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SUMMARY

The mesoderm arises from pluripotent epiblasts
and differentiates into multiple lineages; however,
the underlying molecular mechanisms are unclear.
Tbx6 is enriched in the paraxial mesoderm and
is implicated in somite formation, but its function
in other mesoderms remains elusive. Here, using
direct reprogramming-based screening, single-cell
RNA-seq in mouse embryos, and directed cardiac
differentiation in pluripotent stem cells (PSCs),
we demonstrated that Tbx6 induces nascent
mesoderm from PSCs and determines cardio-
vascular and somite lineage specification via its
temporal expression. Tbx6 knockout in mouse
PSCs using CRISPR/Cas9 technology inhibited
mesoderm and cardiovascular differentiation,
whereas transient Tbx6 expression induced
mesoderm and cardiovascular specification from
mouse and human PSCs via direct upregulation
of Mesp1, repression of Sox2, and activation
of BMP/Nodal/Wnt signaling. Notably, prolonged
Tbx6 expression suppressed cardiac differentia-
tion and induced somite lineages, including skel-
etal muscle and chondrocytes. Thus, Tbx6 is crit-
ical for mesoderm induction and subsequent
lineage diversification.
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INTRODUCTION

In mammals, all organs are derived from three primary

germ layers, mesoderm, endoderm, and ectoderm. Nascent

mesoderm is induced as epiblast cells ingress through the

primitive streak (PS), and distinct mesoderm populations

are specified according to the timing and order of cell

migration. The heart is derived from lateral/cardiac meso-

derm and is the first functional organ to be formed in

embryos. The lateral/cardiac mesoderm arises from the

mid PS and moves anteriorly to be specified to cardiac

progenitor cells (CPCs) that differentiate into cardio-

myocytes (CMs), smooth muscle cells (SMCs), and endo-

thelial cells (ECs) (Paige et al., 2012; Wamstad et al., 2012).

The paraxial/presomitic mesoderm subsequently arises from

the anterior PS and differentiates into the somite, in which

the axial skeleton, skeletal muscle, and dermis are formed

(Loh et al., 2016). Understanding the regulation of meso-

derm development is critical for generating each of these

cell types and elucidating the mechanisms of congenital

diseases.

Pluripotent stem cell (PSC)-based differentiation recapitu-

lates the developmental process in embryos and represents

a valuable platform to study the mechanisms of cell-fate

specification. Previous studies have revealed that temporal

activation and inhibition of bone morphogenic protein (BMP),

Nodal/Activin, and Wnt signaling induced nascent meso-

derm and multiple mesodermal derivatives from PSCs. Wnt

activation induced nascent mesoderm from PSCs, but, once
Inc.
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mesoderm was induced, inhibition of Wnt signaling was

necessary for cardiac specification and prolonged Wnt/b-cat-

enin activation inhibited cardiac differentiation and instead,

induced other lineages, including paraxial mesoderm (Bur-

ridge et al., 2014; Kattman et al., 2011; Lian et al., 2012;

Loh et al., 2016). Despite recent success in directed dif-

ferentiation from PSCs with a series of small molecules

and cytokines, the molecular mechanisms for mesoderm

induction and lineage diversification remain elusive, since

mesoderm development is a dynamic process and the

sample sizes were too small for conventional genome-wide

analyses. Recent single-cell RNA sequencing (RNA-seq)

profiling revealed the landscape for temporal and spatial

changes of gene expression in early/nascent mesoderm and

subsequent lineage specification in vivo and in vitro (Loh

et al., 2016; Scialdone et al., 2016). However, a single tran-

scription factor sufficient to induce nascent mesoderm

without exogenous factors is unknown, and regulatory mech-

anisms for mesodermal lineage diversification remain poorly

understood.

Direct reprogramming may identify new key regulators for

lineage commitment via screening of candidate genes. Over-

expression of reprogramming factors in fibroblasts may

induce new programs of desired cell types within a week,

which might be simpler and faster than generating multiple

PSC-lines expressing a series of candidate genes. We previ-

ously demonstrated that a combination of cardiac-enriched

transcription factors, Gata4, Mef2c, and Tbx5, directly reprog-

rammed mouse fibroblasts into functional CMs by screening

14 factors (Ieda et al., 2010; Sadahiro et al., 2015); however,

genes that induce nascent mesoderm have not been

identified.

Tbx6 is a T-box transcription factor enriched in paraxial/pre-

somitic mesoderm. Tbx6 has been implicated in somite forma-

tion, with Tbx6 mutant mice generating two ectopic neural

tubes at the expense of somite formation, but its expression

and function in early/nascent mesoderm and other mesodermal

derivatives, including cardiovascular lineages, remain largely

unknown (Chapman and Papaioannou, 1998; Takemoto et al.,

2011; Wardle and Papaioannou, 2008). Here, we attempted

to identify a defined factor that could induce nascent meso-

derm from mouse and human PSCs in the absence of exoge-

nous factors and determine its function in mesodermal lineage

diversification.

RESULTS

Direct Reprogramming-Based Screening Identified
Tbx6 as a Mesoderm-Inducing Factor in Mouse
Fibroblasts
To identify new key regulators for nascent mesoderm, we

adopted direct reprogramming-based screening. We selected

58 candidate transcription factors expressed in mesodermal

lineages and important for development, including Eomes,

Ets2, Lef1, Tcf3, Smads, T, Tbx3, and Tbx6 (Islas et al.,

2012; Weidgang et al., 2013). These 58 genes were cloned

individually into pMX retroviral vectors for efficient and

continuous gene expression in fibroblasts (Ieda et al.,

2010). We used mouse embryonic fibroblasts (MEFs) that
were not contaminated with nascent mesoderm and cardio-

vascular cells. We transduced each retroviral vector into

MEFs and analyzed the induction of Mesp1, a marker for

early/nascent mesoderm, after 1 week of transduction.

Intriguingly, among 58 factors, only Tbx6 strongly induced

Mesp1 mRNA expression (Figure 1A). Moreover, the addition

of Eomes or T, two other mesoderm-enriched T-box tran-

scription factors, to Tbx6 did not further upregulate Mesp1

expression in MEFs (Figure 1B). We next utilized MEFs from

Mesp1cre/+ (Mesp1-Cre)/GFP-flox mice, in which the Mesp1-

expressing mesoderm and its progeny can be traced by

GFP expression (Saga et al., 1999). We found that Tbx6-trans-

duced MEFs expressed GFP, which was not detected in the

uninfected MEFs. The Mesp1-Cre/GFP+ cells formed multiple

colonies but did not proliferate indefinitely, similar to those

in vivo (Figure 1C). We also analyzed the expression of T/Bra-

chyury, another marker of nascent mesoderm. Immunostain-

ing demonstrated that T protein was also expressed in the

Tbx6-transduced cell nuclei after 4 weeks (Figure 1D). Next,

we analyzed two surface markers for mesoderm, Flk1 and

PDGFRa (Kattman et al., 2011; Liu et al., 2016). Fluores-

cence-activated cell sorting (FACS) analyses revealed that

Flk1 and PDGFRa-double positive cells, markers for lateral/

cardiac mesoderm population, were detected in �5% of

the Tbx6-transduced fibroblasts after 4 weeks (Figure 1E).

We next analyzed the gene expression profile related to the

mesoderm (Mesp1, T, Flk1), CPCs (Isl1, Nkx2.5, Gata4), CMs

(Tnnt2, Myh6), SMCs (Myh11), ECs (Pecam1), and skeletal

muscles (Pax3, Pax7, Myod1, Myf5), in Tbx6-transduced

MEFs over time. qRT-PCR analyses revealed that meso-

derm-related genes were upregulated and remained high

even after 4 weeks, whereas the expression of CPC, CM,

SMC, EC, and skeletal muscle genes was not activated,

except for Isl1, a marker for early CPCs (Figure 1F). These re-

sults suggest that continuous Tbx6 expression induced and

maintained an early/nascent mesoderm program in mouse

fibroblasts.

Single-Cell RNA-Seq Revealed that Tbx6+ Nascent
Mesoderm Expresses Genes Related to Cardiovascular
Mesoderm and Early CPCs in Mouse Embryos
Tbx6 is essential for the development of somites. Tbx6

expression is first detected in the PS at embryonic day (E)

7.0 during gastrulation and later restricted in the paraxial/pre-

somitic mesoderm and tail bud from E8.5 to E12.5 in mouse

embryos (Chapman et al., 1996). However, the precise nature

of the early mesoderm population expressing Tbx6 remains

unclear, because the cell numbers are too small for conven-

tional genome-wide analyses. To investigate the spatiotem-

poral transcriptional profiles associated with Tbx6 expression

in mouse embryos, we analyzed the publicly available

single-cell RNA-seq data for the 682 single cells of the

FACS Flk1+ mesoderm and CD41+ cells in mouse embryos

at E7.0–7.75 (Scialdone et al., 2016). The t-distributed sto-

chastic neighbor embedding (t-SNE) projection and expres-

sion of key marker genes divided the single cells into seven

major groups: nascent mesoderm, posterior mesoderm,

endothelium, blood progenitors, embryonic blood, allantois,

and pharyngeal mesoderm (Figure S1A). Among them, Tbx6
Cell Stem Cell 23, 382–395, September 6, 2018 383



Figure 1. Tbx6 Induced and Maintained a

Mesoderm Program in Mouse Fibroblasts

(A and B) qRT-PCR for Mesp1 expression after

transduction of individual (A) or combinatorial (B)

factors after 1 week (n = 3, independent experi-

ments). Data were normalized to the values in

MEFs.

