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ABSTRACT

Self-renewal and pluripotency are hallmark properties of
pluripotent stem cells, including embryonic stem cells
(ESCs) and iPS cells. Previous studies revealed the ESC-
specific core transcription circuitry and showed that these
core factors (e.g., Oct3/4, Sox2, and Nanog) regulate not
only self-renewal but also pluripotent differentiation. How-
ever, it remains elusive how these two cell states are regu-
lated and balanced during in vitro replication and
differentiation. Here, we report that the transcription
elongation factor T'cea3 is highly enriched in mouse ESCs
(mESCs) and plays important roles in regulating the dif-
ferentiation. Strikingly, altering Tcea3 expression in

mESCs did not affect self-renewal under nondifferentiat-
ing condition; however, upon exposure to differentiating
cues, its overexpression impaired in vitro differentiation
capacity, and its knockdown biased differentiation toward
mesodermal and endodermal fates. Furthermore, we iden-
tified Leftyl as a downstream target of Tcea3 and showed
that the Tcea3-Leftyl-Nodal-Smad2 pathway is an innate
program critically regulating cell fate choices between
self-replication and differentiation commitment. Together,
we propose that Tcea3 critically regulates pluripotent
differentiation of mESCs as a molecular rheostat of
Nodal-Smad2/3 signaling. STEM CELLS 2013;31:282-292
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INTRODUCTION

Mouse embryonic stem cells (mESCs) are prototypical pluri-
potent cells with the potential to indefinitely self-renew and
differentiate into all three germ layers [1, 2]. During the last
decade, numerous studies have demonstrated that multiple sig-
naling pathways (e.g., leukemia inhibitory factor [LIF], BMP/
TGF-f, and Wnt) and core transcription factors (e.g., Oct3/4,
Sox2, and Nanog) regulate the unique identity of ESCs [3—
10]. To maintain the proper ESC state, it is critical for ESCs
to have an innate program of self-renewal while retaining

their differentiation potential. Remarkably, ESC-specific core
transcription factors appear to regulate not only self-renewal
but also differentiation. For instance, in mESCs, varying lev-
els of Oct3/4 and/or Nanog were shown to determine cell fate
decisions [11, 12].

In addition, critical signaling pathways have been identi-
fied to regulate the transition of ESCs from self-renewal to
multilineage commitment, including the fibroblast growth fac-
tor 4-extra signal-related kinase 1/2 (Erk1/2) cascade [13, 14],
glycogen synthase kinase-3 [15], and the calcineurin-NFAT
signaling [16]. Another key pathway is Nodal-Smad2 signal-
ing that critically regulates mesoderm and endoderm-lineage
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commitment during in vivo early development [17, 18] and in
vitro mESC differentiation [19, 20]. These results predict that
Nodal-Smad2/3 signaling must be critically regulated to
ensure proper allocation to downstream cell fates.

In this study, we found that a transcription elongation fac-
tor Tcea3, but not its homologs Tceal or 2, is highly expressed
in ESCs and rapidly disappears during differentiation, suggest-
ing a functional role in the control of self-renewal and/or pluri-
potent differentiation potential. Strikingly, altered expression of
Tcea3 does not directly influence self-renewal or induce differ-
entiation under nondifferentiating conditions, but critically reg-
ulates their differentiation upon exposure to differentiation sig-
nals. Furthermore, we identified Leftyl, an inhibitor of Nodal, a
member of the TGF-f family, as a downstream target of Tcea3
and we show evidence that this Tcea3 acts as a molecular rhe-
ostat to precisely control Smad2/3 signaling and maintain a
balanced pluripotent potential during the transition from self-
renewal to differentiation commitment.

MATERIALS AND METHODS

Cell Culture, Embryoid Body Formation, and In
Vitro Differentiation of mESCs

J1 mESCs (Cat # SCRC-1010) were purchased from ATCC
(Manassas, VA, www.atcc.org). mESCs were maintained as
described previously [21]. Briefly, mESCs were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
15% fetal calf serum (HyClone, Logan, MI, http://www.hyclone.-
com), 0. mM 2-mercaptoethanol (Sigma, St. Louis, MI,
www.sigmaaldrich.com), 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 2 mM glutamine (Invitrogen, Carlsbad, CA, http://
www.invitrogen.com), and 1,000 U/ml LIF (Millipore, Billerica,
MA, http://www.millipore.com). To induce mESC differentiation,
mESCs were cultured in LIF-deficient ESC medium (as described
above) with 100 nM all-trans retinoic acid (RA). To form embry-
oid bodies (EBs), mESCs were trypsinized to achieve a single-cell
suspension and subsequently cultured on uncoated Petri dishes in
ESC medium without LIF. Media were changed every 2 days for
mESC culture or differentiation. Alkaline phosphatase (AP) activ-
ity was measured using EnzoLyte pNPP Alkaline Phosphatase
Assay kit (AnaSpec, Fremont, CA, http://www.anaspec.com;
#71230), according to the manufacturer’s instructions. Activin-
induced mesendoderm differentiation was performed as previ-
ously described [19]. Briefly, ESCs were cultured as monolayer in
gelatinized feeder-free six-well plates with the initial plating den-
sity of 1 x 10° cells per well and the time when 25 ng/ml Activin
is added was counted as day 0. The medium was composed of 1:1
mixture of DMEM/F12 (Invitrogen) supplemented with N2 sup-
plement (Stem Cell Technologies, Vancouver, BC, Canada, http://
www.stemcell.com) and NeuralBasal medium (Invitrogen) sup-
plemented with B27 supplement (Stem Cell Technologies) and
with f-mercaptoethanol. Neuroectoderm differentiation was per-
formed as previously described [22]. Briefly, undifferentiated
mESCs were dissociated and plated into 0.1% gelatin-coated tis-
sue culture dishes at a density of 1 x 10* cells per square centime-
ter in N2B27 medium. Medium was renewed every 2 days.
N2B27 is a 1:1 mixture of DMEM/F12 (Invitrogen) supplemented
with modified N2 (25 pg/ml insulin, 100 ug/ml apo-transferrin, 6
ng/ml progesterone, 16 ug/ml putrescine, 30 nM sodium selenite,
and 50 pug/ml bovine serum albumin fraction V) and NeuralBasal
medium (Invitrogen) supplemented with B27 supplement (Stem
Cell Technologies). Cells were harvested at day 4 for gene expres-
sion analysis.
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Genetic Modification of mESCs

