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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, SoxZ2, and Nanog) regulate
not only self-renewal but also pluripotent differentiation. However, it remains elusive how these
two cell states are regulated and balanced during /n vitro replication and differentiation. Here, we
report that the transcription elongation factor 7ceaZ?is highly enriched in mouse ESCs and plays
important roles in regulating the differentiation. Strikingly, altering 7cea3expression in mouse
ESCs did not affect self-renewal under non-differentiating condition; however, upon exposure to
differentiating cues, its overexpression impaired /n vitro differentiation capacity, and its
knockdown biased differentiation towards mesodermal and endodermal fates. Furthermore, we
identified Lefty as a downstream target of 7cea3and show that the 7cea3 Lefty1-Nodal-Smad2
pathway is an innate program critically regulating cell fate choices between self-replication and
differentiation commitment. Together, we propose that 7cea3 critically regulates pluripotent
differentiation of mouse ESCs as a molecular rheostat of Nodal-Smad?2/3 signaling.

Keywords
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Introduction

Mouse embryonic stem cells (MESCs) are prototypical pluripotent cells with the potential to
indefinitely self-renew and differentiate into all three germ layers - 2. During the last
decade, numerous studies have demonstrated that multiple signaling pathways (e.g.,
leukemia inhibitory factor (LIF), BMP/TGF-B, 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 levels
of Oct3/4 and/or Nanog were shown to determine cell fate decisions 11 12,

In addition, critical signaling pathways have been identified to regulate the transition of
ESCs from self-renewal to multi-lineage commitment, including the fibroblast growth factor
4 (FGF4)-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
signaling which critically regulates mesoderm and endoderm lineage commitment during in
vivo early development 17: 18 and /i 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 the present study, we found that a transcription elongation factor 7cea3, but not its
homologs 7ceal or 2, is highly expressed in ESCs and rapidly disappears during
differentiation, suggesting a functional role in the control of self-renewal and/or pluripotent
differentiation potential. Strikingly, altered expression of 7cea3does not directly influence
self-renewal or induce differentiation under non-differentiating conditions, but critically
regulates their differentiation upon exposure to differentiation signals. Furthermore, we
identified Lefty1, an inhibitor of Nodal, a member of the TGF-$ family, as a downstream
target of 7cea3and we show evidence that this 7cea3acts as a molecular rheostat to

Stem Cells. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park et al. Page 3

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, EB formation, and in vitro differentiation of mMESCs

J1 mESCs (Cat # SCRC-1010) were purchased from ATCC (www.atcc.org). mESCs were
maintained as described previously 21. Briefly, mESCs were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 15% fetal calf serum (HyClone), 0.1
mM 2-mercaptoethanol (Sigma), 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM
glutamine (Gibco) and 1000 U/ml LIF (Chemicon). To induce mESC differentiation,
mMESCs were cultured in LIF-deficient ESC medium (as described above) with 100 nM all-
trans RA. To form 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 two days for mESC culture or differentiation. Alkaline phosphatase activity
was measured by using EnzoLyte™ pNPP Alkaline Phosphatase Assay kit (AnaSpec:
#71230), according to the manufacturer's instructions. Activin-induced mesendoderm
differentiation was performed as previously described 19. Briefly, ESCs were cultured as
monolayer in gelatinized feeder-free six-well plates with the initial plating density of 1 x 10°
cells/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
supplement (Stem Cell Technologies, Vancouver, BC, Canada) and NeuralBasal medium
(Invitrogen) supplemented with B27 supplement (Stem Cell Technologies) and with -
mercaptoethanol. Neuroectoderm differentiation was performed as previously described 22.
Briefly, undifferentiated mESCs were dissociated and plated into 0.1% gelatin-coated tissue
culture dishes at a density of 1 x 104 cells/cm? 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 pg/ml apo-transferrin, 6 ng/ml progesterone, 16 pg/ml
putrescine, 30 nM sodium selenite and 50 pg/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 expression analysis.

Genetic modification of mMESCs

Five Tcea3overexpressing mES cell lines were generated by stable transfection of 7cea3-
expressing plasmid, which was constructed by cloning PCR-amplified cDNA of 7cea3into
modified pcDNA3.1 vectors (Invitrogen, Carlsbad, CA), of which CMV promoter was
replaced to EF1a promoter. A shRNA plasmid targeting mouse 7cea3was purchased
(RMM3981-97073145, Open Biosystems, Huntsville, AL) to generate five stable
knockdown cell lines of 7cea3. siRNAs targeting nonspecific genes were purchased from
Bioneer (Daejeon, Korea) and siRNAs targeting 7cea3or Leftyl were purchased from
Dharmacon (Denver, CO). siRNA or plasmid were transfected into mESCs with
lipofectamine 2000 (Invitrogen) and stably transfected lines were established following the
manufacturer'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 analyses to be differentially up- or
down-regulated during oocyte maturation were used to produce Custom Oligo SuperArrays
by Superarray Bioscience Corporation (Bethesda, MD) (Fig. S1). We then compared relative
MRNA expression of these genes in mouse GV and MII oocytes, mESCs, 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
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Kit (Superarray Bioscience Corporation). cRNA was synthesized and labeled with
biotinylated-UTP and TrueLabeling-AMP™ 2.0 (Superarray Bioscience Corporation)
following the manufacturer'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 previously described 23. GFP-
expressing mESCs were generated by chromosomal integration of EGFP-expressing plasmid
DNA. 7cea30E or Tcea3KD cells were mixed with GFP-expressing mESCs at a ratio of 1:1
and plated into the gelatinized wells of 6 well plates. Every 48 hours (one passage) cells
were trypsinized and re-plated. 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). Analyses were carried out for 6 consecutive passages.

