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ABSTRACT

Precise control of gene expression is of paramount impor-
tance for proper embryonic development. Although a
number of microRNAs (miRNAs) has been implicated in
fine-tuning mRNA translation during development, their
exact roles for gastrulation, particularly in connection
with functional targets, have yet to be clarified, with
regard to stage-specific cell migration to form three em-

bryonic germ layers. We found that miR-124a is expressed
in human embryonic stem cells (hESC), but is gradually

downregulated during embryoid body (EB) formation in
vitro. We also provide evidence that SLUG and IQGAP1,
which modulates rearrangement of the migratory cytoskel-

eton, are specific targets for miR-124a during EB forma-

tion. Furthermore, we show that the beginning of cell
migration, a hallmark event in gastrulation, is tightly
coupled with downregulation of miR-124a during EB for-
mation and induction of SLUG and IQGAP1. Overex-
pressed miR-124a in hESC reduced expression of SLUG
and IQGAP1 and blocked migratory cell behavior in EB.
An expression level of MIXL1, associated with gastulation

process, was also inversely correlated with expression of
miR-124a. Taken together, our results strongly suggest

that miR-124a may play an active role in inhibiting hESCs
from differentiation into EB by downregulating expression
of SLUG and IQGAP1, thereby maintaining stemness.
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INTRODUCTION

Gastrulation is characterized by coordinated morphogenetic
movement and cell transformation as a key event in early de-
velopment. One of the hallmarks of gastrulation is formation
of the primitive streak and differentiation into three germ
layers. This early developmental process results from prolifer-
ation and migration of epiblast cells to the median plane of
the embryonic disc [1, 2]. This event is termed epithelial-mes-
enchymal transition (EMT), which is triggered primarily by
the snail superfamily of zinc finger transcription factors
through direct repression of E-cadherin expression [3]. These
EMT processes have been well-investigated in the mouse gas-
trula [2]; key mechanisms involved in cell transformation dur-
ing gastrulation in humans are not relatively well-understood
because of the scarcity of human embryonic materials. Human
embryonic stem cell (hESC) lines can differentiate in vitro
into aggregates termed embryoid bodies (EBs), whose struc-
tures are similar to those seen in the early steps of peri-im-
plantation development [4], and which mimic the process of
gastrulation [5] by deriving all three embryonic germ layers.
Therefore, these in vitro processes leading to development in

EB can be utilized to study identification and characterization
of the molecules that control reorganization of cytoskeleton
and acquisition of cell motility, essential features of tissue,
and organ formation in the inner cell mass [6, 7].

microRNA (miRNAs) are noncoding RNAs, with a typical
length of 20–24 nucleotides that are found in virtually all eu-
karyotic cells, including hESCs [8]. miRNAs fine-tune transla-
tion of target mRNAs, and regulate diverse biological proc-
esses including embryonic development [9–12]. Recently,
expression of many miRNAs, including miR-302, miR-371
cluster, and miR-124a, are known to be regulated by OCT4, a
key hESC transcription factor and integrated with the regula-
tory circuitry for stemness of hESCs [13]. However, the miR-
NAs and their specific target genes that may be involved in
development of gastrulation have yet to be identified. In par-
ticular, the mechanism that causes acquisition of migratory
properties during EB formation, an indispensable process of
gastrulation, has not been fully understood, especially in
respect to miRNAs. We were particularly interested in investi-
gating potential roles of miR-124a in gastrulation processes of
human EB. Although several other studies reported that miR-
124a is expressed and involved in neurogenesis [14–17], the
possibility that miR-124a plays any role in gastrulation has
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not been experimentally examined. Here, we demonstrate that
miR-124a controls cell migratory activity during developmen-
tal transition from human ES cells to EB.

MATERIALS AND METHODS

Maintenance of hESCs and Formation of EBs

hESC (H9) were used according to the research protocol of the
WiCell Research Institute (WiCell, Madison, WI, http://www.
wicell.org). H9 cells were plated as colonies and cultured on a
feeder layer of mouse embryonic fibroblasts inactivated with 10
g/ml mitomycin C (seeded at 2 � 105 cells per 35-mm dish;
Sigma-Aldrich, St. Louis, CA, http://www.sigmaaldrich.com)
with 5% CO2 and a daily change of Dulbecco’s modified Eagle’s
medium/F12, containing 20% serum replacement, 1 mM gluta-
mine, 0.1% nonessential amino acids, 0.1% penicillin/streptomy-
cin, 0.1 mM b-mercaptoethanol, and 4 ng/ml recombinant human
FGF-2 (Invitrogen, Corp., Carlsbad, CA, http://www.invitrogen.
com). For passaging, hESC colonies were mechanically detached
with a glass pipette during transfer. Passages were made at a 1:2
or 1:3 split ratio. hESCs were mechanically dissociated, seeded to
nonadhesive bacterial dishes in hESC media without basic fibro-
blast growth factor (bFGF), and allowed to spontaneously form
into EB as an initial differentiation method.

