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MicroRNA-195 targets ADP-ribosylation factor-like
protein 2 to induce apoptosis in human embryonic
stem cell-derived neural progenitor cells

Y Zhou1,2, H Jiang3,5, J Gu1,3, Y Tang1,4, N Shen1,4 and Y Jin*,1,3

Neural progenitor cells (NPCs) derived from human embryonic stem cells (hESCs) have great potential in cell therapy, drug
screening and toxicity testing of neural degenerative diseases. However, the molecular regulation of their proliferation and
apoptosis, which needs to be revealed before clinical application, is largely unknown. MicroRNA miR-195 is known to be
expressed in the brain and is involved in a variety of proapoptosis or antiapoptosis processes in cancer cells. Here, we defined
the proapoptotic role of miR-195 in NPCs derived from two independent hESC lines (human embryonic stem cell-derived neural
progenitor cells, hESC-NPCs). Overexpression of miR-195 in hESC-NPCs induced extensive apoptotic cell death. Consistently,
global transcriptional microarray analyses indicated that miR-195 primarily regulated genes associated with apoptosis in hESC-
NPCs. Mechanistically, a small GTP-binding protein ADP-ribosylation factor-like protein 2 (ARL2) was identified as a direct target
of miR-195. Silencing ARL2 in hESC-NPCs provoked an apoptotic phenotype resembling that of miR-195 overexpression,
revealing for the first time an essential role of ARL2 for the survival of human NPCs. Moreover, forced expression of ALR2 could
abolish the cell number reduction caused by miR-195 overexpression. Interestingly, we found that paraquat, a neurotoxin, not
only induced apoptosis but also increased miR-195 and reduced ARL2 expression in hESC-NPCs, indicating the possible
involvement of miR-195 and ARL2 in neurotoxin-induced NPC apoptosis. Notably, inhibition of miR-195 family members could
block neurotoxin-induced NPC apoptosis. Collectively, miR-195 regulates cell apoptosis in a context-dependent manner through
directly targeting ARL2. The finding of the critical role of ARL2 for the survival of human NPCs and association of miR-195 and
ARL2 with neurotoxin-induced apoptosis have important implications for understanding molecular mechanisms that control
NPC survival and would facilitate our manipulation of the neurological pathogenesis.
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Successful differentiation of human embryonic stem cells
(hESCs)1 or induced pluripotent stem cells2 into neural
progenitor cells (NPCs) opens up fascinating prospects for
human brain research and potential application in neural
degenerative diseases. Clinical cell replacement-based
therapies depend critically on the comprehensive under-
standing of donor cells. However, little is known about the
cellular behaviors of NPCs derived from hESCs or the
molecular mechanisms coordinating their proliferation and
survival. Although numerous studies in rodent models
have provided major molecular insights into these cellular
processes,3 investigations performed directly on human cells

are of great significance for developing effective therapeutic
strategies.
During the past decade, a new class of regulatory genes

known as microRNAs (miRNAs) has attracted a great deal of
attention as an additional layer of mRNA regulation in
eukaryotes. MicroRNAs are endogenous non-coding RNAs,
approximately 22 nucleotides in length,4 and assembled into
RNA-induced silencing complex (RISC), which facilitates their
interaction with the 30-untranslated region (30-UTR) of target
mRNAs through imperfect complementary base paring.
The 2–8 bases of the 50 portion of the miRNA sequence
termed ‘seed region’ are critical in target recognition. Usually,
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miRNAs negatively regulate target gene expression through
mRNA translation repression or degradation.5 The human
genome is predicted to contain over 1000 miRNAs, about 3%
of the total number of human genes.5 They are known to have
important roles in diverse biological processes, including
cancer pathogenesis,6 neural development,7 cell cycle regula-
tion8 and so on. A feature of miRNAs is that they canmodulate
the expression of many genes simultaneously, making them
powerful post-transcriptional regulators.9 Moreover, a single
miRNA could execute different biological functions in different
cell types. For this reason, the precise roles of miRNAs in
various cell types should be investigated in specific situations if
we want to understand miRNAs comprehensively.
miR-195 belongs to the miR-15/16 family, which consists of

a group of miRNAs (miR-195, miR-15a, miR-15b, miR-16-1
and miR-16-2) sharing the same seed sequence.10 The
mature sequences of miR-195 are evolutionarily conserved
among mammalian species.11 Previous studies have shown
that miR-195 is aberrantly expressed in multiple cell types of
diseases including human hepatocellular carcinoma,12 glio-
blastoma,13,14 colorectal cancer15 and cardiac hypertrophy.16

It was reported that, like other members of miR-15/16 family,
miR-195 has various roles in the regulation of cell cycle
progression17,18 and cell apoptosis15,19 in cancer progression
and cardiovascular development. Notably, in different cell types,
miR-195 may function oppositely. For instance, in DICER or
DROSHA knockdown hESCs, miR-195 suppressedWEE1 to
promote cell proliferation.17 However, in human glioblastoma
cells, miR-195 targeted E2F3 directly leading to cell cycle
arrest.14 In addition, miR-195 displays a moderate to low
expression level in the mammalian embryonic brain, with the
highest level at the preadult brain developmental stage.11

Despite all these progresses in miR-195 research, the func-
tions of miR-195 in human NPCs have not been examined.
In this study, we demonstrated the role of miR-195 in

coordinating NPC survival and apoptosis at the early stage of
neural differentiation and identified a GTP-binding protein,
ADP-ribosylation factor-like protein 2 (ARL2), as a genuine
functional target of miR-195 in these biological processes. In
addition, we found that the expression of miR-195 increased
with the treatment of neurotoxin, paraquat and rotenone,
implicating its potential involvement in regulating NPC
response to neurotoxins.