Secondary EB formation

ES cells were differentiated into primary EBs /n vitroin ESC medium without LIF. After 4
days, the resulting EBs were collected 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
proportion of undifferentiated mESCs in primary EBs.

Immunocytochemical staining

Microarrays

Immunocytochemical staining was performed as described 24. Rabbit anti-mouse Oct4
antibody at 1:200 and Alexa Fluor 488- (A21206, Molecular Probes) or Alexa Fluor 594-
labeled anti-rabbit IgG secondary antibodies (A21207, Molecular Probes) 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 1gG secondary antibodies (Molecular Probes)
at 1:300 dilution.

Total RNA was extracted using TRIzol (Invitrogen) and biotinylated cRNA were prepared
from 0.55 g total RNA using the Illumina TotalPrep RNA Amplification Kit (Ambion,
Austin, TX) following the manufacturer instructions. Following fragmentation, 1.5 pg of
cRNA were hybridized to the Illumina Mouse WG-6 Expression Beadchip according to the
manufacturer's instructions (Illumina, Inc., San Diego, CA). Arrays were scanned with an
Illumina Bead Array Reader Confocal Scanner according to the Manufacturer's instructions.
Array data processing 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) (1:1 ratio (v/v)). The cell suspension was
then injected subcutaneously into NOD/SCID mice (Charles River Laboratories, Yokohama,
Japan). Teratoma formation was examined for eight weeks after injection.

GST pull down assay

Tcea3was cloned into pPGEX-4T1 (Addgene, Cambridge, MA). For bait protein preparation,
approximately 20 mg of GST fusion Tcea3 were prepared in 5 ml PBS and incubated with
100 .l of glutathione-beads for 1 hr at 4 °C. After three washing steps with PBS
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supplemented with 15% glycerol and 0.5% triton X-100, beads were suspended in 500 .| of
PBS. For GST-pull-down assays, 500 p.| of glutathione-beads coupled with GST- 7cea3
were incubated for 4 hrs at 4 °C with 500 I 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 pl of 1X SDS loading buffer. After boiling, 20 .l of samples were
analyzed on 10% SDS-PAGE.

Identification of Tcea3 binding proteins

Gel bands were excised and reduced with DTT and alkylation with indole-3 acetic acid
(IAA) before each gel band was treated with trypsin to digest the proteins in situ2°. Peptides
were recovered by two cycles of extraction with 50 mM ammonium bicarbonate and 100%
ACN. Lyophilized 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, USA) and a LTQFT mass spectrometer
(ThermoFinnigan, USA) equipped with a nano-electrospray source. To identify the peptides,
the software MASCOT (version 2.1, Matrix Science, London, UK), operated on a local
server, was used to search the IP1 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
100 ppm, and a fragment ion mass error of 1 Da. Trypsin was selected as the enzyme, with
two potential missed cleavage. 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 g
of total RNA was reverse-transcribed using the SuperScriptll™ First-Strand Synthesis
System (Invitrogen) according to the manufacturer's instructions. Real-time RT-PCR was
carried out using cDNAs with Quantitect SYBR Green PCR kit (Qiagen, Valencia, CA).
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 dehydrogenase (Gapa/fi). PCR primers used in this study
are listed in Table S3.

Immunoblotting

For Immunoblotting assay, cells were washed twice with cold phosphate buffered saline
(PBS), lysed with tissue lysis buffer (TLB; 20 mM Tris-base, pH 7.4, 137 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 25 mM B-glycerophosphate, 2 mM sodium pyrophosphate, 10%
glycerol, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1
mM benzamidine) and clarified by centrifugation at 12,000 x g for 10 min. Whole-cell
extracts were prepared and 20~50 g of proteins were resolved by SDS-PAGE, transferred
to PVVDF membrane (Perkin Elmer Life Sciences; Boston, MA) and probed using antibodies
against 7cea3 (sc-55782, Santa Cruz), Oct4 (sc-9081, Santa Cruz), pStat3 (Tyr-705) (#9131,
Cell Signaling Technology), Nanog (sc-30328, Santa Cruz), Lefty (MAB994, R&D
Systems), pSmad2 (#3101, Cell Signaling Technology), Smad2/3 (sc-8332, Santa Cruz),
pSmad1/5 (#9516, Cell Signaling Technology), Smad5 (sc-7443, Santa Cruz), a-tubulin
(sc-5286, Santa Cruz), and pB-actin (sc-47778, Santa Cruz). Immunoreactivity was detected
by enhanced chemiluminescence (ECL; Amersham, Buckinghamshire, England).
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Chromatin immunoprecipitation (ChlP) and Quantitative Real-Time PCR

