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thyroid hormones and rescue mouse
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SUMMARY

Differentiation of functional thyroid epithelia from
pluripotent stem cells (PSCs) holds the potential for
application in regenerative medicine. However, prog-
ress toward this goal is hampered by incomplete un-
derstanding of the signaling pathways needed for
directed differentiation without forced overexpression
of exogenous transgenes. Here we use mouse PSCs
to identify key conserved roles for BMP and FGF
signaling in regulating thyroid lineage specification
from foregut endoderm in mouse and Xenopus. Thy-
roid progenitors derived from mouse PSCs can be
matured into thyroid follicular organoids that provide
functional secretion of thyroid hormones in vivo and
rescue hypothyroid mice after transplantation. More-
over, by stimulating the same pathways, we were
also able to derive human thyroid progenitors from
normal and disease-specific iPSCs generated from pa-
tients with hypothyroidism resulting from NKX2-1 hap-
loinsufficiency. Our studies have therefore uncovered
the regulatory mechanisms that underlie early thyroid
organogenesis and provide a significant step toward
cell-based regenerative therapy for hypothyroidism.

INTRODUCTION

Recent progress in the differentiation of pluripotent stem cells
(PSCs) in vitro has allowed the derivation of desired cell lineages

and in some instances their in vitro self-assembly into 3D struc-
tures, referred to as organoids (Lancaster and Knoblich, 2014;
McCracken et al., 2014). Transplantation and in vivo function
of engineered cells has been less successful, typically because
of poor engraftment. The derivation of PSC-derived endocrine
tissues, such as pancreatic islets or thyroid follicles, provides
particularly attractive opportunities to achieve in vivo function
without orthotopic transplantation, because engraftment of
these hormone-secreting tissues in any location with access
to circulating blood would potentially achieve function and
even clinical rescue of hormone deficiency. Indeed, the differen-
tiation of PSCs into pancreatic islet-like cells has produced cells
able to secrete insulin in vivo following transplantation (Pagliuca
et al.,, 2014). In marked contrast, thyroid epithelial cells dis-
playing in vivo functional potential have been generated from
PSCs only through forced overexpression of transcription fac-
tors (Antonica et al., 2012; Ma et al., 2013, 2015). The directed
differentiation of PSCs in vitro into thyroid epithelial cells using
growth factor-supplemented media previously has resulted
only inimmature cells that fail to express the full genetic program
necessary for functional thyroid hormone biosynthesis (Arufe
et al., 2006, 2009; Jiang et al., 2010; Longmire et al., 2012; Ma
et al., 2009).

The primary hurdle preventing the successful differentiation
of PSCs into mature thyroid cells has been a lack of knowledge
of the pathways that regulate early thyroid embryonic develop-
ment. “Directed differentiation” of PSCs involves sequential
exposure of undifferentiated PSCs to a series of growth factor-
supplemented media designed to recapitulate the sequence of
developmental milestones that normally occurs during embry-
onic differentiation. This approach has been used to successfully
produce a wide variety of non-thyroid lineages from PSCs (Murry

Cell Stem Cell 77, 1-16, November 5, 2015 ©2015 Elsevier Inc. 1


mailto:thollenb@bidmc.harvard.edu
mailto:dkotton@bu.edu
http://dx.doi.org/10.1016/j.stem.2015.09.004

Please cite this article in press as: Kurmann et al., Regeneration of Thyroid Function by Transplantation of Differentiated Pluripotent Stem Cells, Cell
Stem Cell (2015), http://dx.doi.org/10.1016/j.stem.2015.09.004

Cell’ress

A Day 0 Day 6 Day 14 Day 25
ESC Anterior Foregut Nkx2-1* Progenitors Lung and Thyroid
Endoderm (sorted) Epithelium

7 “WFKBE+2” .
e (Wnt3a, FGF10, KGF, BMP4, EGF, FGF2) gi\!-/. “9410” S
— —
Activin - Noggin o) | 17e
SB4??19542\¥’ | “WB+2” . (FGF2, (Dexamethasone,
p (Wnt 3a, BMP4, FGF2) ! FGF10) cAMP,
! 1 KGF)
; I :
8 (BMP4, FGF2) .
Nkx2-1*
Endoderm
B s Day0 Day 6-14 WFKBE+2 Day 6-14 WB+2  Day 6-14 B+2
S| 10* 4 .
(5]
21 10
s|,
2[%10
8|2
8 ol
10° ; i . | :
100 00 100 100 10 102
C D Nkx2-1GFP+
@
g Day 6-14 WB+2
ATG ATG TGA § 4
¥ [0}
wr :
ATG ATG E ]
Neo2-1057 e
ATG ATG TGA
N1 5t (o) (3 ]Res | 30T’ ]
E Nkx2-1mCherry+
400000- Nkx2-1 25 Pax8 — Tg

[ Nkx2-16FP

$,300000- B Nkx2-1mCherry

2000004

Fold chang

100000+

I Nkx2-16FP
B Nkx2-1mCherry

Fold change

Figure 1. Exogenous BMP4 and FGF2 Are Sufficient to Specify Nkx2-1* Thyroid Progenitors from ESC-Derived Endoderm

(A) Schematic comparing protocols for directed differentiation of mouse ESCs into Nkx2-1* cells.