Results

NPCs are generated from hESCs. To generate NPCs from
hESCs, we used an adherent differentiation protocol
modified from a previously reported approach.20 Undiffer-
entiated hESCs of SHhES1 line,21 previously derived in our
laboratory and maintained under a feeder-free condition
(Figure 1a, upper schema), were treated with bone morpho-
genetic protein antagonist Noggin (100 ng/ml) for about 3
weeks. When the polarized neural epithelial structure
became clearly visible, cells were picked up mechanically
en bloc for neurosphere formation in the presence of basic
fibroblast growth factor (bFGF) (Figure 1a, lower panel).
After suspension culture, neurospheres were replated onto
Matrigel-coated culture dishes. These cells, designated as
passage 1 (p1) of SHhES1-NPCs, formed typical neural

progenitor rosette structures. Later, NPCs were dissociated
into single cells and replated at a high density for further
expansion (Figure 1b). To characterize the properties of
dissociated NPCs, expression levels of multiple neural line-
age markers were examined by immunofluorescence stain-
ing. Nearly 90% of NPCs expressed NPCmarkers, SOX2 and
Nestin (Figure 1c), whereas astrocyte marker GFAP and
oligodendrocyte marker OLIG2 were rarely detected in p2
NPCs (Figure 1d). The high percentage of Ki-67-positive cells
indicated that the majority of NPCs were still in cell cycle
progression (Figure 1e). Moreover, dissociated NPCs were
capable of generating neurospheres (Figure 1f). The differ-
entiation potential of ShHES1-NPCs was tested by a
spontaneous differentiation assay. Differentiated neural cells
stretched from neurospheres (Figure 1g). Most of the cells
were immunopositive to the antibody of neuron marker Tuj1
(Figure 1h), whereas a few of them were GFAP-positive glial
cells (Figure 1i). SHhES1-NPCs generated with our protocol
were expandable at a relatively high dividing rate and
maintained the multipotent potential for at least 10 passages
when bFGF was supplemented (data not shown). These
NPCs hence became an ideal cellular tool for the study of
molecular mechanisms governing NPC properties during
early neural differentiation.
In addition, we generated NPCs from another independent

hESC line (H9 line1) using a 3-inhibitor neural inductionmethod,
which was a modification of previously reported protocols.22

The three inhibitors included Noggin, SB431542 (pharmacolo-
gical inhibitor of type I activin/nodal receptor signaling23) and
compound C (a chemical inhibitor of transforming growth factor
b (TGFb) superfamily receptors24) (Supplementary Figure
S1a). With this protocol, NPCs were efficiently and quickly
generated from H9 hESCs (H9-NPCs). Immunofluorescence
staining results showed that H9-NPCs expressedNPCmarkers
such as CD133, DACH1, ZIC1, Nestin and SOX2 in a neural
tube-like rosette structure (Supplementary Figure S1b).
Expression of SOX2, Nestin and Ki-67 was also detected in
dissociated H9-NPCs, whereas cells immunoreactive to anti-
bodies ofMAP2,GFAP,OLIG2 and LEX1were rarely observed
(Supplementary Figure S1c). Furthermore, flow cytometry
analysis (FCA) showed that over 96% of H9-NPCs were
SOX2þ /OCT4� . Thus, H9-NPCs displayed the cell morpho-
logy and marker expression similar to SHhES1-NPCs and both
of them were used in this study.

Overexpression of miR-195 in NPCs induces apoptosis.
To explore whether miR-195 has a role in human embryonic
stem cell-derived neural progenitor cell (hESC-NPC) prolifera-
tion and apoptosis, we overexpressed miR-195 in SHhES1-
NPCs. Transfection of double-stranded miR-195 precursor (pre-
miR-195) into SHhES1-NPCs reduced cell number by 30% as
compared with the transfection of control scramble precursor
(pre-miR-NC) (Figure 2a). As it has been reported that miR-195
affected cell cycle or cell apoptosis in other cell types,12,15 we
examined whether the NPC cell number reduction after
overexpression of miR-195 was due to cell cycle alteration or
increased cell apoptosis. FCA did not detect any discernible
differences in the cell cycle profiles and 5-bromo-20-deoxyur-
idine (BrdU) incorporation rate between miR-195-overex-
pressed NPCs and control cells (Supplementary Figures S2a
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and b), indicating that miR-195 might not control cell cycle
distribution or proliferation of hESC-NPCs. Instead, Annexin
V-PI staining assays detected more Annexin V-positive
apoptotic cells in miR-195-overexpressed SHhES1-NPCs than
in pre-miR-NC-transfected cells (Figure 2b), consistent with
results of the terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay (Figure 2c). In addition,
the protein level of cleaved caspase-3 was upregulated after
pre-miR-195 transfection in SHhES1-NPCs (Figure 2d). These
results demonstrate that miR-195 can induce apoptosis in
hESC-NPCs potently.
To determine whether miR-195-induced apoptosis was a

specific phenomenon to SHhES1-NPCs or was general to
other hESC-NPCs, we examined the role of miR-195 in
H9-NPCs. Similarly, TUNEL assays detected more apoptotic
cells in pre-miR-195-transfected H9-NPCs (Supplementary
Figures S2c and d), accompanied by a moderate but
consistent reduction in the cell number (Supplementary
Figure S2e). Moreover, caspase-3 was activated after
transfection of pre-miR-195 in H9-NPCs (Supplementary
Figure S2f). Taken together, miR-195 acted as a proapoptotic
factor in hESC-NPCs.