Five Tcea3 overexpressing mES cell lines were generated by
stable transfection of Tcea3-expressing plasmid, which was
constructed by cloning PCR-amplified ¢cDNA of Tcea3 into
modified pcDNA3.1 vectors (Invitrogen), of which cytomega-
lovirus (CMV) promoter was replaced to EFla promoter. A
shRNA plasmid targeting mouse 7Tcea3 was purchased
(RMM3981-97073145, Open Biosystems, Huntsville, AL,
http://www.thermoscientificbio.com/openbiosystems/) to gener-
ate five stable knockdown (KD) cell lines of Tcea3. Small
interfering RNAs (siRNAs) targeting nonspecific genes were
purchased from Bioneer (Daejeon, Korea, http://www.bioneer.-
co.kr) and siRNAs targeting Tcea3 or Leftyl were purchased
from Dharmacon (Denver, CO). siRNA or plasmid was trans-
fected into mESCs with Lipofectamine 2000 (Invitrogen) and
stably transfected lines were established following the manu-
facturer’s instructions. These multiple stable lines as well as
transient expression analyses showed very consistent results
although we presented most representative data.

SuperArray Analysis

A group of 111 genes previously shown by microarray analy-
ses to be differentially upregulated or downregulated during
oocyte maturation were used to produce Custom Oligo Super-
Arrays by SuperArray Bioscience Corporation (Bethesda, MD,
http://www.sabiosciences.com) (supporting information Fig.
S1). We then compared relative mRNA expression of these
genes in mouse germinal vesicle (GV) and metaphasell (MII)
oocytes, mESCs, mouse embryonic fibroblasts (MEFs), and
NIH3T3 cells according to the manufacturer’s protocol. Total
RNA was purified from GV and MII oocytes, mESCs, MEF,
and NIH3T3 cells with ArrayGrade Total RNA Isolation Kit
(SuperArray Bioscience Corporation). cRNA was synthesized
and labeled with biotinylated-UTP and TrueLabeling-AMP 2.0
(SuperArray Bioscience Corporation) following the manufac-
turer’s instructions. Image analysis and data acquisition were
performed using the web-based integrated GEArray Expression
Analysis Suite provided by SuperArray Bioscience. We used
the means of housekeeping genes to normalize the intensities
of the hybridization signals.

Fluorescence-Based Competition Assay

Fluorescence-based competition assay was performed as pre-
viously described [23]. Green fluorescent protein (GFP)-
expressing mESCs were generated by chromosomal integra-
tion of enhanced green fluorescent protein (eGFP)-expressing
plasmid DNA. Tcea3 OE or Tcea3 KD cells were mixed with
GFP-expressing mESCs at a ratio of 1:1 and plated into the
gelatinized wells of six-well plates. Every 48 hours (one pas-
sage) cells were trypsinized and replated. At each passage,
the proportion of GFP"/GFP~ cells was measured by flow
cytometry on a FACSCalibur using CellQuest data analysis
software (Becton Dickinson, San Jose, CA, http://
www.bd.com). Analyses were carried out for six consecutive
passages.

Secondary EB Formation

ESCs were differentiated into primary EBs in vitro in ESC me-
dium without LIF. After 4 days, the resulting EBs were col-
lected and dissociated into single cells by trypsinization and
passaged through trituration. These EB cells were replated into
ESC medium without LIF and the efficiency of secondary EB
production was assessed after 10 days, to determine the propor-
tion of undifferentiated mESCs in primary EBs.
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Immunocytochemical Staining

Immunocytochemical staining was performed as described
[24]. Rabbit anti-mouse Oc#4 antibody at 1:200 and Alexa
Fluor 488- (A21206, Invitrogen) or Alexa Fluor 594-labeled
anti-rabbit IgG secondary antibodies (A21207, Invitrogen) at
1:300 dilutions were used to detect Oct4 in the cells. For
Tcea3 detection, the anti-mouse Tcea3 antibody at 1:300 and
Alexa Fluor 488-labeled anti-mouse IgG secondary antibodies
(Invitrogen) at 1:300 dilution were used.

Microarrays

Total RNA was extracted using TRIzol (Invitrogen) and biotin-
ylated cRNA were prepared from 0.55 ug total RNA using the
[llumina TotalPrep RNA Amplification Kit (Ambion, Austin,
TX, http://www.invitrogen.com/ambion/) following the manu-
facturer instructions. Following fragmentation, 1.5 ug of cRNA
was hybridized to the Illumina Mouse WG-6 Expression Bead-
chip according to the manufacturer’s instructions (Illumina,
Inc., San Diego, CA, http://www.illumina.com). Arrays were
scanned with an Illumina Bead Array Reader Confocal Scanner
according to the Manufacturer’s instructions. Array data proc-
essing and analysis were performed using Illumina BeadStudio
v3.1.3 (Gene Expression Module v3.3.8).