The ChIP experiments were performed as previously described with modifications26. After
crosslinking with 1% formaldehyde, frozen Wild type, Tcea3 OE, and 7cea3 KD cell pellets
were suspended in 700 pl 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 pg/ml Pepstatin
A, 1 pg/ml Aprotinin) and, using a Branson sonifier, sonicated on ice 5 times for 15 seconds
each at 40% duty cycle, followed by 1 min pause. After centrifugation, supernatants were
diluted with ChIP dilution buffer (16.7 mM Tris-HCI pH 8, 167 mM NaCl, 1.2 mM EDAT,
1.1% Triton X-100) and pre-cleared with protein G conjugated agarose beads (16-201,
Upstate). Pre-cleared chromatin samples were immunoprecipitated with 1 g of polyclonal
Tcea3 antibody (SC-55782) from Santa Cruz Biotechnology.

To compare relative amounts of each amplified products for the ChlIP experiment, genomic
fragments of LeftyZ locus were amplified by real-time PCR and calculated according to the
2 AACT method?” and compared with those of controls. GAPDH was used as an internal
endogenous control.

Statistical analysis

Results

Graphical data are presented as means + SD. Each experiment was performed at least three
times and subjected to statistical analysis. Statistical significance between two groups and
among three groups was determined using Student's t-test and one-way analysis of variance
(ANOVA) following the Scheffe test, respectively. A pvalue below 0.05 was considered
significant. Statistical analysis was performed using the SAS statistical package v.9.13 (SAS
Inc., Cary, NC).

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 pluripotency-regulating factors by comparing the specific gene expression
patterns of oocytes, mESCs, and terminally differentiated tissues. Based on genome-wide
transcriptome analysis of mouse oocytes during /7 vitro maturation 30; and data not shown),
we generated a custom oligonucleotide array containing 111 genes dynamically expressed
during oocyte maturation (Fig. S1). Hybridization analysis with total RNAs prepared from
mouse oocytes, MESCs, mouse embryonic fibroblasts (MEFs), and NIH3T3 cells identified
four genes that are specifically expressed in oocytes and/or ESCs, but not in MEF and
NIH3T3 cells; 7ox3and Gbx2, which are known markers of ESC pluripotency 3132 and
Tcea3, which is only known as a transcription elongation factor (Fig. 1A). Specific
expression pattern of 7cea3was confirmed by RT-PCR (Fig. 1B).

Tcea3 (also called Sll-h or SI1-K1) belongs to the TFIIS (SII) elongation factor subfamily,
which comprise three Sl genes in Xenopus, mouse, rat, and human 33, We next performed
real time PCR analysis to compare expression of 7cea3with those of other isoforms of the
Tceafamily, Tcealand TceaZ. As shown in Fig. 1C, expression of 7cealand TceaZwas
either undetectable or minimal in mESCs and oocytes. Tissue-specific expression of 7cea
genes was further examined using mRNAs prepared from diverse tissues (Fig. 1D). As
previously reported, 7cea2transcripts are most abundant in testis 34. In addition, expression
of Tcea3is detected in heart, liver, and kidney 3% 36 but was more robust in mESCs and
oocytes. Overall, our expression analysis confirmed that 7cea3is most prominently
expressed in ESCs and oocytes. Consistent with our results, analysis of large publicly
available gene expression data sets identified 7cea3as one of five biomarkers of the ESC
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state 37. Furthermore, 7cea3has recently been found to be one of the common targets of
multiple core transcription factors in mESCs and/or iPSCs 6 8,

Next, we examined whether 7cea3expression is altered during mESC differentiation /n
vitro. Indeed, following LIF withdrawal and retinoic acid (RA) addition, mMRNA and protein
expression levels of 7cea3dramatically 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 7cea3 during early embryo development by
immunohistochemistry. As shown in Fig. 1F, we found that 7cea3is prominently expressed
in oocytes, fertilized pronuclear eggs, 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, 7Tcea3is localized in both nucleus and cytoplasm. Collectively, these data
suggest that 7cea3 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 mMESCs