30UTR Luciferase Reporter Assays

miR-124a target, which contains seed matches, was selected by
prediction programs (miRanda; http://cbio.mskcc.org/mirna-
viewer/ and TargetScan; http://www.targetscan.org/). Wild-type
and mutant UTR segments of SLUG and IQGAP1 mRNAs were
cloned into psiCHECK2 vector containing renilla and firefly lu-
ciferase gene as a reporter (Promega, WI, http://www.promega.-
com). The sequence of the mutant SLUG 30UTR GTGCCTTAA
changed to GTGCACGCG, and the sequence of the mutant
IQGAP1 30UTR GTGCCTT changed to GTGGGAA. HeLa cells
were transfected with both luciferase reporter plasmids (1 lg)
and 100 nM miRNA at least three times on different days and lu-
ciferase activities from the cells were assayed. Each reporter
assay was conducted in triplicate.

Preparation of Small-Sized RNAs and Analysis of
miRNA Expression by Microarray

Total RNA was extracted from cultured cells using Trizol reagent
(Invitrogen), according to manufacturer’s protocol. For prepara-
tion of cellular miRNAs, small-sized RNAs containing miRNAs
were isolated from total RNA using the RNeasy MinElute
Cleanup kit (Qiagen, Hilden, Germany, http://www1.qiagen.com),
as described previously. The isolated small RNAs (�1 lg) were
subjected to direct labeling with a fluorescent dye using the Plati-
num Bright 647 Infrared nucleic acid labeling kit (KREATECH,
Amsterdam, Netherlands, http://www.kreatech.com/), according to
the manufacturer’s instructions. After labeling, the labeled RNAs
were purified from free fluorescent substrates using KREApure
columns (KREATECH, Netherland) according to the manufac-
turer’s instructions and used in hybridization. Hybridization was
carried out with the Genopal-MICH DNA chips (Mitsubishi
Rayon, Japan, http://www.mrc.co.jp/english/index.html), where
127 oligonucleotide DNA probes are installed for detection of
human miRNAs, respectively, in 150 ll of hybridization buffer
(2� SSC, 0.2% sodium dodecyl sulfate (SDS) and �1 lg of
heat-denatured-labeled RNAs) at 50�C overnight. After hybridiza-
tion, the DNA chips were washed twice in 2� SSC containing
0.2% SDS at 50�C for 20 minutes followed by washing in 2�
SSC at 50�C for 10 minutes, and then hybridization signals were
examined and analyzed using a DNA chip image analyzer accord-
ing to the manufacturer’s instructions (Mitsubishi Rayon). The
chip analysis was repeated at least twice, and hybridized signal
intensities were analyzed as described previously [18].

Quantitative Stem-Loop Reverse Transcription
Polymerase Chain Reaction for miRNA

Reverse transcription (RT) reactions were run in a GeneAmp PCR
9,700 Thermocycler (Applied Biosystems, CA, http://www.applied
biosystems.com). RT reactions without templates or primer were
used as controls. Gene expression levels were quantified using the
ABI 7300 RT-PCR System (Applied Biosytems). Comparative real-
time polymerase chain reaction (PCR) with or without specific pri-
mers for miR-124a was performed in triplicate. Reactions were per-
formed at 95�C for 10 minutes, followed by 40 cycles of 95�C for 15
seconds, and 60�C for 1 minutes. Relative expression was calculated
using the comparative Ct method.

Western Blotting

hESCs or EB were harvested at indicated times and lysed with
lysis buffer (20 mM Tris-HCl, pH 7.5, 1 mM EGTA, 1 mM
EDTA, 1 mM b-glycerol phosphate, and 1% triton X-100; Sigma)
containing a protease inhibitor cocktail (Roche, Ltd.). Extracted
proteins were denatured using SDS sample buffer at 100�C for 5
minutes. Proteins in cell lysates were resolved by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE), transferred onto Poly-
vinylidene difluoride (PVDF) membrane (Amersham Biosciences,
Piscataway, NJ, http://www.amersham.com), and immunoblotted
with the following primary antibodies; mouse anti-OCT-4 (1:500),
rabbit anti-SLUG (1:200), rabbit anti-IQGAP1 (1:500, Santa Cruz
Biotechnology Inc., Santa Cruz, CA, http://www.scbt.com), mouse
anti-E-cadherin (1:200, BD Biosciences, San Jose, CA, http://
www.bdbiosciences.com), and mouse anti-MIXL1 (1:500, Abcam,
Cambridge, U.K., http://www.abcam.com/). Intensities of immu-
noblot bands were quantified using Quantity One software (Bio-
Rad, Hercules, CA, http://www.bio-rad.com). Fold changes in
band intensities were normalized using those of actin.

