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SUMMARY
The clinical importance of anterior foregut endoderm (AFE) derivatives, such as thyrocytes, has led to intense research efforts for

their derivation through directed differentiation of pluripotent stem cells (PSCs). Here, we identify transient overexpression of

the transcription factor (TF) NKX2-1 as a powerful inductive signal for the robust derivation of thyrocyte-like cells from mouse

PSC-derived AFE. This effect is highly developmental stage specific and dependent on FOXA2 expression levels and precise modu-

lation of BMP and FGF signaling. The majority of the resulting cells express thyroid TFs (Nkx2-1, Pax8, Foxe1, Hhex) and thyroid

hormone synthesis-related genes (Tg, Tpo, Nis, Iyd) at levels similar to adult mouse thyroid and give rise to functional follicle-like

epithelial structures in Matrigel culture. Our findings demonstrate that NKX2-1 overexpression converts AFE to thyroid epithelium

in a developmental time-sensitive manner and suggest a general methodology for manipulation of cell-fate decisions of develop-

mental intermediates.
INTRODUCTION

Since tissue progenitors, giving rise to all mature cell types

within a given tissue, are essential intermediates in embry-

onic development, their in vitro derivation has important

implications for the fields of pluripotent stem cell (PSC)

biology and regenerative medicine. Significant advances

in anterior foregut endoderm (AFE) progenitor biology in

recent years (Ikonomou and Kotton, 2015) have led to deri-

vation of AFE lung and thyroid progenitors (TPs) and their

clinically relevant progeny from PSCs (Green et al., 2011;

Huang et al., 2014; Kurmann et al., 2015; Longmire et al.,

2012; Mou et al., 2012). However, with one notable excep-

tion (Huang et al., 2014), efficiencies of progenitor deriva-

tion have been relatively low (<40%).

Overexpression of transcription factors (TFs) is a well-es-

tablished approach tomanipulate cellular identities as it re-

sults in reconfiguration or emergence of core TF networks,

with derivation of induced PSCs from somatic cells being

the most prominent example (Takahashi and Yamanaka,

2006). Inducible TF expression in PSCs has been used to

potentiate the derivation of specific lineages and facilitate

mechanistic understanding of cell specification (Bondue

et al., 2008; Mazzoni et al., 2013; Petros et al., 2013; Seguin

et al., 2008). For example, Costagliola and coworkers

(Antonica et al., 2012) used forced overexpression of the

thyroid TFs NKX2-1/PAX8 in mouse embryonic stem cells
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(mESCs) to produce thyrocyte-like cells with high effi-

ciency (�60%) that formed in vitro follicular structures

and rescued athyroidmice upon transplantation. However,

studies that systematically investigate the mechanistic

interplay between pulsed heterologous TF expression and

developmental stages in directed differentiation of PSCs

are lacking. To address this question, we used thyroid-

directed differentiation (Kurmann et al., 2015) in combina-

tion with transient NKX2-1 overexpression as our model

system.

Here, we report that transient expression of NKX2-1

functions as an inductive signal during thyroid-directed

differentiation to convert AFE-stage cells to thyrocyte-like

cells that self-organize to epithelial, follicle-like structures

in 3D Matrigel culture. This thyroid conversion effect per-

tains only to a narrow developmental window of compe-

tence contingent on several parameters, including dual

bone morphogenetic protein (BMP)/fibroblast growth fac-

tor (FGF) signaling and correct anterior patterning of defin-

itive endoderm (DE). We employ emerging computational

methods (linear algebra projections; Lang et al., 2014; Pu-

suluri et al., 2015) and genome-wide gene expression anal-

ysis by RNA-sequencing (RNA-seq) to demonstrate that the

resulting cells are similar to mouse embryonic thyrocytes.

