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miR-23a, miR-24 and miR-27a protect differentiating
ESCs from BMP4-induced apoptosis

A Musto'?, A Navarra'?, A Vocca'?, A Gargiulo'?, G Minopoli'?, S Romano', MF Romano', T Russo'? and S Parisi*'?

Numerous studies have indicated that BMP4 signaling is involved in the regulation of the early steps of development.
In mouse embryonic stem cells (ESCs), BMP4 is crucial to sustain pluripotency and blocks differentiation towards neural fate.
Here, through a systematic analysis of miRNAs in ESCs, we establish that BMP4 signaling regulates miR-23a, 27a and 24-2,
through the recruitment of phospho-Smads at the promoter of the gene encoding this miRNA cluster. Suppression of
miR-23a/b, 27a/b and 24 does not affect self-renewal or pluripotency, but induces an evident change of ESC differentiation,
with a significant increase of the cells undergoing apoptosis after the transition from ESCs to epiblast stem cells (EpiSCs).
BMP4 has been previously reported to cause apoptosis during ESC differentiation. By blocking BMP4 signaling, we completely
prevent the apoptosis induced by suppression of the miRs. This suggests that the effects of miR suppression are the
result of enhanced BMP4 signaling. This hypothesis is further supported by the observation that Smad5, the transcription
factor downstream of the BMP4 receptor, is targeted by the miRNAs of the 23a and 23b clusters. Altogether, our results
highlight the existence of a regulatory loop, involving Smad5 and the miR-23a clusters, that modulates the apoptotic response

of ESCs to BMP4.
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ESCs represent a precious experimental model of the early
stages of embryo development. They can be grown indefinitely
in vitro and induced to differentiate, thus mimicking two events
taking place in the blastocyst: (i) the differentiation of the cells
of the inner cell mass into epiblast cells and (ii) the
commitment of epiblast cells to neuroectodermal or mesen-
dodermal precursors.”? These differentiation events are
regulated by extrinsic signals. BMP4, a member of the TGF-
B superfamily of cytokines, has a crucial role in ESCs. Many
results indicate that it is able, together with LIF, to maintain
mouse ESCs in the pluripotent state.® This effect is mediated
by the regulation of many direct targets of Smad1, 5 and 8, the
transcription factors downstream of the BMP4 receptor.*

BMP4 also contributes to govern early steps of differentia-
tion. First, BMP4 acts by regulating ESC-epiblast transition
and then by suppressing neural differentiation and promoting
non-neural lineage formation.? Moreover, BMP4 promotes the
differentiation towards mesendodermal lineages and also
regulates, either positively or negatively, the further commit-
ment of mesendodermal precursors into their different
fates.>™8

Gene expression in ESCs is regulated by a complex
network of transcription factors.®'® In addition, numerous
results indicate that miRNAs are crucial regulators of the gene
expression programs that drive ESC differentiation. Suppres-
sion of MiRNA biogenesis, obtained by knocking out Dicer or

DCGRS8 genes, leads to an early arrest of mouse embryonic
development and of in vitro differentiation of ESCs.""'? The
most abundant miRNAs in ESCs belong to the mouse
miR-290 family and to their human counterpart miR-302
family.">'* These miRs are mainly involved in cell cycle
regulation and in the prevention of the epigenetic silencing of
pluripotent factors, like Oct3/4, Sox2, Nanog and Myc.'®'®
Many other miRNAs, not specific of ESCs, have been found to
regulate important steps of ESC differentiation, both in vitro
and in vivo."”

We have studied the expression profiles of miRNAs during
mouse ESC differentiation.'® Among these miRs, we found
that miR-125a regulates the fine balance between BMP4 and
Nodal/Activin pathways in the initial phases of ESC
differentiation.'® This regulation occurs through an efficient
auto-regulatory loop in which BMP4 controls the transcription
of miR-125a that targets the BMP4 co-receptor, Dies1.2° As a
consequence, this mechanism sets ESC sensitivity to BMP4.
It is quite reasonable that the interplay between the BMP4
pathway and the transcription of miRNAs may represent a
more general regulatory mechanism modulating the response
of ESCs to extracellular stimuli. Therefore, we have analyzed
the miRNAs regulated by BMP4 in ESCs. We found that the
miR-23a/24-2/27a cluster is regulated by BMP4 at transcrip-
tional level. These miRNAs are highly expressed in ESCs and
are essential to protect these cells from apoptosis during
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differentiation. This function is fulfilled through the regulation of
Smad5 level, a direct target of these miRNAs. Moreover, we
have demonstrated that these miRNAs act by modulating the
strength of BMP4 signaling in differentiating ESCs and that a
slight alteration of BMP4 signaling, due to miRNA suppres-
sion, results in an increase of the physiological apoptosis that
occurs in differentiating ESCs.