Immunocytochemistry

Cells were fixed with 4% (w/v) paraformaldehyde for 30 minutes
and permeabilized with 0.1% (v/v) TritonX-100 in phosphate buf-
fered saline (PBS) for 5 minutes. After blocking with 10% (v/v)
goat serum for 30 minutes, cells were incubated with primary anti-
bodies at 4�C overnight. Cells were washed with PBS, then incu-
bated with secondary antibodies conjugated with fluorescein iso-
thiocyanate (FITC) or rhodamine (Molecular Probe), and visualized
by confocal microscopy (LSM 510; Zeiss, Carl Zeiss, Jena,
Germany, http://www.zeiss.com) after counterstaining with 2 g/ml
40,6-diamidino-2-phenylindole (DAPI) (Sigma).

Transfection of miRNAs and Small Interfering RNAs

20-O-Methyl oligonucleotides complementary to miR-124a or anti-
sense-200-O-methyl oligonucleotides were chemically synthesized
by Dharmacon. Small interfering RNAs (siRNAs) specific to
IQGAP1 and SLUG (on-TARGETplus SMARTpool) were obtained
from Dharmacon (Lafayette, CO, http://www.dharmacon.com).
HeLa cells were transfected with miR-124a or antisense miR-124a
using lipofectamin RNAi Max (Invitrogen). To transfect hESCs,
hESC colonies were detached from culture dishes, grown in suspen-
sion culture for 2 days and transfected with 100 nM miR-124a, anti-
sense-miR-124a or siRNAs for 5 hours using lipofectamin RNAi
Max, and then plated onto gelatin-coated dishes. After 1 day, these
cells were subjected to western blotting, reverse transcription poly-
merase chain reaction (RT-PCR), and immunocytochemistry.

Transwell Migration Assay

Transwell migration assays were performed in six-well culture
plates with inserts (8-lm pore size; Falcon, BD Biosciences, San
Jose, CA, http://www.bdbiosciences.com). hESC (small clumps)
transferred to upper chamber inserts. A total of 2.5-ml differentia-
tion media were added to the lower and upper chambers. The
cells were allowed to migrate for 5 days in a humidified CO2 in-
cubator at 37�C. Following incubation, cells were harvested from
each chamber and individually analyzed.
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Morphometry

hESC colonies were photographed with an inverted microscope
(ECLIPSE TE2000-V; Nikon, Tokyo, Japan, http://www.nikon.
com) equipped with a digital camera (DXM1200F, Nikon).
Degrees of cell migration were determined by measuring distan-
ces between expanded peripheral boundaries from stationary core
colonies using the i-solution image analysis program (iMT i-Solu-
tion Inc., Korea, http://www.samwoosc.co.kr/iSolution.htm). Data
were obtained from images of randomly selected colonies from
three independent cultures under designated conditions.

Statistical Analysis

All experiments were performed in triplicate and data represented
as mean value 6 SD. Significance of differences was assessed by
an unpaired t-test at p < .05.

RESULTS

SLUG and IQGAP1 Are Direct Targets for
miR-124a

To identify miRNAs that regulate cell migration of hESC dif-
ferentiation, we carried out microarray profiling of miRNAs

in various cells. miRNA-specific real-time PCR confirmed
that expression of miR-124a was restricted to undifferentiated
hESCs- and hESCs-derived neural progenitor cells (Support-
ing Information Fig. 1A). Its expression was downregulated
as hESCs differentiated into EB (p < .05 or 0.001; Fig. 1A).
To further evaluate the possibility that miR-124a may have a
functional role in differentiation of hESCs, we analyzed bioin-
formatics information using TargetScan (ver. Five.1) to select
potential target genes downregulated by miR-124a. Among
hundreds of potential targets predicted by TargetScan (ver.
Five.1) and genes experimentally proven to be downregulated
by miR-124a [19], we selected 58 overlapping genes (Sup-
porting Information Fig. 1B and Table 1). We chose SLUG
and IQGAP1 based on analysis of the functional annotation-
KEGG pathway (Table S2) and reported supporting evidence
[3, 19, 20]. SLUG induces transition from epiblast cells to
mesenchymal cells, which then migrate to form the primitive
streak and three germ layers [3, 20, 21]. SLUG-induced EMT
is associated with repression of transcription of E-cadherin,
which is required for the formation of adherens junctions of
the early embryo and epithelium [22]. IQGAP1 is also a key
regulator for cell adhesion, migration, and polarity by inter-
acting with various cytoskeletal components and signaling