(C) Immunocytochemistry for Mesp1Cre-GFP

and DAPI with quantification of the numbers of

Mesp1Cre-GFP+ colonies (n = 3, independent

experiments). Tbx6 induced Mesp1Cre-GFP

expression after 2 weeks of transduction.

(D) Immunocytochemistry and quantification of

the numbers of T+ colonies (n = 3, independent

experiments). Immunocytochemistry demon-

strated that T protein was expressed in Tbx6-

transduced mouse embryonic fibroblast nuclei

after 4 weeks.

(E) FACS analyses showed that Tbx6-transduced

cells expressed cell-surface markers Flk1 and

PDGFRa (n = 3, independent experiments).

(F) Time course of mRNA expression in MEFs

transduced with Tbx6, as determined by qRT-

PCR. Gene expression for mesoderm (Mesp1, T,

Flk1), CPCs (Isl1, Nkx2.5, Gata4), CMs (Tnnt2,

Myh6), SMCs (Myh11), ECs (Pecam1), and skel-

etal muscle (Pax3, Pax7, Myod1, Myf5) genes

were determined. Tbx6-transduced cells ex-

pressed mesoderm genes, but not those associ-

ated with cardiovascular differentiation and

skeletal muscle genes. Data were normalized to

the values on day 0.

All data are presented as mean ± SD. **p < 0.01;

*p < 0.05 versus MEFs (A and B), control (C–E), or

day 0 (F). Scale bars represent 100 mm.
was specifically expressed in a large population of the E7.0

nascent mesoderm group (Figure 2A). Tbx6 expression was

correlated with other nascent mesoderm-associated genes,

including T, Mixl1, and Mesp1, with Mesp1 more broadly ex-

pressed in this and other populations, such as the posterior

and pharyngeal mesoderm, consistent with its known expres-

sion profile (Chan et al., 2013; Saga et al., 1999). Intriguingly,

Tbx6+ nascent mesoderm was correlated with the expression

of lateral/cardiac mesoderm genes (Flk1, Pdgfra) and early

CPC genes (Isl1, Gata4) rather than paraxial/presomitic meso-

derm genes (Msgn1, Meox1) at this early stage. Tbx6+ meso-

derm cells neither expressed late CPC/CM genes (Nkx2.5,

Tbx5), skeletal muscle genes (Pax3, Pax7, Myod1, Myf5), nor

a definitive endoderm gene (Foxa2) (Figures 2B and S1B).

These results suggest that Tbx6 is expressed in the nascent

mesoderm population related to cardiovascular mesoderm/

progenitors rather than paraxial/presomitic mesoderm in early

mouse embryos.
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Tbx6 Is Critical for Mouse ESC
Differentiation into Mesoderm and
Cardiovascular Lineages
Next, to investigate the kinetics and

roles of Tbx6 in cardiogenesis in detail,

we used a mouse ESC-based directed

cardiac differentiation system, in which

the mesoderm, CPCs, and CMs were
sequentially induced (Kattman et al., 2011). TGFP/+ mouse

ESCs (T-GFP ESCs) were used to mark the nascent mesoderm

population (Kattman et al., 2006). Embryoid bodies (EBs) were

generated and cultured for 2 days in the absence of exogenous

factors (days 0–2), subsequently treated with Activin A, BMP4,

and vascular endothelial growth factor (VEGF) (ABV) for 2 days

to induce mesoderm under serum-free conditions (days 2–4),

and then dissociated to a monolayer culture to differentiate

into CPCs and CMs (days 4–14) (Figure 3A). This directed car-

diac differentiation protocol efficiently specified the T-GFP

ESCs into mesoderm and CMs (Figures 3B–3D and S2A).

qRT-PCR revealed that Tbx6 mRNA expression was rapidly

induced at the mesoderm stage, peaking on day 4, and was

sharply downregulated thereafter. This was similar to the ki-

netics of other nascent mesodermal genes, such as Eomes,

T, and Mesp1, but not to those of paraxial mesoderm genes

(Msgn1, Meox1, Tcf15) or skeletal muscle genes (Pax3, Pax7,

Myog) (Figures 3C and S2B). The CPC and CM genes



Figure 2. Single-Cell RNA-Seq Revealed the

Transcriptional Profile in Tbx6+ Nascent

Mesoderm in Mouse Embryos

(A) Single-cell RNA-seq in E7.0–7.75 mouse em-

bryos. FACS was used to sort single cells as Flk1+

mesoderm cells and CD41+ cells. t-SNE for 682

single cells was colored by assigned groups with

varying contributions from different embryonic

stages. The expression of key marker genes as-

signed identities to each group (left). Points were

colored red depending on the expression of Tbx6

(right).

(B) t-SNE for 682 cells from E7.0–7.75 mouse

embryos. Each point was colored according to the

expression of each gene. Single cells from mouse

embryos acquired at E7.0 (138 cells, 3 embryos),

E7.5 (259 cells, 12 embryos), and E7.75 (307 cells,

11 embryos) were analyzed.

See also Figure S1.
Nkx2.5, Tnnt2, and Myh6 were induced from day 6, and Isl1

expression started on day 4 and peaked on day 6. Thus, the

expression kinetics of Tbx6 in vitro is consistent with the sin-

gle-cell RNA-seq results in early mouse embryos. Next, to

determine whether Tbx6 is expressed in the mesoderm but

not in other populations in day 4 EBs, we used FACS to sort

T-GFP+ and T-GFP– cells for the analysis of gene expression

(Figures 3B and 3D). Tbx6 expression was significantly en-

riched in the T-GFP+ population, corresponding to T and

Mesp1 expression, whereas Sox2 was expressed in T-GFP–

cells, suggesting that Tbx6 was expressed in the mesoderm

(Figure 3D).

It has been reported that neuromesodermal progenitors

(NMPs; T and Sox2 double-positive cells) play a role in

embryonic development and differentiate into both neural

and mesodermal lineages (Gouti et al., 2014). We next

tested whether NMPs were induced in this directed cardiac

differentiation protocol. qRT-PCR and immunocytochemistry

revealed that T+/Sox2+ NMPs were not induced prior to
Cell Stem
mesoderm, CPC, and CM differentiation

(Figures S2B and S2C).

Next, to investigate whether Tbx6 is

critical for mesoderm specification and

cardiovascular differentiation in mouse

ESCs, we generated Tbx6 knockout (KO)

ESCs using the CRISPR/Cas9 system

(Figure 3E). To generate Tbx6 KO ESCs,

guide RNA was targeted to the first exon

of Tbx6, an RFP and blasticidin cassette

was knocked into one allele, and

CRISPR/Cas9-mediated DNA deletion

leading to frameshift mutation was intro-

duced into another allele in E14 wild-

type (WT) ESCs. DNA sequencing and

PCR analyses confirmed the integrity of

three clonal Tbx6 KO ESC lines (clones

#1–3, Figures S3A–S3C). We first differ-

entiated clone #1 Tbx6 KO ESCs into

cardiovascular lineages with directed dif-
ferentiation and compared these to the parental WT ESCs (Fig-

ure 3F). qRT-PCR demonstrated that T, Mesp1, and Eomes

mRNA expression was significantly downregulated in the Tbx6

KO EBs on day 4 (Figure 3G). Consequently, induction of

Flk1+/PDGFRa+ presumptive lateral/cardiac mesoderm was

significantly suppressed in the Tbx6 KO EBs compared to that

inWT EBs (Figures 3H and 3J). Moreover, cardiac differentiation,

determined by the presence of cTnT+ cells, was significantly

reduced in clone #1 Tbx6 KO ESCs to one-third of that in WT

ESCs on day 14 (Figures 3I and 3J). qRT-PCR analyses also re-

vealed that multiple cardiovascular genes, including Actn2,

Tnnt2, Nkx2.5, Myh11, and Pecam1, were suppressed in the

Tbx6 KO ESCs (Figure S3D). Next, to determine the reproduc-

ibility of multiple Tbx6 KO ESC lines in mesoderm and CM induc-

tion, we analyzed two other Tbx6 KOESC lines (clone #2 and #3).

FACS analyses revealed that induction of Flk1+/PDGFRa+ and

cTnT+ cells was significantly suppressed in the clone #2 and

#3 Tbx6 KO ESCs (Figures 3J, S3E, and S3F). These results sug-

gest that Tbx6, transiently expressed in the nascent mesoderm,
Cell 23, 382–395, September 6, 2018 385



Figure 3. Tbx6Was Transiently Expressed in

Mesoderm Prior to CPC and CM Differentia-

tion in Mouse ESCs

(A) Schematic representation of the directed car-

diac differentiation protocol in T-GFPmouse ESCs.

(B) GFP was induced in the T-GFP embryoid

bodies (EBs) after 4 days of differentiation.

(C) Time course of mRNA expression during ESC

differentiation determined by qRT-PCR. Data were

normalized to the values on day 0.

(D) Relative mRNA expression of mesoderm genes

(Tbx6, T, Mesp1) and Sox2 in the FACS T-GFP+

cells and T-GFP– cells after 4 days of differentiation

(n = 3, independent experiments). Data were

normalized to the values in T-GFP– cells.