Results

miR-23a, miR-24-2 and miR-27a are regulated by BMP4.
To identify the miRNAs whose transcription is under the
control of BMP4, we exposed ESCs to BMP4 in a medium
containing Knock-out Serum Replacement plus LIF to avoid
the influences of growth factors contained in the serum and to
switch-off the exogenous TGFp signaling. We assessed that
BMP4 signaling was activated by measuring the induction of
Smad target genes, Id1 and /d3, the accumulation of mature
miR-125a at 24 h and Smad phosphorylation (Supplementary
Figure S1A—C)."®2" The time point of sample collection was
fixed at 24 h of BMP4 treatment to allow completion of the
processing of all miRNA primary transcripts (pri-miRNA). The
level of single miRNAs was analyzed by using a miRNA
gPCR panel. After selection for S.E. and fold change, we
clustered the miRNAs in two groups on the basis of their
behavior on BMP4 treatment (Supplementary Table S1). Of
note, we found the miR-125a upregulated by BMP4, in
agreement with our previous observations."® In addition, to
select miRNA genes directly regulated by BMP4 signaling,
we measured the level of pri-miR transcripts after 1h of
BMP4 and we found a significant change in the levels of the
pri-miR transcript for miR-23a, miR-24-2 and miR-27a
(Figure 1a). These miRNAs are encoded by the same cluster
gene on the chromosome 8 (miR-23a cluster). Q-PCR
analysis of these miRs confirmed their increase on BMP4
treatment (Figure 1b). We also observed the decrease of the
primary transcript of the miR-23a cluster on inhibition of
BMP4 signaling with BMP4 antagonist Dorsomorphin
(Figure 1c). Of note, also the silencing of Smad1 and Smad5
by RNAi (Supplementary Figure S1D) resulted in a marked
decrease of the miR-23a cluster primary transcript
(Figure 1d). To demonstrate that miR-23a cluster is controlled
by the BMP4 pathway directly at a transcriptional level, we
assessed Smad binding on the promoter of miR-23a cluster
gene using chromatin IP (ChIP). As shown in Figure 1e, on
BMP4 treatment, activated Smads bind to Id1 promoter® and
at the same time we found enrichments in the chromatin
immunoprecipitated with an anti-Smad antibody in the region
upstream of the transcriptional start site of the miR-23a
cluster gene (Figure 1f). Accordingly, sequence analysis of
the genomic region upstream the miR-cluster identified many
consensus binding sites for Smads.* These data indicated
that transcription of the miR-23a cluster gene is regulated
by BMP4.

Suppression of miRNAs of the 23a and 23b clusters
affects ESC differentiation. All the miRNAs of the 23a
cluster are expressed in undifferentiated ESCs and their
levels decrease soon after differentiation induction, although
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they are still significantly expressed during differentiation until
the formation of neuroectodermal cells (Supplementary
Figure S2A). Another miRNA cluster, located on chromo-
some 13, contains miR-23b, miR-24-1 and miR-27b;
miR-24-1 is identical to miR-24-2 and miR-23b and 27b
belong to the same families of miR-23a and 27a and share
the same putative targets. miR-23b and 27b as well as the
primary transcript of the miR-23b cluster are expressed in
ESCs, decrease during differentiation and only their mature
forms are induced on BMP4 treatment (Supplementary
Figure S2B-D).

We studied the function of these miRNAs by inhibiting them
with specific anti-miRs (Supplementary Figure S2E) during
ESC differentiation through the formation of serum-free
embryoid bodies (SFEBs) that result in the generation
of epiblast stem cells (EpiSCs) before day 2, that then
differentiate into neuroectodermal precursors®'®  before
day 4. First, we analyzed the possible effect of suppression
of all miRNAs of the 23a and 23b clusters on ESC self-
renewal. As shown in Figure 2a, we did not find any significant
changes in the expression of stemness markers on miRNA
suppression. Then, we analyzed the effects of the suppression
of miR-clusters on ESC differentiation. At 4 days of differentia-
tion, SFEBs are composed mainly of neuroectodermal cells
(Sox1-positive cells) and of some pluripotent cells (Oct3/4-
positive cells) present within the embryoid bodies. While no
significant differences were found in neuroectodermal mar-
kers (Sox1 and Pax6), the expression of Oct3/4 and Nanog
was greatly decreased in the SFEBs where the miRNAs
were suppressed (Figure 2b). It is worth noting that these
changes were not observed on suppression of the single
miRNAs (Supplementary Figure S2F,G) and that the rapid
decrease of stemness markers observed on miRNA cluster
suppression was not due to an altered proliferation rate of
pluripotent stem cells, as measured by BrdU incorporation
(Supplementary Figure S3A).

