a value of 1 (equal values) by interval of confidence
analysis. (E) Representative image of a Western blot in which total cell
lysates were blotted and analyzed for p53.

determining their compartmentalization, since an interaction be-
tween them was reported (Hagn et al., 2010). As Figure 4G shows,
an interaction between them is unlikely because the pattern of Bcl-
XL expression resembles mitochondrial staining, whereas p53 is
present in the nucleus. Therefore we hypothesized that there must
be a signaling pathway that works as an intermediary between Bcl-
XL and the regulation of the cell cycle by p53. To answer this, we
studied calcium signaling as a possible link, due to the importance
of calcium in cell cycle regulation and the already known effects of
Bcl-XL on Ins3P receptor (White et al., 2005; Lipskaia et al., 2009).
First we found a transient increase in cytosolic calcium levels in Bcl-
XL cells on day 1 of differentiation, which was absent in the presence
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and stained for FLAG (blue) and p53 (red). Scale bar, 10 pm. Note that FLAG and p53 staining do not overlap in the

orthogonal projection.

of growth factors or on day 3 of differentiation (Figure 5, A-C). Sec-
ond, we proved that a decrease of cytosolic calcium, induced by an
efficient and nontoxic concentration of 1,2-bis(o-aminophenoxy)
ethane-N,N,N’,N'-tetraacetic acid tetra(acetoxymethyl) (BAPTA-AM,;
Supplemental Figure S4) in Bcl-XL cells on day 1 of differentiation
did reduce the neuron output on day 8 (Figure 5, D and E).
Thereafter, we addressed the question of whether a transient in-
crease in cytosolic calcium on day 1 induced by means other than
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elevated Bcl-XL expression would have the same neurogenic effect.
To this aim, we mobilized the endoplasmic reticulum (ER) calcium
stores through the Ins3P pathway by addition of ATP to hNS1 cells
on day 1 of differentiation (Figure 5, F-H). This ATP-induced calcium
release also resulted in an increase of neurons on day 8 of differen-
tiation (Figure 5, | and J); the same results were observed upon
treatment with thapsigargin (Tg) on day 1 of differentiation (Figure
5K). To confirm that the increase in Tuj1* cells after ATP treatment
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was caused by an increase of cytosolic cal-
cium, we added ATP on day 1 alone or with
BAPTA-AM,; the presence of the calcium ch-
elator precluded the increase of Tuj1* cells
(Figure 5L).

We next checked the effects of Bcl-XL
loss of function by lowering the levels of hu-
man Bcl-XLin hNS1 cells with specific shRNA
(Figure 6A). We did not observe any differ-
ences in p53* cell number (Figure 6B) or cy-
tosolic calcium levels (Figure 6C) on day 2 of
differentiation or in Tuj1* cells on day 8 of
differentiation (Figure 6D, white bars) be-
tween cultures infected with lentivirus trans-
ducing for effective human Bcl-XL shRNAs
(shRNAOO and shRNA99 conditions) and
control cultures (hNS1-mock and shRNA
control conditions). The infection efficiency
was ~95% of total cells. Next we stimulated
with ATP hNS1 cells infected with Bcl-XL
shRNA and control conditions and observed
that the ATP-evoked increase of Tuj1* cells
is blocked when Bcl-XL is at low levels
(Figure 6, D and E). In addition, ATP treat-
ment on day 1 in Bcl-XL cells does not en-
hance the number of Tuj1* cells (Supple-
mental Figure S5A). Taking all these data

Hoechst of cultures with or without BAPTA-
AM on day 8 of differentiation. Scale bar,

25 pm. Fura-2-loaded hNS1 cells were
exposed to (F) 250 uM ATP, (G) 1 mM EGTA
and immediately 250 uM ATP, or (H) 2-APB
(an inhibitor of Ins3P receptor) and
immediately 250 pM ATP. Colored lines
represent the cytosolic calcium measured by
F340/F380 ratio of representative analyzed
ROI; black line represents the average F340/
F380 of the analyzed ROI. (I) Quantification of
Tuj1* cells in hNS1 cells on day 8, previously
treated with ATP (250 uM) on day 1 for 24 h.
Data represent means = SEM (n = 4). Asterisk
indicates significant difference (p < 0.05,
Student’s t test). (J) Representative IF for
Tuj1- and Hoechst-stained cultures with
indicated treatments on day 8 of
differentiation. Scale bar, 25 pm. (K) hNS1
cells were treated with 250 uM ATP, 10 uM
BAPTA-AM, or both on day 1 of
differentiation for 10 h. Then cells were
allowed to differentiate until day 8; cells were
fixed and stained for Tuj1 and Hoescht. The
graph represents the means + SEM. Asterisk
indicates significant difference, p < 0.01,

n = 4, one-way ANOVA followed by a Fisher
post hoc test. Note that neuron increase
produced by ATP treatment is abolished in
the presence of BAPTA-AM (L) Tuj1* cell
quantification after 1 uM Tg treatment for
24 h on day 1 of differentiation, hNS1 cells
were allowed to differentiate until day 8.
Data represents the means = SEM. Asterisk
indicates significant difference, p < 0.05,