Figure 1. miR-124a directly regulates SLUG and IQGAP1 in hESC. (A): Expression levels of miR-124a in hESCs and differentiating EBs at
days 3 and 5 were analyzed by real-time PCR. Relative expression values of miR-124a are normalized to the level of U6 mRNA. Values repre-
sent mean 6 SEM. Student’s t-test: *, p < .05 and ***, p < .001. (B): Vector alone (Con. Vec.) or luciferase-reporter constructs containing WT
30UTR of SLUG and IQGAP1 (SLUG WT or IQGAP1 WT) or mutant 30UTR (SLUG Mut or IQGAP1 Mut) were transfected to HeLa cells in
the presence or absence of miR-124a oligomers. Effect of miR-124a on relative luciferase activities was presented as histograms. Values repre-
sent mean 6 SEM. Student’s t-test: *, p < .05. (C): Expression levels of mRNA and protein of SLUG, IQGAP1, E-cadherin, OCT4, and Actin
in hESCs, EB at days 3 and 5 were assessed by RT-PCR and western blotting. Fold changes of signal intensity were normalized by actin inten-
sities. Fold changes shown are mean values obtained from three independent experiments. Statistical significance was determined by comparing
relative band intensities referred to hESCs as 1. Student’s t-test: *, p < .05, **, p < .01, and ***, p < .001. (D): Expression of SLUG (green),
OCT4 (red), E-cadherin (red), and IQGAP1 (green) in hESCs and EBs at day 5 was displayed by immunocytochemical analyses. Arrow head
indicates cystic EB. Nuclei were counterstained with DAPI (blue). Scale bar ¼ 100 lm. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole;
EB, embryoid body; hESC, human embryonic stem cell; RT-PCR, reverse transcription polymerase chain reaction; WB, western blot.
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molecules [23, 24]. To investigate whether SLUG and
IQGAP1 are directly targeted by miR-124a, we used lucifer-
ase reporter assays to determine whether miR-124a oligomers
are able to bind wild-type 30UTR (WT) but not its mutant
UTR (Mut) (Fig. 1B; Supporting Information Fig. 2A).
Because of poor transfection efficiency of hESC, we used
HeLa cells to cotransfect luciferase reporters containing WT
or Mut 30UTRs and miR-124a oligomers and then measured
for luciferase activity. We found that miR-124a significantly
reduced luciferase activity with reporters containing wild-type
30 UTR of SLUG and IQGAP1 by 95% and 64%, respectively,
when compared with mutant and control vectors without
30UTR (p < .05). To verify a potential functional connection
between miR-124a and SLUG/IQGAP1, we compared expres-
sion levels of endogenous SLUG/IQGAP1 in HeLa cells and
undifferentiated hESCs transfected with or without miR-124a
oligomers. Consistent with our previous results from lucifer-
ase reporter assays, we found that miR-124a greatly reduced
expression of SLUG and IQGAP1 (Supporting Information

Fig. 2B and 2C). These results indicate that SLUG and
IQGAP1 can be target proteins of miR-124a. To demonstrate
functional gain and loss of miR-124a in hESCs-derived EB,
we next overexpressed miR-124a in hESCs-derived EB and
investigated SLUG and IQGAP1 levels and cellular behavior.

SLUG and IQGAP1 Are Expressed in the Outer
Layer of EBs

Both SLUG and IQGAP1 expression levels were expressed
at very low levels in hESCs but significantly increased at
both mRNA and protein levels as hESCs differentiated into
day 5 EBs (p < .05 or .01; Fig. 1C). We verified differen-
tiation of hESCs into EBs by observing that expression of
E-cadherin and OCT4, markers for undifferentiated hESCs,
were markedly diminished during this process (Fig. 1C).
We used immunocytochemical approaches to determine
localization of SLUG, IQGAP1, OCT4, and E-cadherin in
day 5 EBs (Fig. 1D). The day 5 EB is composed of