miRNAs of the 23a and 23b clusters suppress apoptosis
during ESC differentiation. To examine in detail the relative
composition of pluripotent stem cells and differentiated cells
within the SFEBs, we analyzed sectioned SFEBs by
immunostaining, on the suppression of the miRNAs of 23a
and 23b clusters. We observed that control SFEBs contain
clumps of Oct3/4-positive cells surrounded by neuroectoder-
mal cells (Sox1-positive) at 4 days of differentiation. On the
contrary, SFEBs derived from miRNA KD ESCs showed an
evident reduction or even absence of Oct3/4-positive cells,
with extensive cell death in the center of the embryoid bodies
(Figures 2c and d). To determine whether the decrease of
stem cells during differentiation was related to increased
apoptosis, we analyzed the positivity to an antibody directed
against cleaved caspase-3. As shown in Figure 3a, during
ESC differentiation a relatively small number of cells
spontaneously undergoes apoptosis, while about 10% of
SFEBs derived from ESCs transfected with inhibitors of miR-
clusters show large areas of positivity to active caspase-3,
mainly localized in the center of the SFEBs and surrounded
by Sox1-positive cells (Figure 3a). The effect on apoptosis
due to suppression of miR-23a and 23b clusters was also
supported by the increased level of cleaved PARP
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Figure 1 Regulation of miR-23a cluster by BMP4 signaling. (a) ESCs were cultured overnight in chemically defined medium (KSR) with LIF and treated with 20 ng/ml of
BMP4 for 1 h. Expression level of the primary transcripts of upregulated miRNAs was analyzed by qPCR. Data are presented as fold change over the level of the miR-125a in
untreated (-BMP4) ESCs (fold change = 1) (b) Accumulation of mature miRNAs was analyzed by gPCR in ESCs after 24 h of BMP4 treatment. Data are presented as fold change
over the level of the indicated miRNA in untreated (-BMP4) ESCs (fold change = 1) (c) The level of BMP4 target gene Id1 and the primary transcript of miR-23a cluster was
analyzed by gPCR on signaling inhibition by Dorsomorphin treatment for 1 h. Data are expressed as fold change relative to control (DMSO) ESCs (fold change = 1) (d) ESCs
were transfected with the indicated siRNAs and the level of the primary transcript of miR-23a cluster was measured by qPCR after 24 h. Data are expressed as fold change
relative to the levels of control (siCtrl) cells (fold change =1) (e) Phospho-Smad1/5/8 binding to the promoter region of Id1 was analyzed by ChIP-gPCR after 1 h of BMP4
treatment compared with untreated cells. Data are expressed as fold enrichment relative to the IgG controls (fold change = 1) (f) Phospho-Smad association with the genomic
upstream region of the transcription start site of the miR-23a cluster gene. ESCs were treated or not with BMP4 and the samples were subjected to ChIP with the antibody for
p-Smad1/5/8. Inmunoprecipitated DNA was analyzed by gPCR with primers amplifying specific promoter regions indicated by the arrows in the top panel. Data are presented as
fold enrichment relative to the untreated (-BMP4) cells (fold change = 1). (N> 3). The numbers over the bars indicate the P-Value

(Figure 3b). Moreover, FACS analysis highlighted that the Then, to understand when apoptosis starts during differ-
percentage of hypodiploid cells is significantly increased in entiation, we first analyzed the transition from ESCs to
differentiating cells on miRNA suppression (Figure 3¢c). To  EpiSCs.?>?® As shown in Figure 4a, formation of EpiSCs is
understand when the apoptosis was triggered, we analyzed not impaired by suppression of miR-clusters as indicated by
the pattern of caspase-3 activation at different time points. As the increase of the epiblast markers (Fgf5, Otx2 and Dnmt3b),
shown in Supplementary Figure S3B, we observed that the the decrease of the ESC-specific marker Dax1 and the
suppression of the two clusters does not affect apoptosis in maintenance of Nanog. Analysis of active caspase-3 shows
undifferentiated cells. that suppression of miR-clusters does not induce abnormal
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Figure 2 Effects of miRNA suppression on ESC self-renewal and differentiation. (a) Undifferentiated ESCs were transfected with specific anti-miRs for miRNAs of 23a and
23b clusters (anti-miR-clusters) or with a control anti-miR (ctrl) and after 24 h the expression of stemness markers was analyzed by gPCR (left panel) and western blot (right
panel). Data are expressed as fold change relative to control (anti-miR-ctrl) ESCs (fold change =1). (b) ESCs were induced to differentiate through SFEB formation on
suppression of the miRNAs of 23a and 23b clusters. Levels of stemness (Oct3/4, Nanog) and neuroectodermal markers (Pax6, Sox1) were analyzed by gPCR (at 4 days of
differentiation) and western blot (at 2 and 4 days of differentiation). Data are expressed as fold change relative to control (anti-miR-ctrl) SFEBs (fold change = 1). The numbers
over the bars indicate the P-Value. (¢) ESCs transfected with the indicated anti-miRs were induced to differentiate through SFEB formation for 4 days and then subjected to
immunostaining to analyze the expression of stemness (Oct3/4) and neuroectodermal markers (Sox1). Scale bars: 100 xm. (d) Magnification of representative SFEBs obtained
from ESCs transfected with the indicated anti-miRs after 4 days of differentiation. The presence of apoptotic cells in the center of SFEBs is indicated by the white arrow. Scale bars

50 um

apoptosis during epiblast transition (Figure 4b). These results
suggest that apoptosis starts after ESC-EpiSC transition
(0—2 days). Thus, we analyzed the onset of apoptosis at 2 and
3 days of SFEB differentiation, when epiblast transition has
already occurred. Western blot analysis for cleaved caspase-3
shows that differentiation is accompanied by a significant
increase of apoptosis on suppression of miR-clusters already
at 2 days of differentiation (Figure 4c). Immunostaining
analysis for active caspase-3 confirmed the presence of
clumps of apoptotic cells at 2 days of differentiation with a
further increase in the next 2 days (Figure 4d). To further prove
the role of these miRNAs in the survival of ESCs during
differentiation, we have used a methods that drives an almost
homogenous differentiation of ESCs towards neuroectoder-
mal fate.®* We have employed a reporter ESC cell line
expressing GFP under the control of Sox1 promoter that is
specific of neural precursors (Sox1-GFP cells).?> We have
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found that, on suppression of miRNAs of the 23a and 23b
clusters, a significant percentage of Sox1-GFP-positive cells
undergo apoptosis (Figure 4e). All these results suggest that
the proper levels of miRNAs of these two clusters is
fundamental to control the balance between survival and
apoptosis during differentiation.