(B) Representative sort gates used to purify Nkx2-1€7P* cells on day 14, showing efficiency of specification in each media.

(C) Schematic of wild-type (WT) versus targeted Nkx2-1 alleles in the Nkx2-15F” and Nkx2-1mC"®"™ reporter ESC lines. Boxes represent exons. IRES, internal

ribosomal entry site; pA, polyadenylation site.

(legend continued on next page)
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and Keller, 2008). The derivation of thyroid epithelial cells via
directed differentiation remains a compelling goal given the
known capacity of thyroid epithelia to self-organize and form
follicular structures in vitro (Hilfer et al., 1968; Mallette and An-
thony, 1966). Moreover, recent work has demonstrated that thy-
roid cells generated from embryonic stem cells (ESCs) through
forced overexpression of transcription factors also formed folli-
cles in vitro or after transplantation in vivo (Antonica et al.,
2012; Ma et al., 2015).

Here we identify combinatorial bone morphogenetic protein
(BMP) and fibroblast growth factor (FGF) signaling as necessary
to induce thyroid fate in developing anterior foregut endoderm
in multiple species, from amphibians to humans, and we use
these pathways to induce thyroid fate in PSC-derived endo-
dermal precursors via the technique of directed differentiation.
Thyroid progenitors derived in this way can be sorted to purity
using lineage-selective fluorochrome reporters for further culture
expansion and subsequent maturation. During maturation in 3D
culture, the resulting cells form thyroid follicular organoids with
an organized monolayered epithelium consistent with thyroid
follicles, express genes required for hormone biosynthesis, and
can function in vivo following transplantation into hypothyroid
mice. Thus we have developed an in vitro system able to reveal
the basic developmental mechanisms and gene programs of
thyroid cells at early stages of embryonic development, and
we have produced an inexhaustible source of sortable cells
with structural and functional thyroid follicular capacity.

RESULTS

Nkx2-1* Thyroid Cells Are Specified from ESC-Derived
Endodermal Precursors upon Stimulation with
Exogenous BMP4 and FGF2
We previously developed a directed differentiation protocol to
produce ESC-derived definitive endodermal cells competent
to form thyroid and lung epithelial lineages (Longmire et al.,
2012). We employed an ESC line (Nkx2-1%7) carrying a knockin
GFP reporter cDNA targeted to the locus encoding the homeo-
domain-containing transcription factor Nkx2-1, an essential
regulator of thyroid and lung development. Within endoderm,
Nkx2-1 is expressed only in lung or thyroid epithelia and is the
first known protein induced upon endodermal specification to
lung or thyroid fates. Nkx2-1* cells induced from ESC-derived
endoderm using our published (Longmire et al., 2012) six-factor
cocktail WFKBE+2; Figure 1A) expressed thyroid epithelial-spe-
cific genes, such as thyroglobulin (Tg). However, these cells did
not display full thyroid maturation, as the genes required for
iodine metabolism and thyroid hormone biosynthesis were not
robustly expressed (i.e., the sodium iodine symporter [Nis] and
thyroid peroxidase [Tpo]) (Figure S1A and data not shown).
Microarray analysis of the global mMRNA expression profiles
of these ESC-derived Nkx2-1%7F* endodermal progenitors (Fig-
ure 1A and Tables S1 and S2) revealed multiple active signaling
pathways, including BMP, Wnt, epidermal growth factor, and

FGF signaling. Hence, to identify the essential factors for thyroid
cell development, we performed sequential withdrawal of each
individual factor from the WFKBE+2 cocktail. We found BMP4
and FGF2 to be indispensable for efficient Nkx2-1* endodermal
induction. An induction medium composed of BMP4, FGF2,
and Wnt3a led to the maximum efficiency of Nkx2-1* cell spec-
ification by day 14, and sorted Nkx2-1%F"* cells at this time
point, either with or without Wnt3a, were competent to sub-
sequently express the thyroid differentiation markers Tg and
Tsh-r (thyroid-stimulating hormone [TSH] receptor) and the
maturation markers Nis and Tpo (Figures 1B and S1A). There-
fore, BMP4 and FGF2 are sufficient to specify endodermal cells
in vitro toward Nkx2-1* endodermal progenitor cells with thyroid
potential.