Figure 2. miR-124a blocks cell migration through downregulation of SLUG and IQGAP1. (A): miR-124a or antisense-miR-124a oligonucleotides
were transfected to EBs at day 2. Relative miR-124a expression levels measured by real-time PCR are displayed as histograms. Relative expression
values of miR-124a are calculated by normalizing them to levels of U6 mRNA. Expression of IQGAP1, SLUG, and E-cadherin in hESCs and re-
spective EBs transfected with or without miR-124a (Att-EB-miR-124a) or antisense-miR-124a (Att-EB-Anti-miR-124a) oligonucleotides are shown
as western blots. Att-EB designates EBs attached onto gelatin dishes. Fold changes of band intensity were normalized by actin intensities. Statistical
significance was determined by comparing the data with those of control EBs. Student’s t-test: *, p < .05, **, p < .01, and ***, p < .001. (B, C):
Expression of SLUG and IQGAP1 in untransfected EBs (control) or EBs transfected with miR-124a or antisense-miR-124a oligonucleotide was
visualized by phase contrast and confocal microscopic images. Nuclei are shown by DAPI (blue). Scale bar ¼ 50 lm. (D): Morphometric analysis
for cell migration. The distances of peripheral boundaries consisting of migratory cells from core colonies were calculated as migratory cell index.
Student’s t-test: ***, p < .001. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; EB, embryoid body; hESC, human embryonic stem cell.
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typically multiple segments with an undifferentiated cell
and differentiated cell outer layers. SLUG and IQGAP1
were preferentially located in the outer regions of EBs
(shown in green). Of note, especially the cells distantly dis-
persed from the outer boundaries of EB exclusively
expressed SLUG or IQGAP1. This is consistent with the
previous reports that SLUG or IQGAP1 are involved in
cell migratory activities during gastrulation. In contrast,
OCT4 and E-cadherin were located exclusively in the core
compartments of EBs, which contain largely undifferenti-
ated hESCs (shown in red). Areas enriched with SLUG and
IQGAP1 in EBs lacked E-cadherin, which is essential for
forming the adherens junction during early stages of
embryogenesis. We used electrophoretic mobility shift
assay (EMSA) to determine whether SLUG inhibited E-
cadherin expression. Our results suggest that induced
SLUG during hESC differentiation repressed of E-cadherin
expression (data not shown). Results from immunocyto-
chemistry and immunoprecipitation assays suggest that the
cytoskeleton reorganization necessary for development of
EB polarity may be mediated by IQGAP1 (Supporting In-
formation Fig. 3). Taking these results into our considera-
tion, we postulate that SLUG and IQGAP1 may be essential

for organ reorganization in embryonic development as well
as for repression expression of OCT4 and E-cadherin that
are necessary for retaining stemness.

miR-124a Blocks Cell Migration

To determine whether such expression patterns of SLUG and
IQGAP1 at the peripheral boundaries of EBs are caused by
downregulation of miR-124a expression, we overexpressed
miR-124a, and examined whether diminished expression of
SLUG or IQGAP1 as a result of overexpressed miR-124a
affected cellular the typical patterns in EBs. We first verified
that expression of SLUG and IQGAP1 was reduced in EBs as
a result of overexpression of miR-124a by transfecting EBs
with miR-124a (p < .05, .01, or .001; Fig. 2A). We next
examined the morphological features of peripheral boundaries
of plate-attached, day 4 EBs following transfection with miR-
124a oligonucleotides using phase contrast and confocal mi-
croscopic image analyses (Fig. 2B and 2C; supporting results
in Supporting Information Fig. 4). Consistent with results
from western blotting (Fig. 2A), EBs transfected with miR-
124a oligonucleotides showed significantly reduced SLUG
and IQGAP1 expression (shown in red) at the outer regions
of EBs (Fig. 2B and 2C; middle panel). Importantly,

Figure 3. siRNAs specific to SLUG and IQGAP1 block cell migration. (A): siRNAs specific to SLUG and IQGAP1 or control oligomer RNA
were transfected to EBs, and expression levels of SLUG and IQGAP1 in respective EBs were compared by western blotting. Fold changes of
band intensities are normalized by actin intensities. Statistical significance was determined by comparing the data with those of control EBs (con-
trol EB). Student’s t-test: *, p < .05; **, p < .01. (B, C): Expression of SLUG, E-cadherin, and IQGAP1 in the EBs transfected with siRNAs to
SLUG and IQGAP1 or with control oligomer RNA are displayed as indicated colors. Phase contrast and confocal microscopic images are pre-
sented. Nuclei were counterstained with DAPI (blue). (D): Morphometric analysis for cell migration. The distances of peripheral boundaries con-
sisting of migratory cells from core colonies were calculated as migratory cell index. Student’s t-test: ***, p < .001. Abbreviations: DAPI, 40,6-
diamidino-2-phenylindole; EB, embryoid body; hESCs, human embryonic stem cells.
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transfection of miR-124a oligonucleotides prevented EB from
forming characteristic ruffles at the peripheral boundaries of
the EB typically seen in control and antisense-miR-124a
transfected EBs (Fig. 2B and 2C; left and right panels). Mi-
gratory cell property is manifested by scattered cells around
the colonies. Because colony size was correlated with migra-
tory activity, we used radii of EB colonies as a cell migratory
index (Fig. 2D; Supporting Information Fig. 5). EB colonies
that overexpressed miR-124a showed significantly smaller
radii compared with control and antisense-miR-124a trans-
fected colonies, which implies that overexpression of miR-
124a blocks migratory behavior, an essential feature of gastru-
lation. We also noticed slightly increased expression of E-cad-
herin in EBs transfected with miR-124a when compared with