To test whether other miR-15/16 family members could also
promote apoptosis in hESC-NPCs, we overexpressed miR-
15a, which differs from miR-195 most in this family
(Supplementary Figure S2g), in SHhES1-NPCs. In a manner
similar to miR-195, transfection of miR-15a precursor (pre-
miR-15a) resulted in a cell number reduction (Supplementary
Figure S2h). Moreover, the protein level of cleaved caspase-3
was elevated by miR-15a, but not by an unrelated miR-128
(Supplementary Figure S2i). Therefore, miR-15a appears to
be a proapoptotic factor in human NPCs, as is miR-195.
To further characterize miR-195-induced apoptosis, we

used locked nucleic acid (LNA)-195 to silence miR-195 in
pre-miR-195-transfected SHhES1-NPCs. As shown by
quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) results, LNA-195 efficiently reduced the level of
miR-195 (Supplementary Figure S3a) when pre-miR-195 and
LNA-195 were introduced into NPCs simultaneously. In the
presence of LNA-195, miR-195-mediated reduction in the cell
number and apoptosis were completely abolished
(Supplementary Figures S3b–f). These data provide strong
evidence for the role of miR-195 in the induction of apoptotic
cell death in hESC-NPCs.

Figure 1 SHhES1-NPCs are generated from human ESCs of SHhES1 line. (a) Schematic flow diagram (upper panel) and the representative morphology illustrating the
sequential steps of neural differentiation (bottom panel). (b) Isolated rosettes were dissociated into single cells (p2) in the presence of bFGF (10 ng/ml).
(c) Coimmunofluorescence staining for Nestin and SOX2 in p2 NPCs. (d) Coimmunostaining for GFAP and OLIG2. (e) Immunofluorescence staining for Ki-67.
(f) Neurospheres formed from dissociated NPCs (p2) in the suspension culture with bFGF (10 ng/ml). (g) The morphology of adherent neurospheres after suspension for
2 weeks in the absence of bFGF. (h) and (i) Immunofluorescence staining of Tuj1 (h) and GFAP (i) in the cells indicated in (g). Scale bars in (a–i), 100mm. In (c)–(e), (h) and (i)
DAPI (blue) was used to highlight the nucleus
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Microarray analyses identify gene expression signatures
regulated by miR-195 in hESC-NPCs. We were interested
in the molecular basis underlying the specific role of miR-
195. Previous studies identified several potential targets of
miR-195, including BCL2, AKT3 and FGF2, and they were
implicated in the functions of miR-195 in various cell
types.15,25 We examined whether the expression of these
genes was regulated by miR-195 in human NPCs. However,
neither mRNA levels of BCL2, AKT3 and FGF2 nor protein
levels of BCL2 and AKT3 changed in pre-miR-195-trans-
duced NPCs (Supplementary Figures S4a and b). Thus, it
seems unlikely that miR-195 induced apoptosis in hESC-
NPCs through modulating the expression of these previously
reported target genes.
To identify genuine targets of miR-195 in NPCs, we carried

out gene expression microarray analyses. Global gene
expression profiles of NPCs transfected with equal doses of
pre-miR-195þ LNA-NC (miR-195 group), pre-miR-195þ
LNA-195 (LNA-195 group) and pre-miR-NCþ LNA-NC (con-
trol group) were measured. Analyses were made for
differentially expressed genes with a P-value o0.05 and a
fold-change42.0, shown as the ratio of values in themiR-195
group versus those in the control group. In that case, 192
differentially expressed genes were identified. Gene ontology
(GO) terms associated with these genes were enriched out of

thousands of biological terms (Figure 3a). As ordered by
P-value ranking, miR-195-regulated genes were related to cell
proliferation and cell death biological processes. This finding
was in agreement with functions of miR-195 reported in this
and other studies.
To narrow down the candidate genes of miR-195 targets,

we overlapped differentially expressed genes in comparisons
of miR-195/control and miR-195/LNA-195 and identified
seven genes, which were downregulated by miR-195 over-
expression but recovered by LNA-195 cotransfection. Of
these genes, ARL2 was predicted as a candidate target of
miR-195 by all three widely used programs, TargetScan,
PicTar and miRanda (Table 1). Furthermore, four putative
miR-195 binding sites were identified in the 30-UTR of
ARL2 as highly conserved among different species
(Figure 3b). The functional interaction of miR-195 with
putative target sites of ARL2 was examined by luciferase
reporter assays. Ectopic expression of miR-195 significantly
suppressed the activity of the reporter carrying the wild-type
predicted target sites of ARL2. Morever, this inhibitory effect
could be abolished only when all four sites were mutated.
Mutation of any single site was unable to disrupt the
interaction (Figure 3c). Importantly, overexpression of miR-
195 in hESC-NPCs suppressed endogenous expression of
ARL2 at both mRNA and protein levels (Figure 3d). Thus, our

Figure 2 miR-195 induces cell apoptosis in hESC-NPCs. (a) Left panel: Cell images of SHhES1-NPCs 72 h after transfection with 50 nM of pre-miR-NC or pre-miR-195.
Mock is the transfection reagent control. Scale bars, 100mm. Right panel: The statistical analysis of cell numbers of NPCs shown in the left panel; n¼ 3, *Po0.05. The value
of pre-miR-NC was set as 1. (b) Left panel: Apoptosis was shown as the percentage of Annexin V-positive cells in cells indicated in (a) by FCA; Right panel: The statistical
analysis of apoptotic cells; n¼ 3, **Po0.01. (c) TUNEL assays were performed 48 h after transfection of 50 nM of pre-miR-195 or pre-miR-NC to detect apoptotic cell death.
(d) A representative immunoblotting of cleaved caspase-3 in NPCs with 50 nM of pre-miR-195 or pre-miR-NC transfection for 48 h. For (c) and (d), the experiments were
carried out for three times with similar results
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data provide the experimental evidence that ARL2 is a
genuine target of miR-195 in hESC-NPCs.