To investigate the potential functional role of 7cea3, we established multiple mESC lines
over-expressing ( 7cea3 OE) or down-regulating 7cea3( Tcea3 KD) (Fig. 2A, 2B).
Functional effect of these changes on self-renewal was systematically examined. Neither
overexpression nor knockdown of 7cea3 affected expression of two undifferentiated ESC
markers, Oct3/4 and phosphorylated Stat3 (p-Stat3) (Fig. 2B); other ESC-specific
transcription factors such as Sox2and Nanog were unaltered as well (see below). To further
investigate the effect of altering 7cea3 expression on self-renewal, we examined the LIF
dependency of these cells by reducing LIF concentration in ES culture media (ranging from
1000 to 0 U). Alkaline phosphatase (AP) activity, an indicator of the undifferentiated ESC
state, gradually decreased in a dose dependent manner regardless of 7cea3expression levels
(Fig. 2C). The efficiency of secondary EB formation, which reflects mESCs’ ability to
maintain an undifferentiated state 38, was comparable regardless of 7cea3expression levels
(Fig. 2D). In addition, we performed a fluorescence-based competition assay to compare the
self-renewal capacity of mESCs 23. Wild type (WT) mESCs stably expressing GFP (GFP*)
were mixed with GFP- cells (WT, Tcea3 OE or Tcea3KD) at a 1:1 ratio, and the GFP*/
GFP- ratio was measured at every passage. We found that regardless of 7cea3expression
levels the GFP*/GFP- ratio remained comparable up to five passages tested here (Fig. 2E).
Finally, altered expression of 7cea3did not have any effect on mESCs’ proliferation rate
(Fig. 2F). Together, these data suggest that 7cea3is not required for self-renewal/
proliferation or expression of ESC marker genes under non-differentiating conditions.

Tcea3 critically controls the differentiation potential of mMESCs

We next investigated whether 7cea3regulates the differentiation potential of mESCs under
in vitro differentiation condition. As expected, upon removal of LIF and addition of RA, WT
mESCs almost completely lost their typical morphology by day 2 and developed flattened
epithelial-like outgrowth (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, 7cea3 KD cells became flat and
differentiated more rigorously and faster than WT mESCs. A possible mechanism is that
Tcea3regulates ESCs’ core transcription factors under differentiation condition, leading to
their altered differentiation properties. To test this, we compared the pattern of core
transcription factors such as Oct4, Sox2, and Nanog during /n vitro differentiation.
Remarkably, the pattern of gene expression changes for ESC markers (Oct4, Sox2 and
Nanog) was almost identical during /n vitro differentiation both at the RNA and protein
levels regardless of 7cea3expression levels (Fig. 3B, 3C), thus excluding the possibility that
Tcea3regulates in vitro differentiation via controlling expression of core transcription
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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 7cea3 KD cells whereas
they were mostly downregulated in 7cea3 OE cells (Fig. 3D). In contrast, while 7cea3s
influence on ectoderm marker genes varied depending on individual genes, there was a trend
towards decreased activation of ectodermal genes in 7cea3 KD cells (Fig. 3D). Consistently,
mesoderm and endoderm markers were significantly activated whereas ectoderm markers
were decreased in Tcea3 KD cells differentiated into mesoendoderm or ectoderm lineage
(Fig. S2).

We next injected equal numbers of 7Tcea3 OE, KD, or WT cells into SCID mice and
monitored the extent of teratoma formation. As shown in Fig. 3E, 7cea3 OE-injected mice
developed small or barely visible teratomas while mice injected with WT mESCs developed
well-formed teratomas after 8 weeks. Interestingly, 7cea3 KD-injected mice developed
teratomas more rapidly than mice injected with WT mESCs. Given that teratoma formation
is an /n vivo indicator of pluripotency, our results indicate that the enhanced multi-lineage
differentiation potential of 7cea3 KD cells resulted in more rapid and robust teratoma
formation and vice versa for 7cea3 OE cells. In line with this notion, recent studies showed
that mESCs with enhanced multi-lineage differentiation potential either by overexpression
of calcineurin-NFAT 16 or by knockdown of Tet1 enzyme 39 generated much bigger
teratomas compared to WT mESCs. Furthermore, consistent with /n vitro differentiation
analyses, expression of all mesoderm and endoderm marker genes was prominently
increased in teratomas generated by 7cea3 KD cells compared to those by wild type mESCs
(Fig. S3).

Tcea3 is a component of RNA polymerase Il transcription complex in mESCs

Although 7cea3 (also called SlI-h or SII-K1) is known to be a transcription elongation
factor belonging to the TFIIS (SII) subfamily based on its homology with other

members 3% 36  its biological function is unknown. To understand the function of 7cea3, we
attempted to identify the binding proteins of 7cea3in mESCs by GST pull down assay using
GST- Tcea3fusion 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 identified individual proteins corresponding to each band by mass
spectrometric analysis. As shown in Fig. 4B and Table S1, components of transcription
complex such as RNA polymerase 11 RPB2 and RNA polymerase ll-associated protein were
identified as 7cea3binding partners, supporting that 7cea3indeed functions as a
transcription elongation factor in mESCs. Interestingly, two translation elongation factors
(Eeflal and Eeflg) were also identified to be 7cea3binding partners, suggesting that 7cea3
may have additional functional role(s) beyond transcriptional elongation. This is in line with
our finding that expression of 7cea3is detected not only in the nucleus but also in the
cytoplasm of early embryos (Fig. 1F). The functional significance of 7cea3s interaction
with these factors awaits further investigation.