n =4, Student’s t test).
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Lowering Bcl-XL produces insensitivity to ATP-evoked
neurogenesis. (A) Western blot of cell lysates collected 48 h after
infection. shRNA control is the scrambled shRNA control.
Densitometry data are expressed as the Bcl-XL normalized by B-actin
ratio of each sample between the Bcl-XL/B-actin ratio of a pLKO.1
sample. AU, arbitrary units. (B) Bcl-XL down-regulation does not
decrease the number of neurons. hNS1 cells were infected with
indicated lentiviral particles and allowed to differentiate for 8 d.
Graph represents the percentage of Tuj1* cells. (C) Cytosolic calcium
levels were measured with Fura-2 (ratio 340/380) at day 2 of
differentiation after 24 h of viral infection. Data are means + SEM.
One-way ANOVA analysis indicates there is no significant difference
between groups. (D). hNS1 cells were infected with indicated shRNA
lentiviral particles. After 24 h of infection, cells were treated with
250 pM ATP for 10 h and fixed on day 8 of differentiation. Data
represent means = SEM. Asterisk indicates significant differences.
NS, no significant differences (p < 0.05, two-way ANOVA followed by
a Fisher post hoc test). (E) IF of ATP-treated and control cells after
fixation and staining for Tuj1 and Hoescht. Scale bar. 25 pm.
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together, we conclude that the effect of ATP on neurons is depen-
dent on the levels of Bcl-XL.

We further analyzed whether the increase of neurons obtained by
ATP-evoked ER calcium release correlated with an increase of cell
cycle length. To evaluate this, ATP was added on day 0-1 of differen-
tiation, and the cell cycle length of Ki67+ cells was measured after
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12 h (Figure 7A). As Figure 7B shows, hNS1 cells treated with ATP
have a longer cell cycle than do control cells. Moreover, S phase was
also longer in ATP-treated cultures, so we propose that ATP was also
enlarging the IP population. To test this, we quantified double Tuj1*/
BrdU* cells relative to the total number of neurons after 8 d of dif-
ferentiation in cultures exposed to ATP for 24 h on day 1 and BrdU
for another 24 h on day 2. In comparison to control cultures, ATP-
exposed cultures present 20% more double-stained Tuj1*/BrdU*
neurons (Figure 7, C and D). Taking all these data together, we see
that ATP and Bcl-XL, through the Ins3P pathway, mobilize calcium
from ER stores and raise the cytosolic calcium levels in hNS1 cells;
this causes a lengthening of the cell cycle and, in turn, an enlarged
number of IPs and, as a result, of the number of generated neurons.

Increased cytosolic calcium promotes neurogenesis through
the p53-p21 pathway
Next we studied whether the neurogenic effect and control of cell
cycle of ATP-evoked ER calcium release was related to p53 modula-
tion, as previously determined for Bcl-XL cells. First, we observed
that p53 protein levels started to increase as soon as 8 h after ATP
addition (Figure 8A). In addition, p21 protein levels peaked after
12 h of ATP exposure. The ATP effect on p53 protein level was
blocked by the simultaneous incubation with BAPTA-AM (Figure 8,
B-D). Next we asked whether the enlarged neuron population ob-
tained by ATP-evoked ER calcium release was due to an increase of
p53. With this aim, we performed an experiment to interfere with
P53 mRNA. hNS1 cells were infected with lentivirus transducing for
P53 shRNA, and the cells were then stimulated with ATP for 24 h on
day 1 of differentiation and allowed to differentiate until day 8. By
doing this, we observed an increase of ~5% in the neuron outcome
in all of the control situations. However, after knockdown of p53
(shRNA 14 condition), ATP-evoked calcium release was not able to
enhance neurogenesis (Figure 8, E and F).

Consistently, all these results demonstrate that the increase in
cytosolic calcium regulates p53 levels and that the increased p53
levels are determinant for the enlarged neuron outcome.

Bcl-XL and ATP effect on IP and neuron generation
of hNPCs
Finally, to rule out any immortalization-related events, we asked
whether the observed effects on forced Bcl-XL expression and ATP
treatment also apply when tested in a nonimmortalized hNPC in
vitro system. To this end, we first transfected hNPCs (neurosphere
cultures) with Bcl-XL or GFP control vectors and then quantified the
number of Tuj1*/GFP* cells after 8 d of transfection (Figure 9, A and
B). Second, the same transfection experiment was repeated, and
then the cells were let to differentiate for 24 h and GFP* cells were
sorted (Figure 9C); p53 was increased in cells transfected with Bcl-
XL in comparison to control cells (Figure 9D). We conclude that el-
evated levels of Bcl-XL increase the number of neurons and the level
of p53 protein in hNPCs. Afterward, we added ATP on day 1 of dif-
ferentiation to hNPCs. We observed that the number of p53* cells
was increased ~15% in the presence of ATP (Figure 9, E and F) on
day 2 of differentiation, as well as the number of double Tuj1*/BrdU*
neurons (Figure 9, G and H) and the number of Tuj1* cells (Figure 9,
| and J) on day 8 of differentiation.

