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Expression of NKX2-1 is required to specify definitive endoderm to respiratory endoderm. However, the
transcriptional regulation of NKX2-1 is not fully understood. Here we demonstrate that aside from specifying
undifferentiated human embryonic stem cell (hESC) to definitive endoderm, high concentrations of Activin-A
are also necessary and sufficient to induce hESC-derived definitive endodermal progeny to a FOXA2/NKX2-1/
GATA6/PAX9 positive respiratory epithelial fate. Activin-A directly mediates the induction of NKX2-1 by
interacting with ALK4, leading to phosphorylation of SMAD2, which binds directly to the NKX2-1 promoter and
activates its expression. Activin-A can be replaced by GDF11 but not transforming growth factor b1. Addition of
Wnt3a, SHH, FGF2, or BMP4 failed to induce NKX2-1. These results suggest that direct binding of Activin-A–
responsive SMAD2 to the NKX2-1 promoter plays essential role during respiratory endoderm specification.

Introduction

Expression of the homeodomain NKX2-1 transcription
factor is the earliest indication of the establishment of re-

spiratory progenitors as well as thyroid epithelium in the
ventral foregut endoderm [1]. NKX2-1 is critical for the ex-
pression of many pulmonary specific genes, including sur-
factant proteins (SP)-A, -B, and -C and the Clara cell CC-10
protein, as well as NKX2-1 itself [1–5]. Inactivation of NKX2-1
causes tracheoesophageal fistulae and impairment of pul-
monary branching, causing severe lung hypoplasia [1,6].

How NKX2-1 is regulated is not yet fully understood.
Embryos lacking Wnt2/2b expression or where b-Catenin
has been inactivated in the ventral foregut endoderm, ex-
hibit complete lung agenesis without NKX2-1 expression
and conditional expression of an activated form of b-Catenin
leads to expansion of NKX2-1 into adjacent endoderm,
including the stomach epithelium [7,8]. Explant culture stud-
ies show that NKX2-1 expression is upregulated in the cells
closest to the cardiac mesoderm receiving the highest amount
of fibroblast growth factor (FGF) signaling, suggesting a role
for FGF2 in specification to pulmonary epithelium [9].

NKX2-1 can be induced in mouse (m) or human embryonic
stem cell (hESC) in vitro [10–16]. Some studies have suggested
that Activin-A [12,13] positively influences the differentiation
ability of m/hESC towards NKX2-1 expressing pulmonary
epithelium, whereas other studies suggest that pulmonary
epithelium specification from the ventral foregut requires dual
inactivation of BMP4/transforming growth factor (TGF) beta.
Some but not all studies have demonstrated that high con-
centrations of FGF2 increase NKX2-1 expression in differen-

tiating hESC [9,10,15]. Mou et al., found that BMP4 induces
NKX2-1 expression in differentiating human induced plurip-
otent stem cells [16], but Rankin et al. found that suppression
of BMP4 signaling is required for wnt/beta-catenin-mediated
lung specification in Xenopus [17]. Thus, as is true for in vivo
development of pulmonary epithelium from definitive endo-
derm (DE), the signals/growth factors that support specifi-
cation of m/hESC- derived DE to the pulmonary lineage are
not yet understood.

The promoter of NKX2-1 contains binding sites for the
GATA6, HNF3, FOXP2, SP1, and SP3 transcription factors
[18–22]. In addition, a number of SMAD binding elements
(SBE) are present in the NKX2-1 promoter.

Here we demonstrate that Activin-A or GDF11 can specify
hESC-derived DE towards NKX2-1 positive cells. We further
demonstrate that in response to Activin-A signaling, SMAD2
binds to the NKX2-1 promoter and that SMAD2/3 activity
enhances NKX2-1 promoter activity. These results establish a
direct link between SMAD2/3 signaling and NKX2-1 ex-
pression, and demonstrate the importance of Activin-A sig-
naling in respiratory endoderm specification.

Materials and Methods

Cell lines and maintenance

The human ESC lines H1 (passages 50–55) and H9 (passages
48–60) were both purchased from the NIH Stem Cell Bank.
hESCs were maintained on plates coated with growth-factor-
depleted matrigel (BD Biosciences) in mTesR1 (StemCell
Technologies) in a 5% CO2/5% O2 environment. Cells were
split at a 3 to 6 ratio every 4–5 days, and intermittently, an
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aliquot was examined by Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) for the expression of the
endogenous pluripotency gene OCT3A as well as teratoma
assay. The pulmonary epithelial cell line NCI-H441, was pur-
chased from Lonza, Switzerland, and was maintained in RPMI
(Invitrogen) containing 10% fetal bovine serum (Hyclone,
Perbio France). Routine sterility checks, including screening for
Mycoplasma were performed throughout the studies.