Although the basal apoptosis rate of undifferentiated ESCs is
almost undetectable (Supplementary Figure S3B), these cells
are highly sensitive to DNA damage.?®® To check whether
these miRs generally protect ESCs from apoptosis, we exposed
ESCs transfected with anti-miRs to 5Gy of X rays. In these
conditions we observed increased apoptosis, as demonstrated
by the accumulation of active caspase-3 (Figure 4f).

Taken together these results indicate that miR-clusters act
to balance apoptosis versus survival of ESCs during
neuroectodermal differentiation and have anti-apoptotic func-
tion in undifferentiated cells.
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Figure 3 Apoptotic phenotype induced by suppression of the miRNAs of 23a and 23b clusters during ESC differentiation. (a) The presence of apoptotic cells within SFEBs
derived from ESCs transfected with the indicated anti-miRs was analyzed by immunostaining for cleaved caspase-3 and for markers of pluripotent (Oct3/4) and neuroectodermal
cells (Sox1). Scale bars: 100 xm. The graph reports the percentage of SFEBs showing an extensive apoptotic area. (b) The levels of cleaved PARP were measured by western
blot analysis in SFEBs derived from ESCs transfected with the indicated anti-miRs. (c) P! staining of SFEBs at 4 days of differentiation derived from ESCs transfected with
anti-miR-ctrl or anti-miR-clusters. The percentage of hypodiploid PI-positive cells measured by FACS analysis is reported (n=6)

Suppression of miRNAs of the 23a and 23b clusters
enhances intracellular signaling downstream of BMP4.
We have observed that suppression of miRNAs of the 23a
and 23b clusters results in evident apoptosis during ESC
differentiation toward neuroectoderm. It has been demon-
strated that treatment of differentiating ESCs into SFEBs with
high doses of BMP4 (10 ng/ml) blocks differentiation thus
maintaining pluripotency.? In contrast, it was also observed
that low doses of BMP4 induce apoptosis during epidermal
differentiation of ESCs.2° We reasoned that suppression of
miR-clusters can result in an enhancement of the endogen-
ous signaling that mimics the exposure of the cells to low
doses of BMP4. Thus, we treated ESCs with different doses
of BMP4 and the onset of apoptotic phenotype was analyzed
by measuring the level of cleaved caspase-3. We found that
treatment with low doses of BMP4 results in an evident
increase of active caspase-3, whereas high dose of BMP4
does not trigger apoptosis but leads, as expected, to block
ESC differentiation (Figure 5a and Supplementary Figure
S4A). Then, we treated differentiating ESCs, transfected with
anti-miR-clusters, with the BMP4 antagonist Dorsomorphin.
The rationale of this experiment was that if miRNA

suppression leads to a reinforcement of BMP4 signaling,
block of the receptor should prevent this effect and revert the
apoptotic phenotype. As shown in Figure 5b, we found that
the level of active caspase-3 in SFEBs derived from ESCs
transfected with anti-miR-clusters and treated with Dorso-
morphin are comparable to that of the control. Immunostain-
ing analysis confirmed that accumulation of apoptotic cells in
the center of SFEBs on suppression of the miR-clusters
drastically decreased following Dorsomorphin treatment
(Figure 5¢ and Supplementary Figure S4B). Similar results
were found when we induced the differentiation of Sox1-GFP
cells through monolayer method®® into neuronal precursors
on suppression of the miRNA clusters in presence or not of
Dorsomorphin (Supplementary Figure S4C). Moreover, to
further demonstrate that these mMiRNAs mediate the
BMP4-induced apoptosis we blocked the signaling at
intracellular level by silencing Smad1 and Smad5, the two
BMP4 effectors highly expressed in ESCs as reported below.
We found that the contemporary silencing of the miRNAs and
of Smad leads to a reversion of the apoptotic phenotype
(Supplementary Figure S5A). These results indicated that the
block of the BMP4 signaling both at membrane and at