In conclusion, the results gathered with hNS1 cell line can be ex-
tended to a nonimmortalized, primary cell culture model of hNPCs.

DISCUSSION
In the present study we demonstrated that neurons and IPs gen-
eration from hNPC differentiation is modulated by cell cycle
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Released calcium lengthens the cell cycle and increases the number of IPs. (A) ATP 250 pM was added to the
culture at 12 h after factor withdrawal, and 12 h later 10 uM EdU was administrated to hNS1 cells on the first day of
differentiation (D1) and cultures were fixed at indicated times. Graphs show the EdU labeling index (EdU* cells in the
Ki67* pool). Data are means + SEM (n = 4), and lines show the best fits (r? = 0.9665 and 0.9412 for control hNS1 [solid
line] and ATP-treated cells [dashed line], respectively, on D1). (B) Summary of the obtained data. Data are means + SEM
(n = 4) and asterisk indicates a significant difference between treatments (p < 0.01, Student’s t test). (C) ATP 250 yM was
added to hNS1 cultures on day 1 of differentiation for 24 h; on day 2, BrdU (1 pM) was added for another 24 h, and then
cells were let to differentiate until day 8, fixed, and stained for Tuj1 (red) and BrdU (yellow). Scale bar, 25 pm.

(D) Quantification of the Tuj1* cells double stained for BrdU on day 8 of differentiation. Data represent means + SEM
(n = 3), and asterisk indicates significant difference (p < 0.05, Student’s t test). There was a higher number Tuj1* cells
double for BrdU*-Tuj1* on day 8 of differentiation after 24 h exposure of ATP on day 1 of differentiation.

length. In addition, the duration of the cell cycle is altered by
calcium signaling from the ER through the control of p53 levels.
Moreover, we contributed to an understanding of how the cell
death-related protein Bcl-XL is able to modify the neuron out-
come from hNPC differentiation by modulating the ER-released
calcium.

The length of the cell cycle controls IP fate

Knowledge of how Bcl-XL increases the number of progenitors
and neurons was used to understand how these two populations
are generated. We determined the cell cycle length guided by
the known role of Bcl-XL in the cell cycle (Zinkel et al., 2006) and
the importance of cell cycle duration in the balance between
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Cytosolic calcium raised by ATP increases neuron population through p53. (A) Western blot of total cell

lysates from hNS1 after ATP (250 pM) addition during the indicated times.

p53 starts to increase at 6-8 h after ATP

exposure, and p21 peaks at 12 h after ATP exposure. (B) Western blot of total cell lysates from hNS1 cells 8 h after ATP,
BAPTA-AM (10 pM), or combined ATP and BAPTA-AM (100 pM). p53 is increased after 8 h only after ATP (250 pM)
exposure but not when BAPTA-AM is present. (C) Quantification of p53+ hNS1 cells treated with 250 uM ATP after 24 h
of factor withdrawal during 8 h. Data are means + SEM (n = 4), and asterisk indicates significant difference (p < 0.05,
Student’s t test). (D) Representative p53 immunostaining image of hNS1 control and ATP-treated cells. Scale bar, 10 pm.
(E) hNS1 cells were infected with lentiviral vectors transducing the indicated shRNAs against p53 or with control
vectors. After 24 h of infection, cells were stimulated with ATP for 24 h, and then cells were allowed to differentiate.
Cultures were fixed on day 8 of differentiation and stained, and Tuj1* cells were quantified. Data represent means +
SEM (n = 4), and asterisk indicates significant difference (p < 0.05, Student'’s t test). (F) Representative images taken
from hNS1 cells; Tuj1 (red), Hoechst (blue), and GFP* (green). Scale bar, 25 pm.
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proliferation and differentiation (Salomoni
and Calegari, 2010). In this way, we ob-
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levels, intermediate progenitors, and neurons in nonimmortalized hNPCs. (A) hNPCs were and ATP-treated hNPCs. (I) Quantification of
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how cell cycle progression controls the transcriptional activity of
Ngn2 (Ali et al., 2011). Now we provide data establishing that the
control of cell cycle length is conserved in human NPCs (Figure 2G),
and we also demonstrate that changes in cell cycle length influence
the decision of an uncommitted NPC to become an IP (Figures 2H
and 7D).