Differentiation culture

Differentiations were performed in 60% Dulbecco’s mod-
ified Eagle medium (DMEM)-low glucose (Gibco), 40%
MCDB-201-water (Sigma), 1 · Linoleic acid–Bovine serum
albumin (Sigma), 1 · Insulin-transferrin-selenium (Sigma),
0.1 mM Ascorbic Acid (Sigma), 55 mM 2-mercaptoethanol
(Gibco). The following growth factors were used, human Ac-
tivin-A, human BMP4, human TGF b1, human sonic hedgehog
(SHH), human GDF11, human Wnt3a, human bFGF, SB-
431542. All factors were purchased from R&D Systems, except
SB-431542, which was from Tocris Ellisville USA. Medium
changes were performed every other day.

Reverse transcription quantitative polymerase
chain reaction

RNA was isolated using the RNeasy Mini-kit/Micro-kit
(Qiagen), and DNAse treatment with the Turbo DNAse
kit (Ambion). cDNA synthesis was performed from 1mg
of RNA with Superscript III First-Strand synthesis system
(Invitrogen). Real time PCR was performed using the Plati-
num SYBR green qPCR Supermix-UDG (Invitrogen) and
the Eppendorf realplex/ABI 7000 (Eppendorf, Applied Bios-
ciences). Relative gene expression was calculated by the 2(-
DDCt) method compared to undifferentiated cells (day 0),
using GAPDH as housekeeping gene. The list of primers used
can be found in Supplementary Table 1; Supplementary Data
are available online at www.liebertonline.com/scd. Human
total lung RNA (Clontech) was used as positive control.

Immunostaining

Differentiations were done in 4-well chamber slides
(Nunc) or in 12-well plates (Corning). Cells were fixed using
10% Neutral Buffered Formalin (Fisher Scientific) for 15 min
at room temperature (RT). Permeabilization was done for
10 min using a phosphate buffered saline (PBS) containing
0.1% Triton X-100 (PBST) (Acros Organics). PBST, containing
5% Normal Donkey Serum ( Jackson), was used for blocking
for 30 min at RT. The cells were then incubated with the
mixture of primary antibodies diluted in PBS containing 5%
donkey serum and incubated overnight at 4�C After 3 wa-
shes in PBS, the cells were incubated with the mixture of
respective Alexa dye conjugated secondary antibodies (In-
vitrogen) and Hoechst dye (Sigma) for 30 min at RT. All di-
lutions were optimized on positive control cells (NCI-H441)
and using the respective isotype control antibodies. The list
of primary and secondary antibodies used can be found in
Supplementary Table 1. To enumerate the percentage of cells
that stained positive, cells were imaged using a Zeiss Ax-
ioskop microscope and AxioVision Version Rel 4.0 software
was used to quantify the number of positive cells in 5 to 10
random areas per slide and per condition.

Western blot analysis

Cells were harvested and frozen at - 80�C. Protein extracts
were prepared in a RIPA buffer (Sigma) plus proteinase in-
hibitor and phosphatase inhibitor (both from Roche Diag-
nostics) and equal amounts of protein were separated on
NuPAGE gels (Invitrogen). Proteins were transferred onto
Immobilon-P transfer membranes (Millipore Corp.) and an-
alyzed by Western blotting using antibodies recognizing the
following proteins: SMAD2, phospho-SMAD2, beta-actin. All
antibodies were purchased from Cell Signaling Technology.

Luciferase reporter assay

Luciferase reporter plasmids driven by the NKX2-1 distal
promoter (named pNKX2-1-Luc) [22a] was constructed by
inserting the - 1736 to - 307 NKX2-1 promoter sequence
into the promoterless pGV-BM2 (Addgene). We generated
mutated/deleted reporter vectors, pNKX2-1(mSBEs)-Luc/
pNKX2-1(dSBEs)-Luc, by mutating/deleting the putative
SBEs in NKX2-1 promoter with the Site-Directed Mutagen-
esis Kit (FINNZYMES). Mutations/deletions of nonspecific
areas in the promoter region were used as control (pNKX2-
1(mNC)-Luc/pNKX2-1(dNC)-Luc) (Supplementary Fig. 1).
All mutations/deletions were confirmed by sequencing.
Human NCI-441 cells were used to assess the promoter ac-
tivation.