Cell Death and Differentiation
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Figure 4 Apoptosis induced by the suppression of the miRNAs of the 23a and 23b clusters occurs after ESC-EpiSC transition. (a) ESCs were transfected with the indicated
anti-miRs and were induced to differentiate into EpiSCs. Markers of ESCs (Nanog and Dax1) and EpiSCs (Otx2, Dnmt3b, Fgf5, Nanog) were measured by real-time PCR in both
conditions. Data are presented as fold change over the level of the Fgf5 mRNA in ctrl (anti-miR-ctrl) ESCs (fold change = 1). (b) The presence of apoptotic cells in EpiSCs after
suppression of the miRNAs of 23a and 23b clusters was analyzed by immunostaining with an anti-cleaved caspase-3 antibody. Scale bars: 100 zm. (¢) ESCs were transfected
with the indicated anti-miRs and the level of cleaved caspase-3 was measured by western blot in undifferentiated cells and at 2 and 3 days of SFEB differentiation. (d) The
presence of apoptotic cells and pluripotent stem cells in SFEBs was analyzed by immunostaining at 2 and 3 days of differentiation. Scale bars: 100 xm. (e) Annexin-V staining of
Sox1-GFP ESCs transfected with anti-miR-ctrl or anti-miR-clusters and differentiated for 4 days in monolayers to obtain the conversion into neuroectodermal cells.2* The
percentage of Annexin-V-positive cells measured by FACS analysis is reported (n=3). (f) ESCs transfected with the indicated anti-miRs were irradiated (5 Gy) or not (ctrl) with

X rays and after 24 h the levels of cleaved caspase-3 were evaluated by western blot

intracellular levels is able to rescue the protective effect of
miRNAs of 23a and 23b clusters against the apoptosis
triggered by low BMP4 signaling.

A strong support to the hypothesis that suppression of
miRNAs of 23a and 23b clusters is reinforcing the intracellular
signaling downstream of BMP4 comes from the analysis of the
targets of these miRNAs. We found that among the many
predicted targets (Targetscan and miRWalk), the miRNAs
of 23a and 23b clusters could target several Smads, the
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canonical effectors of BMP4 signaling. Moreover, Rogler
et al®*® have demonstrated that the miRNAs of 23b cluster
target Smad3, 4 and 5 in liver stem cells.?® We first analyzed
the expression profiles of these Smads in ESCs and during
differentiation. We found that Smad3 is almost undetectable in
ESCs and in the first days of differentiation. Instead, Smad4
and 5 are expressed in ESCs and significantly increase
during differentiation, when the expression of miR-clusters
decreases (Figure 6a and Supplementary Figure S2).
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To understand whether expression of Smad4 and 5 can be
regulated by miRNAs of 23a and 23b clusters, we knocked
down the miRNAs and analyzed Smad protein levels.
We found that Smad5 significantly accumulated on miRNA
suppression, whereas we did not find any alterations
of Smad4 protein levels (Figure 6b), indicating that Smad5
is a direct target of the miRNAs of 23a and 23b clusters
in ESCs.

Thus, all these results indicate that BMP4 controls the level
of miR-23a cluster that in turn negatively modulates the
expression of Smad5, and this loop could control the balance
between survival and apoptosis during ESC differentiation. On
the basis of this idea we guessed that the increase of miR-23a

cluster by BMP4 signaling can occur only when this signaling
is strong enough to drive its transcriptional activation. To test
this hypothesis we measured the level of pri-miR-23a cluster
on treatment of BMP4 at low and high doses. As shown in
Figure 6c, we found that transcription of this cluster is
efficiently improved only at doses of BMP4 high enough to
induce the block of differentiation rather than to trigger
apoptosis. The behavior of Smad5 confirmed the existence
of a feedback loop: we found that mRNA levels of Smad5 do
not change significantly on BMP4 treatment (Supplementary
Figure S5B), whereas Smad5 protein decreases in cells
treated with high doses of BMP4, thus showing an opposite
trend compared with those of the miRNAs (Figure 6d).

Cell Death and Differentiation
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Figure 6 The miRNAs of the 23a and 23b clusters target Smad>. (a) The expression of the indicated Smads was analyzed by PCR in ESCs and during neuroectodermal
differentiation through SFEBs. Data are expressed as fold change over the level of the Smad3 mRNA in undifferentiated ESCs (fold change = 1). (b) ESCs were transfected with
the indicated anti-miRs and changes of Smad4 and 5 protein level were analyzed after 24 h by western blot. (c) ESCs were treated with the indicated doses of BMP4 and after 1 h
the levels of the primary transcripts of miR-23a and miR-23b clusters were analyzed by qPCR. Data are expressed as fold change relative to the level of the miRNA cluster in
untreated cells (fold change = 1). The numbers over the bars indicate the P-Value. (d) The protein level of Smad5 was analyzed in ESCs on treatment with the indicated doses

of BMP4

Discussion

The study of the cytokines of the TGFf superfamily, like BMP4
and Nodal/Activin, highlighted the very strong effects of these
molecules on the in vitro naive state and on the differentiation
of mouse ESCs. In particular, BMP4 represents an insur-
mountable barrier to the transition of ESCs into EpiSCs and
then to the differentiation of EpiSCs into neuroectodermal
precursors, thus favoring the choice of the mesendodermal
fate.? Therefore, it is quite expected that, in vivo, a fine tuning
of the intracellular signaling downstream of BMP4 and of its
crosstalk with other signaling pathways should exist to allow
cells of the embryo to proceed through the various develop-
mental stages. The results shown in this article uncover a new
regulatory mechanism of the signaling downstream of BMP4
based on a small group of miRNAs encoded by two very
similar miR-cluster genes. We observed that one of these
cluster genes is under the control of BMP4 that activates its
transcription, leading to the accumulation of miR-23a, 24 and
27a. This transcriptional activation is directly linked to BMP4
as demonstrated by the recruitment of phospo-Smad at the
miR gene promoter. We have also observed that the miRs of
this cluster target Smad>5, which is expressed in ESCs; thus
Smad5 and the miRs are engaged in a regulatory loop that
modulates the response of the cells to BMP4 (Figure 7).
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The tuning of the signal appears to be very accurate as
indicated by the close relationship among the levels of the
miRs (Figure 6¢), the levels of Smad5 (Figure 6d) and the
strength of the signal in terms of BMP4 concentrations at
which ESCs are exposed to.