Nkx2-1 Haploinsufficiency Affects the Differentiation of
Thyroid Epithelial Cells, but Not the Efficiency of Nkx2-1*
Endodermal Lineage Specification

Because the Nkx2-1%F knockin reporter in our engineered ESCs
replaced one Nkx2-1 allele, potentially creating haploinsuffi-
ciency (Figure 1C), we sought to test the effects of Nkx2-1
gene dosage on thyroid differentiation in vitro. We compared
the Nkx2-1%77 ESC line with a non-haploinsufficient Nkx2-
1mChemy ESC Jine where the mCherry fluorophore is knocked in
3’ to the coding sequence (Bilodeau et al., 2014) (Figure 1C).
The two lines were differentiated in parallel, and Nkx2-1%FP* or
Nkx2-1MChe™y+ cells were sorted to purity on day 14 (Figure 1D),
at which time the expression of Nkx2-1 mRNA was approxi-
mately 50% lower in the haploinsufficient Nkx2-1SF7+ cells
than in the non-haploinsufficient Nkx2-1mC"e™+ cells (Figure 1E).
The expression of both early (Pax8) and all mature thyroid
markers analyzed (Tg, Tsh-r, Nis, and Tpo) in the outgrowth of
sorted Nkx2-1* cells was diminished in Nkx2-1 haploinsufficient
cells (Figure 1E). This was confirmed when the Nkx2-1FF line
was compared with its parental syngeneic, non-haploinsufficient
clone (Figure S1C). In contrast, we did not detect any difference
in the rates of lineage specification of Nkx2-1* endodermal cells
on day 14, comparing haploinsufficient with normal ESC lines.
The percentages and cell numbers of Nkx2-1* cells specified
by day 14 were similar in the Nkx2-1%FF line and its parental
clone (Figure S1B), as well as in the Nkx2-1mC"®™ |ine (data
not shown). Thus, Nkx2-1 haploinsufficiency does not affect
specification of Nkx2-1* endodermal cells but does affect sub-
sequent maturation of thyroid epithelial cells. This is supported
by observations in mice and humans who have Nkx2-1 haploin-
sufficiency and hypothyroidism (Krude et al., 2002).

The Expression of Pax8 Distinguishes a Subpopulation

within Nkx2-1* Endodermal Cells with Thyroid Potential

Having established a protocol able to produce putative thyroid
follicular cells, next we sought to determine whether thyroid
and lung lineage specification occurred in distinct endodermal
Nkx2-1* precursors, as is thought to occur in vivo. The Pax8
transcription factor is co-expressed with Nkx2-1 only in thyroid

(D) Representative sort gate on day 14 used to sort Nkx2-1m"®™+ cells specified with WB+2.
(E) mRNA expression by real-time RT-PCR comparing the Nkx2-1%F and Nkx2-1™C"e™ ESC lines. The bars indicate fold change in gene expression over day 0

ESCs + SEM 2-24SD; n = 2 independent experiments).
See also Figure S1 and Tables S1 and S2.
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Figure 2. Thyroid Lineage Specification in
Developing Embryos and in iPSC-Derived
Endodermal Precursors Is Restricted to
Cells Co-expressing Nkx2-1 and Pax8

(A) Representative E14.5 mouse embryo carrying
Nkx2-1GFP (forebrain and lung) and Paxg!dTematotrace
(midbrain, hindbrain, inner ear, and kidney) re-
porters.

(B) Dissection of E14.5 mouse embryo anterior
foregut showing the developing lung and thyroid
(arrow), with Nkx2-1GFF and PaxgtdTomate frace gijgng|
overlapping (merge) in the thyroid but not the lung.
Note spherical Nkx2-1+/Pax8- ultimobranchial
bodies adjacent to each of the two Nkx2-1+/Pax8+
thyroid lobes.

(C) Schematic of iPSC derivation from MEFs by
lentiviral-mediated transduction of the STEMCCA
vector.

(D) Representative image of the resulting iPSCs,
stained for the pluripotency marker alkaline phos-
phatase.

(E) Comparison of the four different sorted pop-
ulations from (F). Cells were purified on day 14 using
the gate indicated and replated for differentiation
until day 25 (fold change mRNA expression on day
25 over day 0 by RT-gPCR; 2[-24°T) The bars
indicate average fold change in gene expression
over ESCs + SEM (n = 3 independent clones).

(F) Representative FACS plot on day 14 of differen-
tiation of the iPSC line from (C) and (D).
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both GFP and tdTomato reporters only
in the thyroid epithelium, whereas GFP
without tdTomato was expressed
throughout the developing respiratory
epithelium (Figures 2A and 2B). As previ-
ously reported, GFP was also expressed
within developing ectoderm in the ventral
forebrain (Longmire et al., 2012), and
tdTomato without GFP was expressed in
tissues known to express Pax8, including
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epithelial cells, beginning at mouse E8.5 and human E20 in the
foregut endoderm within the region of the prospective thyroid
primordium (Fagman and Nilsson, 2010; Trueba et al., 2005). In
contrast, Pax8 is not expressed at any developmental stage in
lung epithelial cells. Hence, we developed a bifluorescent re-
porter system to track thyroid and non-thyroid fates in Nkx2-1*
cells by breeding mice with the GFP reporter targeted to
the Nkx2-1 locus (Nkx2-19FP: |ongmire et al., 2012), the Cre
recombinase targeted to the Pax8 locus (Pax8°™; Bouchard
et al., 2004), and a conditional Rosa26 tdTomato reporter (lox-
stop-lox-tdTomato). As expected, these mice (hereafter Nkx2-