Human NCI-H441 cells (60,000/cm2) were transfected
with each of the reporter vectors together with pRL-tk
plasmid (Promega) (at 1/10 of the DNA amount for the test
vector) and Renilla luciferase as an internal control, using
FuGENE HD transfection reagent (Roche Applied Science).
Cells were harvested 48 h after transfection and firefly and
Renilla luciferase activities in the lysates tested using the
Dual-Luciferase Reporter Assay System (Promega) on a
Perkin Elmer/Wallac Victor 2 multilabel Counter (Interna-
tion Equipment Trading Ltd.). The ratio between Firefly and
Renilla luciferase activity was obtained for each sample.
Relative luciferase units were calculated via normalization of
each of the ratios for all groups by the average ratio for the
promoterless group.

Chromatin immunoprecipitation-qPCR

Chromatin isolation and IP were performed according to
the instructions from the Transcription Factor ChIP kit (Di-
agenode). Chromatin was isolated from nearly 5 · 107 d8
differentiated human ESCs for each condition. Antibodies
against SMAD2 (Cell Signaling Technology) or an isogenic
antibody (BD, Pharmingen) were used at 2mg per IP reaction.
Purified DNA was used as template for qPCR using Plati-
num SYBR green (Invitrogen 11733-046) to amplify the
NKX2-1 promoter with the forward primer sequence 5¢-
GCA GAC AGA CTG ACA GAC ACG and reverse primer
sequence 5¢- CAG TCG CCA ACA AAT GAG C. The PCR
product size was 83 bp. The following PCR conditions were
used, 3 min at 95o and 40 cycles of 15 s at 95o, 45 s at 60o and
1 min at 95o.

Statistics

Results are expressed as mean – SEM. Statistical signifi-
cance was determined by student’s t-test.
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Results

Activin-A induces NKX2-1 expression

To commit hESC to lung epithelium, initial commitment to
DE is required. In vivo this occurs by signaling via Nodal. As
has been demonstrated by others and us [23,24], we here
demonstrate that transcripts for the mesendoderm (ME)/DE
marker genes, including BRACHYURY, GSC, EOMES, and
SOX17 were expressed maximally on d4 of differentiation in
the presence of Activin-A (n = 3)(Supplementary Fig. 2B). In
vivo, gastrulation and induction of foregut endoderm is also
supported by canonical Wnt signaling [24,25]. Although ad-
dition of Wnt3a from d0 to d2 or d2 to d4, improved ME/DE
marker gene expression, the differences with Activin-A alone
were non-significant (n = 3) (Fig. 1B; Supplementary Fig. 2B).

Canonical Wnt signaling is important in patterning fore-
gut endoderm to pulmonary endoderm in mice in vivo [7,8].
several studies [11,15] demonstrated that ESC-derived em-
bryoid bodies could only be committed to pulmonary epi-
thelium by blocking TGFb family-mediated signaling with
Noggin and an ALK4/5/7 inhibitor, SB431542, followed by
stimulation with among others, Wnt3a. Therefore, we tested
the effect of Activin-A and Wnt3a alone or combined be-
tween d4 and d6 on the expression of the endodermal mar-
ker gene, FOXA2, and the pulmonary epithelial master gene,
NKX2-1. When cells exposed until d4 to Activin-A – Wnt3a
were subsequently cultured with Activin-A – Wnt3a, FOXA2
transcripts increased significantly, whereas this was sub-
stantially less when cells were exposed between d4–d6 to
Wnt3a alone (n = 3) (Fig. 1B). Concomitant with the increased
expression of FOXA2, we also detected a – 10-fold increase in
NKX2-1 expression when cells were cultured with Activin-
A – Wnt3a between d4 and d6, but not with Wnt3a alone.