control EBs. Because E-cadherin is an important molecule for
maintenance of hESCs, and because its expression is inhibited
by SLUG [3, 20], miR-124a may act as regulatory molecule
for expression of E-cadherin in hESCs by downregulating
SLUG, thereby maintaining stemness of hESCs.

Inhibition of SLUG and IQGAP1 Expression Blocks
Cell Migration

To exclude the possibility that miR-124a blocks cell migra-
tory behavior by regulating factors other than SLUG and
IQGAP1, we reduced SLUG and IQGAP1 expression using
siRNA specific to SLUG and IQGAP1 instead of miR-124a,
and then examined whether specifically lowering levels of

Figure 4. Migrated cells express
a lower level of miR-124a com-
pared with cells retained in a
transwell, but show higher levels
of MIXL1, SLUG, and IQGAP1.
(A): Expression levels of miR-
124a in the retained cells at upper
chambers (upper cells) and the
migrated cells to lower chambers
(lower cells) were analyzed by
real-time PCR. Expression levels
of miR-124a were normalized to
those of U6 mRNA. Data repre-
sent mean 6 SEM. Student’s t-
test: *, p < .05. (B): Expression
levels of MIXL1, SLUG,
IQGAP1, OCT4, and actin in cells
retained cells in upper chambers
(upper cells) and cells that
migrated to lower chambers
(lower cells) were assessed for
mRNA and protein levels by RT-
PCR and western blotting. Fold
changes of signal intensity are
normalized by actin intensities.
Fold changes shown are mean val-
ues obtained from three independ-
ent experiments. Statistical
significance was determined by
comparing with the relative band
intensities as referred to hESCs as
1. Student’s t-test: *, p < .05; **,
p < .01; and ***, p < .001. (C):
Immunocytochemical analyses of
migrated cells at upper and lower
chambers for expression of
MIXL1 (green), SLUG (green),
IQGAP1 (green), and OCT4 (red).
Nuclei were counterstained with
DAPI (blue). Scale bar ¼ 100 lm.
Abbreviations: DAPI, 40,6-diami-
dino-2-phenylindole; RT-PCR,
reverse transcription polymerase
chain reaction; hESC, human em-
bryonic stem cell; WB, western
blot.
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SLUG and IQGAP1 produced similar effects. We confirmed
reduced SLUG or IQGAP1 by their respective siRNAs using
western blotting (Fig. 3A) and confocal microscopic analysis
(Fig. 3B and 3C; in green). Diminishing the expression levels
of SLUG or IQGAP1 expression prevented ruffle development
in EBs such as was seen in control EBs. Morphometry analy-
sis further confirmed that EBs with reduced SLUG or
IQGAP1 by specific siRNAs showed significantly reduced mi-
gratory behavior from EBs transfected with miR-124a (Fig.
3D; Supporting Information Fig. 5). These results suggest that
downregulation of miR-124a is necessary for migratory cell
behavior at the peripheral boundaries of EBs through upmo-
dulation of SLUG and IQGAP1.

SLUG and IQGAP1 Are Detected Exclusively
in Migratory Cells

We evaluated whether SLUG and IQGAP1 are related to cell
migration. hESCs were cultured in the upper chambers of

transwell and allowed to fully differentiate. After 5 days, cells
that remained in the upper chambers and cells that had
migrated to lower chambers were separated and evaluated for
expression of MIXL1, miR-124a, SLUG, IQGAP1, and OCT4.
Our data indicated that migrating cells expressed lower levels
of miR-124a (Fig. 4A; p < .05) when compared with cells that
remained in the upper chambers. Consistent with previous data
obtained from immunocytochemistry analysis, SLUG and
IQGAP1 were detected in the migratory cells (Fig. 4B). Little
or no OCT4 was detected in migrating cells. Inversely, we
found nonmigrating cells still expressed OCT4 (Fig. 4C). These
data further strengthen our hypothesis that SLUG and IQGAP1
are involved in cell migration during gastrulation.