Downregulation of ARL2 is primarily responsible for
miR-195-mediated apoptosis in hESC-NPCs. ARL2 is
known to encode a small GTP-binding protein of the RAS
superfamily.26 However, its function in NPCs was unknown.
We asked whether ARL2, as a direct downstream target of
miR-195, had a function related to the regulation of apoptosis
in hESC-NPCs. To this end, three different ARL2 small
interfering RNAs (siRNAs) were used to silence the expres-
sion of ARL2 in SHhES1-NPCs specifically. Successful
repression of ARL2 expression was verified by qRT-PCR
and western blotting (Figures 4a and b). Morphologically,
cells became round and bright after transfection of ARL2
siRNAs. Moreover, knockdown of ARL2 reduced the NPC
number evidently in a manner resembling miR-195 over-
expression (Figure 4c). Western blotting results revealed
elevated protein levels of cleaved caspase-3 in all ARL2
siRNA-transfected NPCs, although to different extents
(Figure 4d). Annexin V-PI analyses revealed an increase in
the percentage of apoptotic cells when ARL2 was down-
regulated (Figures 4e and f). These results demonstrated
that the silencing of ARL2 produced a phenotype similar to
that of overexpression of miR-195 and that ARL2 was
required for the survival of hESC-NPCs. Nevertheless, it
remained unclear whether miR-195 induced apoptosis
through suppressing ARL2 expression. We addressed this
question by overexpressing ARL2 before introducing pre-
miR-195 into NPCs and found that overexpression of ARL2
prevented miR-195-induced cell number reduction (Figures
4g–i). The finding supports the notion that downregulation
of ARL2 may account for miR-195-mediated apoptosis in
human NPCs.

Neurotoxin-induced apoptosis is related to miR-195 and
ARL2. To learn physiological or pathological processes
associated with miR-195, we examined the expression
pattern of miR-195 during human ESC differentiation into
neural progenitors at induction days 0, 5, 10 and 25. Results
of qRT-PCR analysis showed a gradually increasing trend in
the level of miR-195 (Figure 5a), implicating the potential
association of miR-195 with this process.
Recently, Zhang and Pan27 reported that a commonly

used toxicant stressor and potential carcinogen, hexahydro-1,
3, 5-trinitro-1, 3, 5-triazine (RDX), induced upregulation of
miR-195 in the mouse brain and liver, suggesting possible

involvement of miR-195 in the neurotoxin-induced apoptosis
process. Therefore, we explored this possibility by examining
the apoptosis and expression patterns of both miR-195 and
ARL2 after treating hESC-NPCs with neurotoxins, paraquat
and rotenone. Paraquat, an herbicide and suspected etiologic
factor in the development of Parkinson’s disease, was
reported to induce apoptosis in human neuroblastoma.28

Mitochondrial complex I inhibitor rotenone could be used to
activate apoptotic pathways in neural cells.29 Here, we found
that both paraquat and rotenone increased the miR-195
expression level in SHhES1-NPCs (Figure 5b). Simulta-
neously, they caused an evident reduction in the NPC number
(Figures 5c and d). In addition, FCA revealed that the
percentage of apoptotic cells increased when cells were
treated with either paraquat or rotenone (Figures 5e and f).
Interestingly, paraquat, but not rotenone, activated caspase-3
and reduced the ARL2 protein level (Figure 5g). It is possible
that paraquat and rotenone activated distinct apoptotic
pathways. Rotenone might induce apoptosis through a
caspase-3 independent pathway, which is in agreement
with the study in human neural stem cells.23 Taken together,
miR-195 and ARL2 may have roles in apoptosis induced by
neurotoxins such as paraquat.
At last, we determined whether miR-195 was required for

paraquat-induced apoptosis. To this end, LNA-195 was used
to block the effect of miR-195 in the cells treated with
paraquat. However, paraquat-induced cell death could not be
prevented by LNA-195 (data not shown). Considering that
other members of themiR-195 family, such asmiR-15a, might
also function as proapoptosis factors to mask the effect of
LNA-195, we engineered a lentiviral vector (named RLL) to an
miRNA sponge plasmid30 (named Sponge-195) with seven
tandems of a sequence, complementary to the seed
sequence of the miR-195 family, in the 30-UTR of a green
fluorescence protein (GFP ) reporter gene to suppress the
function of the whole miR-195 family (Supplementary Figure
S5a). The efficacy of Sponge-195 was validated in the
following two assays. First, Sponge-195 was transfected into
293T cells together with pre-miR-195 or pre-miR-15a. FCA
showed that both miRNAs were able to reduce the expression
of GFP, indicating that members of the miR-195 family could
bind the seven tandems in the Sponge-195 to reduce the GFP
expression (Supplementary Figure S5b). Second, we exam-
ined whether the presence of Sponge-195 could affect the
luciferase activity controlled by the 30-UTR sequence of the
ARL2 gene. Inhibition of the luciferase activity bymiR-195 and
miR-15a was completely abrogated when pre-miR-195 or pre-