Finally, we suggest using mathematical modeling that the

induction effect is potentially governed by a time-depen-

dent bistable switch.
uthor(s).
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Figure 1. Stage-Specific Effect of Nkx2-1 Overexpression on Derivation of NKX2-1+ Progenitors
(A) Directed differentiation protocol for NKX2-1+ TPs.
(B) Integration schematic of the Nkx2-1 transgene into the HPRT locus.
(C) Schematic of the knockin reporters (BrachyuryGFP and Foxa2hCD4) and rtTA engineered into the iNkx2-1 line.
(D) Intracellular flow cytometry for NKX2-1 in undifferentiated cells with and without 24 hr of Dox treatment.
(E) Immunostaining of undifferentiated iNkx2-1 cells post-24-hr Dox; nuclear counterstain with propidium iodide (PI). Scale bars
represent 100 mm.
(F) Intracellular NKX2-1 flow cytometry plots from D14 following 24-hr pulses of Dox added at indicated intermediate stages.
Representative of three differentiations.
(G) Kinetics of endogenous Nkx2-1 expression by RT-qPCR following 24-hr staged pulses of Dox. Fold changes relative to undifferentiated
cells, error bars represent SD (n = 3 wells from same differentiation). Representative of three independent experiments.
(H) Representative flow cytometry plot of NKX2-1 expression directly post-24-hr Dox.

(legend continued on next page)
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RESULTS

Efficient Temporal Control of Dox-Inducible Nkx2-1

Transgene Expression

We hypothesized that transient, temporally regulated

Nkx2-1 overexpression during directed differentiation of

mESCs would lead to distinct differentiation outcomes

due to differential competence of in vitro developmental

stages. We created an mESC line (iNkx2-1) with a doxycy-

cline (Dox)-inducible Nkx2-1 transgene (Figures 1B, 1C,

S1A, and S1B) (Ting et al., 2005). This line was previously

targeted with knockin reporters for Foxa2 (Foxa2hCD4)

and T (BryGFP) (Gadue et al., 2006). The iNkx2-1 line dis-

played rapid on/off kinetics in response to Dox (Figures

1D, 1E, and S1C–S1E). Neither the transgene addition

nor Dox affected pluripotency or standard directed differ-

entiation (Figures S1F and S1G). This system allowed for

efficient manipulation of NKX2-1 expression, resulting

in robust induction of the Nkx2-1 transgene (>95%

NKX2-1+ cells by flow cytometry) following 24-hr exposure

to Dox (1 mg/ml).

Stage-Specific Effect of Transient NKX2-1

Overexpression at the AFE Stage Results in Efficient

Lineage Conversion

To test the temporal effects of Nkx2-1 overexpression on

thyroid derivation, we employed our iNkx2-1 cell line in

combination with our thyroid differentiation protocol

(Kurmann et al., 2015) (Figure 1A), which recapitulates

key stages of thyroid development. In short, DE is induced

by Activin A (Kubo et al., 2004), followed by further

patterning to AFE (anteriorization) (Green et al., 2011;

Longmire et al., 2012) using brief dual BMP/transforming

growth factor b (TGF-b) inhibition through Noggin/

SB431542 (NS) treatment, and specification to NKX2-1+

TPs with BMP4 and FGF2 signaling. While this protocol is

effective and reproducible, the yield is generally low (up

to 25% NKX2-1+ cells) with a fraction (�5%) coexpressing

PAX8 (Kurmann et al., 2015), indicative of thyroid.

We first examined the effect of single 24-hr pulses ofDox-

mediated transgene induction at biologically intermediate

stages of differentiation. Parallel cultures received Dox at

one of the following stages (D = day of differentiation):

D0–D1 (exiting pluripotency); D5–D6 (DE stage); D6–

D7 (AFE stage); or D7–D8 (early thyroid specification

stage). In response to Dox, transgene activation resulted

in >90%–95% NKX2-1+ cells within 24 hr (Figure 1H and
(I) Averaged flow cytometry data (n = 12 independent experiments) co
bars represent SEM. ****p < 0.0001.
(J) Representative immunostaining of Dox-induced and uninduced cu
See also Figure S1.
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data not shown) at all time points and subsequently extin-

guished within 2 days of Dox withdrawal (Figure S1I). Not

all intermediate stages of development demonstrated a last-

ing response to the NKX2-1 transgene overexpression, and

a substantial increase of resulting NKX2-1+ cells was highly

restricted to a narrow window of induction at the AFE

stage (Dox D6–D7) (Figures 1F and 1G). In addition, all

other stages had low endogenousNkx2-1 expression imme-

diately post-Dox (Figure 1G), showing a relatively weak

response to the transgene overexpression (Oguchi and Ki-

mura, 1998).