Migrating hESCs Are MIXL1 Positive
Gastrulation-Associated Cells

We used MIXL1 as an additional marker with SLUG and
IQGAP1 to monitor the migratory behaviors in EBs. Mixl1 is

Figure 5. An early gastrulation marker, MIXL1 is preferentially expressed in migratory EB. (A): Expression levels of MIXL1, OCT4, and actin
in hESCs (lane 1), EBs at day 3 (lane 2), and at day 5 (lane 3) were assessed by RT-PCR and western blotting. Fold changes of band intensities
are normalized by actin intensities. Fold changes shown are mean values obtained from three independent experiments. Statistical significance
was determined by comparing with data from hESCs. Student’s t-test: *, p < .05; **, p < .01; and ***, p < .001. Immunocytochemical analysis
for expression of MIXL1 (green) and OCT4 (red) in hESCs and EBs at day 5. Nuclei were counterstained with DAPI (blue). Scale bar ¼ 100
lm. (B): hEBs transfected with miR-124a or antisense-miR-124a oligonucleotides. Expression levels of MIXL1 in hESCs and EBs transfected
with or without miR-124a (Att-EB-miR-124a) or antisense-miR-124a (Att-EB-Anti-miR-124a) oligonucleotides are shown by western blots. Att-
EB designates EBs attached to gelatin dishes. Fold changes of band intensity are normalized by actin intensities. Statistical significance was
determined by comparison with data from attached EBs (Att-EB). Student’s t-test: **, p < .01. Expression of MIXL1 in control EBs or EBs
transfected with miR-124a or antisense-miR-124a oligonucleotide was visualized by phase contrast and confocal microscopic images. Nuclei
were counterstained with DAPI (blue). Scale bar ¼ 50 lm. (C): siRNAs specific to SLUG and IQGAP1 or oligomer RNA were transfected to
EBs, and expression levels of MIXL1 in respective EBs were compared by western blotting. Fold changes of band intensities are normalized by
actin intensities. Statistical significance was determined by comparing the data with those of control EBs. Student’s t-test: *, p < .05. Expressions
of MIXL1 and E-cadherin in EBs transfected with siRNAs to SLUG and IQGAP1 or with control oligomer RNA are displayed as indicated col-
ors. Phase contrast and confocal microscopic images are presented. Nuclei were counterstained with DAPI (blue). Scale bar ¼ 50 lm. Abbrevia-
tions: DAPI, 40,6-diamidino-2-phenylindole; EB, embryoid body; hESC, human embryonic stem cell; RT-PCR, reverse transcription polymerase
chain reaction; WB, western blot.
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known to cause migration of cells out of the primitive streak
to develop a proper morphogenetic axis formation during mice
gastrulation [25]. Similarly to SLUG and IQGAP1, MIXL1 was
selectively detected in migratory cells during human EB forma-
tion (Fig. 4B; p < .001). In addition, MIXL1 expression was up-
regulated during EB development (Fig. 5A). MIXL1 was located
primarily in the outer layers of EBs with little OCT4 (Fig. 5A).
Because of these MIXL1 localizations patterns coincided with
localization of IQGAP1 (Supporting Information Fig. 6), we
investigated whether levels of miR-124a and SLUG/IQGAP1
affected MIXL1 expression in EBs. Interestingly, expression
modes of MIXL1 overlapped exactly with those of SLUG and
IQGAP1: Expression of MIXL1 was decreased by transfection
with miR-124a at the outer regions of EBs with attenuated migra-
tion (Fig. 5B). MIXL1 levels were also reduced by siRNA spe-
cific to SLUG and IQGAP1 (Fig. 5C). The overlapping expres-
sion patterns of SLUG and IQGAP1 with MIXL1, a known
marker for migratory cells, strongly suggest that SLUG,
IQGAP1, and MIXL1 may cooperate to promote cell movement
during gastrulation and that miR-124a may coordinate expression
of these proteins to guarantee proper reorganization for embry-
onic development. It remains to be seen whether MIXL1 cross-
communicates with the miR-124a/SLUG/IQGAP1 network.

