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Abstract

The self-renewal and multilineage differentiation of embryonic stem cells (ESC) is largely governed by tran-
scription factors or repressors. Extensive efforts have focused on elucidating critical factors that control the
differentiation of specific cell lineages, for instance, myeloid lineages in hematopoietic development. In this
study, we found that Twist-2, a basic helix-loop-helix (bHLH) transcription factor, plays a critical role in in-
hibiting the differentiation of ESC. Murine ES cells, in which Twist-2 expression is silenced by lentivirally
delivered shRNA, exhibit an enhanced formation of primary embryoid bodies (EB) and enhanced differentiation
into mesodermally derived hematopoietic colonies. Furthermore, Twist-2 silenced (LV-siTwist-2) ESC display
significantly increased generation of myeloid lineages (Gr-1þ and F4=80þ cells) during in vitro hematopoietic
differentiation. Treatment with the Toll-like receptor (TLR) 4 ligand synergistically stimulates the generation of
primary EB formation as well as of hematopoietic progenitors differentiated from LV-siTwist-2 ES cells. Thus,
this study reveals the critical role of the transcriptional repressor Twist-2 in regulating the development of
myeloid lineage in hematopoietic differentiation from ESC. This study also suggests a potential strategy for
directional differentiation of ESC by inhibiting a transcriptional repressor.

Introduction

Mammalian embryonic stem cells (ESCs) are plurip-
otent cells derived from the early embryo blastocyst,

which have the capability to differentiate into cells of the three
embryonic germ layers. Given this unique ability, embryonic
stem (ES) cells are a likely source for the cell types and tissues
required for regenerative medicine-based therapies. One of
the advantages of using ES cells is the ability to rapidly ex-
pand undifferentiated ES cells to large cell numbers prior to
differentiation protocols (Smith et al., 1988; Thomson et al.,
1998; Williams et al., 1988). However, a consistent bottleneck
is the generally low yield of specific differentiation and purity
of cell type generated (Docherty et al., 2007; Passier et al.,
2008; Suter and Krause, 2008), especially with human em-
bryonic stem cells (hESC) (Mountford, 2008). Recent reports
using stromal cells from hematopoietic niches have increased
hematopoietic induction from ES cells (Krassowska et al.,
2006; Ledran et al., 2008). However, novel strategies enhanc-

ing the differentiation and yield of specific cell types from ES
cells would help to successfully bring ES cell-based therapies
into the clinic.

One obstacle to developing efficient in vitro differentiation
methods is our limited understanding of the mechanisms
that regulate ES cell differentiation. Although many groups
have successfully used stimulatory factors to induce ES cell
differentiation into multiple cell types (Copray et al., 2006;
Dahl et al., 2008; Wang et al., 2008), the role of transcriptional
repressors in ES cell differentiation is not well investigated
(Beyer et al., 2007; Jankovic et al., 2007; Jhas et al., 2006;
Szabo et al., 2008; Zhang et al., 2006). The Twist family
(Twist-1, Twist-2) are comprised of basic helix-loop-helix
(bHLH) transcription factors that inhibit the terminal differ-
entiation of mesodermally derived tissues, including bone,
muscle, and adipose tissue (Bialek et al., 2004; Hebrok et al.,
1994; Lee et al., 2003; Rohwedel et al., 1995; Spicer et al.,
1996). Recently, we found that Twist-2 is a key negative
regulator of myeloid lineage development, as manifested by
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marked increases in mature myeloid populations of macro-
phage, neutrophils, and basophils in Twist-2-deficient mice
(Sharabi et al., 2008). In this study, using murine ES cells, we
found that the transcriptional repressor Twist-2 plays an
important role in the inhibition of ESC differentiation into
hematopoietic myeloid lineages. This study also suggests a
strategy for directional differentiation of ESC by silencing a
transcriptional repressor.

Materials and Methods

ES cell culture

Mouse ES D3 cells (ATCC CRL-1934) were cultured on
100-mm gelatin-coated tissue culture dishes with Knockout
D-MEM (Invitrogen, Carlsbad, CA) supplemented with 15%
fetal bovine serum (FBS) (StemCell Inc., Vancouver, Canada),
2 mM L-glutamine, 100mM monothioglycerol (MTG),
100 U=mL penicillin, 10 mg=mL streptomycin, and 1000 U=
mL LIF (ESGRO, Chemicon, Temecula, CA).