Teratoma Formation

For teratoma formation assay, cells were trypsinized, and 5 x
10% cells were suspended in a DMEM/Matrigel solution (BD
Biosciences, Inc., San Jose, CA, http://www.bdbiosciences.-
com) (1:1 ratio [vol/vol]). The cell suspension was then
injected subcutaneously into NOD/SCID mice (Charles River
Laboratories, Yokohama, Japan, http://www.criver.com). Tera-
toma formation was examined for 8 weeks after injection.

Glutathione S-transferase (GST) Pull Down Assay

Tcea3 was cloned into pGEX-4T1 (Addgene, Cambridge,
MA, http://www.addgene.org). For bait protein preparation,
approximately 20 mg of GST fusion Tcea3 was prepared in 5
ml phosphate buffered saline (PBS) and incubated with 100
ul of glutathione beads for 1 hour at 4°C. After three washing
steps with PBS supplemented with 15% glycerol and 0.5%
Triton X-100, beads were suspended in 500 ul of PBS. For
GST pull down assays, 500 ul of glutathione beads coupled
with GST-Tcea3 was incubated for 4 hours at 4°C with 500
ul of PBS or mESC total lysate. After three washing steps
with PBS supplemented with 15% glycerol and 0.5% Triton
X-100, beads were suspended in 40 ul of 1x SDS loading
buffer. After boiling, 20 ul of samples was analyzed on 10%
SDS-PAGE.

Identification of Tcea3 Binding Proteins

Gel bands were excised and reduced with dithiothreitol (DTT)
and alkylation with indole-3 acetic acid before each gel band
was treated with trypsin to digest the proteins in situ [25]. Pep-
tides were recovered by two cycles of extraction with 50 mM
ammonium bicarbonate and 100% acetonitrile (ACN). Lyophi-
lized peptide samples were dissolved in mobile phase A for
Nano-LC/ESI-MS/MS. Peptides were identified using MS/MS
with a nano-LC-MS system consisting of a Nano Acquity UPLC
system (Waters) and a LTQFT mass spectrometer (ThermoFinni-
gan) equipped with a nanoelectrospray source. To identify the
peptides, the software MASCOT (version 2.1, Matrix Science,
London, U.K.), operated on a local server, was used to search the
international protein index (IPI) mouse protein database released
by the European Bioinformatics Institute. MASCOT was used
with monoisotopic mass or second monoisotopic mass selected
(where one 13C carbon is considered), a precursor mass error of
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100 ppm, and a fragment ion mass error of 1 Da. Trypsin was
selected as the enzyme, with two potential missed cleavages.
Oxidized methionine and carbamidomethylated cysteine were
chosen as variable and fixed modifications, respectively. Only
proteins that were identified by two more high scoring peptides
were considered to be true matches. The high scoring peptides
corresponded to peptides that were above the threshold in our
MASCOT search (expected <0.05, peptide score >38).

RNA Extraction and Real-Time RT-PCR

Total RNA from mESCs and teratoma was extracted using
TRIzol (Invitrogen), and 2-5 ug of total RNA was reverse-
transcribed using the SuperScriptll First-Strand Synthesis Sys-
tem (Invitrogen) according to the manufacturer’s instructions.
Real-time RT-PCR was carried out using cDNAs with Quanti-
tect SYBR Green PCR kit (Qiagen, Valencia, CA, http://
www.qiagen.com). Reactions were carried out in triplicates
using an Exicycler 96 real-time quantitative thermal block
(Bioneer, Daejeon, Korea). For quantification, target genes
were normalized against glyceraldehyde 3-phosphate dehydro-
genase (Gapdh). PCR primers used in this study are listed in
supporting information Table S3.

Immunoblotting

For immunoblotting assay, cells were washed twice with cold
PBS, lysed with tissue lysis buffer (20 mM Tris-base, pH 7.4,
137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 25 mM f[-
glycerophosphate, 2 mM sodium pyrophosphate, 10% glyc-
erol, 1| mM sodium orthovanadate, 1 mM phenylmethylsulfo-
nyl fluoride [PMSF], and 1 mM benzamidine), and clarified
by centrifugation at 12,000g for 10 minutes. Whole-cell
extracts were prepared and 20-50 pg of proteins were
resolved by SDS-PAGE, transferred to polyvinylidene difluo-
ride (PVDF) membrane (Perkin Elmer Life Sciences; Boston,
MA, http://www.perkinelmer.com), and probed using antibod-
ies against Tcea3 (sc-55782, Santa Cruz, Santa Cruz, CA,
http://www.scbt.com), Oct4 (sc-9081, Santa Cruz), pStat3
(Tyr-705) (#9131, Cell Signaling Technology, Danver, MA,
http://www.cellsignal.com), Nanog (sc-30328, Santa Cruz),
Leftyl (MAB994, R&D Systems, Minneapolis, MN, http://
www.rndsystems.com), pSmad2 (#3101, Cell Signaling Tech-
nology), Smad2/3 (sc-8332, Santa Cruz), pSmadl/5 (#9516,
Cell Signaling Technology), Smad5 (sc-7443, Santa Cruz), o-
tubulin (sc-5286, Santa Cruz), and f-actin (sc-47778, Santa
Cruz). Immunoreactivity was detected by enhanced chemilu-
minescence (Amersham, Buckinghamshire, England, http://
www.amershambiosciences.com).