Calcium signaling from the ER controls cell cycle length, IPs,
and neuron generation

The role of calcium in proliferation as a synchronizing signal for cell
cycle is well established in Xenopus embryos (Swanson et al., 1997).
In CNS development, calcium was proposed as one of the internal
cues that control neurogenic timing linked with the cell cycle (Lenos
and Tsaniklidou, 2011). Moreover, calcium oscillations have been
reported in P19 cells, neurospheres, and the ventricular zone (VZ) of
embryonic mice (Scemes et al., 2003; Weissman et al., 2004,
Resende et al., 2010). In mouse cortical slices, calcium oscillations
are induced by ATP, which triggers the Ins3P receptor-dependent
calcium mobilization, leading to the generation of a calcium wave
throughout the VZ. The number of cells responding to the signal
and the intensity and propagation of the wave increase during the
neurogenic period. The result of this calcium wave is a higher pro-
genitor proliferation (Weissman et al., 2004).

Bcl-XL modulates the sensitivity of the inositol trisphosphate
(inositol 1,4,5-trisphosphate; InsP3) receptor by direct binding, caus-
ing a higher activity under subsaturating concentrations of the re-
ceptor agonists. In addition, Bcl-XL enhances the spontaneous cal-
cium release by Ins3P (White et al., 2005; Li et al., 2007). This Bcl-XL
relationship with calcium led us to believe that Bcl-XL could modu-
late IP proliferation and, as a consequence, final neuronal output, by
modulation of cytosolic calcium (Figure 5). In agreement with this
model, we first determined that Bcl-XL cells had higher cytosolic
calcium levels than control cells on day 1 (Figure 5B). Second, the
addition of calcium chelators blocked the effect of Bcl-XL on neuro-
genesis (Figure 5, D and E). Third, the manipulation of Bcl-XL levels
tunes the neurogenic ATP-evoked response (Figure 6, D and E, and
Supplemental Figure S5). Other proteins of the Bcl-2 family—Bax
and Bak—have been reported to alter T cell progenitor proliferation
by modulating ER calcium signaling, supporting the view that Bcl-2
proteins could regulate proliferation under physiological conditions
by means of their ability to control calcium dynamics (Jones et al.,
2007; Lamb and Hardwick, 2010).

Several studies showed that an increase in cytosolic calcium
in response to different stimuli, such as ATP, acetylcholine,
y-aminobutyric acid, or glutamate, produces an increase of prolifer-
ation and, in some models, an increase in differentiation (Haydar
et al., 2000; Ryu et al., 2003; Resende et al., 2008a, 2008b). We in-
tended to extend our findings of calcium-mediated control of the
cell cycle length and thus of IP and neuron generation. We demon-
strated that the effect observed with manipulation of Bcl-XL could
be also induced by Tg-promoted calcium release (Figure 5K) and by
ATP-evoked calcium mobilization through the Ins3P pathway
(Figures 5,1, J, and L; 7, A-C; and 9, E-J). Hence, the presented data
contribute to an understanding of how calcium mobilization, evoked
by different means, is able to modulate cell cycle length, IP prolif-
eration, and neuron generation.

Calcium mobilization controls neurogenesis through

p53 levels

Among the cell cycle regulators, p21 was the only member whose
expression was increased in the presence of elevated Bcl-XL on
day 1 (Figure 3A). The tumor suppressor p53, a transcriptional regu-
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lator of p21, was increased in Bcl-XL cells (Figures 3, D and E; 4, A
and B; and 9D). Furthermore, we demonstrated that decreased p53
levels prevent the neurogenic effect of Bcl-XL and ATP on hNPC
differentiation (Figures 4, E and F, and 8E). Several studies demon-
strated that p53 is involved in other events during neural develop-
ment and not just in the cell death/survival decision (Tedeschi and Di
Giovanni, 2009). For instance, p53 has been reported to regulate
the neuronal outcome by inhibiting Id1 expression in NPCs. This
protein is an inhibitor of bHLH transcription factors, such as Ngn2.
Thus this function of p53 may explain the increase in Ngn2 observed
on day 3 in our system (Aranha et al., 2009).

Calcium can modulate the cell cycle by several pathways
(Martins and Pearson, 2008). Indeed, some of them control p53 ex-
pression, that is, an increase in calcium transient signals enhances
the phosphorylation of cAMP-responsive element-binding protein
(CREB) by calmodulin kinase or mitogen-activated protein kinase
and promotes CREB-binding protein/p300 activity and p53 transac-
tivation. This p53 activation promotes p21 expression, which results
in growth arrest (Chrivia et al., 1993; Arias et al., 1994; Arnould
et al., 2002). However, we propose a model in which periodic cal-
cium release from the ER elevates mitochondrial matrix calcium and
regulates mitochondrial bioenergetics (White et al., 2005; Li et al.,
2007). Mitochondrial signals have been proposed as a mechanism
used to synchronize the cell cycle during morphogenesis of the eye
imaginal disk in Drosophila. In this model, the genetic modification
of a subunit of mitochondrial electron-transport complex IV pro-
duces lower amounts of ATP and triggers p53 phosphorylation by
AMP-activated protein kinase, causing the cells to arrest in G1/S
checkpoint, synchronizing the cells for their last division before dif-
ferentiating (Mandal et al., 2005; Owusu-Ansah et al., 2008). First,
we favor this pathway based on preliminary data showing that extra-
cellular signal-regulated kinase phosphorylation is altered after ATP
treatment but its inhibition does not affect p53 levels (unpublished
data). Second, Bcl-XL has a mitochondrial pattern localization, mean-
ing that it may be localized at ER-mitochondrial microdomains.
(Figure 4G). Third, Bcl-XL alters mitochondrial bioenergetics and
modulates intracellular levels of ATP (Alavian et al., 2011). Finally,
promyelocytic leukemia—another protein implicated in the commu-
nication between ER and mitochondria through the InsP3 receptor—
is involved in the proliferation versus differentiation decision in
mouse cortex development (Regad et al., 2009; Giorgi et al., 2010).