Lentivirus production

The LV-siGFP and LV-siTwist-2 lentiviral constructs were
generated as previously described (Shen et al., 2004). Briefly,
Twist-2 shRNA, or GFP shRNA hairpin sequences were in-
serted into the pTRIP vector driven by the H1 promoter.
Vectors were verified by DNA sequencing. Recombinant
lentiviral vectors were generated by cotransfection with
packaging plasmids into 293T cells, and concentrated by
ultracentrifugation as previously described (Schroers and
Chen, 2004).

Western blotting analyses

siRNA oligonucleotide sequences targeting mouse Twist-2
were designed with the aid of an online program (www
.dharmacon.com) as previously reported (Shen et al., 2004).
To verify Twist-2 downregulation by siRNA oligos, Western
blot analyses were performed. Briefly, 293T cells were co-
tranfected with one of synthetic 21 base-pair siRNA oligo
duplexes (#A: AAGCGACGAGAUGGACAAUAA and #B:
AACAAGAAAUCGAGCGAAGAU). and a FLAG-tagged
Twist-1, or Twist-2 expression vector using Geneporter, fol-
lowing the manufacturer’s protocol. The cells were harvested
48 h after cotransfection and subjected to SDS-PAGE. Fol-
lowing transfer to Hybond-P membrane (Amersham, Ar-
lington Heights, IL), the samples were analyzed by Western
blotting with anti-Flag (Sigma, St. Louis, MO), or anti-Actin
(Santa Cruz, Santa Cruz, CA) antibodies, followed by de-
tection with ECL-Plus reagent (Amersham).

ES cell differentiation and hematopoietic colony assay

For primary EB formation assays, ES cells were seeded in
plates at 500 cells=mL in 1% methylcellulose-based differen-
tiation media that included Iscove modified Dulbecco me-
dium (IMDM) containing 15% FBS, 2 mM L-glutamine,
150 mM MTG, 40 ng=mL murine Stem Cell Factor (mSCF)
(StemCell Technologies, Vancouver, BC, Canada), and in-
cubated for 10 days at 378C in 5% CO2. EBs were viewed by
light microscopy and each plate was scored. For secondary
EB formation assays, primary EBs were digested with Col-
lagenase (StemCell Technologies) 0.25% trypsin followed by

passaging through a 20-gauge needle 2 to 10 times. The ES
cells were then reseeded and cultured in the same culture
conditions as described in the primary EB formulation assays.

In vitro hematopoietic differentiation of ES cells was per-
formed using the two-step method in methylcellulose based
media as described in reagent manufacture’s protocol
(StemCell Technologies). Briefly, ES cells were first differ-
entiated into primary EBs as described above. Primary EBs
were dissociated with Collagenase (StemCell Technologies)
and cells were then replated in Iscove’s MDM (IMDM)
containing 1% methylcellulose, 15% FBS, 2 mM L-glutamine,
insulin (10 mg=mL), transferrin (200 mg=mL), and the follow-
ing colony-stimulating factors and cytokines: mSCF (10mg=
mL), murine IL-3 (10 mg=mL), human IL-6 (10 mg=mL), and
3 U=mL recombinant human erythropoietin. After 14 days of
culture resultant colonies were counted and scored based
upon morphology using an inverted microscope. For LPS
(lipopolysaccharide) stimulation and colony analysis,
10 mg=mL LPS was added to ES cell cultures on day 0 of
primary embryoid body formation and cells were cultured
for 10 days as described. During secondary colony forma-
tion, 10mg=mL LPS was added to cultures at day 0 and
colonies were counted and scored at day 14. All hemato-
poietic colonies were subsequently harvested and further-
more analyzed by flow cytometry.

Real-time reverse-transcriptase polymerase
chain reaction (RT-PCR)

Total RNA was isolated from ES cells using the RNeasy kit
(Qiagen, Chatsworth, CA). First-strand cDNA was synthe-
sized from 4mg of total RNA using the Superscript II First-
strand synthesis system (Invitrogen). Real-time quantitative
RT-PCR was set up using Taqman Universal PCR Master
Mix (Applied Biosystems, Bedford, MA) and analyzed on an
ABI Prism 7900HT Sequence Detection System (Applied
Biosystems). Taqman gene expression assays for Twist-1 and
Twist-2 were ordered from Applied Biosystems. All data was
normalized to 18S rRNA internal controls. For semiquanti-
tative analysis, primer pairs for pluripotent markers, Oct-3=4
(sense—TCT TTC CAC CAG GCC CCC GGC TC;
antisense—TGC GGG CGG ACA TGG GGA GAT CC, an-
nealing Tm¼ 608C), Nanog (Sense—CAG GTG TTT GAG
GGT AGC TC; antisense—CGG TTC ATC ATG GTA CAG
TC, annealing Tm¼ 558C) and b-actin (sense—GCT CGT
CGT CGA CAA CGG AAG; antisense—CAA ACA TGA
TCT GGG TCA TCT TCT C, annealing Tm¼ 588C) as a in-
ternal control were used.