We next sought to identify downstream target(s) of 7cea3by comparing global gene
expression profiles of 7cea3 OE with that of WT mESCs. Scatter plotting of 7cea3 OE
cDNA microarrays showed that their gene expression profile was in general similar to that
of WT mESCs (R%=0.9432) (Fig. 4C). However, of the 26,766 total genes on the
MouseWG-6 v2 Expression BeadChip (Illumina, Inc), 359 genes were significantly altered
in Tcea3 OE according to a Student's t-test with 99% confidence level (up: 155 genes, down:
204 genes) (Table S2).
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Leftyl is a downstream target of Tcea3 in mMESCs

From the microarray analysis, we noticed that LeffyZ was most remarkably induced in
Tcea3 OE while core transcription factors such as Oct4, Sox2and Nanog were not
significantly altered (Fig. 4C). These results were confirmed by gRT-PCR analyses using
independently prepared mRNAs (Fig. 5A). In addition, the 7cea3-overexpressing vector was
transiently co-transfected along with non-specific (SiNS) or 7cea3-specific SIRNAS

(si 7cead), and LeftyI gene expression monitored. As shown in Fig. 5B, the enhanced levels
of Tcea3and Leftyl expression by the 7cea3-overexpressing vector were greatly reduced by
si Tcea3treatment. Consistently, the expression levels of both 7cea3and Lefty1 were lower
in 7cea3 KD than WT, both at the RNA and protein levels (Fig. 5C). In support of this,
chromatin immunoprecipitation assay showed that 7cea3 interacts with the transcription
start site of the Lefty gene (Fig. S4). These results strongly suggest that LeftyZis a
downstream target of 7cea3.

Lefty1, a member of the TGF-B superfamily, is known to function as a negative regulator of
Nodal signaling during embryogenesis 4942, whereas Nodal/Activin signaling involves
phosphorylation and activation of the effectors Smad2/3 17:18. 43 Thus we investigated
whether altered 7cea3 expression affects Smad2 phosphorylation. The levels of
phosphorylated Smad?2 (p-Smad2) in 7cea3 OE were significantly 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 7cea3 OE cells, we introduced small interfering RNA (siRNA) in WT mESCs
to achieve transient 7cea3knockdown and found that siRNA-induced 7cea3knockdown
caused suppression of LeftyZ and upregulation of p-Smad2 (Fig. 5E), further confirming our
results using 7cea3 OE and KD cells. We also examined the effect of 7cea3 over-expression
on the phosphorylation of Smad1/5 (p-Smad1/5) which is linked to BMP signaling 18. As
shown in Fig. S5A, p-Smad1/5 levels appear to be comparable in 7cea3 OE cells. In
addition, microarray analysis of 7cea3 OE cells showed that the expression levels of either
BMP4 or BMP4 target genes such as ID1, ID2 and ID3 were unaffected (Fig. S5B). These
results suggest that 7cea3 specifically regulates Nodal-Smad?2 signaling without affecting
BMP-Smad1/5 signaling. Consistently, when serum-starved WT or 7cea3 OE mESCs were
stimulated with Nodal, the phosphorylation status of Smad1/5 was unaffected whereas
phosphorylation of Smad2 was retarded in 7cea3 OE compared to WT mESCs (Fig. S5C).
Since BMP signaling functions to maintain mESCs’ self-renewal 22, these results are
consistent with our finding that 7cea3 does not affect the self-renewal capacity of mESCs.

Tcea3 controls the in vitro differentiation potential of mMESCs by regulating the Leftyl

expression

TGF-p signaling is known to play important roles in early embryogenesis and maintenance
of ESC identities 41 42:44_Our results suggest that 7cea3 regulates Nodal signaling in
mESCs through modulation of Leffy1 expression. To further explore this model, we
transiently suppressed or overexpressed 7cea3or Leftylin Tcea3 OE or Tcea3 KD mESCs
by using siRNAs and expression vectors, respectively (Fig. 6A). We then examined whether
alteration of Lefty1 could revert or rescue the effect of 7cea3 OE or KD on the
differentiation capacity of mESCs. When non-specific sSiRNA was used, 7cea3 OE remained
resistant to differentiation following RA treatment (Fig. 6B, left panel). However, following
siRNA-mediated knockdown of Tcea3or 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 7Tcea3or Leftylrendered 7cea3 KD resistant
to differentiation upon RA stimulation (Fig. 6B, right panel). Consistent with the phenotypic
complementation results, siRNA mediated knockdown of 7cea3or Lefty1 induced
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phosphorylation of Smad2 in 7cea3 OE and expression of 7cea3or Leftylin Tcea3 KD
resulted in dephosphorylation of Smad2 (Fig. 6C).