(E) Generation of the Tbx6 KO mouse ESCs using

the CRISPR/Cas9 system. See also Figure S1 in

detail.

(F) WT or Tbx6 KOmouse ESCs were differentiated

into mesoderm and CMs using a directed cardiac

differentiation protocol.

(G) Relative mRNA expression was determined by

qRT-PCR in day 4 EBs (n = 3, independent exper-

iments). Data were normalized to the values ob-

tained in WT ESCs.

(H–J) FACS analysis for Flk1/PDGFRa and cTnT

expression in the WT or clone #1 Tbx6 KO ESCs

after 4 (H) or 14 days (I) of differentiation. Quanti-

tative data are from WT and Tbx6 KO ESCs

(clones #1–3) are shown in (J) (n = 3, independent

experiments).

All data are presented as themean ± SD. **p < 0.01;

*p < 0.05 versus day 0 (C), T-GFP– cells (D), or WT

ESCs (G and J). Scale bars represent 100 mm. See

also Figures S2 and S3.
is critical for mouse ESC differentiation into mesoderm and sub-

sequent cardiovascular lineages.

Transient Tbx6 Expression Induces Mesoderm and
Cardiovascular Lineages in Mouse ESCs
Next, to investigate the effect of Tbx6 onmesoderm induction and

cardiovascular differentiation in ESCs,wegenerated clonal T-GFP

mouse ESC lines, in which the expression of FLAG-taggedmouse

Tbx6 could be induced by doxycycline (Dox) administration and

mesoderm induction could be monitored by GFP expression

(iTbx6 T-GFP mESCs) (Figures 4A and 4B). Humanized Kusa-

bira-Orange fluorescence (hKO) was used for homogeneous and

clonal expansion of the mouse ESCs, and Tbx6 expression was

confirmed following Dox administration (Figures 4B, 4C, and

S4A). As a control experiment, we first confirmed that iTbx6

T-GFP mESCs efficiently differentiated into mesoderm and CMs

by the addition of multiple cytokines (Activin A, BMP4, and

VEGF: ABV) with similar efficiency to those in parental mouse
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ESCs, suggesting that they possessed

intactdifferentiationpotential (ABV,Figures

4D–4I and S4B). In contrast, in the absence

of cytokines (ABV) and Dox administration

(No Dox), themouse ESCs never differenti-

ated into T-GFP+ or Flk1+/PDGFRa+meso-

derm and CMs (No Dox, Figures 4D–4I and

S4B). Notably, Dox administration alone
(Dox on) induced T-GFP+ and Flk1+/PDGFRa+ mesoderm in the

iTbx6 T-GFP mESCs in a time-dependent manner. The efficiency

of mesoderm induction by Dox administration from days 0–3

was comparable to those with the directed cardiac differentiation

using ABV (Dox on D0–3, Figures 4D–4G and S4B). Induction of

Tbx6 on days 0–2 or 2–3 showed minimal effects, suggesting

that the expressionof Tbx6 for the first 3 days is critical for efficient

mesoderm and cardiac induction (Figures 4D–4J and S4C). To

determine the dose dependency and reproducibility ofmesoderm

induction by Tbx6, we next analyzed nine independent clonal

iTbx6 T-GFPmESC lines, in which Tbx6was differentially induced

withDox (Figure S4D). Themouse ESC lines expressing high Tbx6

levels (clones #7, 8, 9) showed the highest and comparable T-GFP

induction, whereas cells expressing low (clones #1–3) or interme-

diate (clones #4–6) Tbx6 levels demonstrated lower induction of

T-GFP (Figures S4D–S4F). These results suggested that transient

Tbx6expressionwassufficient for the inductionofmesodermfrom

mouse ESCs without the need for exogenous factors.



Figure 4. Transient Tbx6 Expression

Induced Mesoderm and Cardiovascular Lin-

eages in Mouse ESCs

(A) Schematic representation of the lentiviral

construct for Dox-inducible Tbx6 expression.

(B) Clonal expansion of the iTbx6 T-GFP mouse

ESCs was confirmed by hKO expression.

(C) The mRNA expression of Tbx6 in iTbx6 T-GFP

mESCs with or without Dox administration was

determined by qRT-PCR (n = 3, independent ex-

periments). Data were normalized to the values in

No Dox.

(D) Scheme depicting the protocol used to evaluate

the effects of Tbx6 expression on mesoderm in-

duction. ABV indicates Activin A, BMP4, and VEGF.

(E–G) FACS profiles for the expression of meso-

derm markers in EBs on day 4 (E and F). Quanti-

tative data are shown in (G). See also Figure S4C.

(H) The protocol used to evaluate the effects of

the duration of Tbx6 expression on cardiac

differentiation.

(I and J) FACS analyses for the expression of cTnT

on day 14 (I). Quantitative data are shown in (J).

See also Figure S4C.

(K) iTbx6 T-GFP mESCs were differentiated into

CMs, SMCs, and ECs with Dox administration for

3 days. Representative images are shown.

(L) The mRNA expression for CM, SMC, and EC

genes in iTbx6 T-GFP mESCs with (red, Dox on

D0–3) or without Dox (white, No Dox) in the absence

of cytokines (n = 3, independent experiments). ABV

(black) is cytokine-based cardiac differentiation.

Data were normalized to the values in No Dox.

All data are presented as the mean ± SD.

**p < 0.01; *p < 0.05 versus No Dox. Scale bars

represent 100 mm. See also Figure S4.
We next analyzed whether Tbx6-induced mesoderm could

differentiate into cardiovascular lineages. The mesoderm

generated by Dox administration from days 0–3 induced

�60% of cTnT+ cells after 14 days, which was comparable

to that with the cytokine-based cardiac differentiation; Tbx6-

induced CMs beat robustly and synchronously in culture

(Dox on D0–3, Figures 4H–4J, Video S1). We also found that

prolonged Tbx6 expression (longer than 3 days) suppressed

cardiac differentiation (Figures 6B and 6C). Immunostaining

demonstrated that Tbx6-induced mesoderm differentiated

into all three cardiovascular lineages (Dox on D0–3), including

CMs, SMCs, and ECs, whereas no cardiovascular cells were

generated without Dox addition (No Dox, Figures 4K and

S4G). qRT-PCR also revealed that the expression of cardio-

vascular genes was significantly induced with Dox addition

(Figure 4L). Thus, transient Tbx6 expression induced meso-

derm and subsequent cardiovascular differentiation in mouse

ESCs.
Cell Stem
Tbx6 Activates Mesoderm and
EndodermPrograms and Represses
Neuroectoderm Genes in
Mouse ESCs
Next, to investigate the mechanisms

responsible for Tbx6-mediated meso-

derm induction in mouse ESCs, we
performed microarray analyses and analyzed differentially

expressed genes in iTbx6 T-GFP mESCs on days 2 and 4 with

or without Dox administration (Figure 5A). Hierarchical clustering

and gene ontology (GO) analyses revealed that the genes upre-

gulated on day 2 were enriched for GO terms associated with the

BMP signaling pathway, heart development, and angiogenesis,

whereas downregulated genes were enriched for GO terms

related to neural development (Figures 5A and 5B). Upregulated

genes on day 4 were related to the transforming growth factor b

(TGF-b) and BMP signaling pathways, PS and endoderm forma-

tion, and blood vessel and heart development, while downregu-

lated genes were associated with neural/brain development

(Figures 5A and 5C). Scatterplot analyses demonstrated that

mesoderm- and endoderm-enriched genes were significantly

upregulated with Dox administration (Figure S5A). Microarray

and qRT-PCR analyses revealed that mesoderm and endoderm

genes related to different functions, such as transcription factors

(Eomes, T,Mesp1, Isl1,Gsc,Sox17), signalingmolecules (Bmp4,
Cell 23, 382–395, September 6, 2018 387



Figure 5. Tbx6 Expression Promoted Meso-

derm and EndodermPrograms and Inhibited

Neuroectoderm Genes in Mouse ESCs

(A) Hierarchical clustering analysis of iTbx6 T-GFP

EBs with or without Dox on days 2 and 4 (n = 2).

Dox was added for the first 3 days.

(B and C) GO term analyses for the upregulated

and downregulated genes in iTbx6 T-GFP EBs on

day 2 (B) or 4 (C) of Dox addition.

(D) Relative mRNA expression on day 4 in iTbx6

T-GFP EBs with or without Dox addition was

determined by qRT-PCR (n = 3, independent ex-

periments). Data were normalized to the values of

No Dox.

(E) Consensus T-box binding site sequences

generated by MEME (http://meme-suite.org/).

(F) ChIP-qPCR analyses in iTbx6 T-GFP EBs with

Dox addition on day 4 using antibodies specific for

FLAG (Tbx6) or IgG (control) (n = 3). Illustration of

the genomic region surrounding Mesp1. Trans-

lated regions are depicted in thick black boxes,

untranslated exons are shown in thin black boxes,

and introns are shown by black lines. Conserved

T-box binding sites are indicated as red lines, and

the relative positions of PCR fragments for ChIP-

qPCR are represented by black lines.

(G) ChIP-qPCR analysis of iTbx6 T-GFP EBs

treated with Dox on day 4 using antibodies specific

for RNA polymerase II (PolII) or IgG (control) (n = 3).

The primers were generated near the transcrip-

tional start site (TSS) of Mesp1.