4 Cell Stem Cell 17, 1-16, November 5, 2015 ©2015 Elsevier Inc.

the kidney, hindbrain, midbrain, and
inner ear (Figure S2A and as published

1000

e & F o [Bouchard et al., 2004]). We derived
F & & & . . .
& & o induced PSC (iPSC) clones carrying

& S Nkx2-1CGFP;paxgtdTomato trace yanqrters by
reprogramming mouse embryonic fibro-
blasts (MEFs) isolated from the bifluor-

escent mouse (Figures 2C, 2D, and S2B) and differentiated
six lines in vitro using our Wnt3a, BMP4, and FGF2 Nkx2-1
induction protocol (Figures 2E and 2F). By day 14, all clones ex-
hibited induction of the Nkx2-1%FF reporter, with kinetics and ef-
ficiency similar to our previous report (Longmire et al., 2012), and
Paxg'dTemate trace+ cg|g represented 4.9% (+4.7) of all Nkx2-1*
cells. On the basis of GFP and tdTomato expression, we sorted
four distinguishable populations on day 14 (Figure 2F) and further
differentiated each population until day 25 (Figures 2E and S2C).
Analysis of cells at the time of sorting (day 14) as well as until the
full 25 days of differentiation of three clones revealed that only
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the day 14 sorted GFP* tdTomato™ population gave rise to cells
expressing the constellation of four transcription factors (Parlato
et al., 2004) that together uniquely identifies thyroid epithelia
(Nkx2-1, Pax8, Foxe1, and Hhex) and the differentiation marker
Tg (Figure 2E). In contrast, this population was depleted of cells
competent to express the differentiated lung marker genes Sftpc
and Scgbial (data not shown). In separate experiments using
ESC lines that lack Pax8 reporters, we used fluorescence-acti-
vated cell sorting (FACS) analyses of intracellular protein to verify
that Pax8 protein is expressed in approximately 5% of Nkx2-1*
ESC-derived cells (data not shown). We conclude that, as in the
developing embryo, the thyroid lineage is specified in a distinct
Nkx2-1* endodermal population.

BMP and FGF Signaling Is Necessary and Sufficient for
Thyroid Lineage Specification from Mouse and Xenopus
Anterior Foregut Endoderm or ESC-Derived Definitive
Endoderm

Having demonstrated that Pax8*/Nkx2-1* thyroid progenitors
were induced from PSC-derived endoderm by addition of
Wnt3a, BMP4, and FGF2 (WB+2), we next sought to determine
whether each pathway was necessary for thyroid lineage speci-
fication. In keeping with prior publications suggesting that Wnt is
not required for thyroid specification from endoderm in vivo
(Goss et al., 2009), we found that Nkx2-1%FP+* cells (Figure S1A)
or Nkx2-1mC"emy+ celis (Figure S3A) derived with BMP4 and
FGF2 induction media (days 6-14) in the absence of Wnt3a dis-
played undiminished subsequent expression of thyroid markers
after outgrowth. Although either BMP4 or FGF2 alone induced
small numbers of Nkx2-1* cells with little thyroid competence
(Figures 3A and 3B), combinatorial use of BMP4 and FGF2
induced the highest percentage of thyroid competent Nkx2-1*
progenitors, as evidenced by subsequent robust expression of
all early and mature thyroid markers, including Pax8, Tg, Tsh-r,
Tpo, and Nis (Figures 3B and S3A). Consistent with these results,
withdrawal of Wnt3a and/or addition of Wnt inhibitors Dkk1 or
XAV-939 had no significant impact on the efficiency of lineage
specification of Nkx2-18FF+;paxgtdTomate trace+ ipgG_derived
cells by day 14, whereas there was a significant decrease in
the percentage yield of GFP+/tdTomato+ cells when either
BMP or FGF2 was removed from the Nkx2-1 induction media
(data not shown).

To determine which downstream BMP and FGF signaling cas-
cades are required for induction of thyroid fate, we supple-
mented the BMP4 + FGF2 media with specific inhibitors of either
SMAD-dependent BMP signaling (Dorsomorphin), MEK1/2-
dependent FGF or BMP signaling (PD98059; hereafter PD), PI3
kinase (PI3K)-dependent FGF signaling (LY294002; hereafter
LY), or p38-MAPK-dependent BMP signaling (SB203580). We
found reduced numbers and percentages of Nkx2-1* cells in
conditions supplemented with Dorsomorphin or LY (Figure 3C).
Furthermore, when the rare Nkx2-1* cells that were induced in
the presence of these inhibitors were sorted to purity on day
14 and cultured further to allow completion of the protocol
(without inhibitors), the progeny of these Nkx2-1* cells showed
reduced capacity to express mature thyroid markers, such as
Tg and Tpo (Figure 3D).