Smad2 is an essential intracellular protein mediating the effects of TGF- signaling, which
is essential for embryonic mesoderm development and establishment of anterior-posterior
polarity 17- 45, Furthermore, it was recently reported that Smad2 mediates Activin/Nodal
signaling for mesendoderm differentiation in mESCs 1°. In addition, microarray analysis of
Tcea3 OE showed mesoderm marker genes of Tcea3 OE are activated compared to wild
type mESCs under self-renewing condition (Figure S6). Our results corroborate these
previous studies and provide evidence that 7cea3 particularly inhibits expression of
mesoderm and endoderm lineage genes by suppressing Nodal-mediated TGF-p signaling.
To further test this hypothesis, we treated differentiating 7cea3 KD with SB-431542, a
specific chemical inhibitor of TGF-p receptor kinase, blocking phosphorylation of Smad2/3.
Indeed, we found that treatment of 7cea3 KD cells with SB-431542 during /n vitro
differentiation significantly 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 differentiation. Thus, detailed understanding of the molecular
mechanisms underlying the transition between these cell fates is pivotal for their
developmental studies and application to regenerative medicine. Surprisingly, our results
reveal that the transcription elongation factor 7cea3is highly expressed in mESCs and has
an important function in regulating the differentiation potential. Despite its high expression
in undifferentiated mESCs and rapid down-regulation during /n vitro differentiation,
expression levels of 7cea3do 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 mMESCs associated with altered
expression levels of 7cea3under undifferentiated condition, indicating that it does not
directly induce differentiation. However, altered levels of 7cea3in mESCs appear to
critically influence the transition from self-renewal to multi-lineage differentiation
commitment upon exposure to differentiating signals. When overexpressed ( 7cea3 OE),
mESCs were rendered more resistant to differentiation commitment, as evidenced by much
delayed morphological changes and lower expression levels of lineage-specific genes, in
particular mesoderm- and endodermlineage genes. In contrast, 7cea3knockdown makes
mESCs much more prone to differentiation upon exposure to differentiation-stimulating
conditions, in particular to mesoderm- and endoderm-lineages, indicating a biased
equilibrium between self-renewal and differentiation commitment. Remarkably, in sharp
contrast to significantly altered expression of lineage-specific genes, overall expression
patterns of core transcription factors (e.g., Oct4, Sox2, and Nanog) were almost identical
during /n vitro differentiation of WT, 7cea3 OE, and 7cea3 KD cells, indicating that 7cea3
regulates multi-lineage differentiation commitment independently of self-renewal marker
gene expression. The critical role of 7cea3 on differentiation potential was further confirmed
by teratoma formation; while injection of 7cea3 KD generated larger size teratomas,
injection of 7cea3 OE generated significantly smaller teratomas. In addition, 7cea3 KD cells
formed teratomas faster than WT or 7cea3 OE cells.

Tceal, TceaZ, and Tcea3belong to the subfamily of transcription elongation factor TFIIS
(SI1) 33, Teeal is the original form, referred to as “general SI1”, and its knockout mice die of
severe anemia at midgestation 46. In contrast, biological functions of 7ceaZ (also called SlI-
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T1) and 7cea3 (also called SlI-h or SII-K1) have been unknown. Our results show that
Tcea3, but not Tceal or TceaZ, is highly expressed in mESCs. In addition, overexpression of
Tcea3, but not that of 7ceal or TceaZ, rescues the phenotype of 7cea3 KD mESCs,
demonstrating its functional specificity.

Importantly, our results show that 7cea3regulates balanced differentiation primarily through
LeftyI induction and subsequent inhibition of Nodal-Smad2 signaling, as evidenced by
reversal of the 7cea3effect by altered LeftyI expression during ESC /n vitro differentiation.
In agreement with previous findings that Nodal and its effector Smad2 are critical for
mesoderm and endoderm /n7 vivo development 17- 18 and jn vitro mESC differentiation 19 20,
we found that expression of mesoderm and endoderm-lineage genes were markedly up-
regulated and down-regulated, 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 together, while Tcea3 levels do not control
self-renewal of MESCs per sg, their differentiation potential seems to be affected by Tcea3
before the differentiation process by altered Leftyl-Nodal-Smad2. In support of this, Tcea3
OE showed up-regulated mesoderm marker genes compared to wild type mESCs under self-
renewing condition in our microarray analysis (Figure S6).

As illustrated in Fig. 6E, we propose that 7cea3is a novel factor which biases the lineage
allocation of differentiating mESCs, via the LeftyZ-Nodal-Smad2 pathway. If 7cea3
expression levels are altered, this cell fate transition is biased and mESCs become either
“desensitized” or “sensitized” to differentiation signals, indicating that 7cea3regulates the
transition between self-renewal and differentiation commitment as a molecular rheostat.
Interestingly, core transcription factors, i.e., Oct4, Sox2, and Klf4, form a complex that
activates 7cea3as well as LeftyI gene promoters & 47 supporting 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/differentiation processes 8 48-51_In line with this, 7Tcea3was found to
be one of the genes that is expressed in fully reprogrammed iPSCs but not in partially
reprogrammed cells & and is not expressed in mouse epiblast stem cells 52.