Overall, the presented data help to understand how cell cycle
length can control the mode of NPC division during neurogenesis
and how calcium, as an upstream signal, controls the cell cycle. The
decision between proliferation and differentiation is crucial during
development, and it is also important for neurodegenerative dis-
eases in which aberrant cell cycle reentry is observed or in conditions
of uncontrolled proliferation, as in cancer. Advances in the knowl-
edge of these processes may help to develop future therapies.

MATERIALS AND METHODS

Cell culture of immortalized and nonimmortalized human
neural progenitors/stem cells

In this study we used control hNS1 cells, primary human neural
progenitors, and their counterparts after the forced expression of
Bcl-XL. The hNS1 cell line is a v-myc immortalized, nontransformed,
human fetal forebrain—derived, multipotent, clonal cell line of neural
stem cells (Villa et al., 2000). hNS1 cell culture conditions are based
on a chemically defined HSC medium that consists of DMEM/
F12 (Life Technologies, Carlsbad, CA) supplemented with N2 sup-
plement (100X; Life Technologies), 6 g/l glucose (Sigma-Aldrich,
St. Louis, MO), 0.5% AlbuMAX-I (Life Technologies), 5 mM

Molecular Biology of the Cell



4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Life
Technologies), and nonessential amino acids. Proliferation condi-
tions were achieved by supplementing HSC medium with 20 ng/ml
of each recombinant human epidermal growth factor (EGF) and ba-
sic fibroblast growth factor (FGF2; R&D Systems, Minneapolis, MN),
and differentiation conditions were obtained after mitogen with-
drawal (EGF, FGF2). Cells were grown at 5% CO, and normal atmo-
spheric oxygen levels (20% O,). To perform an experiment, cells
were seeded at 25,000 cell/cm? (unless otherwise indicated) on
poly-L-lysine (10 pg/ml; Sigma-Aldrich)-coated plastic or poly-L-
lysine (25-50 pg/ml) glass coverslips with HSC medium containing
EGF and FGF2. After 24 h, growth factors were withdrawn and the
cultures were allowed to differentiate, with a change of two-thirds of
the medium every second day. The generation of Bcl-XL-over-
expressing cells (NNS1 subclone 3) was previously described (Liste
et al., 2004); these Bcl-XL cells grow and differentiate in the same
conditions as hNS1.

Primary human neural progenitors were obtained from tissue of
an aborted human fetus of 9.5 wk gestational age (Bengt Juliusson,
Lund University Hospital/Wallenberg Neuroscience Center, Lund,
Sweden). The tissue was donated for research after informed con-
sent and following European Union directives, Network of European
CNS Transplantation and Regeneration recommendations, and
Spanish laws RD 42/1988 and 14/2007. All procedures followed So-
ciety for Neuroscience recommendations and were also approved
by the Bioethics of Research Committee of the Autonomous Univer-
sity of Madrid (Spain). These primary progenitors grow as a neuro-
sphere culture in HSC medium supplemented with EGF and FGF2,
20 ng/ml, and subcultured by mechanical protocols. When used for
experimentation, cells were seeded as adherent cultures (1 x
10° cell/cm? unless otherwise indicated) on plastic or glass cover-
slips coated with 50 pg/ml poly-L-lysine and 1 pg/ml laminin in pro-
liferation conditions. After 24 h, growth factors were withdrawn and
hNPCs were differentiated for the indicated times.

In some experiments, control and Bcl-XL hNS1 cells were treated
with 10 uM oloumicine or 10 pM iso-oloumicine during 24 h to slow
the cell cycle progression. To modify cytosolic calcium, cells were
treated with 0.7 pM ethylene glycol tetraacetic acid (EGTA) and
10 pM BAPTA-AM or 250uM ATP for 24 h on day 1 of differentiation
(reduction or increase in Caj, respectively).