Flow cytometry and cell sorting

Single cell suspensions of ES cells or harvested hemato-
poietic colonies were stained for 30 min at 48C with the
following antibodies as indicated: phycoerythrin (PE)-
conjugated anti-SSEA-1 (clone 480, Santa Cruz), PE-Cy7-
conjugated anti-Sca-1 (D7, BD PharMingen, San Diego, CA),
anti-Gr-1 (RB5-8C5, PharMingen), anti-CD11b (M1=70, BD
PharMingen), PE-conjugated anti-CD45 (30-F11, BD Phar-
Mingen), allophycocyanin (APC)-conjugated anti-c-Kit
(CD117) (2B8, BD PharMingen), anti-F4=80 (BM8, Caltag,
Burlingame, CA). A panel of antibodies and matched isotype
controls were used for staining mouse ES cells and colonies.
Anti-CD16=CD32 Fcg III=II receptor antibodies (BD Phar-
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mingen) were routinely used to pretreat cells at 48C for
30 min to block nonspecific Fcg receptor binding in some
experiments. Cell sorting was performed on a MoFlow
(Dako, Carpenturia, CA) cell sorter and flow cytometric
analysis was performed on a FACSaria (BD) with data
analysis using FlowJo Software (TreeStar, Ashland, Or).

Statistical analysis

We used a two-tailed Student’s t-test for statistical signif-
icance analysis (InStat 2.01 program, Graph Pad Software,
San Diego, CA), and a 95% confidence limit was taken to be
significant, defined as p< 0.05. Results are typically pre-
sented as means� standard errors as indicated.

Results

Generation of stable Twist-2 silenced ES cells

To investigate the role of Twist-2 in embryonic stem cells
we generated a lentiviral construct expressing Twist-2 shRNA
followed by a blasticidin resistance gene and eYFP as a mar-
ker (Fig. 1A). To select siRNA sequences that can efficiently
silence target gene expression, four different siRNA sequences
targeting Twist-2 were designed using the Dharmacon siDe-
sign Center. These siRNAs were screened for specificity and
potency of knockdown by western blotting in a transient
transfection assay using FLAG-tagged Twist-2 expression
constructs in 293T cells (Fig. 1B). The siRNAs in lanes A and B

demonstrated highly potent and specific knockdown of Twist-
2 without affecting the levels of Twist-1. It has been reported
that target gene expression can be effectively downregulated
in undifferentiated murine ES cells using a lentiviral delivery
system (Zaehres, H., and Daley, G.Q., 2006). Lentivirus con-
taining the shRNA expression construct was produced as
described in the Materials and Methods section. We observed
high-intensity YFP expression in 293T cells transduced with
lentivirus containing Twist-2 shRNA (LV-siTwist-2) and len-
tivirus containing GFP shRNA (LV-siGFP) compared to mock
control (Fig. 1C). Furthermore, we confirmed that, in contrast
to the cells infected with LV-siGFP, endogenous Twist-2 ex-
pression was efficiently downregulated in 293T cells trans-
duced with lentivirus containing Twist-2 shRNA. Actin
expression, as an internal control was similar in both groups
(Fig. 1D). Thus, we concluded that our lentiviral vector con-
taining Twist-2 shRNA sequence (LV-siTwist2) expressed
from the H1-RNA promoter can efficiently silence endoge-
nous Twist-2 expression.