(H) Time course of mRNA expression for Bmp4,

Nodal, andWnt3 during the differentiation of ESCs

after 12, 24, 48, and 96 hr of Dox treatment,

determined by qRT-PCR. Bmp4 was rapidly and

strongly upregulated after only 12 hr of Dox

administration.

(I) Schematic representation of chimeric EB ex-

periments. The iTbx6 T-GFP ESCs (inducer) and

T-GFP ESCs (responder) were mixed and cultured

for 4 days with Dox addition from days 0–3 in the

absence of cytokines before FACS. FACS analyses

for Flk1 and PDGFRa expression in day 4 EBs are

shown (right).

All data are presented as mean ± SD. **p < 0.01;

*p < 0.05 versus No Dox (D), IgG (F and G), 0 hr (H),

or responder (I). See also Figure S5.
Nodal, Wnt3), and cell-surface markers (Flk1, Pdgfra), were

greatly upregulated with Dox addition, whereas neuroectoderm

transcription factors (Pax6 and Sox1) were significantly downre-

gulated by Dox addition (Figures 5D and S5B). Thus, Tbx6

expression activated mesoderm and endoderm programs and

concomitantly suppressed neuroectoderm gene expression in

mouse ESCs to induce a mesodermal program.

Tbx6 Directly Upregulates Mesp1, Inhibits Sox2, and
Activates BMP/Nodal/Wnt Paracrine Signaling in
Mouse ESCs
We next asked how Tbx6 globally regulated gene expression

associated with developmental events in mouse ESCs. Among

mesodermgenes upregulated by Tbx6,Mesp1 is a key transcrip-

tion factor for mesoderm induction and was upregulated in both

mouse ESCs and fibroblasts with Tbx6 overexpression (Figures

1A and 5D) (Chan et al., 2013). Mesp1 contains two conserved
388 Cell Stem Cell 23, 382–395, September 6, 2018
T-box consensus binding sites (TCACAC) at the enhancer region

(�4 kb) and near the transcriptional start site (TSS, +0.1 kb) (Fig-

ures 5E and 5F). To determine whether Tbx6 directly bound and

upregulated Mesp1 expression, we performed chromatin immu-

noprecipitation (ChIP)-qPCR analyses with antibodies against

Tbx6-FLAG, PolII, and immunoglobulin G (IgG) in iTbx6 T-GFP

mESCs. Tbx6 binding was clearly observed at the �4-kb early

mesoderm enhancer region with Dox administration, whereas it

wasnot detected at the TSSor a+1.2-kbnegative-control region,

which did not contain T-box-binding sites (Figure 5F). PolII bind-

ingwas increased at the TSSwith Dox addition, suggesting PolII-

dependent Mesp1 gene transcription (Figure 5G). Thus, Tbx6

directly upregulated Mesp1 expression. We next asked how

Tbx6 globally suppressed the neural program. Sox2 is a key tran-

scription factor for neural development, and suppression of Sox2

is critical for mesoderm and endoderm induction in human PSCs

(Rao et al., 2016). qRT-PCR revealed that Sox2 was strongly

http://meme-suite.org/


Figure 6. Continuous Tbx6 Expression Inhibited Cardiac Differentiation and Induced Paraxial Mesoderm and Skeletal Myocyte Lineages

(A–C) FACS profiles for the expression of mesodermmarkers Flk-1 and PDGFRa in iTbx6 T-GFPmouse EBs at the indicated days (A). The expression of cTnTwas

analyzed by FACS on day 14 (B). Dox addition was started from day 0 and continued to day 7. Quantitative data are shown in (C) (n = 3, independent experiments).

See also Figure 4.

(D) The mRNA expression for CM, SMC, and EC genes in iTbx6 T-GFP mESCs with Dox administration for 3 (white) and 7 days (black) (n = 3, independent

experiments). Data were normalized to the values of D0–3.

(E) Scheme depicting the protocol used to induce skeletal muscle differentiation with a Dox-inducible Tbx6 expression system.

(legend continued on next page)
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downregulated by Tbx6 (Figure S5C). ChIP-qPCR analyses for

Tbx6 and PolII binding demonstrated that Tbx6 binding was

significantly enriched on two of four T-box-containing regions

(�10 and +4 kb) in the Sox2 gene, whereas PolII binding was

not enriched at the TSS after Dox administration (Figures S5D

and S5E). Thus, Tbx6 directly suppressed Sox2 expression in

mouse ESCs. Moreover, Tbx6 overexpression did not induce

T+/Sox2+ NMPs prior to mesoderm differentiation in iTbx6

T-GFP mESCs (Figure S5F).

We next sought to characterize the regulation of BMP, Nodal,

and Wnt signaling in Tbx6-induced mesoderm in mouse ESCs.

Consistent with the GO analysis, kinetic analyses for Bmp4,

Nodal, and Wnt3 mRNA expression demonstrated that Bmp4

was rapidly and strongly upregulated after 12 hr of Dox adminis-

tration, whereasNodal andWnt3 expression were activated later

(Figure 5H). These results suggest that Bmp4might be a primary

target of Tbx6 and activation ofNodal/Wnt3was a secondary ef-

fect, consistent with the known effect ofBmp4 to induceWnt and

Nodal during mesoderm development (Murry and Keller, 2008).

Indeed, ChIP-qPCR revealed that Dox addition enriched Tbx6

and PolII binding at the Bmp4 gene (+0.3 and +0.5 kb) and

TSS, respectively (Figures S5G and S5H). Given that Bmp4,

Nodal, and Wnt3 expression were upregulated with Tbx6, we

next asked whether these signaling pathways were critical for

Tbx6-mediated mesoderm induction. We treated iTbx6 T-GFP

mESCs with specific inhibitors for the BMP, Nodal, and Wnt

signaling pathways in combination with Dox treatment. T-GFP

induction was significantly reduced with these three inhibitors,

suggesting that the activation of BMP, Nodal, andWnt pathways

were all required for Tbx6-mediated mesoderm induction (Fig-

ures S5I and S5J). Next, to determine whether Tbx6 induced

mesoderm through non-cell-autonomous/paracrine mecha-

nisms, we generated chimeric EBs, in which iTbx6 T-GFP

mESCs (inducer, hKO+) were mixed with parental T-GFPmESCs

(responder, hKO–). The chimeric EBs were treated with Dox

without cytokines and analyzed for Flk1 and PDGFRamesoderm

induction by FACS. Dox administration induced Flk1+/PDGFRa+

mesoderm in both hKO+ and hKO– cells; however, the induction

rate was significantly higher in the inducer, suggesting that Tbx6

inducedmesoderm through both cell-autonomous and non-cell-

autonomous mechanisms (Figure 5I). Thus, Tbx6 directly regu-

lates Mesp1, Sox2, and Bmp4 expression and activates BMP/

Nodal/Wnt pathways through non-cell-autonomous/paracrine

mechanisms to induce mesoderm in mouse ESCs.

Prolonged Tbx6 Expression Inhibits Cardiovascular
Differentiation and Induces Paraxial Mesoderm and
Somite Lineages in Mouse ESCs
After transient expression of Tbx6 in nascent mesoderm, Tbx6 is

continuously expressed in the paraxial/presomitic mesoderm

and tail bud in mouse embryos until somite formation (Chapman
(F) The mRNA expression for paraxial/presomitic mesoderm and skeletal musc

(white, No Dox) (n = 3, independent experiments). Data were normalized to the v

(G and H) iTbx6 T-GFPmESCs were differentiated into skeletal muscle lineage un

and Myogenin after 14 days (G). No MyoD+ or Myogenin+ cells were observed in

(I–K) Immunocytochemistry for MHC after 21 days (I). Arrowheads indicate multi

All data are presented as the mean ± SD. **p < 0.01; *p < 0.05 versus D0–3

Figures S6 and S7.
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et al., 1996). The ventral somite (sclerotome) generates the carti-

lage and vertebral column, whereas the dorsal somite (dermo-

myotome) forms skeletal muscles and the dermis of the back

(Loh et al., 2016). However, it remains unknown whether Tbx6

expression is sufficient to induce paraxial mesoderm and somite

lineages in ESCs. To address this, we continuously expressed

Tbx6 in iTbx6 mESCs by prolonged Dox administration without

the addition of exogenous factors (Figures 6A–6C). Remarkably,

continuous Tbx6 expression decreased Flk-1+/PDGFRa+

cardiogenic mesoderm and increased the Flk-1–/PDGFRa+ pop-

ulation (presumptive paraxial mesoderm) in a time-dependent

manner (Figures 6A and 6C). Analyses of multiple clonal iTbx6

mESC lines revealed that Flk-1–/PDGFRa+ cells were induced

from ESCs by Tbx6 in a dose-dependent manner; in addition,

in the absence of Dox and exogenous factors, no mesodermal

cells were induced from mouse ESCs (Figures S6A and S6B).