Immunostaining on d6 mirrored what was seen by RT-
qPCR. Approximately 16% of cells cultured with Activin-A
or Activin-A + Wnt3a for 6 days, and Activin-A + Wnt3a for 4
days followed by Activin-A alone for 2 more days, stained
positive for FOXA2 (n = 3) (Fig. 1C) and 1%–2% of cells
stained for NKX2-1. By contrast, the percentage of cells cul-
tured in differentiation medium alone, Wnt3a alone or Ac-
tivin-A + Wnt3a for 4 days followed by Wnt3a alone, that
stained positive for FOXA2 was significantly lower (5%–8%)
(n = 3) (Fig. 1C) and no NKX2-1 positive cells were found.
These studies suggested that hESC could be fated to DE as
well as pulmonary endoderm by Activin-A, but not Wnt3a.

Neither TGFb1, BMP4, FGF2, or SHH alone can
specify hESC towards NKX2-1 expressing cells
in vitro, which is Activin-A (and GDF11) specific

We next tested if longer exposure to Activin-A would
commit additional hESC to DE cells and to NKX2-1 positive
pulmonary epithelium-fated cells. As progeny from hESC
cultured for 4 days with Activin-A + Wnt3a and Activin-A
alone between d4 and d6 expressed aside from FOXA2 also
NKX2-1, this culture condition was used for all subsequent
studies. When d6 hESC progeny were exposed for an addi-
tional 2 days to 50 ng/mL Activin-A, a further significant
increase in FOXA2 and NKX2-1 transcripts occurred by d8
(n = 6) (Fig. 2B). Similar effects of Activin-A were seen when
the hESC line H1 was used (n = 5) (Supplementary Fig. 3). We
also detected a significant increase in transcript levels for other

pulmonary epithelial transcription factors in hESC-H9 prog-
eny, including GATA6 and PAX9 [21,26,27], but not PAX8,
expressed by thyroid epithelium [28,29]. Immunostaining
demonstrated that > 80% of hESC-H9 progeny stained posi-
tive for FOXA2, of which approximately 6% co-stained with
antibodies against NKX2-1 (Fig. 2C). Most PAX9 positive cells
were also NKX2-1 positive, whereas of the GATA6 positive
cells, also expressed in other endodermal cells, only a fraction
stained positive for NKX2-1. These studies demonstrate in 2
independent hESC lines, that Activin-A specifies a fraction of
DE cells to a pulmonary epithelial fate.

As Activin-A signals via SMAD2/3 we tested other TGFb
family members that signal via these receptor SMADs, in-
cluding TGFb1 and GDF11. Replacing Activin-A with
250 ng/mL GDF11 in all steps of the differentiation process,
mimicked the effect of Activin-A: a gradual induction of
FOXA2 and significant induction of NKX2-1 from d6 on-
wards, as shown by RT-qPCR (n = 3). Immunostaining also
demonstrated that culture with GDF11 resulted in > 70%
FOXA2 positive and *4% NKX2-1 positive cells on d8 (n = 2)
(Supplementary Fig. 4D).

By contrast, when TGFb1 was added instead of Activin-A
from d6 onwards we still detected the DE markers, FOXA2/
GATA6, albeit at decreased levels, but not the pulmonary
epithelial markers NKX2-1/PAX9 (n = 5) (Fig. 3A). This was
reversed when 50 ng/mL Activin-A was added together with
TGFb1 (n = 5) (Fig. 3A). We also tested if BMP4, which acti-
vates SMAD1/5/8, could induce NKX2-1 expression. Addi-
tion of 100 ng/mL BMP4 between d6 and d8 did not induce
NKX2-1 expression, which again could be reversed when
Activin-A was also added (n = 5) (Supplementary Fig. 2C).

Activin-A binds initially to Activin-A receptors type II
(ActRIIA or ActRIIB) and then recruits Activin-A receptor
like kinase (ALK)-4. ALK-4 then interacts with and phos-
phorylates the receptor SMADs, SMAD2 and SMAD3 [31–
33]. To further delineate the Activin-A mediated specification
of DE towards NKX2-1 positive cells, we cultured hESC
progeny from d6 to d8 with SB431542, a specific inhibitor of
ALK4/5/7. When d6 hESC progeny were cultured with
SB431542 or Activin-A + SB431542 for 2 additional days, ex-
pression of FOXA2 and GATA6 transcripts/protein de-
creased. In addition, NKX2-1 and PAX9 transcripts/protein
could no longer be detected (n = 5) (Fig. 3B).