Taken together, our findings in the ESC/iPSC in vitro model
system suggested that canonical Wnt signaling may be dispens-

able for thyroid lineage specification, while combinatorial
SMAD-dependent BMP signaling together with FGF signaling
is required. To test this hypothesis in primary cells of the devel-
oping embryo, we used both the murine and Xenopus models
of embryonic foregut organogenesis (Figures 4 and S4). First,
in developing Xenopus embryos, we found evidence in support
of active BMP and FGF signaling in the region of the thyroid
primordium by immunostaining embryos for nuclear phos-
pho-SMAD1/5/8, nuclear phospho-ERK1/2, and phospho-AKT
serd73 proteins during early thyroid specification (Figure S4A).
These phosphorylated signaling effectors were present in
the foregut epithelium prior to and during the evagination of
Nkx2-1* cells of the developing thyroid anlage as well as in the
surrounding mesenchyme (Figure S4A; stages NF20 and NF33).

Next, to assess whether FGF and BMP signaling is required for
thyroid specification in vivo, we incubated developing mouse as
well as Xenopus embryos in inhibitors of BMP or FGF signaling
(Figures 4 and S4). Developing mouse foreguts were isolated
by dissection at 6-8 somite stage (ss) (~E8.0) prior to detectable
Nkx2-1 expression in the thyroid field and incubated for 2 or
3 days with the BMP inhibitor DMH-1. DMH-1 caused a marked
reduction in phosphorylation of SMAD1/5 (Figure 4A, right, west-
ern blot) and blocked induction of both Nkx2-1 and Pax8 in the
region of the mouse endodermal thyroid primordium (Figure 4A,
left). Similarly, we incubated developing Xenopus embryos in
inhibitors of BMP signaling (DMH-1 or an injected dominant-
negative BMPR) or FGF signaling (SU5402, PD161570, or an in-
jected dominant-negative FGFR), starting just after gastrulation
(stage NF13) until stage NF20 (6-7 ss). The inhibitors were then
removed and embryos allowed to develop until stage NF34
(36 ss), a time by which thyroid and lung lineages are normally
specified (Shifley et al., 2012). In situ hybridization for markers
of pharyngeal endoderm and thyroid lineage specification
foxe1, nkx2-1, pax2, and hhex revealed that inhibition of either
BMP or FGF signaling abrogated induction of all four thyroid
markers in the vast majority of Xenopus embryos (Figures 4B
and S4B). Furthermore, inhibition of PIBK-AKT with LY also pre-
vented thyroid specification (Figure S4B). Immunostaining of
pSmadi/5/8, pERK, and pAKT confirmed the efficacy of the in-
hibitors (Figure S4C). In contrast, when Xenopus embryos were
incubated from stage NF13 through NF35 in inhibitors of canon-
ical Wnt signaling (XAV939), RA signaling (BMS493), or VEGF
signaling (KRN633), we observed normal nkx2-1 induction in
the thyroid primordium (Figure S4B), indicating that Wnt, RA,
and VEGF signaling at these developmental stages is dispens-
able for thyroid specification.

To assess the stage dependence of these signaling require-
ments, we varied the timing of BMP and FGF loss of function
during foregut endoderm development. We observed that
early inhibition of BMP or FGF signaling beginning at stage
NF13 (analogous to mouse E7.5) blocked induction of nkx2-1
(Figure S4B), whereas inhibition beginning later (at stage
NF20; Figure S4D) did not, suggesting that the requirement
for BMP and FGF signaling in thyroid lineage specification is
restricted to a narrow developmental window between stages
NF13-20.

Because our mouse ESC model had predicted that FGF2 and
BMP4 were sufficient to induce thyroid lineage specification, we
next asked whether exogenous FGF2 and BMP4 were sufficient
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Figure 3. BMP and FGF Signaling Is Necessary for Thyroid Lineage Specification of ESC-Derived Definitive Endoderm

(A) Representative gates used to sort Nkx2-1mChe™* cells specified with only FGF2, only BMP4, or FGF2+BMP4 on day 14.

(B) Fold change of mRNA expression on day 26 over day 0 by RT-qPCR; 207221, Cells were purified on day 14 using the gate indicated in (A) and replated for
differentiation until day 26.

(C) Quantitation by flow cytometry of the percentage of Nkx2-1™C"*™* cells specified on day 14 using different specification media (days 6-14) containing 4 uM of
Dorsomorphin, 20 uM of PD, 10 uM of SB203580 (SB), or 25 pM of LY. The error bars indicate mean + SD (n = 3 biological replicates).

(D) mMRNA expression on day 26 of the Nkx2-1mChe™ ESC |ine, comparing the specification media used in (C). Bars indicate average fold change in gene
expression (2124CT) over day 0 ESCs + SD (n = 3 biological replicates). Two-way ANOVA (a and c) and one-way ANOVA (b); *p < 0.05, ***p < 0.0001.