Conclusion

We found that 7cea3 controls cell fate choices of mESCs during the transition from self-
renewal state to multi-lineage differentiation commitment by regulating the Lef?yZ-Nodal-
Smad?2 pathway and that its proper level is important for the balanced pluripotency of
mMESCs (Fig. 6E). Our data demonstrates that 7cea3induces Lefty1 expression and limits
differentiation potential by suppressing Nodal-pSmad?2 signals. Upon exposure to
differentiation-stimulating signals, expression of 7cea3, and subsequently Lefty1, is
diminished and Nodal signals suppressed by Lefty1 are activated, leading to
phosphorylation of Smad2 and induction (and/or “derepression”) of differentiation-related
genes, in particular mesoderm- and endoderm-lineage genes.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel. Transcription elongation factor Tcea3 is predominantly expressed in undifferentiated
mMESCs, oocytes, and early embryos

(A) Membrane array analysis was performed using total RNA samples from mouse oocytes,
mESCs, MEFs, and NIH3T3 cells. The spots indicated by arrows correspond to 7cea3,
Gbx2and Tbx33. (B) RT-PCR analysis reveals that Tcea3is expressed in mouse oocytes
and ESCs but not in MEF and NIH3T3 cells. (C) Relative expression of Tceal, TceaZand
Tcea3in mESCs and oocytes, as analyzed by real-time RT-PCR. (D) Analysis of mouse
tissue-specific expression of Tceal, TceaZand Tcea3transcripts by RT-PCR of total RNA
prepared from the indicated tissues. (£) Expression analyses of 7cea3by RT-PCR from total
RNA and immunoblotting of whole cell extracts from ESCs, EBs and /n vitro differentiated
cells at day 3 and 6, following LIF withdrawal and RA addition (RA-d3, RA-d6). GAPDH
and a-tubulin were used as loading controls for RT-PCR or Western blot analysis,
respectively. (F) Expression of Tcea3in oocytes, fertilized eggs, and early stage mouse
embryos by immunocytochemical staining.

All values are means = s.d. from at least triplicate experiments. ** Indicates highly
significant (P<0.01) results based on Student's T-test analyses.

Abbreviations: GV, germinal vesicle; PN, pronucleus; MO, morula; BL, blastocyst.
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Figure 2. Altered expression levels of Tcea3 do not affect self-renewal of mESCs

(A) Tcea3transcript levels were analyzed by realtime RT-PCR. (B) Protein expression of
Tcea3, Oct4, and p-Stat3 was analyzed by immunoblot using cell extracts from WT, 7Tcea3
OE, and KD mESCs. (C) WT, Tcea3OE and Tcea3 KD mESCs were maintained in
different concentrations of LIF for 5 days and AP activity was measured. (D) 15t EBs from
indicated cells were dissociated into single cells and re-seeded at a density of 1 x 108 cells/
ml in the same medium. The number of 2" EB colonies was counted under light
microscope. (£) GFP-positive (GFP™) mESCs were mixed at a ratio of 1:1 with GFP-
negative (GFP") WT, Tcea3 OE, and Tcea3 KD cells, respectively. The GFP*/GFP- ratios
were measured at each passage. (F) Cell proliferation of WT, 7cea3 OE and 7cea3 KD
mMESCs was analyzed by counting cell number every 2 days under ESC culture condition.
All values are means = s.d. from at least triplicate experiments. * indicates significant
(P<0.05) results based on Student's T-test analyses.
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Figure 3. Altered expression of Tcea3 influences multi-lineage differ entiation potential of mESCs
both in vitro and in vivo

(A) In vitro differentiation was induced by removing LIF and adding RA to WT, 7cea3 OE,
and KD mESCs. Cells were examined at day 0 (DO0), day 2 (D2) or day 4 (D4) following /n
vitro differentiation. Scale bar = 100 pm. (B) RT-PCR analysis of 7cea3, Oct4, SoxZ2and
Narog expression during /n vitro differentiation of WT, Tcea3 OE, and KD mESCs. (C)
Immunoblot analysis of 7cea3, Oct4, Sox2and Nanog expression during /n vitro
differentiation of WT, 7cea3 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 (Gapadf) gene. (E) WT, Tcea3 OE and Tcea3 KD cells were
injected into NOD/SCID mice and teratoma development was examined. Teratoma
formation of 7cea3 OE cells was compared with that of WT cells 8 weeks after injection and
teratoma formation of 7cea3 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 = s.d. from at least triplicate experiments. * indicates
significant(P<0.05) and ** highly significant (p<0.01) results based on ANOVA analyses
following the Scheffe test.
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Gene accessionno _Gene name Protein name My (Da)
IPID0320034 Polrzh  DNA-directed RNA polymerase Il subunitRPB2 135250
IPID0317794 Nel Nucleolin 76734
IPI00109401 Rpap3  RNA polymerase |l-associated protein 3 74278
IPID0230035 Ddx3x  ATP-dependentRNA helicase DDX3X 73455
IP100307837 Eeftal Elongationfactor1-alpha1 50424
IPI00318841 Eeflg  Elongationfactor1-gamma 50371
IP100226073 Hnrnpf  Isoform 1 of HeterogeneousnuclearribonucleoproteinF - 46043