Next we generated a stable Twist-2 silenced murine em-
bryonic stem cell line and a control GFP shRNA expressing
embryonic stem cell line in parallel. First, we tested whether
these lentiviral vectors can efficiently and stably drive
transgene expression in murine ES cells. Undifferentiated ES
cells were cultured on gelatine-coated plates and then
transduced with lentivirus encoding Twist-2 shRNA
(LV-siTwist-2 ES) at MOIs of 10 and 50. Cells were cultured
for 48 h in the presence of leukemia inhibitory factor (LIF)

FIG. 1. Generation of lentivirus expressing Twist-2 shRNA and verification of Twist-2 knockdown efficiency. (A) A sche-
matic diagram of lentiviral construct containing Twist-2 shRNA sequence driven by an H1 promoter followed by the eYFP
marker driven by a CMV promoter. (B) Western blotting for FLAG-tagged Twist-1 and Twist-2 expression in 293T cell lysates
cotransfected with indicated siRNA oligos. Actin was used as a loading control. Results representative of three independent
experiments. (C) Bright-field and fluorescent microscopy of 293T cells transduced with indicated lentiviral vectors. Strong
fluorescence was observed at 48 h in cells transduced with constructs harboring eYFP marker. Original magnification;�20.
(D) Western blotting for endogenous Twist-2 expression in 293T cells transduced with lentivirus encoding GFP shRNA and
Twist-2 shRNA. Results representative of three independent experiments.
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and expanded. The transduction efficiency was evaluated by
monitoring YFP expression by FACS analyses. We found
that at 72 h after transduction approximately 7% of ES cells
detectably expressed YFP when transduced at an MOI of 10.
When cells were transduced at an MOI of 50, 36% of ES cells
were shown to be YFPþ (Fig. 2A). The cytotoxic effects of
lentiviral transduction were also examined by analyzing the
number of living cells using Trypan blue staining. At 72 h
after transduction at an MOI of 50, less than 5% displayed
cytotoxic effects relating to lentiviral transduction (data not
shown). To propagate YFPþ homogenous cells, after 48 h,
resulting YFP high expressing cells were sorted and main-
tained in culture as described in the Materials and Methods
section. ES cell colonies from both the Twist-2 shRNA
(LV-siTwist2 ES) and GFP shRNA (LV-siGFP ES) cells were
established and maintained proper morphology with bright
expression of the YFP marker (Fig. 2B). These cells were
maintained in parallel to ensure equal passage number.

Characterization of Twist-2-silenced
(LV-siTwist-2) ES cells

Next we verified knockdown of Twist-2 in the ES cell
line. ES cells from the Twist-2 shRNA expressing cells
(LV-siTwsit-2 ES) were cultured on gelatin-coated plates with

medium containing LIF, harvested, and mRNA was isolated
using the RNAeasy Quiagen Kit. Real-time quantitative
RT-PCR was subsequently performed to analyze expression
of Twist-2. We observed an approximately 80% reduction in
Twist-2 mRNA in the LV-siTwist-2 ES cells compared to the
LV-siGFP ES cells (Fig. 3A). However, Twist-1 mRNA levels
were unchanged, indicating specific and potent knockdown
of Twist-2 in the LV-siTwist-2 ES cells (Fig. 3A).

Because Twist-1 and Twist-2 are expressed at relatively
high levels in ES cells (data not shown) and known to play
important roles in embryogenesis and mesoderm develop-
ment, knockdown of one of these important transcription
factors could impact the ability to culture these cells in an
undifferentiated state. To investigate this possibility, we
cultured the LV-siTwist-2 ES cells for multiple passages and
stained for Stage-Specific Embryonic Antigen-1 (SSEA-1), a
marker of undifferentiated ES cells. We found that levels of
SSEA-1 expression on LV-siTwist-2 ES cells in the ES culture
with LIF (leukemia inhibitory factor) were similar to that of
LV-siGFP ES cells and untreated ES cells as controls (Fig. 3B).
Besides examining SSEA-1 expression levels on the cell sur-
face, we used semiquantitative RT-PCR analyses to examine
the expression levels of pluripotent marker genes in trans-
duced ES cells. Figure 3C shows that expression levels of
pluripotent marker genes (Oct-3=4, Nanog, and Sox-2) in