See Figure S3.
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Figure 4. ESC Models Predict the Evolution-
arily Conserved Pathways That Are Neces-
sary and Sufficient for Thyroid Specification
in Mouse and Xenopus Embryos

(A) BMP signaling blockade abrogates thyroid
bud formation in mouse: whole foreguts from E8.0
embryos (6-8 ss) were cultured for 2-3 days in
the presence of the BMP antagonist DMH-1. Co-
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to induce thyroid development in Xenopus foregut endoderm
(Figure 4C). Foregut explants were micro-dissected at stage
NF15, prior to thyroid specification, and the mesoderm was
removed. The foregut endoderm explants were then cultured
until stage NF35 either without growth factors or with a com-
bination of FGF2 and BMP4. In situ hybridization revealed
that only explants incubated with FGF2 and BMP4 expressed
nkx2-1, pax2, and hhex (Figure 4C). We did not detect expres-
sion of sftoc in explants from sibling embryos (data not
shown), suggesting that the nkx2-1 expression was thyroid
and not respiratory epithelium. Taken together, these results
from Xenopus and mouse embryo models extended our ob-
servations made in differentiating mouse ESCs and iPSCs,
confirming that FGF signaling and BMP signaling are evolu-
tionarily conserved pathways required for the specification of
thyroid fate from developing endoderm both in vitro and in vivo
(Figure 4D).

Dorso, DMH-1,
or dnBMPR

for the indicated genes at stage NF35. The number
of embryos with the displayed phenotype is indi-
cated.

(C) FGF and BMP signaling is sufficient to induce
thyroid gene expression in dissected Xenopus
foregut endoderm explants. Explants were
dissected at stage NF15, cultured until NF35, and
assayed for the indicated genes.

(D) Schematic of inhibition of BMP4 or FGF2
signaling blocking thyroid specification.

See also Figure S4.

TSH and 3D Culture Promotes ESC-
Derived Thyroid Follicular
Maturation and Organoid Formation
Having interrogated the signals required
for the induction of thyroid fate, next we
focused on augmenting the maturation
1 state of the thyroid epithelial progenitors
BMP4 generated from PSCs, using the Nkx2-
FGF2 1mChem ESCs. In contrast to lineage
specification and early development, the
expression of thyroid genes necessary
for iodine metabolism, Nis and Tpo, is
associated with later gland maturation
(Figure 5A) and has been shown in vivo to require TSH receptor
activation (Postiglione et al., 2002). Hence we tested the effect of
TSH at various developmental stages of our in vitro protocol,
either on induction of Nkx2-1* progenitors (days 9-12) or during
outgrowth of sorted Nkx2-1* cells (days 14-22). We found that
the addition of TSH prior to lineage specification (days 9-12)
had no detectable effect on the efficiency of thyroid lineage
specification or the competence of thyroid cells to subsequently
differentiate (data not shown). In contrast, addition of TSH after
lineage specification (days 14-22) resulted in increased Nis,
Tsh-r, and Tpo expression (Figure S5A) but no significant change
in the expression of lineage markers Nkx2-1 and Pax8 (data not
shown). An additional 3 days of culture maturation in the pres-
ence of TSH was accompanied by further augmentation of Nis
and Tsh-r expression (Figure S5A).

We previously published augmented thyroid gene expression
in ESC-derived Nkx2-1* cells when using a thyroid medium

t. Nkx2-1*
‘e’ Thyroid
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Figure 5. In Vitro Development of ESC-Derived Thyroid Follicular Cells by Directed Differentiation
(A) Hematoxylin and eosin (H&E) staining of sectioned mouse thyroid tissue (left) and schematic of a thyroid follicular cell (right).
(B) Effect of time in culture on thyroid marker gene expression comparing day 26 versus day 30.

(legend continued on next page)
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containing IGF-1, insulin, transferrin, and selenium (Longmire
et al., 2012). Therefore, we included these additives, together
with TSH, in our prior base medium of FGF2 + FGF10. This
“thyroid outgrowth medium” was used for replating the sorted
Nkx2-1* cells on day 12 (Figure S5B). For the final maturation
stages after expansion of sorted cells in “thyroid outgrowth me-
dium,” we sought to further optimize expression of Nis and Tpo.
Because we had observed induction of these markers in
response to either DCI+K (Figure 1E) or in response to 1-100
mU/ml of TSH (data not shown), we tested the effect of combi-
nations of each of these factors (Figure S5C; days 22-26). We
found that withdrawal of either cyclic AMP (cAMP) or dexameth-
asone from the DCI+K cocktail adversely affected maturation
(Figure S5C); however, substitution of TSH for cAMP in the
DCI+K medium retained maturation and resulted in the most
robust expression of Nis (Figure S5C). Thus, the combination
of dexamethasone and TSH was included in the final 4 days of
maturation (days 26-30), resulting in the thyroid directed differ-
entiation protocol summarized in Figure S5B and achieving the
derivation from ESCs of a population of cells expressing thyroid
marker transcripts at levels equal to (Nkx2-1, Hhex, Foxe1, Tpo)
or within 10-fold of (Pax8, Tg, Tshr, Nis) post-natal murine thyroid
control tissue (Figure 5B).