Chromatin Immunoprecipitation and Quantitative
Real-Time PCR

The chromatin immunoprecipitation (ChIP) experiments were
performed as previously described with modifications [26]. After
crosslinking with 1% formaldehyde, frozen wild-type (WT),
Tcea3 OE, and Tcea3 KD cell pellets were suspended in 700 ul
of lysis buffer (50 mM Hepes [pH 7.5], 150 mM NaCl, 1 mM
EDTA, 1% SDS, 0.1% Na-deoxycholate, 1% Triton X-100, 1
mM PMSF, 1 ug/ml Pepstatin A, and 1 ug/ml Aprotinin) and,
using a Branson sonifier, sonicated on ice five times for 15 sec-
onds each at 40% duty cycle, followed by 1 minute pause. After
centrifugation, supernatants were diluted with ChIP dilution
buffer (16.7 mM Tris-HCI pH 8, 167 mM NaCl, 1.2 mM EDAT,
and 1.1% Triton X-100) and precleared with protein G-conju-
gated agarose beads (16-201, Upstate). Precleared chromatin
samples were immunoprecipitated with 1 ug of polyclonal Tcea3
antibody (SC-55782) from Santa Cruz Biotechnology.

To compare relative amounts of each amplified products
for the ChIP experiment, genomic fragments of Lefty! locus
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Figure 1. Transcription elongation factor Tcea3 is predominantly expressed in undifferentiated mESCs, oocytes, and early embryos. (A): Mem-

brane array analysis was performed using total RNA samples from mouse oocytes, mESCs, MEFs, and NIH3T3 cells. The spots indicated by
arrows correspond to Tcea3, Gbx2, and Thx33. (B): RT-PCR analysis reveals that Tcea3 is expressed in mouse oocytes and ESCs but not in
MEF and NIH3T3 cells. (C): Relative expression of Tceal, Tcea2, and Tcea3 in mESCs and oocytes, as analyzed by real-time RT-PCR. (D):
Analysis of mouse tissue-specific expression of Tceal, Tcea2, and Tcea3 transcripts by RT-PCR of total RNA prepared from the indicated tis-
sues. (E): Expression analyses of Tcea3 by RT-PCR from total RNA and immunoblotting of whole-cell extracts from ESCs, EBs, and in vitro
differentiated cells at days 3 and 6, following leukemia inhibitory factor withdrawal and retinoic acid (RA) addition (RA-d3 and RA-d6). GAPDH
and o-tubulin were used as loading controls for RT-PCR or Western blot analysis, respectively. (F): Expression of Tcea3 in oocytes, fertilized
eggs, and early-stage mouse embryos by immunocytochemical staining. All values are means = SD from at least triplicate experiments. ** Indi-
cates highly significant (p < .01) results based on Student’s ¢ test analyses. Abbreviations: BL, blastocyst; GV, germinal vesicle; mESC, mouse

embryonic stem cell; MEF, mouse embryonic fibroblast; MO, morula; PN, pronucleus.

were ané]%liﬁed by real-time PCR and calculated according to
the 22T method [27] and compared with those of controls.
GAPDH was used as an internal endogenous control.

Statistical Analysis

Graphical data are presented as means = SD. Each experi-
ment was performed at least three times and subjected to sta-
tistical analysis. Statistical significance between two groups
and among three groups was determined using Student’s 7 test
and one-way analysis of variance following the Scheffe test,
respectively. A p value below .05 was considered significant.
Statistical analysis was performed using the SAS statistical
package v.9.13 (SAS, Inc., Cary, NC, http://www.sas.com).

RESuLTS

Transcription Elongation Factor Tcea3, But Not
Tceal or Tcea2, is Predominantly Expressed in
mESCs and Oocytes

Since both oocytes and ESCs have the unique ability to
induce pluripotency [28, 29], we sought to identify novel plu-
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ripotency-regulating factors by comparing the specific gene
expression patterns of oocytes, mESCs, and terminally differ-
entiated tissues. Based on genome-wide transcriptome analy-
sis of mouse oocytes during in vitro maturation [30] (and
data not shown), we generated a custom oligonucleotide array
containing 111 genes dynamically expressed during oocyte
maturation (supporting information Fig. S1). Hybridization
analysis with total RNAs prepared from mouse oocytes,
mESCs, MEFs, and NIH3T3 cells identified four genes that
are specifically expressed in oocytes and/or ESCs, but not in
MEF and NIH3T3 cells; Thx3 and Gbx2, which are known
markers of ESC pluripotency [31, 32] and Tcea3, which is
only known as a transcription elongation factor (Fig. 1A).
Specific expression pattern of Tcea3 was confirmed by RT-
PCR (Fig. 1B).

Tcea3 (also called SII-h or SII-K1) belongs to the TFIIS
(SII) elongation factor subfamily, which comprises three SII
genes in Xenopus, mouse, rat, and human [33]. We next per-
formed real-time PCR analysis to compare expression of
Tcea3 with those of other isoforms of the Tcea family, Tceal
and Tcea2. As shown in Figure 1C, expression of Tceal and
Tcea2 was either undetectable or minimal in mESCs and
oocytes. Tissue-specific expression of Tcea genes was further
examined using mRNAs prepared from diverse tissues (Fig.
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factor; WT, wild type.

1D). As previously reported, Tcea2 transcripts are most abun-
dant in testis [34]. In addition, expression of Tcea3 is detected
in heart, liver, and kidney [35, 36] but was more robust in
mESCs and oocytes. Overall, our expression analysis con-
firmed that Tcea3 is most prominently expressed in ESCs and
oocytes. Consistent with our results, analysis of large publicly
available gene expression datasets identified Tcea3 as one of
five biomarkers of the ESC state [37]. Furthermore, Tcea3 has
recently been found to be one of the common targets of mul-
tiple core transcription factors in mESCs and/or induced pluri-
potent stem cells (iPSCs) [6, 8].