A number of additional factors have been identified that
may commit DE to lung epithelium, including SHH and
FGF2 [9,30]. Addition of 200 ng/mL FGF2 (n = 6) or 500 ng/
mL SHH (n = 4) between d6 and d8 failed to induce expres-
sion of NKX2-1 transcripts/protein on d8 (Supplementary
Fig. 2A, B). However, NKX2-1 transcripts/protein were in-
duced significantly when 50 ng/mL Activin-A was com-
bined with either FGF2 (n = 6) or SHH (n = 4), further
demonstrating the importance of Activin-A in pulmonary
epithelial commitment (Supplementary Fig. 2A, B).

Activin-A and GDF11 activate NKX2-1 by
phosphorylating SMAD2, which induces NKX2-1
expression by binding to SMAD binding sites
in the NKX2-1 promoter

Activin-A and GDF11 phosphorylate SMAD2 and
SMAD3, which bind to SMAD4, forming a complex that
translocates to the nucleus where it binds to SBE in the
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promoter regions of target genes. We evaluated the phos-
phorylation state of SMAD2 in undifferentiated hESC and
hESC progeny cultured under different conditions (Fig. 4 A,
B). Low-level phosphorylation of SMAD2 was found in un-
differentiated hESC, consistent with the notion that mainte-
nance of hESC is Activin-A dependent [34]. hESC progeny

from cultures exposed sequentially to Activin-A + Wnt3a for
4 days, followed by 2 days of Activin-A, contained phos-
phorylated SMAD2. When cells were cultured between d6
and d8 with either 10 or 50 ng/mL Activin-A, SAMD2 was
phosphorylated only in cells exposed to 50 ng/mL Activin-A
(n = 3). When cells were cultured between d6 and d8 with

FIG. 1. NKX2-1 expression
can be induced by Activin-A.
(A) Differentiation scheme
used. (B) Reverse transcrip-
tion quantitative polymerase
chain reaction (RT-qPCR)
measurement of FOXA2 and
NKX2-1 mRNA levels in
human embryonic stem cell
(hESC)-H9 cultured under
different conditions. Data are
represented as mean – SEM
from 3 independent experi-
ments (*P < 0.05; **P < 0.01). (C)
Immunostaining for NKX2-1
and FOXA2 in hESC on day 0
(ES) and day 6 for Medium
(M), A, W, AW, AWA, and
AWW. Scale bar, 100mm. Per-
centage FOXA2 positive cells:
M = 5.8% – 5.4%, A = 16.3% –
8.2%, W = 7.2% – 3.9%, AW =
16.4% – 11.3%, AWA = 18% –
14.7%, AWW = 8.7% – 4.3%;
Percentage NKX2-1 positive
cells: 0%–2% in A, AW and
AWA conditions, all other
conditions 0%. Color images
available online at www
.liebertpub.com/scd
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TGFb1, which also signals via SMAD2, no or low level
phosphorylation of SMAD2 was found; however, combined
addition of TGFb1 and Activin-A caused SMAD2 phos-
phorylation (n = 3) (Fig. 4A). When cells were cultured with
Activin-A and SB431542, phosphorylation of SMAD2 was
decreased (n = 3, P = 0.038). Consistent with the effects seen
on NKX2-1 transcript and protein expression, culture of d6

hESC progeny with GDF11 also led to phosphorylation
of SMAD2 (Fig. 4B). We next determined if SMAD2 binds
directly to the NKX2-1 promoter by chromatin immuno-
precipitation (ChIP) followed by qPCR (Fig. 4E). The pro-
moter region was significantly enriched after anti-SMAD2
ChIP in hESC progeny cultured between d6 and d8 with
100 ng/mL Activin-A compared with medium only. This