Vectors, transfection, and viral infection
Bcl-XL was cloned by real-time PCR, using random primers, from
human cDNA obtained from hNS1 cells with the following primers:
5-TTGGACAATGGACTGGTTGA-3" and 5’-gggagggtagagtggat-
ggt-3’. The amplified product was cloned into the pST1blue vector
by Perfectly Blunt Cloning Kit (Novagen, EMD4Biosciences,
Gibbstown, NJ) following the manufacturer’s instructions. Next Bcl-
XL was subcloned into pCAAGS-NLS-IRES-GFP expression vector
(a gift from F. Guillemot's laboratory, National Institute for Medical
Research, London, United Kingdom) by pST1blue-Bcl-XL digestion
with Mlul and Sacl enzymes. The fusion cDNA encoding FLAG-
Bcl-XL used for colocalization studies was generated from pST-
1blue-Bcl-XL vector by PCR with 5-CTGCCACCATGGACTAC-
AAAGACGATGACGACAAGATGTCTCAGAGCAACCGGG-3" and
5’-gggagggtagagtggatggt-3” pair primer. Then it was subcloned
into pPCAAGS-NLS-IRES-GFP vector by Mlul/Nhel digestion.
Validated p53 shRNA sequences were purchased cloned into
pLKO.1-cytomegalovirus (CMV)-tGFP  (Sigma-Aldrich). The se-
quences were as follows: shRNA 14, CCGGGAGGGATGTTTGGGA-
GATGTACTCGAGTACATCTCCCAAACATCCCTCTTTTT;,  shRNA
53, CCGGCGGCGCACAGAGGAAGAGAATCTCGAGATTCTCTTC-
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CTCTGTGCGCCGTTTTT, shRNA 54, CCGGTCAGACCTATG-
GAAACTACTTCTCGAGAAGTAGTTTCCATAGGTCTGATTTTT,
shRNA 55, CCGGGTCCAGATGAAGCTCCCAGAACTCGAGTTCT
GGGAGCTTCATCTGGACTTTTT,and shRNA 56, CCGGCACCATC
CACTACAACTACATCTCGAGATGTAGTTGTAGTGGATGGT-
GTTTTT.

The two controls used were pLKO.1 nontarget shRNA-puro vec-
tor (shRNA control), whose shRNA does not target any known hu-
man gene but will engage with RISC and a pLKO. 1-puro CMV-tGFP-
control vector that contains a gene encoding tGFP driven by the
CMV promoter.

Viral packaging was achieved by cotransfecting every pLKO.1-
shRNA-CMV-tGFP vector with pCMVdR and pMD2G packag-
ing vectors (Sigma-Aldrich) with Lipofectamine2000 (Invitrogen,
Carlsbad, CA) into 293T cells following the manufacturer's instruc-
tions. 293T cells used to pack lentivirus were grown in DMEM,
glutamine, and 5% fetal bovine serum at 5% CO, and normal atmo-
spheric oxygen levels (20% O,).

Viral particles were collected in HSC medium. Titers were deter-
mined on hNS1 cells, resulting in ~4 x 10° transducing units/ml for
every shRNA vector, and lentiviral particles were used to infect at a
multiple of infection (MOI) of 2 particles/cell. Infected cells were
detected by the expression of tGFP.

For human and rat Bcl-XL shRNA cloned into pLKO.1-puro
vector, lentiviral particles were purchased from Sigma-Aldrich.
They were used at MOI of 1. Infection efficiency was quantified after
48 h of exposure of infected cultures to 1 mg/ml puromycin.
The sequences were as follows: shRNA 99, CCGGGCTCACTCTTCA
GTCGGAAATCTCGAGATTTCCGACTGAAGAGTGAGCTTTTT,G;
shRNA 00, CCGGGTGGAACTCTATGGGAACAATCTCGAGATTGT
TCCCATAGAGTTCCACTTTTT,G; shRNA 01, CCGGGTTTAGTGAT-
GTGGAAGAGAACTCGAGTTCTCTTCCACATCACTAAACTTTTT,
G; shRNA 02, CCGGAGAGCTTTGAACAGGATACTTCTCGAGAAG
TATCCTGTTCAAAGCTCTTTTTT,G; shRNA 03, CCGGCGACGAGT
TTGAACTGCGGTACTCGAGTACCGCAGTTCAAACTCGTCGTTTT
T.G; shRNA 05, CCGGCGATGAGTTTGAACTGCGGTACTCGAG-
TACCGCAGTTCAAACTCATCGTTTTT, shRNA83, CCGGGTG-
GATCTCTACGGGAACAATCTCGAGATTGTTCCCGTAGAGATC-
CACTTTTT, andshRNA84, CCGGCAGGTATTGGTGAGTCGGATTC-
TCGAGAATCCGACTCACCAATACCTGTTTTT.

RNA extraction and quantitative real-time PCR

Cells were trypsinized, washed, and distributed in aliquots of two to
three million cells. RNA was extracted with High Pure RNA Isolation
kit (Roche, Indianapolis, IN) following the manufacturer’s instruc-
tions. RNA purity and concentration were measured in a NanoDrop
(Thermo Scientific, Wilmington, DE). Next 1 pg of RNA was ret-
rotranscripted with a High-Capacity cDNA Archive Kit (Applied Bio-
systems, Foster City, CA). Reverse transcription reaction settings
were 10 min at 25°C and 2 h at 37°C and 4°C.