Next, we examined whether Tcea3 expression is altered
during mESC differentiation in vitro. Indeed, following LIF
withdrawal and RA addition, mRNA and protein expression
levels of Tcea3 dramatically decreased during differentiation
and became undetectable within 3 days, even faster than the
rate observed for Oct4 (Fig. 1E). We also examined the
expression pattern of Tcea3 during early embryo development
by immunohistochemistry. As shown in Figure 1F, we found
that Tcea3 is prominently expressed in oocytes, fertilized pro-
nuclear eggs, and developing morula- and blastocyst-stage
embryos. In contrast to Oct4, which is mainly localized in
nucleus of morula and the inner cell mass of blastocyst,
Tcea3 1is localized in both nucleus and cytoplasm. Collec-
tively, these data suggest that Tcea3 may regulate self-
renewal and/or pluripotency and that it may function both in
nucleus and cytoplasm.

Tcea3 Does Not Regulate Self-Renewal/Proliferation
of mESCs

To investigate the potential functional role of Tcea3, we estab-
lished multiple mESC lines overexpressing (Tcea3 OE) or

downregulating Tcea3 (Tcea3 KD) (Fig. 2A, 2B). Functional
effect of these changes on self-renewal was systematically
examined. Neither overexpression nor knockdown of Tcea3
affected expression of two undifferentiated ESC markers, Oct3/
4 and phosphorylated Stat3 (p-Stat3) (Fig. 2B); other ESC-spe-
cific transcription factors such as Sox2 and Nanog were unal-
tered as well (see below). To further investigate the effect of
altering Tcea3 expression on self-renewal, we examined the
LIF dependence of these cells by reducing LIF concentration in
ES culture media (ranging from 1,000 to 0 U). AP activity, an
indicator of the undifferentiated ESC state, gradually decreased
in a dose-dependent manner regardless of Tcea3 expression lev-
els (Fig. 2C). The efficiency of secondary EB formation, which
reflects mESCs’ ability to maintain an undifferentiated state
[38], was comparable regardless of Tcea3 expression levels
(Fig. 2D). In addition, we performed a fluorescence-based com-
petition assay to compare the self-renewal capacity of mESCs
[23]. WT mESCs stably expressing GFP (GFP") were mixed
with GFP™ cells (WT, Tcea3 OE, or Tcea3 KD) at a 1:1 ratio,
and the GFP™/GFP™ ratio was measured at every passage. We
found that regardless of Tcea3 expression levels the GFP*/
GFP™ ratio remained comparable up to five passages tested
here (Fig. 2E). Finally, altered expression of Tcea3 did not
have any effect on mESCs’ proliferation rate (Fig. 2F). To-
gether, these data suggest that Tcea3 is not required for self-
renewal/proliferation or expression of ESC marker genes under
nondifferentiating conditions.

Tcea3 Critically Controls the Differentiation
Potential of mESCs

We next investigated whether Tcea3 regulates the differentia-
tion potential of mESCs under in vitro differentiation
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Figure 3. Altered expression of Tcea3 influences multilineage differentiation potential of mouse embryonic stem cells (mESCs) both in vitro
and in vivo. (A): In vitro differentiation was induced by removing leukemia inhibitory factor and adding retinoic acid (RA) to WT, Tcea3 OE,
and KD mESCs. Cells were examined at day 0 (DO0), day 2 (D2), or day 4 (D4) following in vitro differentiation. Scale bar = 100 ym. (B): RT-
PCR analysis of Tcea3, Oct4, Sox2, and Nanog expression during in vitro differentiation of WT, Tcea3 OE, and KD mESCs. (C): Immunoblot
analysis of Tcea3, Oct4, Sox2, and Nanog expression during in vitro differentiation of WT, Tcea3 OE, and KD mESCs. (D): WT, Tcea3 OE, and
KD mESCs differentiated for 4 days (RA-d4) were analyzed for the expression of markers representing ectoderm, mesoderm, and endoderm by
real-time RT-PCR. The expression level of each gene was shown as relative value following normalization against that of the glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) gene. (E): WT, Tcea3 OE, and Tcea3 KD cells were injected into NOD/SCID mice and teratoma development
was examined. Teratoma formation of Tcea3 OE cells was compared with that of WT cells 8 weeks after injection and teratoma formation of
Tcea3 KD cells was compared with that of WT cells 4 weeks after injection. This teratoma analysis was repeated twice with identical results
(data not shown). All values are means = SD from at least triplicate experiments. * indicates significant (p < .05) and ** indicates highly signif-
icant (p < .01) results based on analysis of variance analyses following the Scheffe test. Abbreviations: KD, Tcea3 knocked down mESCs; WT,

wild type.

condition. As expected, upon removal of LIF and addition of
RA, WT mESCs almost completely lost their typical morphol-
ogy by day 2 and developed flattened epithelial-like out-
growth (Fig. 3A). Strikingly, Tcea3 OE cells were resistant to
differentiation stimuli and maintained an undifferentiated
mESC morphology even at day 4 following LIF removal and
RA addition. In contrast, Tcea3 KD cells became flat and dif-
ferentiated more rigorously and faster than WT mESCs. A
possible mechanism is that Tcea3 regulates ESCs’ core tran-
scription factors under differentiation condition, leading to
their altered differentiation properties. To test this, we com-
pared the pattern of core transcription factors such as Oct4,
Sox2, and Nanog during in vitro differentiation. Remarkably,
the pattern of gene expression changes for ESC markers
(Oct4, Sox2, and Nanog) was almost identical during in vitro
differentiation both at the RNA and protein levels regardless
of Tcea3 expression levels (Fig. 3B, 3C), thus excluding the pos-
sibility that Tcea3 regulates in vitro differentiation via control-
ling expression of core transcription factors. We next examined
and compared mRNA expression patterns for various lineage
markers at day 4 following LIF withdrawal and RA treatment.
The great majority of mesoderm and endoderm marker genes
were markedly increased in Tcea3 KD cells, whereas they were
mostly downregulated in Tcea3 OE cells (Fig. 3D). In contrast,
while Tcea3’s influence on ectoderm marker genes varied
depending on individual genes, there was a trend toward
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decreased activation of ectodermal genes in Tcea3 KD cells (Fig.
3D). Consistently, mesoderm and endoderm markers were signif-
icantly activated, whereas ectoderm markers were decreased in
Tcea3 KD cells differentiated into mesoendoderm or ectoderm
lineage (supporting information Fig. S2).