Consistent with the induction of Flk-1–/PDGFRa+ population,

the paraxial/presomitic mesoderm genes (Meox1, Msgn1, and

Tcf15) were significantly upregulated on day 5 by continuous

Dox administration (Figure 6F). In contrast to the robust cardiac

differentiation by transient Tbx6 expression, continuous Tbx6

expression suppressed cardiovascular differentiation in a time-

dependent manner (Figures 6B–6D). Next, to determine whether

prolonged Tbx6-induced mesoderm could differentiate into so-

mite lineages, we treated the cells with the ROCK inhibitor,

Y27632, to induce skeletal myocyte differentiation (Chan et al.,

2016) (Figure 6E). Gene expression analyses revealed that

continuous Tbx6 expression for 8 days led to the upregulation

of skeletal myocyte genes (Myog, Acta1, and Myh3) on day 14

(Dox on D0–8, Figure 6F). Immunohistochemistry demonstrated

that skeletal myoblasts characterized as MyoD+ and Myogenin+

were induced under the conditions of differentiation (Dox on

D0–8, Figures 6G and 6J), and multinucleated myosin heavy

chain (MHC)+ myocytes were induced after 3 weeks of culture

(Figures 6I–6K). Skeletal myocytes/myoblasts were never

induced without Dox administration (No Dox). Next, to investi-

gate whether Flk-1–/PDGFRa+ mesoderm could also differen-

tiate into other somite lineages, we treated the cells with growth

and differentiation factor 5 (GDF-5; also known as BMP14), a

member of the TGFb superfamily, to induce chondrocytes (Fig-

ure S6C). qRT-PCR analyses revealed that Dox administration

upregulated the expression of chondrocyte-enriched genes,

Sox9 andCol2a1 (Dox on D0–8, Figure S6D). Safranin-O staining

and immunohistochemistry for Sox9 and Col2a1 demonstrated

chondrocyte induction from mouse ESCs by Tbx6 expression

for 8 days (Dox on D0–8, Figures S6E and S6F). If Tbx6 was

further continuously expressed, neither cardiovascular or somite

lineage was induced (data not shown). Thus, prolonged Tbx6

expression inhibited cardiovascular differentiation and instead

induced paraxial mesoderm and somite lineages in mouse

ESCs, consistent with the kinetics of Tbx6 in vivo.
le genes in iTbx6 T-GFP mESCs with (black, Dox on D0-8) or without Dox

alues of No Dox.

der the conditions used. The Dox-treated cells (Dox on D0–8) expressed MyoD

control (No Dox) wells. Quantitative data are shown in (H).

ple nuclei in the MHC+ myotube (J). Quantitative data are shown in (K).

(C and D) or No Dox (F, H, and K). Scale bars represent 100 mm. See also



Figure 7. Transient Tbx6 Expression Induced Mesoderm and Cardiovascular Lineages in Human iPSCs

(A) Schematic representation of the directed cardiac differentiation protocol in human iPSCs.

(B) Time course of mRNA expression during hiPSC differentiation determined by qRT-PCR. Data were normalized to the values on day 0.

(C) Schematic representation of the lentiviral construct for Dox-inducible human Tbx6 expression. Clonal expansion of the iTbx6 hiPSC was confirmed by hKO

expression.

(D and E) FACS analysis (D) and immunocytochemistry (E) demonstrated that T protein was expressed in the Dox-induced hiPSC nuclei on day 1 of differentiation

(n = 3, independent experiments).

(F) ThemRNA expression formesoderm, signalingmolecules, mesendoderm, and ectoderm genes in iTbx6 hiPSCswith (black, Dox on day –1 to 0) or without Dox

(white, No Dox) in the absence of additional cytokines on day 1 (n = 3, independent experiments). Data were normalized to the values of No Dox.

(legend continued on next page)

Cell Stem Cell 23, 382–395, September 6, 2018 391



Next, we investigated how temporal Tbx6 expression regu-

lates mesodermal lineage specification. We analyzed the

expression of Wnt3, Msx1, and Cdx2, which are implicated in

paraxial mesoderm development (Rao et al., 2016). qRT-PCR re-

vealed thatWnt3was strongly upregulated with continuous Tbx6

expression, peaking on day 5. Msx1 and Cdx2, targets of Wnt

signaling, were subsequently induced with prolonged Tbx6

expression, peaking on day 6 (Figure S7A). We next overex-

pressed Msx1 and Cdx2 in iTbx6 mouse ESCs with transient

Dox administration to determine their roles in Tbx6-induced dif-

ferentiation (Figure S7B). FACS analyses and immunohisto-

chemistry revealed that overexpression of Msx1 and Cdx2

strongly inhibited cardiac differentiation, suggesting that tempo-

ral Tbx6 expression regulates cardiac versus somite lineage

differentiation, at least in part, viaWnt3, Msx1, and Cdx2 expres-

sion (Figures S7C and S7D).

Transient Tbx6 Expression Induces Mesoderm and
Cardiovascular Lineages in Human PSCs
Mouse and human PSCs represent different stages of develop-

ment, but the signaling pathways that regulate their differentia-

tion are similar (Kattman et al., 2011). We next investigated the

role of Tbx6 in human cardiovascular differentiation using human

induced PSCs (hiPSCs), 253G4. Directed cardiac differentiation

using a series of multiple cytokines and small molecules sequen-

tially specified the hiPSCs into mesoderm, CPCs, and CMs (Fig-

ure 7A). qRT-PCR revealed that Tbx6 expression rapidly

increased on day 2, one day after the induction of T and Eomes

expression, and sharply decreased on day 4. This kinetics was

similar to that of Mesp1, whereas Nkx2.5 and Tnnt2 were

induced thereafter, suggesting that Tbx6was transiently induced

at a mesoderm stage before CPC and CM differentiation in hu-

man PSCs (Figure 7B).

Next, we generated clonal hiPSC lines, in which human Tbx6

could be induced by Dox administration (iTbx6 hiPSCs) (Figures

7C and 7F). Without the addition of exogenous factors and Dox

(No Dox), the iTbx6 hiPSCs never differentiated into T+ meso-

derm. In contrast, Dox administration alone was sufficient to

induce �50% of T+ nascent mesoderm in the iTbx6 hiPSCs

without the addition of cytokines, as shown by FACS and immu-

nohistochemistry (Dox on, Figures 7D and 7E). Gene expression

analyses revealed that mesoderm, signaling molecules, and

mesendoderm-related genes, such as T, Mesp1, Pdgfra,

Wnt3a, Bmp4, Nodal, and Eomes, were greatly upregulated

with Dox addition, whereas the neural transcription factor,

Sox2, was downregulated in the hiPSCs, similar to mouse

ESCs (Figure 7F). We next asked whether Tbx6-induced meso-

derm could differentiate into cardiovascular lineages in hiPSCs.

To determine the appropriate timing of Dox addition for cardiac

induction, we sequentially treated the hiPSCs with Dox and

analyzed cardiac induction by FACS after 14 days of differentia-

tion (Figure 7G). For the iTbx6 hiPSCs, Dox administration from
(G) Scheme depicting the protocol used to evaluate the effects of Tbx6 expressi

(H) FACS profiles for the expression of cTnT in hiPSCs with the indicated Dox pr

(I and J) The mRNA expression and immunocytochemistry analyses demonstrat

administration for 1 day (I). Data were analyzed on day 14 and normalized to the va

shown in (J).

All data are presented as the mean ± SD. **p < 0.01; *p < 0.05 versus day 0 (B) o
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days �1 to 0 was found to be optimal to induce 15% of cTnT+

cells, which represents, however, a lower efficiency than that in

iTbx6 mESCs (Figures 4I and 7H). The Tbx6-induced human

CMs beat synchronously in culture (Video S2). qRT-PCR and

immunostaining demonstrated that Tbx6-induced mesoderm

differentiated into all three cardiovascular lineages, whereas no

cardiovascular differentiation was observed without Dox treat-

ment (Figures 7I and 7J). Thus, transient Tbx6 expression also

induced mesoderm and cardiovascular lineages in human

PSCs, similar to the results in mouse ESCs.

DISCUSSION

Tbx6 has been regarded as a marker of paraxial mesoderm and

implicatedmainly in somite development in mammals (Chapman

and Papaioannou, 1998; Loh et al., 2016). Here, we reveal an

essential and unexpected function of Tbx6 in nascentmesoderm

induction and subsequent lineage diversification into cardiovas-

cular and somite lineages in PSCs regulated by its temporal

expression. Transient Tbx6 expression induced cardiac/lateral

mesoderm and cardiovascular lineages, while continuous Tbx6

expression suppressed cardiac differentiation and induced par-

axial/presomitic mesoderm and somite lineage specification.

We screened key regulators for mesoderm induction in mouse

fibroblasts with the direct reprogramming approach. Fibroblasts

are efficiently transduced with retroviral vectors without gene

silencing and are easier and cheaper to culture than PSCs. We

found that Tbx6 induced a nascent mesoderm-like program in fi-

broblasts by screening of 58 factors. Although the precisemech-

anisms remain undetermined, we found that Tbx6 induced

mesoderm-related genes but not genes related to differentiated

cardiovascular cells or skeletal myocytes, suggesting that Tbx6

induced and maintained a mesodermal program in fibroblasts.

Consistent with our results, Tbx6 is expressed in nascent

mesoderm, and subsequently in paraxial mesoderm, but not in

somites or other differentiated derivatives in vivo (Chapman

et al., 1996). These results suggest that Tbx6 induces the meso-

derm program but that suppression of Tbx6 may be a prerequi-

site for mesoderm differentiation. Given that the gene regulatory

networks of programming (differentiation) and reprogramming

are similar, the direct reprogramming-based approach we

describe heremight be applicable in general for the identification

of new key regulators and their functions in cell-fate decision.