Real-time PCR was performed to relatively quantify mRNA ex-
pression using TagMan probes (Applied Biosystems) Sox2,
Hs01053049_s1; Pax6, Hs00240871_m1; Ngn2, Hs00702774_s1;
NeuroD1, Hs00159598_m1; Btg2, Hs019887_m1, and InsmT,
Hs00357871_s1; using the ABI PRISM 7900 HT and 7000 systems
(Applied Biosystems). The PCR mixture contained 1 pl of cDNA
(0.5 pg/pl) in 8 pl of RNase-free water, 10 pl of TagMan universal PCR
Master Mix, no AmpErase, 2%, and 1 pl of TagMan probe. The
method to quantify the relative fluorescence emission used 224,
where Ct is the cycle when a given reaction reaches a threshold, ACt
is the normalization by the amount of total RNA, performed with
glyceraldehyde-3-phosphate dehydrogenase ¢cDNA, and AACt is
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calculated as the ratio between Bcl-XL and control hNS1 cell ACt of
a given gene on the separate indicated days.

Analysis of cell cycle length

The experiment is based on the linear incorporation of a thymidine
analogue (5-ethynyl-2’-deoxyuridine; EdU) in a uniformly cycling
population of cells constantly exposed to it (Nowakowski et al.,
1989). In this model, labeled cells just after the initial exposure to
EdU would be the time that S phase takes (Ts), so then the fraction
of proliferating population (identified as Ki-67%) labeled with EdU
(label index) at time 0 is Ts/Tc, where Tc is the time of the total cell
cycle. During the experiment, cells linearly incorporate EdU until
they reach a maximum labeling index (LI; value, 1) when all of them
have already passed once through the S phase and completed one
cell cycle. Implicitly, LI = 1 means Tc — Ts. Then, by linear regression
(y = mx + n), one can obtain Tc and Ts as follows: wheny =1, x =
Tc —Ts, and when y = 0, x = Ts. To avoid violating the uniformly cy-
cling premise, essential for the validity of the method, we chose to
quantify only the Ki67* cells on day 1 of differentiation, when the cell
population is homogeneous.

To perform the experiment, cells were seeded at 25,000 cells/
cm? on 30 pg/ml poly-L-lysine—coated glass coverslips in prolifera-
tion medium. After 24 h, the growth factors were withdrawn. After
another 24 h, cells were incubated with 10 uM EdU and fixed at
30 min and then every hour until a total of 6 h. For EJU detection,
we used the Click-ITTM EdU Alexa Fluor High-Throughput Imaging
(HSC) Assay (Invitrogen). Prior to first antibody incubation, fixed
cells were incubated with the solutions supplied by the kit.

Immunofluorescence and immunoblotting

At the specified time points, the cultures were rinsed with 0.1 M
phosphate-buffered saline (PBS) and fixed for 15 min in freshly
prepared 4% paraformaldehyde  (PFA)/piperazine-N,N"-bis[2-
ethane-sulfonic acid] (PIPES), HEPES, EGTA, MgCl, (PHEM) buf-
fer/4% sucrose. Samples were blocked for 1 h in 10% goat serum
and 0.25% Triton X-100 in PBS and incubated overnight at 4°C with
mouse monoclonal antibodies against Tuj1 (1:1000; Sigma-Aldrich),
p53 (DO1; 1:2000; Santa Cruz Biotechnology, Santa Cruz, CA), and
FLAG M2 (1:1000; Sigma-Aldrich) or with rabbit polyclonal antibod-
ies against p53 (1:500; Santa Cruz Biotechnology), GFP (1:500; Invit-
rogen), rat monoclonal antibody against BrdU (1:1000; Sigma-
Aldrich), or rabbit monoclonal antibody against Ki67 (1:2000; Lab
Vision, Thermo Scientific, Fremont, CA) dissolved in 1% goat serum
and 0.25% Triton X-100 in PBS. On the next day, samples were
incubated with goat anti-mouse Cy3-conjugated (1:500; Jackson
ImmunoResearch Laboratories, West Grove, PA), goat anti-rabbit
A488-conjugated (1:500; Invitrogen), goat anti-rabbit A555-conju-
gated (1:500; Invitrogen), donkey anti-mouse Cy5-conjugated
(1:500; Jackson ImmunoResearch), or goat anti-rat fluorescein iso-
thiocyanate—conjugated (1:500; Jackson ImmunoResearch) antibod-
ies. Cell nuclei were counterstained with Hoescht 33258 (Molecular
Probes, Invitrogen) at 0.2 mg/ml in PBS.

For BrdU IF, prior to incubation with the first antibody, fixed cul-
tures were treated with 2 M HCI at 37°C for 30 min, followed by
three rinses in 0.1 M borate buffer (pH 8.9). For double immunofluo-
rescence (IF; BrdU and other antigens), BrdU processing and stain-
ing was performed as a second IF round.