To facilitate thyroid follicular structural formation during
outgrowth of ESC-derived Nkx2-17 cells, based on prior reports
of Matrigel as a favorable thyroid culture substrate (Martin et al.,
1993), we tested the effect of 3D culture in Matrigel (days 12-30;
Figures 5C and 5D). Compared with 2D culture, we found that
culture of purified Nkx2-1mC"e™+ cells in 3D Matrigel conditions
resulted in higher expression of thyroid genes by gPCR (Nkx2-1,
Pax8, Tg, Tsh-r, Tpo, and Nis; Figure 5C), increased epithelial
gene expression (increased E-Cadherin and EpCam expression
and reduced mesenchymal markers Snail1, Twist, and Coll1a1;
Figure 5D), and triggered the formation of follicular-like clusters
of cells (Figure 5E). By day 30, we observed 130 + 17 follicular
clusters emerging from each 65,500 Nkx2-1MC"*™* cells plated
on day 12 in a well of a 24-well plate. By day 30 in culture, 50%
of the progeny of the Nkx2-1MC"e™+ sorted cells expressed
Pax8 protein by FACS, 46% expressed Tg, and 96% continued
to express Nkx2-1 by either microscopy or FACS for the
mCherry reporter (data not shown). Most important, phenotyp-
ing of the resulting clusters or organoids revealed them to have
the 3D structure and molecular phenotype typical of thyroid fol-
licles, including formation of organized monolayered Nkx2-1*
Pax8* epithelia surrounding a lumen filled with Tg (Figures 5F
and 5@G). These organoids could be further passaged and main-
tained in these culture conditions with stable or increased
expression of Nkx2-1, Pax8, Hhex, Foxel, Tg, Nis, Tshr, and
Tpo until at least day 52 (Figure S5D). In addition, after incuba-
tion in iodinated media for 48 hr, the organoids displayed the
functional capacity to organify iodine and produce small
amounts of T4 hormone bound to TG in vitro at different time

points during the differentiation protocol, beginning on day 30
(Figure S5E).

In Vivo Function of Purified ESC-Derived Thyroid
Follicular Organoids following Transplantation into
Hypothyroid Mouse Recipients

The defining functional characteristic of thyroid follicular epithe-
lial cells is their capacity to synthesize and secrete thyroid hor-
mones in vivo. Hence, we sought to test whether ESC-derived
Nkx2-1MChem™+ thyroid progenitors sorted on day 12 of differen-
tiation and further matured into organoids until day 30 could
function in vivo after transplantation and moreover whether
these cells could rescue hypothyroid mice. Syngeneic mouse
recipients underwent radioiodine ablation of their native thyroid
tissue after 8 days of a low-iodine diet in order to induce severe
hypothyroidism, evident as significantly reduced circulating
plasma T4 and T3 levels and elevated circulating TSH levels (Fig-
ures 6A and 6B). Four weeks later, we prepared one positive
control mouse group (n = 5) that had not undergone radioiodine
ablation, one negative control group that received sham sur-
gery (n = 4), and two experimental recipient groups that received
either undifferentiated ESCs (day 0 ESCs, hereafter “D0-ESCs”;
n = 5) or differentiated ESCs that had been sorted on day 12 on
the basis of Nkx2-1mC"*™+ expression and further differentiated
until day 30 in our complete 3D protocol (hereafter “D30-ESCs”;
n = 10). Following ESC transplantation with 2.5-3 x 10° cells
beneath the left kidney capsule of each mouse recipient, we fol-
lowed all recipient groups for at least 8 weeks post-transplanta-
tion, monitoring circulating T4, T3, and TSH levels, and we used
both MRI and single-photon emission computed tomography
(SPECT)/computed tomography (CT) to screen for in vivo graft
growth and function (Figures 6 and S6).

Starting 2-4 weeks post-transplantation, recipients of D30-
ESCs displayed augmented circulating T4 and T3 levels that
continued to increase over time until they approached normal
levels by 8 weeks after transplantation (Figures 6B, S6A, and
S6C). Reconstitution of T4 levels was accompanied by ameliora-
tion of the elevated plasma TSH levels (Figures 6B, 6C, and S6B),
further emphasizing that physiologic rescue was occurring. In a
repeat experiment, some recipients followed for longer periods
were observed to display circulating T4 reconstitution at normal
levels for at least 29 weeks after transplantation (data not
shown). In contrast, we observed no reconstitution of circulating
thyroid hormone levels in either sham transplanted controls or
recipients of DO-ESCs, excluding the possibility that either resid-
ual undifferentiated cells or re-growth of native thyroid tissue
was responsible for the return of circulating T4 or the dampening
of the TSH response.

To further evaluate the function of the transplanted cells, we
incorporated imaging with sodium pertechnetate (Tc®*™) and
SPECT/CT co-registered with MRI. Importantly, the uptake
of Tc®M into thyroid tissue is mediated by Nis, allowing its

(C and D) Comparison of 3D versus 2D culture on thyroid gene expression. (B-D) Bars indicate average fold change in gene expression by real-time RT-PCR over
day 0 ESCs + SD (n = 3 biological replicates, post-natal mouse thyroid tissue n = 1).

(E-G) Histology on day 30 of outgrowth and differentiation of Nkx2-1mC"*™* cells sorted on day 12 as H&E-stained paraffin sections (E). Immunofluorescence
microscopy of day 30 ESC-derived follicular-like structures after immunostaining for Nkx2-1 and Tg (F), Nkx2-1, and Pax8 (G). Nuclei are counterstained with
DAPI (F and G). The scale bars represent 100 pm (E) and 10 um (F and G). *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001 (Student’s t test).