FIG. 2. Expression of NKX2-1, PAX9 and GATA6 is induced by Activin-A. (A) Differentiation scheme. (B) RT-qPCR
measurement of FOXA2, GATA6, PAX9, and NKX2-1 mRNA in cells cultured in the different culture conditions. Data are
represented as mean – SEM from 6 independent experiments (*P < 0.05). (C) Immunostaining for NKX2-1, FOXA2, GATA6
and PAX9 in day hESC-H9 progeny cultured from d6 with medium alone or with Activin-A. Scale bar, 100mm. Percentage
FOXA2 positive cells: M = 65.6% – 8.5%, A = 89% – 2.8%; Percentage NKX2-1 positive cells: M = 0%; A = 6.1% – 4.2% (n = 3).
Color images available online at www.liebertpub.com/scd
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FIG. 3. Induction of NKX2-1 expression is Activin-A specific. (A) RT-qPCR measurement and immunostaining for NKX2-1,
FOXA2, GATA6, and PAX9 of hESC-H9 cells treated with transforming growth factor (TGF)b1 and TGFb1 + Activin-A
between d6 and d8. Data are represented as mean – SEM from 5 independent experiments (*P < 0.05; **P < 0.01). Scale bar,
100 mm. Percentage FOXA2 positive cells: T5 = 72.3% – 8.4%, AT5 = 79.5% – 11.8%; Percentage NKX2-1 positive cells: T5 = 0%;
AT5 = 17% – 11.6% (n = 3). (B) RT-qPCR measurement and immunostaining for NKX2-1, FOXA2, GATA6 and PAX9 of hESC-
H9 cells treated with SB431542 and SB431542 + Activin-A between d6 and d8. Data are represented as mean – SEM from 5
independent experiments. Scale bar, 100mm. Percentage FOXA2 positive cells: SB = 78.1% – 5%, ASB = 86.9% – 7.9%; Percent-
age NKX2-1 positive cells = 0% (n = 2). Color images available online at www.liebertpub.com/scd
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FIG. 4. NKX2-1 expression by the Activin-A is dependent on SMAD2 activation. (A–C) Western blot analysis of phospho-
SMAD2 and total SMAD2 in whole-cell lysates. (A) Undifferentiated hESC-H9 = ES; hESC-H9 differentiated with Activin-
A + Wnt3a d0–d4 and Activin-A between d4–6 = AWA6; hESC-H9 differentiated between d6–d8 with Activin-A + SB431542
(ASB10), SB431542 alone (SB10), medium (M), 10 ng/mL Activin-A (A10), 50 ng/mL Activin-A (A50), 5 ng/mL TGFb1 (T5),
Activin-A + TGFb1 (AT5). (B) Undifferentiated hESC-H9 = ES; hESC-H9 differentiated with 250 ng/mL GDF11 + Wnt3a be-
tween d0–d4 and GDF11 between d4–6 (GWG6); between d6–d8 with medium (M), 50 ng/mL Activin-A (A) or 250 ng/mL
GDF11 (G). (C) Schematic representation of NKX2-1 distal promoter region (not to scale). TSS: transcription start site; SBE:
SMAD binding element. (D) NCI-H441 cells were transfected with wild-type pNKX2-1-luc(WT), pNKX2-1(mSBE1)-Luc(Mut-
1), pNKX2-1(mSBE2)-Luc(Mut-2), pNKX2-1(mSBE3)-Luc(Mut-3), pNKX2-1(mSBEctr)-Luc(Mut-ctr), pNKX2-1(dSBE1)-Luc(-
Del-1), pNKX2-1(dSBE2)-Luc(Del-2), pNKX2-1(dSBEctr)-Luc(Del-ctr), on day 1 (all with pGV). Cells were harvested after 2
days of treatment and luciferase activity was analyzed. (*: P < 0.01 vs. WT; #: P < 0.01 vs. Mut-1; D: P < 0.05 vs. Mut-2; ,:
P < 0.05 vs. Del-ctr). (E) chromatin immunoprecipitation (ChIP) assay for SMAD binding to the NKX2-1 distal promoter.
Differentiated hESC-H9 cells were cultured in M, 10 ng/mL Activin-A, 100 ng/mL Activin-A, or 100 ng/mL Activin-
A + 10 mM SB431542 for another 2 days. Cells were harvested and ChIP performed with an isogenic or anti-SMAD2 anti-
bodies. Enrichment for the NKX2-1 promoter in the precipitated DNA was analyzed by qPCR using primers that flank the
distal promoter region. Results from triplicate experiments are shown as fold change of DNA enrichment. *P < 0.05.
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was not seen in cells cultured in 10 ng/mL Activin-A or
100 ng/mL Activin-A + 10 mM SB431542 (n = 3). To further
demonstrate that SMAD2 is responsible for the activation of
the NKX2-1 gene, we performed luciferase promoter assays.
We cloned the intact NKX2-1 promoter in the Luc plasmid.
We also cloned promoter sequences where the SBEs
located between - 540/- 532, - 527/- 524, - 519/- 516,
and - 488/- 484 were mutated or deleted in the Luc-plasmid
(Fig. 4D; Supplementary Fig. 4). We also created control
promoter plasmids by mutation and deletion in regions
outside the SBE containing region. These plasmids together
with the pGV vector as internal control were transfected in
the H441 lung carcinoma cell line. Compared to H441 cells
transfected with the wild-type promoter-luciferase reporter
plasmid, the luciferase activity in cells transfected with
plasmids containing SBEs mutation or deletion was signifi-
cantly reduced (n = 3, P < 0.01) and was similar to cells
transfected with the control plasmid (Fig. 4D).