The mechanism described acts in parallel with a similar
feedback loop we previously uncovered, based on miRs 125a
and 125b, which target the BMP4 co-receptor Dies1, and
hence, also in this case, resulting in the downregulation of
the signaling.’®®" Both mechanisms appear to be aimed
at cushioning the intrinsically strong effects of BMP4, in
agreement with the premise that the BMP4 signal, if not
modulated, could be not compatible with the physiological
progression of the differentiation events in vivo. However, the
two mechanisms are not merely redundant, but they indepen-
dently target two different events: the miR-125a-based loop
affects the transition from ESCs to EpiSCs, which, on the
contrary is unaffected by miR-23a, 24 and 27a (Figures 4a and
b). The latter instead function by counteracting the apoptosis
induced by BMP4. Indeed, it was previously demonstrated that
low doses of BMP4 are able to induce the apoptosis of
ESCs,?® and we demonstrated that suppression of the miRs
of the 23a and 23b clusters leads to massive apoptosis of
differentiating cells. Therefore, the results support the



miR-23a/24/27a cluster and BMP4 signaling
A Musto et al

=== MiR-23a th
: other
}— === miR-27a —j targets
.4 miR-24-2
A

differentiation

self-renewal apoptosis

Figure 7 A feedback loop involves the BMP4 signaling pathway and the miRNAs of the 23a cluster. In ESCs, through the activation of Smads, BMP4 regulates many genes,
thus affecting several functions, such as self-renewal, differentiation and apoptosis. BMP4 signaling also induces the transcription of the miRNAs of the 23a cluster, which in turn
targets Smad5, thus downregulating the response of the cells to BMP4. As a consequence, these miRNAs protect differentiating ESCs from BMP4-dependent apoptosis. This
effect could be dependent on the direct targeting by miRNAs of pro-apoptotic factors under the control of BMP4

possibility that the accumulation of these miRs is intended to
protect ESCs from an inappropriate apoptosis induced
by BMP4.

The anti-apoptotic role of these miRs was already described
in other experimental systems®2~3* and was also confirmed in
our experiments where ESCs were exposed to genotoxic
stress (Figure 4e). However, the mechanism through which
the miRs exert this function is not clearly understood. We
cannot exclude that there are other mRNAs targeted by these
miRs whose downregulation could be responsible for their
anti-apoptotic effects. Nevertheless, there is a close relation-
ship between the targets of the miRs and BMP4 signaling, as
the apoptosis induced by transfection of the anti-miRs is
completely erased by the contemporary block of BMP4
signaling obtained by exposing the cells to Dorsomorphin
(Figures 5b and c). Thus, it seems reasonable that there could
be pro-apoptotic factors induced by BMP4 that may be
targeted by miR-23a, 24 and 27a.

miR-23a/27a/24-2 is an intergenic miRNA cluster located
on the chromosome 8. These miRNAs belong to three
different families and are not related in sequence. Therefore,
their control by BMP4 and their targeting of at least one
common mRNA (Smad5) suggests a coordinate action that
the cells can adopt to modulate their fate. As mentioned
above another cluster gene, located on the chromosome 13,
generates a transcript containing three miRNAs of the same

families, miR-23b/27b/24-1. Being identical (24-1 and 24-2)
or very similar, apoptotic phenotype was clearly observed
only when all the miRs of the two clusters were suppressed.
Considering that BMP4 controls the transcription only of the
cluster of miR-23a/27a/24-2, possible regulation of the
cluster miR-23b/27b/24-1 by pathways different from that
of BMP4 could be of interest. A similar dual control
mechanism of BMP4 signaling was observed for the
miRNAs of the 125 family, where miR-125a is directly
regulated by BMP4, while miR-125b is not."®3!' Some
miRNAs are regulated by BMP4 through a post-
transcriptional mechanism, involving Smad proteins that
engage miRNAs and promote their maturation by Drosha.®®
miR-23a and 23b are among the miRs that are target of this
mechanism, as they are induced in PASM cells on treatment
with TGFB or BMP4. This mechanism could be active in ESCs
too, and, therefore, it could be responsible for the post-
transcriptional accumulation of miR-23b.