Table 1 Genes downregulated in pre-miR-195-transfected SHhES1-NPCs and predicted as miR-195 targets by different algorithms

Gene name miR-195 group Control group LNA-195 group TargetScan (968) PicTar (746) miRanda (3733)

LOC284260 4.184 5.301 5.345 � � �
ARL2 9.548 10.778 10.625 þ þ þ
SMPD1 8.654 9.77 9.849 þ � þ
RAB4B 7.58 8.722 8.754 þ � þ
GDPD2 8.225 9.915 9.416 � � þ
SPRYD3 6.518 7.549 7.727 þ � þ
PCCA 4.772 5.969 5.835 � � �

Gene expression levels (the value was transformed by log 2) were measured by microarray hybridization after transfection of oligonucleotides, as indicated in the
Materials and Methods. Three types of miRNA target prediction programs, TargetScan, PicTar and miRanda, were used to predict the putative targets of miR-195.
þ stands for the successfully predicted target gene and � for no putative binding sites of miR-195.
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miR-15a was co-transfected with Sponge-195, indicating that
Sponge-195 could efficiently sequester the members of the
miR-195 family and maintain the target gene expression level
(Supplementary Figure S5c). Subsequently, Sponge-195 was
utilized to silence the effect of miR-195 family members in
SHhES1-NPCs. RLL, the parental vector without the seven
tandems, was used as a control. Western blotting showed that
the enhanced active caspase-3 level caused by the paraquat
treatment in RLL-transfected NPCs was eliminated by
Sponge-195 (Figure 5h). Moreover, PI staining analysis
revealed that Sponge-195 rescued paraquat-induced NPC
apoptosis (Figure 5i). These observations clearly show that

the miR-195 family has an important role in neurotoxin
paraquat-promoted human NPC apoptosis.

Discussion

In this study, we report the functional role of miR-195 in
regulating apoptosis of NPCs derived from two independent
lines of hESCs. Overexpression of miR-195 or its family
member miR-15a induced significant apoptotic cell death.
Consistent with this function, genome-wide gene expression
analyses uncovered that cell death was the major biological
process regulated by miR-195. Mechanistically, ARL2 was an

Figure 3 Microarray-based approach identifies ARL2 as a genuine target of miR-195. (a) Gene ontology (GO) analysis of differentially expressed genes (Po0.05,
fold-change42) in miR-195 or control groups of SHhES1-NPCs. The chart lists top 15 GO terms sorted by the P-value and involving at least 12 gene counts. (b) Upper panel:
Schematic illustration of the 30-UTR of ARL2 and its potential miR-195 binding sites predicted by TargetScan. Immediately below are sequence alignments of putative miR-195
binding sites in different species. The seed complementary sites are highlighted in red, and mutants are in green. (c) Dual luciferase reporter assays in 293T cells
co-transfected with dual-luciferase constructs containing 0.05mg wild-type (wt-ARL2) or the mutants (mu1-4) in the 30-UTR of ARL2 along with 20 pmol of pre-miR-NC or
pre-miR-195; n¼ 3, *Po0.05, **Po0.01. The normalized luciferase activity of pre-miR-NC-transfected cells was set as 1. Mu – All mutant includes the mutation of all four
identified miR-195 binding sites. (d) Upper panel: mRNA levels of ARL2 were determined by qRT-PCR in miR-195-overexpressed NPCs with LNA-195 or control LNA
(LNA-NC); n¼ 3, *Po0.05. The value of control was set as 1. Immediately below are the representative western blotting of ARL2 protein level. Three independent
experiments were conducted with similar results
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Figure 4 ARL2 is a functional downstream target of miR-195 during proapoptotic process. (a) QRT-PCR analysis of ARL2 expression in SHhES1-NPCs 72 h post-
transfection of 25 nM of ARL2 siRNAs. The value of control (ctrl) siRNAs was set at 1; n¼ 3, *Po0.05, **Po0.01. (b) Western blot analyses of ARL2 expression in cells
transfected with ARL2 siRNA. (c) Phase-contrast images of SHhES1-NPCs transfected with ARL2 siRNA or control oligonucleotides. The scale bar is 100mm. (d) A
representative western blotting of cleaved caspase-3 in NPCs transfected with siRNAs indicated in (c). (e) Representative plots of Annexin V/PI double staining assay following
ARL2 RNAi in NPCs. Flow cytometry profile represents Annexin-V-fluorescein isothiocyanate (FITC) staining on the x axis and PI on the y axis. (f) Statistical analysis of the
percentage of Annexin V-positive apoptotic cells in NPCs indicated in (c); n¼ 3, *Po0.05 and **Po0.01. (g) Both exogenous and endogenous ALR2 protein levels in cells
co-transfected with 50 pmol of pre-miR-195 and 5 mg of Flag-tagged ARL2-pPy plasmids (F-ARL2) were measured by western blotting. Three independent assays were
conducted and similar results were obtained. (h) Transfection of ARL2 restored the cell number of miR-195-overexpressed NPCs compared with control group. The value of
control group was set at 1. n¼ 3, **Po0.01. (i) The representative cell image of (h). The scale bars are 100 mm
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authentic downstream functional target of miR-195. We
provide the first evidence that ARL2 is essential for the
survival of hESC-NPCs. Pathologically, we found that miR-
195 and ARL2 might be involved in the neurotoxin-induced
apoptosis process. The direct link between miR-195 and
ARL2 and the functional role of ARL2 established here
provide new insights into molecular regulation of cell survival
and apoptosis in human NPCs and may help find new
strategies to improve the survival of NPCswhen they are used
in the disease treatment.
Several groups have independently reported thatmembers of