Discussion

High concentrations of Activin-A (50–100 ng/mL) or
GDF11 (250 ng/mL) are necessary and sufficient to commit
hESC-derived definitive endoderm committed progeny to an
NKX2-1 positive respiratory epithelial fate. Activin-A in-
duces NKX2-1 expression by binding to the ALK4 receptor,
which phosphorylates SMAD2 that then binds to SBE do-
mains in the NKX2-1 promoter and induces its expression.

Previous studies in mouse models have revealed that ac-
tive beta-catenin acts dominantly to specify NKX2-1 lung
endoderm progenitors in the anterior foregut [7,8]. We,
therefore, tested if Wnt3a, known to signal via the canonical
signaling pathway, affects respiratory specification from
hESC-committed DE. Wnt3a alone did not induce expression
of NKX2-1, and when combined with Activin-A, also did not
synergistically induce NKX2-1 expression.

Another growth factor that induces NKX2-1 positive re-
spiratory endoderm in vivo is FGF2 as high concentrations of
FGF2 fates anterior foregut endoderm to respiratory endo-
derm in e8.5–9 murine embryo explant cultures [9]. Several
studies also demonstrated that m/hESC-derived DE is
specified to respiratory endoderm by FGF2 [10,11,15,16]. We
were unable to demonstrate that FGF2 alone induces NKX2-
1 expression in vitro.

As high concentrations of Activin-A (50–100 ng/mL)
committed DE to NKX2-1 expressing cells, we evaluated the
effect of other members of the TGFb superfamily, including
TGFb1 and GDF11, which like Activin-A, signal via SMAD2/
3 and BMP4, which signals via SMAD1/5/8. GDF11 could be
used instead of Activin-A to specify DE to NKX2-1 positive
cells, whereas TGFb1 could not. However, TGFb1 also did not
preclude the specification to NKX2-1 expressing cells induced
by Activin-A. Similar results were observed for BMP4. These
results differ from recent studies wherein respiratory endo-
derm was generated by multiple steps with different cytokines
or growth factors combination, including culturing with Ac-
tivin A for 4 days [11,15,16]. We induced DE commitment in
2D culture, in the presence of Activin-A, and subsequently
committed a fraction of these cells to FOXA2, GATA6, PAX9,
and NKX2-1 positive cells, consistent with respiratory endo-
derm, by continued exposure to 50–100 ng/mL Activin-A
alone for another 4 days. Moreover, we demonstrate that

addition of the ALK4/5/7 inhibitor, SB431542, alone or to-
gether with Activin-A prevented induction of NKX2-1 ex-
pression. Although NKX2.1 expression (Delta CT = 9) is
induced by Acitivin A, no SPC expression is found in our
culture system. There are 2 possible reasons. First, additional
signaling pathways are needed to implement the remainder of
the respiratory program (8); second, the expression level of
NKX2.1 is still not enough to induce SPC expression.

Both high concentrations of Activin-A and GDF11 resulted
in SMAD2 phosphorylation, which did not occur when low
doses of Activin-A were used or after addition of TGFb1.
Activin-A binds chiefly to ALK4, GDF11 binds both ALK4
and ALK5, whereas TGFb1 only binds ALK5. This specificity
for Activin-A/GDF11 is different from the dependency of
undifferentiated hESC on SMAD2 mediated signaling from
either TGFb1 or Activin-A for selfrenewal [34]. ChIP using
SMAD2 antibodies in hESC progeny treated with Activin-A,
demonstrated significant enrichment for the NKX2-1 pro-
moter. A luciferase-NKX2-1 promoter reporter assay dem-
onstrated an increase in activity when conditions wherein
SMAD2 becomes activated were used. When the putative
SBEs were mutated or eliminated, significantly lower levels
of luciferase activity were detected.

In conclusion, our study demonstrates that binding of
Activin-A to ALK4 activates SMAD2, which then induces
NKX2-1 expression after definitive endoderm formation
(Fig. 5).
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