We next injected equal numbers of Tcea3 OE, KD, or
WT cells into SCID mice and monitored the extent of tera-
toma formation. As shown in Figure 3E, Tcea3 OE-injected
mice developed small or barely visible teratomas while mice
injected with WT mESCs developed well-formed teratomas
after 8 weeks. Interestingly, Tcea3 KD-injected mice devel-
oped teratomas more rapidly than mice injected with WT
mESCs. Given that teratoma formation is an in vivo indicator
of pluripotency, our results indicate that the enhanced multili-
neage differentiation potential of Tcea3 KD cells resulted in
more rapid and robust teratoma formation and vice versa for
Tcea3 OE cells. In line with this notion, recent studies
showed that mESCs with enhanced multilineage differentia-
tion potential either by overexpression of calcineurin-calci-
neurin factor of activated T cell (NFAT) [16] or by knock-
down of Tetl enzyme [39] generated much bigger teratomas
compared to WT mESCs. Furthermore, consistent with in
vitro differentiation analyses, expression of all mesoderm and
endoderm marker genes was prominently increased in terato-
mas generated by Tcea3 KD cells compared to those by WT
mESCs (supporting information Fig. S3).
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Tcea3 Is a Component of RNA Polymerase I1
Transcription Complex in mESCs

Although Tcea3 (also called SII-h or SII-K1) is known to be a
transcription elongation factor belonging to the TFIIS (SII) sub-
family based on its homology with other members [35, 36], its
biological function is unknown. To understand the function of
Tcea3, we attempted to identify the binding proteins of Tceas
in mESCs by GST pull down assay using GST-Tcea3 fusion
protein. When mESC extracts were analyzed after the pull
down, four distinct bands were evidently identified in the prey
and bait lane compared to the bait only lane (Fig. 4A). We iden-
tified individual proteins corresponding to each band by mass
spectrometric analysis. As shown in Figure 4B and supporting
information Table S1, components of transcription complex
such as RNA polymerase II RPB2 and RNA polymerase II-
associated protein were identified as Tcea3 binding partners,
supporting that Tcea3 indeed functions as a transcription elon-
gation factor in mESCs. Interestingly, two translation elonga-
tion factors (Eeflal and Eeflg) were also identified to be Tceas
binding partners, suggesting that Tcea3 may have additional
functional role(s) beyond transcriptional elongation. This is in
line with our finding that expression of Tcea3 is detected not
only in the nucleus but also in the cytoplasm of early embryos
(Fig. 1F). The functional significance of Tcea3’s interaction
with these factors awaits further investigation.

We next sought to identify downstream target(s) of Tcea3
by comparing global gene expression profiles of Tcea3 OE
with that of WT mESCs. Scatter plotting of Tcea3 OE cDNA
microarrays showed that their gene expression profile was in
general similar to that of WT mESCs (R2 = 0.9432) (Fig.
4C). However, of the 26,766 total genes on the MouseWG-6
v2 Expression BeadChip (Illumina, Inc.), 359 genes were sig-
nificantly altered in Tcea3 OE according to a Student’s ¢ test
with 99% confidence level (up: 155 genes, down: 204 genes)
(supporting information Table S2).

Leftyl Is a Downstream Target of Tcea3 in mESCs

From the microarray analysis, we noticed that Leftyl was
most remarkably induced in Tcea3 OE while core transcription
factors such as Oct4, Sox2, and Nanog were not significantly
altered (Fig. 4C). These results were confirmed by qRT-PCR
analyses using independently prepared mRNAs (Fig. 5A). In
addition, the Tcea3-overexpressing vector was transiently
cotransfected along with nonspecific (siNS) or Tcea3-specific
siRNAs (siTcea3), and Leftyl gene expression was monitored.
As shown in Figure 5B, the enhanced levels of Tcea3 and Leftyl
expression by the Tcea3-overexpressing vector were greatly
reduced by siTcea3 treatment. Consistently, the expression levels
of both Tcea3 and Leftyl were lower in Tcea3 KD than WT,
both at the RNA and protein levels (Fig. 5C). In support of this,
ChIP assay showed that Tcea3 interacts with the transcription
start site of the Leftyl gene (supporting information Fig. S4).
These results strongly suggest that Leftyl is a downstream target
of Tceas.