Fold change
SYMBOL DEFINITION (TC6330E13VT)
Lefyt Leftright determination factor 1 6.38
Tceald Transcription elongationfactorA(SIN 3 619
Caimi4¢  Calmodulinlike 4 554
S100a6 S100 cgluum hinding protein A6 538
(calcycliny
Spink3  Serine peptidase inhibitor, Kazaltype 3  4.65
QOctd POU domain, classs 1.00
Sox2 SRY-hox containing gene 2 0.75
Nanog Nanog homeohox 0.89

Figure 4. Tcea3 isa component of RNA polymerasel| transcription complex and regulates

expression of Leftyl in mESCs

(A) Agarose gel analysis of Tcea3 binding proteins from mESCs. mESC total cell extracts
were used as “prey” and GST fused Tcea3 were used as “bait” for the GST pull down assay.
(B) List of representative proteins identified as protein binding partners of 7cea3by the
mass spectrometric analysis of peptides extracted from four agarose bands of (A). (C)
Scatter plots of cDNA microarray analysis of 7cea3 OE mESCs revealed that Lefty?
expression is most robustly upregulated (R? = correlation coefficients).
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Figure5. Leftyl isa downstream target gene of Tcea3

(A) Real-time RT-PCR analysis confirms the microarray results. (8) Real-time RT-PCR
analysis shows that transient transfection of 7cea3-expressing vector ( 7cea3 OE (T))
dramatically induced 7cea3 (left) and Lefty1 (right) transcript expression and that co-
transfection of 7cea3-specific sSiRNA reduced them. Non-specific SIRNA (siNS) was
transfected as control. The error bars correspond to three replicates (n=3) and show the mean
+s.d. (C) Leftylexpression in 7cea3 KD mESCs compared with that of WT mESCs by
gRT-PCR (left) and immunoblotting analysis (right). (0) Immunoblotting results of p-
Smad?2 in 7cea3 OE and WT mESCs at 0 (ES) or 4 days (RA-d4) during in vitro
differentiation. B-actin was used as loading control. (£) Expression levels of LeftyZ and p-
Smad?2 were analyzed by immunoblotting after sSiRNA-mediated transient knockdown of
Tcea3in WT mESCs.

All values are means = s.d. from at least triplicate experiments. * indicates significant
(P<0.05) and ** highly significant (p<0.01) results based on Student's T-test analyses.
Abbreviation: siNS, non-specific SIRNA; si 7cea3, siRNA targeting to 7cea3, siLefty1,
siRNA targeting to Leftyl.
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Figure 6. Tcea3 controlsthein vitro differentiation potential of mMESCs by regulating the Leftyl
expression

(A) Tcea3 OE mESCs were transfected with si 7cea3 or siLeftyI and transcript levels of
Tcea3and Leftyl were analyzed by RT-PCR either at 0 or 2 days following in vitro
differentiation (left). 7cea3 KD mESCs were transfected with 7cea3or LeftyI expressing
plasmid and transcript levels were analyzed by RT-PCR (right). (B) Tcea3 OE mESCs were
transfected with si 7cea3 or siLeftyl and Tcea3 KD mESCs were transfected with 7cea3or
Lefty1 expressing plasmid. Differentiation was analyzed by morphological changes and AP
staining. (C) Tcea3 OE mESCs were transfected with siRNA targeting 7cea3or Leftyl and
Tcea3 KD mESCs were transfected with 7cea3or Lefty1 expressing plasmids for 24 hr.
Levels of pSmad2 were analyzed by immunoblotting. (D) 7cea3 KD mESCs were
differentiated for 2 days by removing LIF and adding RA in the presence or absence of
SB431542 (20 .M) and the expression of self-renewal factors or mesoendoderm marker
genes were analyzed by RT-PCR. (£) A schematic diagram depicting the proposed role of
the Tcea3-Leftyl-Nodal-Smad2 pathway controlling cell fate choices between self-renewal
and differentiation commitment. Proper expression levels of 7cea3appear to be critical for
balancing the transition between these two cell fates. In addition, our model suggests that
Tcea3and Leftyl importantly link these two cell fates by being regulated by core
transcription factors and inhibiting Nodal signaling (see text).

All values are means = s.d. from at least triplicate experiments. ** indicates highly
significant (P<0.01) results based on ANOVA analyses following the Scheffe test.
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Abbreviation: siNS, non-specific SIRNA; si 7, SIRNA targeting 7cea3, siL, siRNA targeting
to Leftyl.
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