The effect of Nkx2-1 overexpression at the AFE stage

consistently resulted in a dramatic increase in the deriva-

tion of NKX2-1+ cells (Figures 1I and 1J), indicating a singu-

lar competent stage where NKX2-1 acts as a lineage specifi-

cation signal.

AFE-Stage NKX2-1 Overexpression Leads to Efficient

Thyroid Derivation

Nextwe asked: does stage-specific, transientNkx2-1 overex-

pression potentiate the thyroid lineage or the derivation of

non-thyroid NKX2-1+ lineages? Early (Pax8, Hhex, Foxe1)

and more mature (Tg, Tpo, Nis, Tshr, Iyd, Dio1) thyroid

markers showed distinct activation kinetics along the dif-

ferentiation course (Figure S1H) and were upregulated at

D14 and D22 in the Dox D6–D7 induced cultures at levels

comparable with in vivo purified NKX2-1GFP+ E13.5 thyro-

cytes (Longmire et al., 2012) and adult mouse thyroid tis-

sue (Figures 2A and 2B). In addition, we observed extensive

coexpression of NKX2-1 and PAX8 (Figures 2C, upper

panel, 2D, and S2E) with the increasing presence of TG to

D22/30 (Figures 2B–2D and S2E).

To test the functionality of our thyrocyte-like cells, we

cultured cells in 3D Matrigel to induce organoid forma-

tion (Kurmann et al., 2015; Martin et al., 1993), which

promoted expansion and maturation of the thyroid-like

cells (Figure S2G) and organization into follicle-like

structures (Figure S2F). These structures expressed NKX2-

1, PAX8, E-cadherin, TG secreted into the follicle lumen,

and importantly basolateral NIS, indicating maturation

(Figure 2C). Following culture to D50 in maturation me-

dia (Figures 2E and S2H), organoids exposed to iodide pro-

duced T4 (Figures 2F and 2G), indicating full functional

capability.

Although NKX2-1 is also critical for the development

of the lung and forebrain (Kimura et al., 1996; Xu et al.,

2008), we found minimal evidence of derived forebrain
mparing untreated (no Dox) and treated (Dox D6–D7) samples. Error

ltures at D14. Scale bars represent 100 mm.
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or neuronal lineages (Figures S2C and S2D), lung lineages

(Figures S2A and S2B), or ectopic expression of liver or fore-

gut markers (Figure S2D and data not shown).

These results show that overexpression of NKX2-1 can be

used as an inductive signal to efficiently and robustly

specify thyrocyte-like cells fromAFE resulting in the deriva-

tion of in vitro cells exhibiting characteristics typical of

murine thyrocytes.

NKX2-1-Induced Thyroid Specification Is Dependent

on Efficient Derivation of AFE

Next, we sought to define the parameters of the robust

AFE response to transient heterologous NKX2-1 expres-

sion. Omission of NS-mediated anteriorization at the DE

stage, previously shown to be essential for lung/thyroid

specification (Longmire et al., 2012), significantly reduced

the percentage of NKX2-1+ cells, both with the standard

and induced protocols (Figure 3A). More so, we found

that abbreviation of this stage resulted in a time-propor-

tional reduction in the D14 NKX2-1+ cell percentage

(Figure 3B), demonstrating that the inductive effect of

NKX2-1 overexpression is dependent on efficient AFE

patterning.

Efficient Thyroid Conversion of FOXA2Neg AFE

Subpopulation

Next, we wanted to determine if the AFE contained sub-

populations with variations in thyroid competency. We

interrogated FOXA2 due to its dynamic expression kinetics

during in vivo and in vitro foregut endoderm derivation

(Fagman et al., 2011; Gadue et al., 2006) (Figures S3A–S3C).