Tbx6+ nascent mesoderm is a transient population, arising

early in gastrulation, but the nature of this population remained

unclear, because the genome-wide transcriptional profile has

not been determined owing to the small sample size. We re-

vealed a detailed molecular signature of Tbx6+ nascent meso-

derm cells in E7.0 mouse embryos by analyzing single-

cell RNA-seq. Single-cell RNA-seq demonstrated that the

Tbx6+ mesoderm progenitors were a highly homogeneous

population, expressing not only nascent mesoderm genes but
on on Dox-induced cardiovascular induction in hiPSCs.

otocols (G) and analyzed on day 14.

ed that iTbx6 hiPSCs were differentiated into CMs, SMCs, and ECs with Dox

lues of NoDox (n = 3, independent experiments), and representative images are

r No Dox (D, F, H, and I). Scale bars represent 100 mm.



also lateral/cardiac mesoderm and early CPC genes, suggesting

they might be transitioning from nascent mesoderm to cardio-

vascular lineages. We also found that Tbx6 was expressed in

the mesoderm before cardiac progenitors and cardiac differen-

tiation in PSC-based directed cardiac differentiation. Thus, our

characterization of the Tbx6+ nascent mesoderm in single-cell

analyses revealed a connection between early Tbx6 expression

and cardiovascular lineage differentiation, and such single-cell

analyses may change our current view of lineage specification

during development. Consistent with our results, Concepcion

et al. have recently reported that the progeny of the Tbx6+

nascent mesoderm was distributed not only in the paraxial

mesoderm and somites, but also in the lateral/cardiac meso-

derm, heart, and blood vessel endothelium by analyzing Tbx6-

creERT2 lineage tracing mice (Concepcion et al., 2017).

Although Tbx6 has been regarded to function mainly in somite

development in mammals, Tbx6 is critical for cardiac mesoderm

formation and cardiogenesis in lower organisms. Drosophila

lacking the Tbx6 homolog Dorsocross do not form a dorsal

vessel, which is equivalent to the heart. In Ciona intestinalis,

the ortholog of Tbx6 acts upstream of Mesp to form the cardiac

mesoderm (Christiaen et al., 2009; Reim and Frasch, 2005;

Satou et al., 2004). In mammals, Tbx6 mutant mice show dra-

matic defects in somite formation and die atmid-gestation. How-

ever, they also exhibit cardiovascular defects such as a lack of

heartbeats, abnormal heart looping, and vascular hemorrhages,

although the underlyingmechanisms of these cardiovascular de-

fects remain poorly understood (Chapman and Papaioannou,

1998). In humans, heart abnormalities such as ventricular septal

defects were recently reported in two out of nine Japanese

congenital scoliosis patients with TBX6 mutations (Takeda

et al., 2017). Consistent with these cardiovascular defects in

mammals, we found that KO of the Tbx6 gene inhibited meso-

derm specification and cardiovascular differentiation in mouse

ESCs. A previous study showed that Tbx6 KO mouse ESCs

differentiated into contractile EBs similar to WT ESCs under fetal

bovine serum (FBS)-mediated hanging drop differentiation; how-

ever, this may underestimate the effect of Tbx6 on cardiac

differentiation, as the authors did not quantify the efficiency of

mesoderm and cardiovascular differentiation using FACS or

qRT-PCR (Chapman et al., 2003). Thus, our study revealed an

essential and unappreciated function of Tbx6 in mesoderm

and cardiovascular specification conserved from lower organ-

isms to mammals. Although there are cardiovascular defects in

Tbx6 KO mice, myocardial tissues develop in the mutant mice.

It is conceivable that the redundancy with other T-box genes

(T, Eomes, Mesp1) may compensate for the cardiac phenotype

in Tbx6 KO mice. Indeed, we found that expression of T,

Mesp1, and Eomes, as well as cardiac differentiation, was sup-

pressed but not completely ablated in Tbx6 KO ESCs. Thus,

Tbx6 is important but not required for mesoderm formation

and cardiac development in mammals.

We also found that Tbx6 overexpression, in the absence of

exogenous cytokines, was sufficient to induce nascent meso-

derm that subsequently differentiated into cardiovascular line-

ages in mouse and human PSCs. Although the expression and

function of Tbx6 were similar in mice and humans, there were

some notable differences. The timing and duration of Tbx6

expression for optimal cardiac differentiation differed, and the
efficiency of T+ mesoderm and CM induction was substantially

lower in humans. Some of these differences may be attributable

to distinct pluripotent states, endogenous signaling, and trans-

gene expression between human and mouse PSCs (Kattman

et al., 2011). Nonetheless, these results further demonstrate an

evolutionarily conserved role of Tbx6 in mesoderm specification

and subsequent cardiovascular differentiation in mammals.

Consistent with our findings, Gavrilov et al. reported the positive

effects of Tbx6 in promoting cardiac differentiation and repres-

sing neural differentiation using themouse embryonic carcinoma

P19CL6 cell line (Gavrilov et al., 2012).

Mechanistically, Tbx6 induced mesoderm by directly acti-

vatingMesp1 and BMP4 and repressing Sox2, and presumably,

indirectly inducing Wnt and Nodal expression. Activation of

BMP4, Nodal, and Wnt pathways by Tbx6 expression non-cell-

autonomously induces mesoderm specification, which may in

turn upregulate Tbx6 expression and create a positive feedback

loop for robust induction of mesoderm. We also found that pro-

longed Tbx6 expression continuously upregulatedWnt3 expres-

sion after mesoderm induction, which subsequently

induced Msx1 and Cdx2 expression and interfered with cardiac

differentiation. Such mechanisms may be responsible for

Tbx6-mediated mesoderm induction and subsequent lineage

diversification. Although prolonged Tbx6 expression-induced

mesoderm differentiated into skeletal myocytes with the ROCK

inhibitor, other protocols were not as efficient as the ROCK inhib-

itor treatment in our ESC lines (data not shown) (Chal and Pour-

quié, 2017). Different differentiation efficacy among protocols

may be attributable to endogenous signaling and Tbx6 trans-

gene expression in our ESCs.

Collectively, we demonstrate that Tbx6 has dramatic effects

on nascent mesoderm induction and subsequent lineage speci-

fication in PSCs. Our results provide the basis for understanding

mesoderm development as well as for the generation of desired

cell types for regenerative medicine in the future.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GFP Molecular Probes Cat# A-11120; RRID:AB_221568

Rabbit polyclonal anti-GFP MBL Cat# 598S; RRID:AB_591816

Goat polyclonal anti-Brachyury R&D systems Cat# AF2085; RRID:AB_2200235

Mouse monoclonal anti-aactinin Sigma-Aldrich Cat# A7811; RRID:AB_476766

Rabbit polyclonal anti- Myosin IgG smooth muscle Biomedical technologies inc Cat# BT-562; RRID:AB_10013421

Mouse monoclonal anti- Troponin T Lab Vision Cat# MS-295-P1; RRID:AB_61808

Rabbit monoclonal anti-Calponin Abcam Cat# ab46794; RRID:AB_2291941

Rat monoclonal anti-CD31 BD Biosciences Cat# 550274; RRID:AB_393571

Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat# F3165; RRID:AB_259529

Mouse monoclonal anti-RNA polymerase II Abcam Cat# ab5408; RRID:AB_304868

Rabbit polyclonal anti-Sox2 Abcam Cat# ab97959; RRID:AB_2341193

Mouse monoclonal anti-MyoD BD Biosciences Cat# 554130; RRID:AB_395255

Mouse monoclonal anti-Myogenin BD Biosciences Cat# 556358; RRID:AB_396383

Mouse monoclonal anti-Myosin Heavy Chain R and D Systems Cat# MAB4470; RRID:AB_1293549

Mouse monoclonal anti-Collagen II Abcam Cat# ab185430

Mouse monoclonal anti-Sox9 Santa Cruz Cat# sc-166505; RRID:AB_2255399

Alexa Fluor 488 goat anti-rabbit IgG Thermo Fisher Scientific Cat# A11008; RRID: AB_143165

Alexa Fluor 488 goat anti-mouse IgG Thermo Fisher Scientific Cat# A11001; RRID: AB_2534069

Alexa Fluor 488 goat anti-rat IgG Thermo Fisher Scientific Cat# A-11006; RRID:AB_2534074

Alexa Fluor 488 goat anti-goat IgG Thermo Fisher Scientific Cat# A-11055; RRID:AB_2534102

Alexa Fluor 546 goat anti-rabbit IgG Thermo Fisher Scientific Cat# A11010; RRID: AB_143156