FIG. 2. Generation of stable Twist-2 shRNA expressing embryonic stem cells. (A) Flow cytometry scatter plots of YFP
positive ES-D3 cells transduced with lentivirus at indicated MOIs of 10 and 50. Representative gates in dot plots were used to
sort YFPhigh ES cells for culture. (B) Bright-field (left panels) and fluorescent images (right panels) of sorted Twist-2 shRNA ES
cells cultured on gelatin coated plates. Low magnification (upper images) and high magnification (lower images).
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FIG. 3. Twist-2 silenced ES cells maintain an undifferentiated state with high expression of SSEA-1. (A) Real-time
quantitative RT-PCR for Twist-1 and Twist-2 expression in mRNA isolated from indicated ES cells. Significant knock-
down of Twist-2 mRNA is observed the stable Twist-2 shRNA, LV-siTwist-2 ES cells, whereas Twist-1 mRNA levels are
unchanged compared to the control GFP shRNA, LV-siGFP ES cells. Data represent the means� SD of triplicate well
from representative of three independent experiments. (B) Flow cytometry of SSEA-1 expression on the surface of sorted
YFPþ transduced ES cells or parental ES cells cultured in the presence of LIF. Experiment was repeated twice with
similar results. (C) Semiquantitative RT-PCR analyses showing the comparable expression levels of pluripotent marker
genes (Oct-3=4, Nanog and Sox-2) at the passage #1 of transduced ES cells grown from sorted YFPþ transduced ES cells
and parental ES cells in the presence of LIF. Both LV-siTwist-2 and LV-siGFP ES cells gradually lost the expression of
pluripotent marker genes in the in vitro differentiation culture without LIF at the comparable rate (passages #5 and 10).
b-Actin as used as an internal control.
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transduced ES cells grown from sorted YFPþ LV-siTwist-2
ES cells after many rounds of cell division were comparable
to those in LV-siGFP ES and parental ES cells in the ES
culture with LIF (passage #1). Moreover, we observed that
both LV-siTwist-2 and LV-siGFP ES cells spontaneously lost
the expression of pluripotent marker genes in the in vitro
differentiation culture without LIF at a comparable rate
(passages #5 and #10). These data indicate that lentiviral
transduction and knockdown of Twist-2 did not apparently
affect the maintenance of these ES cells and their differenti-
ation in vitro.

Increased primary embryoid body formation
in the LV-siTwist-2 ES cells

Twist-2 is known to inhibit the terminal differentiation of
mesodermally derived tissues (Bialek et al., 2004; Hebrok
et al., 1994; Lee et al., 2003; Rohwedel et al., 1995; Spicer et al.,
1996). Our recent study found that Twist-2 is a key negative
regulator of myeloid lineage development (Sharabi et al.,

2008). We therefore set out to examine whether loss of this
inhibitor in the LV-siTwist-2 ES cells would impact or en-
hance differentiation of mesodermally derived cell types,
specifically hematopoietic lineages. To differentiate hemato-
poietic cells from ES cells we first cultured ES cells in
methylcellulose to form primary embryoid bodies (EBs)
(Dang et al., 2002). Surprisingly, we observed that formation
of primary embryoid bodies was significantly enhanced in
the LV-siTwist-2 ES cells compared to the LV-siGFP ES cells
(Fig. 4A, p< 0.05, two-tail t-test). To examine the effects of
growth factors influencing the formation of primary EB, we
also compared the efficiency of EB formation derived from
LV-siTwist-2 ES cells and LV-siGFP ES cells in the absence of
growth factors. We observed that a sufficient number of
primary EB failed to develop in the absence of both growth
factors and serum. There were no significant differences in
generation of primary EB compared to LV-siGFP ES cells as a
control (data not shown). Thus, given the same number of
plated ES cells, the LV-siTwist-2 ES cells generated more
primary embryoid bodies in the presence of growth factors,

FIG. 4. Embryoid body formation upon primary and secondary differentiation is significantly enhanced in Twist-2 silenced
ES cells. (A) Results from primary embryoid body (EB) colony counting assay. The stable LV-siTwist-2 ES cells generates a
significantly increased frequency of primary embryoid bodies with the size of larger than 100 mm (n¼ 8 per group, 60�15 mm
plates). Data are shown as means� standard error mean (SEM) of two independent experiments. *p< 0.05, two-tail t-test; LV-
siTwist-2 versus LV-siGFP ES cells. (B) Representative images for different colonies, colony forming unit (CFU)-erythroid (E),
CFU-GM (granulocyte-macrophage), burst forming unit (BFU)-E, CFU-M (macrophage), and secondary EB (2nd EB) at day
14 of secondary hematopoietic differentiation derived from LV-siTwist-2 ES cells. (C) Results of total colonies counts at day 14
of secondary hematopoietic differentiation. The stable LV-siTwist-2 ES cell generated a significantly increased frequency of
secondary hematopoietic colonies (n¼ 8 per group, 60�15 mm plates). Data are shown as means� standard error mean
(SEM) of two independent experiments. *p< 0.05, two-tail t-test; LV-siTwist-2 versus LV-siGFP ES cells.
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suggesting an enhanced generation of primary EB formation
caused by loss of Twist-2 in ES cells under the growth factor
stimulation.