We sorted cells at the AFE stage based on FOXA2hCD4

expression (Figure 3C) and replated with or without Dox

(D6–D7). The population induced by FOXA2Neg, relative

to FOXA2High, resulted in higher numbers of NKX2-1+

and NKX2-1+PAX8+ cells (Figures 3D and 3E) and higher

expression of thyroid markers (Figure 3F). In addition, no

thyroid specification was observed from FOXA2low meso-

derm (Figures S3D and S3E) treated with Dox and cultured

in thyroid specification media (Figure S3F). These results

indicate the FOXA2Neg population likely acquires this
Figure 2. Nkx2-1 Overexpression at AFE Stage Results in Efficien
(A) Experimental schematic of the extended culture conditions in (B
(B) RT-qPCR for thyroid marker expression. Fold changes calculated
independent experiments, n = 1 control).
(C) Immunostaining of induced cultures at D14, D22 (gelatin substra
(D) Intracellular flow cytometry for populations at D14 (top), separa
(E) Schematic of the maturation culture conditions for (F) and (G).
(F) T4 ELISA from D50 (Dox D6–D7) cells ± 10 mM NaI from D40 to D50
reference (n = 2 tissue samples).
(G) D50 immunostaining for +NaI cultures corresponding with (F). Sc
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figur
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stage-specific thyroid competence through sequential pro-

gression from FOXA2+ DE to FOXA2Neg AFE.

Combinatorial FGF2 and BMP4 Signaling Is Required

for Thyroid Specification and Conversion

FGF2 and BMP4 have been identified as necessary and suf-

ficient signals for thyroid specification in several species,

including mouse (Kurmann et al., 2015). Withdrawal

of either factor resulted in a severe loss of NKX2-1+

thyroid specification and thyroid marker expression, as

well as reduced cell expansion in both uninduced and

induced conditions (Figures 3G, S3G, and S3H). Last,

Dox-treated pre-endoderm-stage cells cultured in various

media including TGF-b/BMP inhibition followed by

BMP4/FGF2 stimulation did not show thyroid competence

(data not shown).

Taken collectively, these data demonstrate that only

appropriately patterned AFE in conjunction with essential

signaling pathways can specify at high efficiency to TPs in

response to NKX2-1 overexpression.

Genome-wide Analysis of NKX2-1-Induced Thyroid

Specification Reveals Putative Regulators of AFE

Thyroid Competence

To gain further insights in the differential response to

Nkx2-1 overexpression, we performed RNA-seq on three

populations (data available in GEO: GSE92572): Dox-

induced D1 cells (minimal competence), Dox-induced D7

cells (AFE stage, maximum competence) and D14 cells,

Dox D6–D7 (NKX2-1-induced TPs). Unsupervised hierar-

chical clustering and principal component analysis (PCA)

demonstrated distinct transcriptional profiles by popula-

tion (Figures 4A and 4B). Gene ontology analysis showed

strong segregation of processes relating to differentiating

cells (Figure S4A) and expression profiles confirmed the

relevance of active BMP and FGF signaling pathways

on D7 and D14 populations for thyroid specification (Fig-

ure S4B). To investigate the similarity of our populations

to known cell types, we employed a linear algebra method

using projection scores to measure cell similarity based on

global gene expression (Lang et al., 2014; Pusuluri et al.,
t Thyroid Differentiation
), (C) (top three panels), and (D).
relative to undifferentiated cells, error bars represent SEM (n = 5

tum), and D30 (Matrigel embedded). Scale bars represent 100 mm.
te differentiation single stains at D22 (bottom).