Chemicals, Peptides, and Recombinant Proteins

Leukemia inhibitory factor Millipore Cat# ESG1106

CHIR99021 Selleckchem S1263

PD325901 Selleckchem S1036

B27 supplements Invitrogen 17504-044

N2 supplements Invitrogen 17502-048

Recombinant human Activin A R&D systems 338-AC

Recombinant human BMP4 R&D systems 314-BP

Recombinant human VEGF R&D systems 293-VE

Recombinant human bFGF R&D systems 233-FB

Recombinant human FGF10 R&D systems 345-FG

Dorsomorphin Sigma-Aldrich P5499

SB431542 Wako 192-16541

IWR-1 Sigma-Aldrich I0161

Doxycycline hyclate Sigma-Aldrich D9891

Y27632 Wako 253-00513

GDF-5 Prospec Cyt-941

Critical Commercial Assays

FastStart Universal Probe Master Roche 4914058001

Deposited Data

Raw and analyzed data This paper GEO: GSE89820

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

Mouse: TGFP/+ ESCs Kattman et al., 2006 N/A

Mouse: E14 ESC Laboratory of D. Srivastava RRID:CVCL_C320

Mouse: Tbx6 KO E14 ESC This paper N/A

Mouse: iTbx6 T-GFP ESC This paper N/A

Human: 253G4 iPSC Laboratory of S.Yamanaka RRID:CVCL_T792

Human: iTbx6 253G4 iPSC This paper N/A

Experimental Models: Organisms/Strains

Mouse: GFPfl/fl: Mesp1-Cre Saga et al., 1999 N/A

Mouse: ICR CLEA Japan N/A

Oligonucleotides

CRISPR/Cas9 Target Site, Homology Arms, and

PCR Primers - See Table S1

This paper N/A

Primers for ChIP analysis - See Table S2 This paper N/A

Recombinant DNA

pMXs-GW Laboratory of S.Yamanaka N/A

CSIV-TRE-RfA-UbC-KT RIKEN BSI N/A

CSII-CMV-RfaA RIKEN BSI N/A

pCMV-VSV-G-RSV-Rev RIKEN BSI N/A

pX330-U6-Chimeric_BB-CBh-hSpCas9 Cong et al., 2013 Addgene #42230

Software and Algorithms

FlowJo software Tomy Digital Biology FlowJo 7.6.5

ImageJ NIH https://imagej.nih.gov/ij/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further requests for reagents may be directed to, and will be fulfilled by, the Lead Contact Masaki Ieda (mieda@md.tsukuba.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of Mesp1-GFP mice
Mesp1-GFPmicewere obtained by crossingMesp1-Cremice andCAG-CAT-EGFP (GFP-flox) reporter mice (Kawamoto et al., 2000;

Saga et al., 1999). The transgenic mice were maintained on a mixed ICR background. Eight-week-old male ICR (Jcl:ICR) mice were

purchased from CLEA Japan (Tokyo, Japan). No health problems were observed in the transgenic mice, and all the animals were

experimentally and drug-naive before use. All animals were group-housed and bred in a dedicated husbandry SPF facility with 12

h/12 h light-dark cycles, had ad libitum access to food and water, and were monitored daily. Their health status was routinely

checked to maintain the SPF grade. Animals subjected to surgical procedures were moved to a satellite SPF facility with the

same conditions. The Keio University Ethics Committee for Animal Experiments approved all experiments in this study.

Mouse ESCs
Mouse E14 and T-GFP ESCs were kindly provided by Dr. Deepak Srivastava and Dr. Gordon Keller, respectively. E14 and T-GFP

mESCs were maintained in a modified feeder-free culture system (Gadue et al., 2006; Ying et al., 2008). The culture medium con-

sisted of Glasgow Minimum Essential Medium (Sigma-Aldrich, G5154) supplemented with 10% characterized fetal bovine serum

(Thermo Scientific, SH30071.03), 1% non-essential amino acids (Invitrogen, M7145), 1% penicillin/streptomycin (Invitrogen,

15070063), 2 mMGlutaMAX (Invitrogen, 35050-061), 0.1mMmercaptoethanol (Sigma-Aldrich, 21985), 200 U/mL leukemia inhibitory

factor (Millipore, ESG1106), 3 mM CHIR99021 (Selleckchem, S1263), and 1 mM PD0325901 (Selleckchem, S1036), using standard

procedures.

Human PSCs
The hiPSC line (253G4) was obtained from the Center for iPSC Research and Application, Kyoto University. The hiPSCs were main-

tained as described previously (Hemmi et al., 2014). Briefly, wemaintained hiPSCs on SNL feeder cells in DMEM/F-12 andGlutaMAX

(Invitrogen, 10565-018) supplemented with 20% KO serum replacement (Invitrogen, 10828028), 0.1 mM non-essential amino acids,

0.1 mM b-mercaptoethanol, and 5 ng/mL bFGF.
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METHOD DETAILS

Retroviral Infection and Cell Culture
Mouse embryonic fibroblast (MEF) isolation, generation of pMXs retroviral vectors, and transduction with retroviruses have been

described previously (Ieda et al., 2010; Muraoka et al., 2014; Yamakawa et al., 2015). In brief, we generated retroviral vectors by

subcloning human cDNA (HuPEX, AIST) into the pMXs-Gw plasmid using the Gateway system (Invitrogen). pMX vectors were trans-

fected into Plat-E cells using Fugene 6 (Promega, E2691) to generate retroviruses. MEFs were transduced with the retrovirus as indi-

cated. The medium was replaced with medium containing Dulbecco’s modified Eagle’s medium (Wako, 044-29765) and 10% FBS

(Thermo Scientific, SV30014.03) after 24 h of infection.

Histology and Cell Counting
Cells were fixed in 4% PFA for 15 min at room temperature, blocked with 5% normal goat serum blocking solution (Vector Labora-

tories, S-1000), and incubated with primary antibodies against Calponin (Abcam, ab46794), cTnT (Thermo Scientific, MS-295-P1),

GFP (MBL, 598), CD31 (R&D systems, 550274), Col2a1 (Abcam, ab185430), sarcomeric a-actinin (Sigma-Aldrich, 111M4845),

MyoD (BD PharMingen, 554130), Myogenin (BD PharMingen, 556358), MHC (R&D systems, MAB4470), Sox2 (Abcam, ab97959),

Sox9 (Santa Cruz, sc-166505), and T (R&D systems, AF2085). Cells were then incubated with secondary antibodies conjugated

with Alexa Fluor 488 or 546, followed by DAPI (Invitrogen, D1306) counterstaining. The numbers of cells immunopositive for Calponin,

CD31, a-actinin, MyoD and Myogenin were counted in all fields per well from at least three independent experiments. The measure-

ments and calculations were conducted in a blinded manner. The fusion index was determined as previously described (Chal et al.,

2015). Briefly, we manually counted the number of nuclei in the MHC-positive myofibers at 403magnification, measured the length

of the myocytes with ImageJ software, and determined the number of nuclei per 100 mm of cell length. The fusion index was calcu-

lated in 10 randomly selected fields per well in at least three independent experiments. The measurements and calculations were

conducted in a blinded manner. For safranin-O staining, cells were fixed in 4% PFA for 10 min at room temperature, washed twice

in PBS, treated with 1 M acetic acid for 15 s, stained with 1% safranin-O for 10 min, and washed with PBS.

Flow Cytometry and Cell Sorting
Embryoid bodies (EBs) and cells were trypsinized and harvested, and single-cell suspensions were analyzed or sorted using a FACS

Aria III instrument (BD Biosciences). The cells were stained for the presence of appropriate markers. Cells were stained with the

following antibodies: anti-mouse Flk1 conjugated with APC (eBioscience, 17-5821) and anti-mouse PDGFRa (CD140a) conjugated

with BV421 (BD Biosciences, 562774). For cTnT expression, cells were fixed with 4% paraformaldehyde (PFA) for 15 min, permea-

bilized with saponin (Sigma-Aldrich, 47036-250G-F), stained with anti-cTnT (Thermo Scientific, MS-295-P1) antibody, followed by

incubation with secondary antibody conjugated with Alexa Fluor 488 or 647 (Invitrogen). Data were analyzed with the FlowJo

software (Tomy Digital Biology). Negative controls included cells stained with isotype control antibodies.

Quantitative RT-PCR
Total RNAwas prepared using the RNACell Miniprep System (Promega, Z6012). RNA (1 mg) was reverse transcribed into cDNA using

Oligo (dT) and SuperScript II Reverse Transcriptase (Invitrogen, 18064-014). qRT-PCR was performed using the StepOnePlus Real-

Time PCR system with the following TaqMan probes (Applied Biosystems). Mouse gene expression assays used the following

probes: Acta1 (Mm808218_g1), Actn2 (Mm00473657_m1), Bmp4 (Mm00432087_m1), Cdx2 (Mm01212280_m1), Col2a1

(Mm01309565_m1), Eomes (Mm01351985_m1), Flk1 (Mm01222431 m1), Gapdh (Mm99999915_g1), Gsc (Mm00650681_g1), Isl1

(Mm00517585_m1), Lhx1 (Mm01297482_m1), Meox1 (Mm00440285_m1), Mesp1 (Mm00801883_g1), Msgn1 (Mm00490407_s1),

Msx1 (Mm00440330_m1), Myf5 (Mm00435125_m1), Myh3 (Mm01332463_m1), Myh6 (Mm00440354_m1), Myh11

(Mm00443013_m1), Myog (Mm00446194_m1), Nkx2.5 (Mm00657783_m1), Nodal (Mm00443040_m1), Pax3 (Mm00435491_m1),

Pax6 (Mm00443081_m1), Pax7 (Mm01354484_m1), Pdgfr a (Mm00440701_m1), Pecam1 (Mm 01242584_m1), Sox1

(Mm00486299_s1), Sox2 (Mm03053810_s1), Sox9 (Mm00448840_m1), Sox17 (Mm00488363_m1), T (Mm00436877_m1), Tbx6

(Mm01278677_m1), Tcf15 (Mm00493442_m1), Tnnt2 (Mm00441922_m1), and Wnt3 (Mm00437336_m1). Human gene expression

assays used the following probes: Actn2 (Hs00153809_m1), Bmp4 (Hs03676628_s1), Cdh5 (Hs00901465_m1), Cdx2

(Hs01078080_m1), Cnn1 (Hs00154543_m1), Eomes (Hs00172872_m1), Gapdh (Hs02758991_g1), Mesp1 (Hs00251489_m1), Msx1

(Hs00427183_m1), Myh11 (Hs00224610_m1), Nodal (Hs00415443_m1), Nkx2.5 (Hs00231763_m1), Pdgfr a (Hs00998018_m1),

Sox2 (Hs01053049_s1), T (Hs00610080_m1), Tbx6 (Hs00365539_m1), Tnnt2 (Hs00165960_m1) and Wnt3a (Hs00263977_m1).