In conclusion, in this study we have identified a group of
miRNAs whose transcription is under the control of BMP4
signaling. These miRNAs, in turn, target Smad5, thus
generating a feedback loop that modulates the response of
the cells to this cytokine. Our results provide evidence that this
molecular machinery controls apoptosis of ESCs during their
differentiation thus contributing to the response of these cells
to regulators of differentiation.
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Materials and Methods

Cell culture, transfection and treatment. E14Tg2a (BayGenomics, San
Francisco, CA, USA) mouse ESCs and Sox1-GFP ESCs® were maintained on
feeder-free, gelatin-coated plates in the following medium: Glasgow Minimum
Essential Medium (GMEM, Sigma, St. Louis, MO, USA) supplemented with 2 mM
glutamine, 1mM sodium pyruvate, 1X non-essential amino acids (all from
Invitrogen, Carlsbad, CA, USA), 0.1 mM p-mercaptoethanol (Sigma), 10% FBS
(Hyclone Laboratories, Logan, UT, USA) and 10° U/ml Leukemia Inhibitory Factor
(LI, Millipore, Billerica, MA, USA).

Transfection of plasmids and anti-miRs (Applied Biosystems, Foster City, CA, USA)
was performed by plating 6x10°cells/cm® 16h before transfection and using
Lipofectamine2000 (Invitrogen) following the manufacturer’s instructions.

For BMP4 treatment, ESCs were grown overnight in 10% Knock-out Serum
Replacement (KSR, Invitrogen) containing medium with LIF and then treated with
BMP4 (R&D Systems, Minneapolis, MN, USA) at the doses and for the time indicated.

For apoptosis induction, ESCs were irradiated with 5Gy of X rays by using
RS2000 Biological Irradiator (Rad Source) and incubated for 24 h before the analysis.

Differentiation of ESCs and generation of EpiSCs. ESC differentia-
tion into neuroectoderm was induced though SFEB formation.>*® SFEBs were
induced by placing 1x10° ESCs in 100-mm Petri dishes in the following
differentiation medium: GMEM supplemented with 2 mM glutamine, 1 mM sodium
pyruvate, 1x nonessential amino acids, 0.1 mM f-mercaptoethanol and 10% KSR.

Alternatively, the differentiation of Sox1-GFP ESCs? into neural precursors was
driven by plating 3x10® cells/cm? on gelatin-coated dishes in differentiation medium
as previously described.?*

BMP4 (at the indicated doses) was added once in the differentiation medium when
the cells were plated in Petri dishes to induce SFEB formation. Dorsomorphin (Sigma)
was added at 2 M to differentiating cells and DMSO was used as negative control.

The formation of EpiSCs was induced adapting the methods of Hayashi et al? and
Nakaki et al. 2 In brief, ESCs were dissociated into a single-cell suspension with 0.05%
Trypsin-EDTA at 37 °C for 5 min. Individual cells were then seeded in fibronectin-coated
dishes at a density of 2.5x10%ells/em? in ESC culture condition, and after 18 h the
medium was switched to the following EpiSC medium: 1 vol of DMEM/F12 combined with
1 vol of Neurobasal medium, supplemented with 0.5% N2 supplement, 1% B27
supplement, 1% KSR, 2 mM glutamine (Invitrogen), 20 ng/ml Activin A (R&D Systems),
and 12 ng/ml bFGF (Invitrogen). Within 2 days in these conditions the cells undergo
morphological transformation (including flattening, diminished cell-cell interactions and
formation of cellular protrusions) and express epiblast markers.

RNA isolation, miRNA profiling and quantitative real-time PCR
(qPCR). For quantitative PCR total RNA was extracted by using TRI-Reagent
(Sigma). The first-strand cDNA was synthesized according to the manufacturer's
instructions (M-MLV RT, New England BioLabs, Ipswich, MA, USA). qPCR was
carried out with the 7500 Real-Time PCR System instrument and the Sequence
Detection Systems (SDS) 1.4 software (Applied Biosystems) using Power SYBR
Green PCR Master mix (Applied Biosystems). The housekeeping GAPDH mRNA
was used as an internal standard for normalization, using 2"~ method. Gene-
specific primers used for amplification are listed in Supplementary Table S2. For the
analysis of single miRNA sequence specific LNA primers were used for the
indicated miRNAs or U6 as internal control (both from Exigon, Vedbaek, Denmark).
For miRNA profiling, small RNA was isolated from ESCs treated or not with BMP4
with mirVana miRNA lIsolation kit (Ambion, Austin, TX, USA). From each sample,
40ng of total RNA was used to synthesize single-stranded cDNA with Universal
cDNA Synthesis Kit (Exiqon). Expression level of all miRNAs of Sanger miRBase
v17 database was measured by using Mouse&Rat Panel microRNA Ready-to-Use
PCR (Exigon) with the 7900HT instrument and the Sequence Detection Systems
(SDS) v2.1 software (Applied Biosystems) using SYBR Green Master Mix (Exigon).
The miRNA profiling data were analyzed performing a comparative analysis by
using the comparative Ct method (222 RQManager 1.2 software; Applied
Biosystems) using U6 as normalizer.