(n = 3 wells from the same differentiation). Mouse thyroid tissue for

ale bar represents 100 mm.
e S2.
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(B) Intracellular D14 flow cytometry plots
from varying duration of the anteriorization
stage followed by 24 hr of Dox treatment.
(C) Flow cytometry sort schematic of D6
FOXA2+ AFE.
(D) Intracellular D22 flow cytometry from
the sorted and induced populations shown
in (C). Representative of three independent
experiments.
(E) D22 immunostaining from FOXA2High and
FOXA2Neg sorted populations. Top, scale bar
represents 100 mm; bottom, scale bars
represent 1,000 mm (composite image).
(F) D22 RT-qPCR data from the sorted pop-
ulations shown in (C), with and without Dox
D6–D7. Fold changes relative to undiffer-
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(G) D14 RT-qPCR from induced and unin-
duced cells with specification factor
variations. Fold changes relative to undif-
ferentiated cells (n = 3 wells from same
differentiation). Results are representative
of three independent experiments.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. See also Figure S3.
2015). D14 cells projected strongly on purified E13.5

mouse Nkx2-1GFP+ thyrocytes, while D1 cells projected

onmESCs, as expected (Figure 4C). Overall, these data sug-

gest that transient NXK2-1 overexpression in the course of

directed mESC thyroid differentiation does not fundamen-

tally alter the identity of the derived TPs.

From two clusters of interest (‘‘early’’ and ‘‘late’’) (Figures

4A and S4C), we identified potential transcriptional regula-
tors and cell surface markers (CSMs) of thyroid fate (Tables

S1 and S2). These lists contain genes with potentially novel

roles in thyroid development, as well as genes previously

implicated in foregut and early thyroid development both

in vitro and in vivo (Fagman et al., 2011; Longmire et al.,

2012; Millien et al., 2008). Of the early cluster CSMs,

EPHB2 and SIRPA were identified to be highly expressed

in DE (Figures 4D and 4E). Interestingly, Ephb2 expression
Stem Cell Reports j Vol. 8 j 216–225 j February 14, 2017 221
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See also Figure S4.
in in vivo foregut endoderm was reported recently (Dravis

and Henkemeyer, 2011). From the late cluster, reflective of

a differentiated phenotype (Figure S4C), out of several
222 Stem Cell Reports j Vol. 8 j 216–225 j February 14, 2017
CSMs correlating with the RNA-seq data, Col25a1 and

Gabre were found to be enriched in both our induced and

purified in vitro Nkx2-1mCherry+ TPs (Figures S4D and S4E).



The Stage-Specific Effect of NKX2-1 Overexpression

May Be Governed by a Bistable Switch

The central observation underlying our work is that activa-

tion of an Nkx2-1 transgene at different stages during thy-

roid-directed differentiation results in a wide percentage

range of endogenous NKX2-1+ TPs on D14 (Figure 1F). As

NKX2-1 is known to bind its own promoter (Boggaram,

2009) and almost all cells are transgene NKX2-1+ post-

Dox induction (Figure 1H), the behavior of the system im-

plies the existence of an AFE-stage-specific positive feed-

back loop at the Nkx2-1 locus. This is further supported

by the immediate activation of the endogenous Nkx2-1

expression at the Dox D6–D7 condition (Figure 1G).

Based on these data, wemodeled theD6–D7 cell response

to the Dox pulse as a bistable switch (Ferrell, 2012), where

the two states are ‘‘on’’ and ‘‘off’’ expression of endogenous

Nkx2-1 (Figures 4F–4H). Overall, this model could qualita-

tively reproduce our basic experimental observations, sug-

gesting that a time-dependent bistable switchmay underlie

the effect of transgene overexpression on cell-fate decisions

during directed differentiation of PSCs.
DISCUSSION

PSC-based systems hold great promise for themass produc-

tion of transplantable, clinically relevant cell types and for

in vitro modeling of complex disease states. Currently, a

major roadblock to achieving these goals is the poor or

variable differentiation efficiency of many differentiation

protocols. This study used developmental-stage-specific

overexpression of a single TF, NKX2-1, to (1) investigate

how cell competence changes in a dynamic, developmen-

tally relevant system and (2) improve the efficiency of TP

specification.

Our results demonstrate that the inductive effect of

NKX2-1 is restricted to a singular stage of competence

contingent on several synergistic parameters (FOXA2

levels, duration of anteriorization, and BMP4/FGF2

signaling), implying that AFE-staged cells possess a unique

epigenetic status allowing for robust conversion to thyroid.