DISCUSSION

Rapid cell proliferation and controlled migration are promi-
nent characteristics of the early developmental stage of orga-

nogenesis in mammals [26]. Acquisition of cytoskeleton rear-
rangement and migratory property of the cells under
organogenesis in developing human embryos remains to be
investigated. The precise control of gene expression should be
important for developmental transition and organogenesis.
miR-124a is expressed highly in undifferentiated hESCs, but
is downregulated as hESCs differentiate to EB. In this study,
we provide evidence that miR-124a may act as a master
switch for initiating migratory cell activity during gastrulation
by downregulating expression of SLUG and IQGAP1. Both
SLUG and IQGAP1 are involved in cell migratory activity, an
important feature in organogenesis during embryonic develop-
ment. SLUG has been previously known to induce migratory
properties during an EMT [3, 20] and tumor progression. This
SLUG-induced cell mobility is tightly coupled with repression
of E-cadherin transcription as well [27]. E-cadherin is an ad-
hesion molecule that stabilizes the cortical actin cytoskeletal
rearrangement [22]. In hESCs, SLUG may disrupt the E-cad-
herin-mediated formation of adherens junction in early
embryo and epithelium, The IQGAP1 is another key regulator
of cell adhesion, migration, and cell polarity interacting with
cytoskeleton components and several signaling molecules
[20]. On the basis of our results, we believe that acquisition
of migratory property of cells during gastrulation requires
many hierarchical gene expression and initiation of these
processes is checked by the expression of miR-124a in
hESCs. As expression of miR-124a is downregulated during
differentiation from hESCs to EB, expression of SLUG and

Figure 6. miR-124a acts as a master switch of gastrulation. miR-124a which is known to be upregulated by OCT4 has the ability to suppress
expression of SLUG and IQGAP1 in hESC. As hESC differentiates into EB, expression of miR-124a is downregulated. SLUG and IQGAP1 are
specific targets for miR-124a. As a consequence of the downregulating miR-124a during development of EB, expression of SLUG and IQGAP1
is elevated and involved in cell dissociation and cytoskeleton rearrangement, resulting in morphological cell movement, essential for gastrulation.
Abbreviations: EBs, embryoid bodies; hESCs, human embryonic stem cells.

Lee, Kim, Kim 1557

www.StemCells.com

D
ow

nloaded from
 https://academ

ic.oup.com
/stm

cls/article/28/9/1550/6400997 by H
anyang U

niv Lib user on 16 N
ovem

ber 2022



IQGAP1 is released from the inhibitory miR-124a to under-
take proper positioning of organs in EB

Molecular mechanisms that either maintain stemness or
precede differentiation of pluripotent stem cells in early stages
of embryonic development remain poorly understood. Small
RNAs are likely to be instrumental in helping to control the
delicate balance between the extraordinary ability of stem
cells to self-renew and differentiate for the purposes of devel-
opment and tissue maintenance versus their potential for dis-
regulated growth and tumor formation. Although miRNA
have been implicated in fine-tuning gene network, the roles of
individual miRNAs and their functional target in hESCs have
not been reported. Our and several groups have undertaken
large-scale cloning and sequencing efforts to delineate the
miRNA profile in human and mouse ESCs [10, 13, 28, 29].
Previously, we carried out miRNA microarray analysis to find
the expression profiling patterns of miRNAs in differentiating
hESCs. These studies demonstrated that the ESCs express a
unique repertoire of miRNAs (including several miRNA fami-
lies conserved in humans and mice), whose expression
appears to be enriched in these cells. This study revealed that
expression of miR-124a is confined to undifferentiated hESCs
and downregulated during early differentiation. Earlier reports
have shown that miR-124a expressed in neural lineages possi-
bly regulating neurogenesis [14–17].

To determine the function of miR-124a in hESCs, we per-
formed target prediction analysis. Comparative genomics
analyses (TargetScan ver. Five.1) were used to predict target
genes of miR-124a. Among hundreds of potential human
genes as targets of miR-124a, SLUG and IQGAP1 were cho-
sen based on the data by Lim et al. [19], who reported that
expression of 174 genes including in SLUG and IQGAP1 was
decreased by overexpression of miR-124a in HeLa cells. Our
results support a model in which miR-124a plays a central
role in strengthening E-cadhein-mediated adherens junctions
that is necessary for maintaining the stemness of hESCs by
downregulating SLUG/IQGAP1 network (Fig. 6). Conversely,
miR-124a is downmodulated on hESC differentiation, cells
are released from tight adherens junctions due to diminished
expression of E-cadherin as a result of induction of SLUG
and IQGAP1 and subsequently promote to reorganize cytoske-

letons for cell polarity and directional cell migration neces-
sary for gastrulation (Fig. 6).

Because of limited sources of human embryonic material
and bioethical issues, hESCs derived from pluripotent inner
cell mass of the human blastocyst are believed to be an indef-
inite source of cell replacement therapy. Functional studies on
miRNAs that may dictate fates of embryonic stem cell differ-
entiation are necessary to reveal their contribution to stem
cell biology.

CONCLUSION

In summary, using an in vitro culture system for the develop-
ment of EB from hESC, we demonstrated that migratory cell
activities in EB were governed by downregulation of miR-
124a, which allows induction of SLUG and IQGAP1.
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