miR-15/16 family have important roles in regulating a wide
variety of biological and pathological processes.31 In this study,
we showed that overexpression of miR-195 evoked cell
apoptosis in hESC-NPCs. Silencing of miR-195 alone in
SHhES1-NPCs did not produce discernible phenotypes under
normal culture conditions and could not prevent paraquat-
induced NPC apoptosis (data not shown). However, silencing
all members of the miR-195 family considerably reduced NPC
apoptosis induced by the neurotoxin. The finding suggests the
existence of redundant roles among members of the miR-195
family and reveals the critical role of this family for neurotoxin-
mediated apoptosis or neural cell degeneration in humanNPCs.
It has been reported that different hESC lines may display

different potentials for differentiation into particular cell
lineages.27 Therefore, NPCs derived from different hESC
lines may respond differentially to proapoptotic stimuli. We
noticed that the apoptotic response of SHhES1-NPCs to miR-
195 overexpression was stronger than H9-NPCs, although
apoptosis occurred in both lines of NPCs. As the two NPC
lines were initially generated by two different induction
protocols, we needed to distinguish whether the differential
response was due to the differentiation methods used or their
derivation from two different hESC lines. To address this
issue, we generated H9-NPCs by the same Noggin induction
method used to generate SHhES1-NPCs. Interestingly, the
apoptotic response of H9-NPCs generated by the same
protocol with SHhES1-NPCs exhibited weaker response to
miR-195 overexpression, as did H9-NPCs generated by three
inhibitors (data not shown). Therefore, miR-195 provoked
apoptosis to a lesser extent in H9-NPCs than in SHhES1-
NPCs, regardless of the differentiation strategy.
The molecular mechanisms through which miR-195 exe-

cutes its biological functions are largely unknown, although
several potential targets were reported. In this study, we
first reported the genome-wide gene expression signature
regulated by miR-195 in human NPCs. The information will
help us to understand better how miR-195 functions. Notably,
in hESC-NPCs, miR-195 did not affect the expression of
several known targets which were previously identified in other
cell types. Instead, miR-195 specifically targeted ARL2 and

downregulation of ARL2 phenocopied the proapoptotic effect
of overexpression of miR-195 in hESC-NPCs. Importantly,
ARL2 overexpression abrogated the phenotype of miR-195
overexpression. In consistent with our finding, two groups
recently reported that miR-195 directly regulated ARL2
expression.32,33 Nishi et al. found that miR-195 modulated
ATP levels and degenerated the mitochondria via ARL2 in
cardiac myocytes.32 However, whether ARL2 was associated
with apoptosis in cardiac myocytes was not mentioned in their
study. Differently, they found that mutation of any of the four
miR-195 binding sites could block the effect of miR-195,
whereas in our studymiR-195 lost its inhibitory activity toARL2
only when all of the four putative binding sites were mutated.
Therefore, the function of a miRNA and the manner by which it
acts are cellular context-dependent.
There have been few studies of ARL2 and its biological

functions so far. It is considered to be involved in tubulin
folding and microtubule dynamics in mammalian cells.34,35

ARL2 can form a complex with tubulin-binding cofactor D36

and the tumor suppressor protein phosphatase 2A37 to
regulate the phosphorylation of p53, which binds to the micro-
tubule to affect the chemotherapy sensitivity38 and tumor
aggressivity39 in breast cancer. In these studies, suppression
of ARL2 expression in breast cancer inhibited apoptosis and
tumor regression.38,39 Their result is opposite to our finding
that silencing of ARL2 leads to apoptosis in NPCs. Moreover,
silencing of ARL2 expression was reported to decrease cell
spreading.34 We observed similar phenomena in NPCs
transfected with ARL2 siRNAs. Here, we provide direct
evidence that silencing ARL2 expression leads to apoptosis
in human NPCs. Therefore, ARL2 is a new factor required for
NPC survival. Further investigations are warranted to address
how ARL2 takes part in the control of cell survival.

Materials and Methods
Cell culture. Human ESCs of SHhES1 line (karyotype XX, p33–40) were
cultured on irradiated mouse embryonic fibroblasts (MEFs) with a daily change of
the medium consisting of knockout Dulbecco’s modified Eagle’s medium (Gibco/
Life Technologies, Grand Island, NY, USA) supplemented with 20% serum
replacement (Gibco), 1 mM glutamine, 0.1 mM b-mercaptoethanol, 0.1 mM
non-essential amino acid, 50 U/ml penicillin plus 50 mg/ml streptomycin and
4 ng/ml bFGF (Invitrogen/Life Technologies, Grand Island, NY, USA).21 Human
ESCs of H9 line (WA-09, karyotype XX, p48–56) were maintained as described
previously.40

Generation and culture of NPCs. SHhES1 cells were cultured on
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in the MEF-conditioned
medium (MEF-CM) supplemented with 8 ng/ml of bFGF before neural
differentiation. After culturing for one day with MEF-CM, cells were induced into
neural lineages by culturing with the N2B27 medium (1 : 1 mixture of DMEM/F12
supplemented with N2 supplement and Neurobasal medium supplemented with
B27 supplement; Gibco) plus 100 ng/ml rmNoggin (R&D System, Minneapolis,
MN, USA). Upon the appearance of polarized cells after induction for about