Leftyl, a member of the TGF-f superfamily, is known to
function as a negative regulator of Nodal signaling during
embryogenesis [40—42], whereas Nodal/Activin signaling
involves phosphorylation and activation of the -effectors
Smad2/3 [17, 18, 43]. Thus, we investigated whether altered
Tcea3 expression affects Smad2 phosphorylation. The levels of
phosphorylated Smad2 (p-Smad2) in Tcea3 OE were signifi-
cantly lower than in WT mESCs under both undifferentiated
and RA-induced differentiation conditions (Fig. 5D). To rule
out the possibility that these results are caused by unexpected
mutations and/or adaptive responses of Tcea3 OE cells, we
introduced siRNA in WT mESCs to achieve transient Tcea3
knockdown and found that siRNA-induced Tcea3 knockdown
caused suppression of Leftyl and upregulation of p-Smad2
(Fig. SE), further confirming our results using Tcea3 OE and
KD cells. We also examined the effect of Tcea3 overexpression
on the phosphorylation of Smadl/5 (p-Smadl/5), which is
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Figure 5. Leftyl is a downstream target gene of Tcea3. (A): Real-time RT-PCR analysis confirms the microarray results. (B): Real-time RT-PCR
analysis shows that transient transfection of Tcea3-expressing vector (Tcea3 OE (T)) dramatically induced Tcea3 (left) and Leftyl (right) transcript
expression and that cotransfection of Tcea3-specific siRNA reduced them. Nonspecific siRNA (siNS) was transfected as control. The error bars corre-
spond to three replicates (n = 3) and show the mean = SD. (C): Lefty! expression in Tcea3 KD mouse embryonic stem cells (mESCs) compared
with that of WT mESCs by qRT-PCR (left) and immunoblotting analysis (right). (D): Immunoblotting results of p-Smad2 in Tcea3 OE and WT
mESCs at 0 (ES) or 4 days (RA-d4) during in vitro differentiation. f-Actin was used as loading control. (E): Expression levels of Lefty/ and p-
Smad?2 were analyzed by immunoblotting after siRNA-mediated transient knockdown of Tcea3 in WT mESCs. All values are means = SD from at
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linked to bone morphogenic protein (BMP) signaling [18]. As
shown in supporting information Figure S5A, p-Smad1/5 levels
appear to be comparable in Tcea3 OE cells. In addition, micro-
array analysis of Tcea3 OE cells showed that the expression
levels of either BMP4 or BMP4 target genes such as ID1, ID2,
and ID3 were unaffected (supporting information Fig. S5B).
These results suggest that Tcea3 specifically regulates Nodal-
Smad2 signaling without affecting BMP-Smadl/5 signaling.
Consistently, when serum-starved WT or Tcea3 OE mESCs
were stimulated with Nodal, the phosphorylation status of
Smad1l/5 was unaffected, whereas phosphorylation of Smad2
was retarded in Tcea3 OE compared to WT mESCs (support-
ing information Fig. S5C). Since BMP signaling functions to
maintain mESCs’ self-renewal [22], these results are consistent
with our finding that Tcea3 does not affect the self-renewal
capacity of mESCs.

Tcea3 Controls the In Vitro Differentiation Potential
of mESCs by Regulating the Leftyl Expression

TGF-f signaling is known to play important roles in early
embryogenesis and maintenance of ESC identities [41, 42,
44]. Our results suggest that Tcea3 regulates Nodal signaling
in mESCs through modulation of Leftyl expression. To fur-
ther explore this model, we transiently suppressed or overex-
pressed Tcea3 or Leftyl in Tcea3 OE or Tcea3 KD mESCs
using siRNAs and expression vectors, respectively (Fig. 6A).
We then examined whether alteration of Leftyl/ could revert
or rescue the effect of Tcea3 OE or KD on the differentiation
capacity of mESCs. When nonspecific siRNA was used,
Tcea3 OE remained resistant to differentiation following RA
treatment (Fig. 6B, left panel). However, following siRNA-
mediated knockdown of Tcea3 or Leftyl expression, Tcea3
OE regained their differentiation capacity, as examined by
morphological changes and AP staining (Fig. 6B, left panel).
In addition, transient expression of Tcea3 or Leftyl rendered
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Tcea3 KD resistant to differentiation upon RA stimulation
(Fig. 6B, right panel). Consistent with the phenotypic comple-
mentation results, siRNA-mediated knockdown of Tcea3 or
Leftyl induced phosphorylation of Smad2 in Tcea3 OE and
expression of Tcea3 or Leftyl in Tcea3 KD resulted in de-
phosphorylation of Smad2 (Fig. 6C).

Smad2 is an essential intracellular protein mediating the
effects of TGF-f signaling, which is essential for embryonic
mesoderm development and establishment of anterior-poste-
rior polarity [17, 45]. Furthermore, it was recently reported
that Smad2 mediates Activin/Nodal signaling for mesendo-
derm differentiation in mESCs [19]. In addition, microarray
analysis of Tcea3 OE showed mesoderm marker genes of
Tcea3 OE are activated compared to WT mESCs under self-
renewing condition (supporting information Fig. S6). Our
results corroborate these previous studies and provide evi-
dence that Tcea3 particularly inhibits expression of mesoderm
and endoderm-lineage genes by suppressing Nodal-mediated
TGF-f signaling. To further test this hypothesis, we treated
differentiating Tcea3 KD with SB-431542, a specific chemical
inhibitor of TGF-f receptor kinase, blocking phosphorylation
of Smad2/3. Indeed, we found that treatment of Tcea3 KD
cells with SB-431542 during in vitro differentiation signifi-
cantly suppressed the increased expression of mesodermal and
endodermal lineage genes, whereas expression of ESC marker
genes was unaffected (Fig. 6D).