For nuclear extracts, cultures were lysed in ice-cold buffer
(15 mM HEPES, 10 mM KCI, 2 mM MgCl, 250 mM sucrose, 50 mM
dithiothreitol, 10% glycerol, digitonin 0.05%, and phosphate and
protease inhibitor cocktail tablet [Roche]) for 5 min and then
homogenized with 10 strokes in a loose-fitting Dounce. The lysate
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was spun at 3000 x g for 5 min at 4°C, and the supernatant-cytosolic
fraction was discarded and the pellet was resuspended in the same
buffer without digitonin. For Western blotting, 30-50 pg of protein
was loaded into a 10-12% polyacrylamide gel, electrophoresed,
and transferred to a nitrocellulose membrane. Membranes were
blocked with 5% skimmed milk and 0.05% Tween 20 in 50 mM Tris-
buffered saline. Then membranes were incubated at 4°C overnight
with mouse monoclonal antibodies against p57 (1:200; BD Trans-
duction Laboratories, Lexington, KY), p27 (1:5000; BD Transduction
Laboratories), p21 (1:1000; BD Biosciences PharMingen, San Diego,
CA), p53 (DO1; 1:2000, Santa Cruz Biotechnology), B-actin (1:5000;
Sigma-Aldrich), and lamin A + C (1:500; Abcam, Cambridge, MA) or
rabbit polyclonal antibodies against Bcl-XL (1:500; BD Transduction
Laboratories) in 1% skimmed milk and 0.05% Tween 20 in 50 mM
TBS. Secondary antibodies were tagged with horseradish peroxi-
dase and were horse anti-mouse peroxidase (1:10,000; Vector Labo-
ratories, Burlingame, CA) and goat anti-rabbit peroxidase (1:5000;
Nordic Immunology, Tilburg, Netherlands) The blots were devel-
oped using the ECL System (Amersham-Pharmacia Biotech, GE
Healthcare Bio-Sciences, Piscataway, NJ).

Fluorescence-activated cell sorting

Cells were collected on day 1 of differentiation in a buffer containing
5 mM EDTA and 25 mM HEPES in PBS at 3 x 10¢ cell/ml. Cells were
excited with a 488-nm laser and sorted by means of GFP expression
with an FL2 fluorescence detector using a FACSVantage sorter (BD
Biosciences, Sparks, MD).

Measurement of cytosolic free calcium

For bulk experiments the cells were seeded at 50,000 cells/cm? on
10 pg/ml poly-L-lysine—coated 24-well plates. On chosen days (DIV,
days 1 and 3), the medium was discarded and cells were incubated
with 5 uM Fura2-AM in 120 mM NaCl, 5.4 mM KCI, 0.8 mM MgCls,
20 mM HEPES, 10 mM NaOH, and 2 mM glucose, pH 7.4, per well,
during 30 min at 37°C. After loading, the cells were washed with
Hank’s balanced salt solution with 2 mM CaCl, and incubated for an
additional 30 min at 37°C. The Fura2 signal was gathered ratiomet-
rically using alternate excitation at 340 and 380 nm and a 510-nm
emission filter with FLUOstar OPTIMA (BMG Labtech, Ortenberg,
Germany).

For single-cell calcium imaging, cells were seeded at 20,000
cells/cm? on 10 pg/ml poly-L-lysine-coated 24-well plates on day 1
of differentiation, the medium was discarded, and cells were incu-
bated with 5 uM Fura2-AM in 120 mM NaCl, 5.4 mM KClI, 0.8 mM
MgCl,, 20 mM HEPES, 10 mM NaOH, and 2 mM glucose, pH 7.4,
per well during 30 min at 37°C. After loading, the cells were washed
with HBBS with 2 mM CaCl, and incubated for an additional 30 min
at 37°C. The coverslips were mounted in a chamber on the micro-
scope stage as described earlier (Martinez-Serrano et al., 1996) and
Fura-2 fluorescence was imaged ratiometrically using alternate exci-
tation at 340 and 380 nm and a 510-nm emission filter with a
Neofluar 40x/0.75 objective (Carl Zeiss, Jena, Germany) at 37°C.
Additions as indicated were made as a bolus. Single-cell analysis of
the changes in [Ca?*]; were expressed as the ratio of fluorescence
intensity at 340 (F340) and 380 nm (Fsg0; F340/F380). Image acquisi-
tion and analysis were performed with Aquacosmos 2.5 software
(Hamamatsu, Hamamatsu, Japan).

Image and data analyses

Analyses and photography of fluorescent cultures were done in
an inverted Axiovert 135 microscope (Carl Zeiss) equipped with a
Leica DFC345FX digital camera (Leica, Wetzlar, Germany). Image
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analyses were performed using ImageJ software. Confocal images
were taken with LSM510 META (Carl Zeiss). Orthogonal projections
from images were performed with LSM Image Browser software.
Statistical tests were run using Statistica, version 7, software. Results
are shown as the average + SEM of data from three to five experi-
ments, unless stated otherwise.
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