Figure 5 miR-195 and ARL2 might be related to neurotoxin-induced apoptosis. (a) The expression levels of miR-195 were measured by qRT-PCR during H9 ESC neural
differentiation at different days, including D0, 5, 10 and 25; n¼ 3. The value of D0 sample was set at 1. (b) QRT-PCR analysis of miR-195 expression levels in NPCs treated
with 500mM of paraquat or 500 nM of rotenone. The value of dimethylsulfoxide (DMSO) treatment was set at 1; n¼ 3, *Po0.05. (c) The cell number of NPCs decreased
under the treatment of paraquat (500mM) or rotenone (500 nM). The scale bars are 100mm. (d) The statistical analysis of the cell number in cells indicated in (c); n¼ 4,
**Po0.01. (e) and (f) The statistical analysis and representative plots of PI staining of NPCs treated as indicated; n¼ 3, *Po0.05, **Po0.01. (g) The representative western
blotting of ARL2 and cleaved caspase-3 in cells indicated in (e). Two independent experiments were performed. (h) The representative western blot analyses of GFP and
cleaved caspase-3 in NPCs infected with RLL or Sponge-195 lentivirus particles with or without paraquat (PQ). Three independent experiments were conducted. (i) The
representative plots of PI staining analysis of NPCs as indicated in (h). Three independent experiments had similar results
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3 weeks, the cells were mechanically picked up and cultured in suspension to form
neurospheres in the N2B27 medium supplemented with 10 ng/ml bFGF. When the
neurospheres were attached, the cells were defined as p1. From p2 onwards, cells
were dissociated into single cells by 0.05% trypsin (Gibco). All later passages of
NPCs were maintained in the N2B27 medium with 10 ng/ml of bFGF.
H9 cells were firstly transferred to the mTesR1medium (STEMCELL Technologies,

Vancouver, BC, Canada) as described.41 Then, they were processed as reported,22

except that we added another TGFb inhibitor, compound C (10mM; Sigma, St. Louis,
MO, USA), together with 500 ng/ml rmNoggin and 10mM SB431542 (Tocris
Bioscience, Bristol, UK) to induce neural differentiation. Similar to SHhES1 cell neural
differentiation, we picked up cells in clumps and plated them onto Matrigel-coated
dishes when polarized cells were visible. Later, NPCs were dissociated into single
cells in the N2B27 medium plus 10 ng/ml bFGF and passaged by 0.05% trypsin.

Transient transfection of cells with pre-miR or LNA-miR.
Cells were transient transfected with synthetic pre-miRNAs (Ambion/Applied
Biosystems, Foster City, CA, USA) and/or LNA-miRNAs (Exiqon A/S, Vedbaek,
Denmark) by Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Their concentrations used in experiments were provided in the figure
legends. Cells were harvested 72 h after transfection or as indicated.

Neurosphere-forming assay. NPCs were digested by 0.05% trypsin and
cultured in suspension in poly-HEME (Sigma)-coated dishes. Spherical structures
formed after 4- to 6-day culture in the presence of 10 ng/ml of bFGF. When bFGF was
withdrawn, NPCs spontaneously differentiated into neuronal cells. Differentiated
spheres were attached onto coverslips (Fisherbrand/Fisher Scientific, Pittsburgh, PA,
USA) coated with Matrigel for immunofluorescence staining.

Immunofluorescence staining. NPCs and rosettes attached on coverslips
were stained as described previously.42 The confocal images were captured using a
confocal microscope (TCS SP5; Leica Microsystems, Wetzlar, Germany). Primary
antibodies were used with following dilutions: Nestin (1 : 200; Chemico/MILLIPORE,
Temecula CA, USA), SOX2 (1 : 500, rabbit polyclonal antibody raised and affinity-
purified in our laboratory), GFAP (1 : 200; Chemicon), OLIG2 (1 : 250; Chemicon),
Ki-67 (1 : 200; Chemicon), Tuj1 (1 : 500; Promega, Madison, WI, USA), MAP2
(1 : 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), LEX1 (1 : 100;
Chemicon), CD133 (1 : 50; Miltenyi Biotec, Bergisch Gladbach, Germany), DACH1
(1 : 100; Proteintech, Chicago, IL, USA) and ZIC1 (1 : 100; Novus Biologicals,
Littleton, CO, USA).

RNA extraction and real-time qRT-PCR. Total RNA was isolated from
NPCs with TRIzol reagent (Invitrogen) and reverse-transcribed into cDNA using
oligo (dT)15 and ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan).
NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA) was used to quantify
amounts of mRNA. QRT-PCR was performed using the ABI PRISM 7900 Fast
Real-Time PCR system (Applied Biosystems) and the Power SYBR Green PCR
Master Mix (Applied Biosystems) according to the manufacturer’s instructions. The
primer sequences used for qRT-PCR are provided in Supplementary Table S1.
Mature miR-195 was detected by stem-loop qRT-PCR analysis using the Taqman
Human MicroRNA Assay kits (Applied Biosystems). Small nucleolar RNU48
served as an endogenous reference RNA for normalizing the cellular content of
other miRNAs.

Western blotting. Western blot analysis was performed under standard
denaturing conditions using following antibodies at 1 : 1000 dilutions: cleaved
caspase-3 (Cell Signalling Technology (CST), Denver, MA, USA), BCL2 (Cell
Signalling Technology), a-tubulin (Sigma), GAPDH (Abmart, Arlington, MA, USA),
AKT (Cell Signalling Technology), AKT3 (Cell Signalling Technology) and GFP
(Roche, Indianapolis, IN, USA). ARL2 antibody (Abgent, San Diego, CA, USA) was
used at 1 : 200 of dilution. All experiments were performed at least three times.