Respiratory lineages were not derived as indicated by insig-

nificant numbers of SPC+ cells and the only presumed lung

marker with high levels of expression (Sftpb) is expressed in

both adult mouse (Figure S2A) and human thyroid (http://

gtexportal.org/home/gene/SFTPB). We presume that the

absence ofWnt agonists, an important signal for lung spec-

ification (Goss et al., 2009; Harris-Johnson et al., 2009;

Huang et al., 2014), is the major reason for the paucity of

respiratory lineages following NKX2-1 overexpression in

our system.

Our study also achieved the practical goal of highly

efficient thyroid differentiation. Our data indicate that
the majority of the derived progenitors acquired a thyroid

identity comparable with their in vivo counterparts, and

importantly, their progeny gave rise to follicular-like struc-

tures in a 3D environment, expressed genes of thyroid hor-

mone biosynthesis at levels comparable with adult thyroid,

and produced high levels of T4 hormone. Overall, it ap-

pears that brief NKX2-1 exogenous expression during a

well-defined window of maximum thyroid competence is

sufficient to dramatically increase the yield and robustness

of PSC thyroid specification and differentiation. Although

a similar end-stage result has been previously reported

through direct reprogramming of mESCs (Antonica et al.,

2012), our approach delves into the mechanistic aspects

of thyroid fate decisions and competence at a developmen-

tally relevant stage. Further work is needed to define

whether the thyrocyte-like cells produced downstream in

our system are functionally equivalent to the reprog-

rammed cells and to the progeny of purified bona fide

TPs (Kurmann et al., 2015).

This system can also be useful as a discovery tool in the

absence of lineage-specific reporters. Analysis of the RNA-

seq has identified both CSMs as well as potential regulators

of thyroid fate in AFE and early TPs. Some of the TFs iden-

tified (Irx5, Hoxb8, Isl1) have been involved in mouse fore-

gut and thyroid development (Millien et al., 2008; Wester-

lund et al., 2008), while others, such as PROX1, have been

implicated in human thyroid disease (Ishii et al., 2016).

Future PSC-based and in vivo studies will unravel the thy-

roid-related function of select TFs during thyroid specifica-

tion and development.

Our theoretical model proposes a bistable positive feed-

back loop as the underlying mechanism to describe the

endogenous Nkx2-1 locus activation at the AFE stage lead-

ing to subsequent stabilization of the core TF network,

establishing thyroid identity. Future work will focus on

experimental validation of the model and investigate the

possibility that bistable switches controlling bifurcation

dynamics in cell-fate decisions (Loh et al., 2014) can lead

to the development of highly efficient and robust protocols

of general applicability.
EXPERIMENTAL PROCEDURES

Allmouseworkwas approved by the Institutional AnimalCare and

Use Committee of Boston University School of Medicine.
Generation and Characterization of Inducible Line
The Ainv15 mESC line (Kyba et al., 2002) was a kind gift from

Dr. Paul Gadue. As previously described (Ting et al., 2005), this

line was engineered with a constitutively expressed rtTA from

the Rosa26 locus and a promoter with tetO sites upstream of a

loxP site at the HPRT locus. The Nkx2-1 transgene was inserted

via co-electroporation of the plox-Nkx2-1 and pSalk-Cre plasmids.
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Colonies with restored neomycin resistance were screened for effi-

cient Dox-mediated Nkx2-1 induction.
mESC-Directed Differentiation
Directed differentiation was performed in serum-freemedia as pre-

viously described (Kurmann et al., 2015; Longmire et al., 2012) (see

Supplemental Experimental Procedures for detailed description).
Statistical Analysis
Error bars in graphs represent SD or SEM as indicated in the figure

legends. Biological sample replicates (N) are also indicated in the

legends. Statistically significant differences between conditions

(DCt values used for RT-qPCR calculations) were determined

using two-tailed unpaired Student t tests or as specified in figure

legends. Significance is represented as *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.

See Supplemental Experimental Procedures for additional

methods.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, and two tables and can be found

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2016.12.024.
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