Because the hematopoietic system is derived from the
mesoderm, we performed directed secondary hematopoietic
differentiation using the cells from primary EB to investigate
if there were any changes in mesodermal differentiation.
First, the cells from the primary EB were dissociated, coun-
ted, and replated in a methylcellulose semisolid media with
additional growth factors and cytokines supporting multi-
lineage hematopoietic differentiation. Secondary colonies
were cultured for 14 days and counted and scored for colony
type based on colony morphology (Fig. 4B). Interestingly, we
found an increased frequency of secondary hematopoietic
colonies derived from the LV-siTwist-2 ES cells compared to
the LV-siGFP ES cells (Fig. 4C, p< 0.05, Two-tail t-test). Thus,
these results show that the Twist-2 silenced ES cells signifi-
cantly increased not only primary EB formation, but also
mesodermal differentiation of hematopoietic lineages, indi-
cating that Twist-2 expression suppresses the differentiation
of hematopoietic progenitors derived from ES cells.

Enhanced myeloid lineage differentiation during
hematopoietic differentiation of Twist-2 silenced
ES cells

To determine the types of hematopoietic colonies pro-
duced from Twist-2 silenced ES cells, we screened and scored
the colony types according to their respective morphologies.
First, to verify that hematopoietic colonies counted were all
derived from transduced ES cells we imaged differentiated
colonies under the fluorescence microscope and observed
detectable levels of YFP fluorescence (Fig. 5A). Upon scoring
the colonies we observed a skewed differentiation towards
myeloid colonies of the CFU (colony forming unit)-M (mac-
rophage) type (Fig. 5B). Importantly, this increase in the
relative percentage of CFU-M colonies was associated with a
dramatic decrease in the percentage of secondary EB re-
maining in culture (Fig. 5B). Secondary EBs are thought to be
derived from the cells of primary EB, which do not undergo
further differentiation (Chan et al., 2003). Thus, this suggests
that silencing Twist-2 enhances the susceptibility or de-
creases the threshold for hematopoietic differentiation of
primary EB cells.

To further characterize and identify these cell populations
we performed FACS analysis of secondary hematopoietic
colonies after mature development at 14 days. We stained
single-cell suspensions of secondary hematopoietic colonies
for the stem cell and hematopoietic markers Sca-1, c-Kit, and
CD45, as well as markers of differentiated progeny Mac-1,
F4=80, and Gr-1 (Fig. 5C). At the early time point (day 7) of
hematopoietic differentiation we observed increases in the
hematopoietic stem cell markers CD45 in cells derived from
the Twist-2 silenced ES cell line (data not shown). At the later
time point (day 14) we observed a marked increase in the
percentage of Twist-2 silenced cells stained positive for the
hematopoietic and myeloid progenitor marker c-Kit and
hematopoietic marker CD45 (Fig. 5C). Sca-1�c-Kitþ posi-
tive hematopoietic progenitors differentiated from LV-
siTwist-2 ES cells were dramatically increased compared to a
control LV-siGFP (data not shown). We also observed in-
creases in the percentages of Twist-2 silenced cells staining

positive for F4=80, which is a macrophage-restricted cell
surface glycoprotein and Gr-1, which is known as a marker
of differentiated monocytes and granulocytes (Fig. 5C).
These results indicate that silencing of Twist-2 in ES cells
enhances the differentiation and generation of F4=80þ mac-
rophage population as well as Gr-1þmyeloid cells. However,
in contrast to the increasing percentage of myeloid cells, the
percentage of erythroid Ter-119-positive cells differentiated
from LV-siTwist-2 ES cells was slightly decreased when
compared to LV-siGFP ES cells (data not shown), suggesting
that differentiation is skewed away from erythroid lineages
and toward myeloid lineages in the Twist-2 silenced ES cell
line. Taken together, these results support our hypothesis
that silencing Twist-2 in ES cells is an effective strategy for
enhancing the yield and differentiation of mesodermally
derived hematopoietic lineages from ES cells.