Expression of individual genes was subsequently analyzed by the Ct method, and was normalized to the expression of the

housekeeping gene Gapdh.

Mouse ESC Differentiation
For mouse ESC differentiation, cells were suspended in modified serum-free differentiation (SFD) medium (Gadue et al., 2006). The

SFDmedium consisted of Iscove’s modified Dulbecco’s medium (Invitrogen, 12440-053) and Ham-F12medium (Wako, 087-08335),

supplemented with B27 (Invitrogen, 17504-044) andN2 supplements (Invitrogen, 17502-048), GlutaMAX, 10%bovine serum albumin

(Invitrogen, P2489), L-ascorbic acid (Sigma-Aldrich, A4544), and 1-thioglycerol (Sigma-Aldrich, M6145) at a final concentration of

75,000 cells/mL in non-adherent Petri dishes, without any additional growth factors for 2 days. For cytokine-based directed cardiac
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differentiation, EBs were dissociated, and the cells were reaggregated in the presence of recombinant human Activin A (R&D Sys-

tems, 338-AC), recombinant human BMP4 (R&D Systems, 314-BP), and recombinant human VEGF (R&D Systems, 293-VE) for

2 days. For transcription factor-based cardiac differentiation, Dox (Sigma-Aldrich, D9891, 1 mg/ml) was added to the SFD medium

as indicated without exogenous factors. Inhibitors were used as indicated from day 0 to 3 of culture, and included dorsomorphin

(Sigma-Aldrich, P5499), SB431542 (Wako, 192-16541), and IWR-1 (Sigma-Aldrich, I0161). For cardiomyocyte differentiation, cell

clusters were dissociated and replated on gelatin-coated dishes in modified ‘‘cardiac conditions’’ (Kattman et al., 2006). In brief,

60,000 cells were cultured in 24-well flat-bottom plates in StemPro34 (Invitrogen, 10639-011) supplemented with L-ascorbic acid,

recombinant human VEGF, recombinant human bFGF (R&D Systems, 233-FB), and recombinant human FGF10 (R&D Systems,

345-FG). For somite lineage differentiation, Dox was added to the SFD medium as indicated without exogenous factors. On

day 5, cell clusters were dissociated and replated at 500,000 cells per well on a gelatin-coated six-well plate. Optimal pro-skeletal

myogenic conditions and pro-chondrogenic conditions were SFDmedium supplemented with 1 mMY27632 (Wako, 253-00513) and

30 ng/mL GDF-5 (Prospec, cyt-941), respectively (Chan et al., 2016; Craft et al., 2013). For chimeric EB experiments, iTbx6 T-GFP

ESCs and T-GFP ESCs were suspended in SFD media at an equivalent ratio and stimulated with Dox.

Generation of Tbx6 KO ESCs
We generated Tbx6 KO ESCs via homologous recombination with the CRISPR/Cas9 system. To generate CRISPR/Cas9 plasmids

targeting the first exon of Tbx6, 20-bp target sequences were ligated into a pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid (Addg-

ene, 42230) (Ran et al., 2013). A synthetic DNA fragment of homologous arms (500 bp each) with additional restriction enzyme sites

(BglII and XhoI) in between the arms was introduced into the NotI and HindIII sites of pLSODN-3. An RFP-blasticidin resistance gene

cassette was subsequently cloned between the homologous arms. The guide RNA (gRNA) sequences used to target Tbx6 and the

synthetic DNA fragment are shown in Table S2. The CRISPR plasmid was co-transfected with the knock-in vector into mouse E14

ESCs. Three days after transfection, the ESCs were selected with blasticidin (2 mg/mL) treatment. Drug-resistant ESC clones were

manually selected and expanded individually. Genomic DNA was isolated using the DNeasy blood and tissue kit (QIAGEN, 69504).

Legitimate knock-in was determined by PCR and sequencing using the primers shown in Table S1.We obtained three clonal Tbx6KO

ESC lines (clones #1–3).

Lentiviral Infection and Generation of iTbx6 PSCs
TheDox-inducible lentiviral vector was generated by subcloning 33 FLAG-mouse Tbx6 or human Tbx6 into theCSIV-TRE-RfA-UbC-

KT lentiviral plasmid (RIKEN BSI) using the Gateway system (Invitrogen). The iTbx6 PSCs were generated using themodified lentiviral

infection strategy, as previously reported (Kurita et al., 2013). In brief, we transfected the lentiviral vectors into 293T cells with

pMDLg/pRRE and pCMV-VSV-G-RSV-Rev plasmids using Lipofectamine 2000 to generate lentiviruses (Invitrogen, 11668-019).

Virus-containing media were collected after 48 h, and concentrated 10-fold by centrifugation before transduction. Mouse T-GFP

ESCs or human iPSCs were transduced overnight with 4 mg/mL polybrene (Millipore, TR-1003-G) to generate iTbx6 T-GFP mESCs

or iTbx6 hiPSCs, respectively. The infected PSCs expressed hKO, and the hKO+ homogeneous colonies were manually picked for

clonal expansion. Dox was administered as indicated at 1 mg/mL for gene induction. To overexpressMsx1 andCdx2 in the ESCs, we

subcloned human cDNA into the CSII-CMV-RfA lentiviral vector (RIKEN BSI), generated lentiviruses, and infected iTbx6 T-GFP

mESCs with the resulting lentiviruses.

Human PSC Differentiation
For cardiomyocyte differentiation, we cultured 100,000 cells hiPSCs with mTeSR1 (StemCell Technologies, ST-05850) in Matrigel

(Corning, 356230) coated 12-well flat-bottom plates. The medium was changed to SP34 containing 5 ng/mL recombinant human

ActivinA, 5 ng/mL recombinant human BMP4, and 5 ng/mL recombinant human bFGF on day 0. On day 2, the medium was changed

to SP34. On day 3, the medium was changed to SP34 with 5 mM IWR-1 and 5 ng/mL recombinant human VEGF. Cells were main-

tained in recombinant human VEGF on day 7. For Dox-induced cardiac differentiation, Dox was added to the SP34 medium as indi-

cated without exogenous factors.

Microarray Analyses
Genome-wide gene expression analyses were performed using the 3D-Gene Mouse Oligo Chip 25k (Toray Industries) as described

previously (Muraoka et al., 2014; Yamakawa et al., 2015). RNA was extracted from EBs with or without Dox on days 2 and 4. The raw

data for each spot were normalized by substitution with the mean intensity of the background signal determined by the combined

signal intensities of all blank spots at 95% confidence intervals. Raw data intensities greater than 2 SDs of the background signal

intensity were considered valid. Signals detected for each gene were normalized by the global normalization method. Hierarchical

clustering, scatterplot analyses, and GO analyses were performed as described previously (Muraoka et al., 2014; Yamakawa

et al., 2015).

Bioinformatics Analysis
The consensus sequence for the binding site of Tbx6 was identified from the JASPAR transcription factor binding database (http://

jaspar.genereg.net/). The ECR browser (https://ecrbrowser.dcode.org) tool was used in the rVista genome browser (https://rvista.

dcode.org) to identify the evolutionarily conserved DNA sequences in Mesp1, Sox2, and Bmp4, followed by T-box-binding site
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prediction analysis. The rVista analysis of the ECR Browser alignment, spanning 40 kb including the Mesp1, Sox2, and Bmp4 DNA

region, was performed using transcription factor binding site (TFBS) matrices. A TFBS search with a 0.85 position weight (PMW) ma-

trix cut-off identified highly conserved alignments.

Single-cell RNA-seq Analyses
Single-cell whole transcriptome in FACS sorted Flk1+ andCD41+ cells from E7.0–7.75mouse embryos was analyzed using the public

dataset (http://gastrulation.stemcells.cam.ac.uk/scialdone2016) (Scialdone et al., 2016).

Chromatin Immunoprecipitation (ChIP) Assays
ChIP analyses were performed as described previously (Lee et al., 2006). In brief, EBs were cross-linked with a 1% PFA solution for

15 min, quenched with 0.125M glycine, and DNAwas sonicated to obtain 300–500-bp DNA fragments through shearing using a Bio-

ruptor, according to the manufacturer’s protocol. Nuclear extracts were incubated with anti-Flag M2 antibody (Sigma-Aldrich,

F3165), control IgG (Santa Cruz, sc-2025), anti-PolII antibody (Abcam, ab5408), and Dynabeads (Thermo Fisher Scientific,

10003D). qRT-PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, 4309155). Primers were designed

as previously described (Costello et al., 2011), and the sequences of the primers are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analyses
Differences between groups were examined for statistical significance using the Student’s t tests or analysis of variance. Differences

with P values < 0.05 were regarded as significant.

DATA AND SOFTWARE AVAILABILITY

Data Resources
The accession number for the microarray data reported in this paper is NCBI GEO: GSE89820.
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