DiscussioN

Pluripotent stem cells such as ESCs and iPSCs are exposed to
constant cell fate choices between self-replication and differ-
entiation. Thus, detailed understanding of the molecular
mechanisms underlying the transition between these cell fates
is pivotal for their developmental studies and application to
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(right). (B): Tcea3 OE mESCs were transfected with siTcea3 or siLeftyl and Tcea3 KD mESCs were transfected with Tcea3- or Leftyl-express-
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our model suggests that Tcea3 and Leftyl importantly link these two cell fates by being regulated by core transcription factors and inhibiting
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regenerative medicine. Surprisingly, our results reveal that the
transcription elongation factor Tcea3 is highly expressed in
mESCs and has an important function in regulating the differ-
entiation potential. Despite its high expression in undifferenti-
ated mESCs and rapid downregulation during in vitro differ-
entiation, expression levels of Tcea3 do not affect self-
renewal, as demonstrated by their typical ESC morphology,
stable passaging property without losing self-renewal capacity,
ESC marker expression, LIF responsiveness, secondary EB
formation, proliferation rate, and competition assays. Notably,
there was no sign of differentiation of mESCs associated with
altered expression levels of Tcea3 under undifferentiated con-
dition, indicating that it does not directly induce differentia-
tion. However, altered levels of Tcea3 in mESCs appear to
critically influence the transition from self-renewal to multili-
neage differentiation commitment upon exposure to differenti-
ating signals. When overexpressed (Tcea3 OE), mESCs were
rendered more resistant to differentiation commitment, as evi-
denced by much delayed morphological changes and lower
expression levels of lineage-specific genes, in particular meso-
derm- and endoderm-lineage genes. In contrast, Tcea3 knock-
down makes mESCs much more prone to differentiation upon

exposure to differentiation-stimulating conditions, in particular
to mesoderm and endoderm lineages, indicating a biased equi-
librium between self-renewal and differentiation commitment.
Remarkably, in sharp contrast to significantly altered expres-
sion of lineage-specific genes, overall expression patterns of
core transcription factors (e.g., Oct4, Sox2, and Nanog) were
almost identical during in vitro differentiation of WT, Tcea3
OE, and Tcea3 KD cells, indicating that Tcea3 regulates mul-
tilineage differentiation commitment independently of self-
renewal marker gene expression. The critical role of Tcea3 on
differentiation potential was further confirmed by teratoma
formation; while injection of Tcea3 KD generated larger size
teratomas, injection of Tcea3 OE generated significantly
smaller teratomas. In addition, Tcea3 KD cells formed terato-
mas faster than WT or Tcea3 OE cells.

Tceal, Tcea2, and Tcea3 belong to the subfamily of tran-
scription elongation factor TFIIS (SII) [33]. Tceal is the
original form, referred to as “general SIL,” and its knockout
mice die of severe anemia at midgestation [46]. In contrast,
biological functions of Tcea2 (also called SII-T1) and Tcea3
(also called SII-h or SII-K1) have been unknown. Our results
show that Tcea3, but not Tceal or Tcea2, is highly expressed
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in mESCs. In addition, overexpression of Tcea3, but not that
of Tceal or Tcea2, rescues the phenotype of Tcea3 KD
mESCs, demonstrating its functional specificity.

Importantly, our results show that Tcea3 regulates bal-
anced differentiation primarily through Lefty/ induction and
subsequent inhibition of Nodal-Smad2 signaling, as evidenced
by reversal of the Tcea3 effect by altered Leftyl expression
during ESC in vitro differentiation. In agreement with previ-
ous findings that Nodal and its effector Smad?2 are critical for
mesoderm and endoderm in vivo development [17, 18] and in
vitro mESC differentiation [19, 20], we found that expression
of mesoderm and endoderm-lineage genes was markedly up-
regulated and downregulated, respectively, in differentiating
cells and teratomas from Tcea3 KD and Tcea3 OE. However,
ectoderm marker genes were not always regulated in the same
pattern, indicating that there are additional factors/pathways
regulating the ectoderm differentiation commitment. Taken to-
gether, while Tcea3 levels do not control self-renewal of
mESCs per se, their differentiation potential seems to be
affected by Tcea3 before the differentiation process by altered
Lefty1-Nodal-Smad2. In support of this, Tcea3 OE showed
upregulated mesoderm marker genes compared to WT mESCs
under self-renewing condition in our microarray analysis (sup-
porting information Fig. S6).

As illustrated in Figure 6E, we propose that Tcea3 is a
novel factor which biases the lineage allocation of differenti-
ating mESCs, via the Lefty/-Nodal-Smad2 pathway. If Tcea3
expression levels are altered, this cell fate transition is biased
and mESCs become either “desensitized” or “sensitized” to
differentiation signals, indicating that Tcea3 regulates the
transition between self-renewal and differentiation commit-
ment as a molecular rheostat. Interestingly, core transcription
factors, that is, Oct4, Sox2, and Klf4, form a complex that
activates Tcea3 as well as Leftyl gene promoters [6, 47] sup-
porting the idea that they serve as a molecular link between
self-renewal and pluripotency (Fig. 6E). Our findings may be
useful to understand distinct pluripotent states (e.g., “naive”
and “primed” pluripotent states) and reprogramming/differen-
tiation processes [8, 48-51]. In line with this, Tcea3 was
found to be one of the genes that is expressed in fully reprog-
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rammed iPSCs but not in partially reprogrammed cells [8]
and is not expressed in mouse epiblast stem cells [52].

CONCLUSIONS

We found that Tcea3 controls cell fate choices of mESCs dur-
ing the transition from self-renewal state to multilineage dif-
ferentiation commitment by regulating the Lefty/-Nodal-
Smad2 pathway and that its proper level is important for the
balanced pluripotency of mESCs (Fig. 6E). Our data demon-
strate that Tcea3 induces Leftyl expression and limits differ-
entiation potential by suppressing Nodal-pSmad2 signals.
Upon exposure to differentiation-stimulating signals, expres-
sion of Tcea3, and subsequently Leftyl/, is diminished and
Nodal signals suppressed by Leftyl are activated, leading to
phosphorylation of Smad2 and induction (and/or “derepres-
sion”) of differentiation-related genes, in particular meso-
derm- and endoderm-lineage genes.
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