TLR ligands further promote primary EB formation
and hematopoietic differentiation of Twist-2-silenced
ES cells

Twist-2 is an inducible feedback regulator of TLR-
mediated transcription of NF-kB (Sosic et al., 2003). Our re-
cent study found that Twist-2 functions as a key negative
regulator of myeloid lineage differentiation and that Twist-2-
silenced cells are hypersensitive to stimulation with LPS
(Sharabi et al., 2008). Furthermore, we found that TLRs such
as TLR4 were constitutively expressed on murine ES cells
(Lee et al., 2009). It was also reported that TLR ligands
stimulate the generation of hematopoietic progenitors for
rapid replenishment of the innate immune system during
infection (Nagai et al., 2006). Hence, we tested the hypothesis
that stimulation with TLR ligands may further promote the
myeloid lineage differentiation of Twist2-silenced ES cells.
Figure 6A shows that stimulation with LPS significantly
promoted the formation of primary EB derived from both
LV-siGFP and LV-siTwist-2 ES cells. Furthermore, LPS
stimulation consistently enhanced the myeloid differen-
tiation, as manifested by increased generation of F4=80þ

macrophage and Gr-1þ myeloid cells derived from both LV-
siGFP and LV-siTwist-2 ES cells (Fig. 6B). LPS stimulation
more effectively promoted the formation of EBs, as well as
myeloid cell differentiation of LV-siTwist-2 ES cells com-
pared to LV-siGFP ES cells (Fig. 6A and B). Taken together,
these data suggest a synergistic effect of TLR signaling and
silencing of Twist-2 in promoting the differentiation of my-
eloid lineages from ES cells.

Discussion

ES cells have great potential as a source for regenerative
medicine-based therapies in the future. However, to maxi-
mize clinical efficacy, further strategies have to be developed
to enhance the yield and purity of the specific cell types and
tissues derived from ES cells. Here we used siRNA tech-
nology to enhance hematopoietic differentiation from ES
cells by silencing Twist-2, a critical regulator of mesodermal
development during embryogenesis. We demonstrate that
Twist-2 silenced ES cells generate an increased yield of pri-
mary embryoid bodies as well as secondary mesodermally
derived hematopoietic colonies. We show that silencing
Twist-2 in ES cells skews hematopoietic differentiation
toward specific myeloid lineages, raising the possibility that
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specific cell types can also be targeted for increased purity
using this strategy. Finally, we demonstrate a synergistic
effect of TLR signaling and silencing of Twist-2 in promoting
the differentiation of myeloid lineages from ES cells.

Twist-2 plays multiple key roles in regulating mesodermal
development during embryogenesis (O’Rourke and Tam,
2002). Initially Twist is critical for proper embryonic pat-
terning, gastrulation, and mesoderm development (Chen and
Behringer, 1995; O’Rourke et al., 2002). During early devel-
opment Twist is expressed in mesenchymal cells and meso-
dermal progenitors. However, in later stages of development
expression of Twist actually inhibits the terminal differentia-
tion of mesodermally derived tissues (Hebrok et al., 1994; Lee
et al., 2003; Murray et al., 1992; Spicer et al., 1996). Indeed,
constitutive expression of Twist was reported to inhibit
muscle differentiation from murine embryonic stem cells

(Rohwedel et al., 1995), and aberrant overexpression of Twist
is sufficient to block differentiation of osteoblasts (Bialek et al.,
2004). Furthermore, forced expression of Twist can even re-
vert differentiated cells into a less differentiated state (Hjian-
toniou et al., 2008). Conversely, loss of Twist expression is
correlated with the rapid induction of terminal differentiation
(Bialek et al., 2004). Thus, taken together, Twist acts as a
critical inducer of mesodermal determination and develop-
ment, but simultaneously functions to maintain cells in an
undifferentiated mesodermal state. Generation of embryoid
bodies is a key step in many embryonic stem cell differentia-
tion protocols, and we used methylcellulose culture to induce
EB formation because it has been shown to be efficient for
mesodermal and hematopoietic differentiation (Kurosawa,
2007). Our finding of increased primary embryoid body for-
mation in the Twist-2 silenced ES line is intriguing given the