Flow cytometry analysis. NPCs were cultured on Matrigel-coated dishes for
at least 48 h before experiments. NPCs were incubated for 2 h with BrdU (10mM;
BD Biosciences) and then fixed with 70% ethanol before FCA by a BD FACSAria
Cell Sorter (Becton Dickinson, San Jose, CA, USA). Transfected NPCs were stained
with Annexin V and propidium iodide (PI) according to the manufacturer’s manual.
Cell cycles were analyzed by PI staining using a BD FACSAria Cell Sorter or BD
Accuri C6 flow cytometer (BD Accuri Cytometers, Ann Arbor, MI, USA). After the
treatment of paraquat (Sigma) or rotenone (Sigma), a simplified protocol for
apoptosis assay by DNA content analysis was used as described.43

TUNEL assay. Transfected NPCs were fixed in 4% paraformaldehyde for 1 h at
room temperature and then permeabilized in 0.2% Triton X-100/phosphate-buffered
solution solution for 15min. TUNEL staining was performed according to the
manufacturer’s instructions (In Situ Cell Death Detection Kit, POD; Roche). Stained
cells were analyzed using the BD FACSAria Cell Sorter.

Luciferase reporter assays. The 30-UTR of human ARL2 (NM_001667)
was cloned into a vector containing two Luciferase open reading frames, Renilla
and firefly (psiCHECK2; Promega). The target regions were mutated by PCR with
mutant primers as listed in Supplementary Table S1. Specifically, four miR-195
complementary sites, TGCTGCTA(G), were changed to TGCTGggA(G). The 293T
cells were co-transfected with the reporter construct and pre-miR-195 using
Lipofectamine 2000 (Invitrogen). Luciferase reporter assays were performed 48 h
post-transfection using the Dual-Luciferase Assay System (Promega) according to
the manufacturer’s instructions.

Gene expression microarray and data analysis. Affymetrix HG-U133
plus 2.0 chips were used for each group of NPCs with three biological replicates.
RNA samples were prepared from SHhES1_NPCs 48 h post-transfection under
the following conditions: (1) 50 pmol pre-miR-NC (25 nM) plus 50 pmol LNA-NC
(25 nM); (2) 50 pmol pre-miR-195 (25 nM) plus 50 pmol LNA-NC (25 nM); and
(3) 50 pmol pre-miR-195 (25 nM) plus 50 pmol LNA-195 (25 nM). RNAs were
extracted by TRIzol, purified by a QIAGEN RNAeasy kit (QIAGEN, Valencia, CA,
USA) and subjected to Affymetrix HG-U133 plus 2.0 chips (Shanghai Biochip Co.
Ltd, Shanghai, China). Data were analyzed by DAVID Gene ID Conversion Tool
(http://david.niaid.nih.gov) and the SBC Analysis System (http://sas.
ebioservice.com).

RNA interference by oligonucleotides. ARL2 was knocked down using
Stealth RNA interference (RNAi) Duplex Oligonucleotides (Invitrogen) in
SHhES1_NPCs. The sequences of ARL2 stealth RNAi oligos were as follows:
ARL2 i-1 (50-TGCGCTGTCCACTACCCAGATGAGG-30), ARL2 i-2 (50-TCTTCAG
GATGGTTGTCTTTCCAGC-30) and ARL2 i-3 (50-TGTTCAGCTTGAATCCTCGG
TGCTC-30). The negative control was purchased from Invitrogen (Stealth RNAi
Negative Control Med GC and High GC).

Plasmid construction and nucleofection. The ARL2-PET plasmid is a
kind gift from Dr. Nicholas J. Cowan. The DNA fragment containing the coding
sequence of ALR2 (NM_001667), digested from ARL2-PET by NdeI and BamHI,
were inserted into pPyCAGIP-Flag vector using the same enzyme sites. Then,
5mg of ARL2-pPy or pPy-vector were nucleofected into 2� 106 NPCs according
to the manufacturer’s instructions (Amaxa Nucleofector, Amaxa Biosystems,
Cologne, Germany). The program used is A33. After 48 h, 25 nM of pre-miR-NC or
25 nM of pre-miR-195 were transfected by Lipofectamine 2000. Cells were
harvested after an additional 48 h for cell number counting (Countess; Invitrogen)
and western blotting analysis.
The seven tandems of the miR-195 family targeting site sequence (Supplementary

Figure S5a), synthesized by Sangon (Shanghai, China), were inserted into RLL vector
(gift from Dr. Holm Zaehres) by SalI and KpnI enzyme sites. Then, 0.05mg psiCHECK
or ARL2 30-UTR reporter plasmids, 10 pmol pre-miR-NC, pre-miR-195 or pre-miR-
15a, and 0.8mg RLL or Sponge-195 plasmids were transfected into 293T cells as
indicated in Supplementary Figure S5c by Lipofectamine 2000 reagent according to
the manufacturer’s instructions (Invitrogen).

Generation of lentiviral particles and virus infection. We obtained
RLL and Sponge-195 lentiviral particles as described previously.44 The titer of
lentiviral particles was detected in the 293T cells. The multiplicity of infection of
NPCs was set at 2.

Statistical analysis. All values are shown as means±S.D. The Student’s
t-test was used to determine the significance of differences in comparisons
between two groups. The 0.05 level of confidence was considered statistically
significant.
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