Antibodies and western blot analysis. Undifferentiated and differentiated
ESCs were lysed in a buffer containing 1 mM EDTA, 50 mM Tris-HCI (pH 7.5), 70
mMNaCl, 1% Triton and protease inhibitor cocktail (Sigma), and analyzed by
western blot. The following primary antibodies were used: rabbit Smad5 (1:1000
Cell Signaling, Danvers, MA, USA), mouse Oct3/4 (1:2000 Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit Nanog (1:1000 Calbiochem-EMD
Biosciences, La Jolla, CA, USA) mouse GAPDH (1:1000 Santa Cruz
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Biotechnology), goat Sox1 (1:100 Santa Cruz Biotechnology), rabbit Cleaved
Caspase-3 (1:1000 Cell Signaling), rabbit pro-Caspase-3 (1: 1000 Millipore), rabbit
anti-Parp (1:400 Abcam), rabbit phospho-Smad1/5/8 (1:1000 Cell Signaling),
rabbit Smad1 (1: 1000 Cell Signaling), rabbit Smad4 (1 : 1000 GeneTex, Irvine, CA,
USA). Antibody protein complexes were detected by HRP-conjugated antibodies
and ECL (both from Amersham Pharmacia, Milan, ltaly).

Chromatin immunoprecipitation (ChIP)-gPCR analysis. For ChIP-
gPCR analysis, ESCs were treated with 20 ng/ml BMP4 for 1h and then were
cross-linked with 1% formaldehyde for 10 min at room temperature and then with
125 mM glycine. The chromatin was then sonicated to an average DNA fragment
length of 500-1000 bp. Soluble chromatin extracts were immunoprecipitated using
an anti-Phospho-Smad1,5,8 (Cell Signaling) antibody. Appropriate IgGs were used
as negative control. Supernatant obtained without an antibody was used as an input
control. After gPCR, the amount of precipitated DNA was calculated relatively to the
total input chromatin and expressed as percentage of total chromatin or as fold
enrichment relative to untreated samples. Oligonucleotide pairs are listed in
Supplementary Table S1.

FACS analysis. Analysis of DNA content by propidium iodide incorporation was
performed in permeabilized cells by flow cytometry. SFEBs at 4 days of
differentiation were dissociated and 2 x 10* cells were collected, washed in PBS
and resuspended in 200 pl of a solution containing 0.1% sodium citrate w/v, 0.1%
Triton X-100v/v and 50 ug/ml propidium iodide (Sigma Chemical, Perth, WA,
Australia). After incubation at 4 °C for 30 min in the dark, cell nuclei were analyzed
with a FACScan flow cytometer (Becton Dickinson, Milan, Italy). Cellular debris was
excluded from the analysis by raising the forward scatter threshold, and the DNA
content of the nuclei was registered on a logarithmic scale. The percentage of the
elements in the hypodiploid region was calculated.

Phosphatidylserine externalization was investigated by annexin V staining. In brief,
SFEBs at 4 days of differentiation were dissociated and 1x 10° cells were collected
and resuspended in 100 x! of binding buffer (10 mM Hepes/NaOH pH 7.5, 140 mM
NaCl, and 2.5mM CaCl,) containing 5 ul of annexin V-FITC (Pharmingen/Becton
Dickinson, San Diego, CA, USA) for 15 min at room temperature in the dark. Then,
400 ul of the same buffer was added to each sample and the cells were analyzed with
a Becton Dickinson FACScan flow cytometer.

Immunostaining, bromodeoxyuridine assay and microscopy.
Undifferentiated ESCs and EpiSCs were fixed in 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100 in 10% FBS (Invitrogen)/1% BSA in 1X PBS
for 15’ at room temperature. Thus, the samples were incubated with primary
antibodies and with an appropriate secondary antibody reported below. SFEBs were
collected at the indicated differentiation day fixed in 4% paraformaldehyde and
dehydrated with increasing percentages of ethanol. Samples were embedded in
paraffin, sectioned in 7-um slices and mounted on glass slides. After rehydration
and permeabilization, the samples were treated as previously described.2’ Nuclei
were counterstained with DAPI (Calbiochem, 1 : 1000) or, for confocal analysis, with
DRQ5 (Cell Signaling, 1:1000) as indicated in the Figures. The following primary
antibodies were used: anti-Oct3/4 (1:200), anti-Nanog (1 : 500; Calbiochem), anti-
Sox1 (1:100) and anti-cleaved caspase 3 (1:300). Alexa Fluor 594 or
488 secondary antibodies were used (1:400; Invitrogen). For BrdU experiments,
subconfluent ESCs were incubated in ESC medium containing BrdU for 1h, and
then the cells were processed for immunofluorescence with BrdU labeling and
detection kit (Roche, Basel, Switzerland). Images were captured with an inverted
microscope (DMI4000; Leica Microsystems, Heidelberg, Germany) with Leica
Application Suite Advanced Fluorescence (LAS AF) software (Leica Microsystems).
Confocal microscopy was performed with a Leica TCSSMD FLIM microscope (Leica
Microsystems) using LAS AF software (Leica Microsystems). When required, the
brightness, contrast and color balance of the images were adjusted in Photoshop
CS2 (Adobe Systems, San Jose, CA, USA).

Statistical analysis. All values represent the means + S.E. of at least three
independent experiments. gPCR data are presented as fold change relative to the
indicated reference sample. Whenever necessary, statistical significance of the data
was analyzed using Student's t -test and the P-Value was reported in the figures.
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