FIG. 5. Twist-2 silenced ES cells are dramatically skewed toward myeloid lineages during hematopoietic differentiation.
(A) Representative images of the hematopoietic CFU-M colony derived from ES cells transduced with LV-siTwist-2 after 14
days hematopoietic differentiation; bright-field (upper image) and fluorescence (lower). (B) Results of hematopoietic colony
scoring assay. The Twist-2 silenced, LV-siTwist ES cells generates a significantly skewed percentage of macrophage colonies
(CFU-M), but reduced numbers of secondary EBs formation as well compared to a control, LV-siGFP ES cells. Each different
hematopoietic colony based on the morphology was counted in each group (n¼ 6 per group, 60-mm plates) and calculated a
percentage in total colonies of each group. Data are presented as a percentage means� standard error mean (SEM) of colonies
from three individual experiments. *p< 0.05, two-tail t-test; LV-siTwist-2 versus LV-siGFP. (C) Results from flow cytometry
analyses showing positive hematopoietic colonies with indicated markers (c-Kit, CD45, Gr-1, and F4=80) at day 14 hemato-
poietic differentiation derived from LV-siGFP, LV-siTwist-2 ES cells. Hematopoietic colonies were harvested and stained with
markers according to the Materials and Methods section. All data are shown as means percentages of double-positive cells
(YFPþ)� standard error mean (SEM) of three independent experiments. *p< 0.05, two-tail t-test; LV-siTwist-2 vs. LV-siGFP.
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importance of Twist in mesodermal development. Primary EB
are spherical structures that contain cells of the three germ
layers: ectoderm, mesoderm, and endoderm. They resemble
blastulas and undergo cellular differentiation that is similar in
some regards to that which occurs during mammalian em-
bryogenesis (Kurosawa, 2007). Twist is a powerful inducer
and regulator of the epithelial to mesenchymal transition
(EMT), which is critical for gastrulation and the development
of mesoderm and endoderm (Yang et al., 2004). Silencing
Twist-2 may thus disrupt the mechanisms regulating gener-
ation of EB and the three germ layers from ES cells and result
in ES cells that are more prone to primary EB formation. One
potential possibility is that in the absence of Twist-2 dysre-
gulated differentiation of ectoderm results in an increase in EB
with an altered composition of the three germ layers. Never-
theless, further studies are required to elucidate the role of
Twist-2 in EB development from ES cells.

Twist-2 was recently found to have a critical role in con-
trolling myeloid lineage differentiation (Sharabi et al., 2008).

Moreover, Twist-2 is known to inhibit the terminal differ-
entiation of mesodermally derived tissues, loss of Twist-2
is likely to enhance the differentiation of hematopoietic
cells from mesodermal progenitors. The results of this study
demonstrate the enhanced differentiation into the enhanced
Sca-1�c-Kitþ-positive hematopoietic progenitors and myeloid
cells from ES cells by silencing Twist-2. This study suggests a
novel strategy to enhance the yield of specific ES cell differ-
entiation by removing specific inhibitors of cellular differen-
tiation, such as Twist-2. Based upon our recent finding
that TLRs such as TLR4 were constitutively expressed on
murine ES cells (Lee et al., 2009), in this study we tested and
demonstrated the stimulatory effect of TLR ligands on pro-
moting the myeloid differentiation from ES cells, suggesting
a synergistic effect of TLR signaling and Twist-2 silencing
for enhanced myeloid differentiation. However, this strat-
egy of silencing a transcriptional repressor for directed
differentiation may be necessary, but not sufficient for di-
rected differentiation to occur. Further investigation is clearly

FIG. 6. Enhanced generation of myeloid cells differentiated from Twist-2 silenced ES cells in response to stimulation with
TLR agonists. (A) Enhanced primary EB formation of Twist-2-silenced ES cells by LPS stimulation. Primary embryoid body
(EB) formation assays were performed by counting EB (n¼ 6 per group, 60�15-mm plates) after 10 days culture with, or
without LPS (10mg=mL) stimulation. NS, no stimulation. Data are shown as means� standard error mean (SEM) of threee
independent experiments. *p< 0.05, two-tail t-test; LV-siTwist-2 versus LV-siGFP. (B) Enhanced myeloid differentiation of
Twist-2-silenced ES cells by LPS stimulation. Increased Gr-1þ or F4=80þ myeloid cells differentiated from LV-siTwist-2
ES cells after 14-day culture in the presence of LPS (10 mg=mL) stimulation, or without stimulation. Data presented
as means� standard error mean (SEM) of three independent experiments. *p< 0.05, two-tail t-test; LV-siGFP versus
LV-siTwist-2; **p< 0.05, LPS versus NS.
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needed to determine the applicability of this strategy for di-
rected differentiation by silencing various transcriptional re-
pressors in both human and murine ES cells.
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