See also Figure S5.
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visualization to be a surrogate for iodine uptake (Zuckier et al.,
2004). In recipients of D30-ESCs, we observed Tc®*M uptake
occurring in the region of the kidney capsule grafts (Figures
6D, 6E, and S6E). We also observed low levels of Tc®®M uptake
in the large masses that derived from kidney capsule transplan-
tation of DO-ESCs (Figure S6D), but in no DO-ESC recipient was
this signal accompanied by detectable return of circulating T4
levels. As expected, Tc®M uptake was not detected in the
anatomical region of the native thyroid tissue of any ablated
recipient (Figures 6E and S6E), further suggesting that return of
thyroid function in D30-ESC recipients was not due to re-growth
of native thyroid tissue.

To confirm the presence of engrafted D30-ESCs in vivo, we
evaluated the histology of the renal lesions that had been visual-
ized by MRI and SPECT (Figures 6F-6l). As expected, recipients
of DO-ESCs developed large teratomas (Figure S6D) without
evidence of organized follicles, and only rare, if any, cells ex-
pressed nuclear Nkx2-1 protein (data not shown). In contrast,
no teratomas were observed in recipients of D30-ESCs; instead,
these recipients displayed persistent grafted cells beneath their
kidney capsules organized into many follicular-like structures per
high power field that were morphologically consistent with thy-
roid epithelial follicles (Figure 6F). These structures consisted
of mCherry* epithelial cells expressing nuclear Nkx2-1 and
Pax8 proteins by immunostaining, surrounding central lumens
filled with colloid-like material that contained Tg and T4 (Figures
6F-6H). A subset of the grafted cells expressed the proliferation
marker PCNA (Figure 61). We did not detect expression of pro-
Sftpc in any grafted cell suggesting that Nkx2-1 expression re-
sulted from thyroid and not respiratory epithelium (Figure S6F).

To assess whether the engrafted D30-ESCs functioned in a
regulated fashion, we exposed additional D30-ESC transplanted
mice, negative sham controls, and positive normal controls (n=5
per group) to a high dose of exogenous T3 expected to fully sup-
press endogenous TSH and hence T4 production. Indeed, in all
groups, administration of T3 resulted in TSH suppression and
abrogated T4 secretion (data not shown). To further interrogate
TSH responsiveness (Figure S6G), we then injected each mouse
with exogenous bovine TSH and 3 hr later observed an increase
in circulating T4 in positive control mice as well as in recipients of
D30-ESCs, but not in sham controls, consistent with the regula-
tion of engrafted cells by TSH.

These results indicate that ESC-derived thyroid follicular
epithelial cells prepared by directed differentiation in serum-

free, feeder-free conditions exhibit in vivo functional potential,
including the capacity to rescue hypothyroid mice that otherwise
lack native functional thyroid tissue.

Derivation of Human Thyroid Progenitors from ESCs and
Hypothyroid Patient-Specific iPSCs

Finally, we sought to adapt our protocol to direct the differentia-
tion of human ESCs and iPSCs into thyroid progenitors. Having
observed that thyroid specification was not affected by Nkx2-1
haploinsufficiency in mouse PSCs (Figures 1 and S1), we hy-
pothesized that BMP4 and FGF2 might also generate human
thyroid progenitors in normal as well as haploinsufficient lines.
Hence we obtained dermal fibroblasts from three hypothyroid
children previously diagnosed with the brain-lung-thyroid syn-
drome arising from three different respective NKX2-1 coding
sequence mutations (Figures S7A and S7B) that were predicted
to cause NKX2-1 haploinsufficiency (Hamvas et al., 2013). Using
the STEMCCA reprogramming system (Somers et al., 2010), we
generated iPSC lines from each child’s fibroblasts (hereafter T1,
T3, and T4; Figures 7A, 7B, and S7C-S7E). Next, we derived
definitive endoderm from each iPSC line as well as from control
human ESCs (RUES2) and control iPSCs (BU3 and iPS17;
Figure 7C and Supplemental Experimental Procedures). We
used dual inhibition of TGFB and BMP signaling, as originally
described by Green et al. (2011) in order to mimic anterior foregut
patterning of each ESCs/iPSCs-derived endodermal population
and then tested the capacity of varying concentrations of BMP4
and FGF2 to specify putative thyroid cells. Using the control
RUES? line, we varied the doses of BMP4 and FGF2 to identify
a dosing combination that resulted in induction of clusters of
NKX2-1+/PAX8+ co-expressing cells (Figures 7D and S7F).
This same dose induced NKX2-1+/PAX8+ cell clusters from
human iPSC lines BU3 and iPS17, as well as from all three
patient-specific iPSC lines (Figure 7E, left, and Figure S7G).
BMP4 or FGF2 alone induced rare, if any, NKX2-1+/PAX8+ co-
expressing cells in the T1, T3, T4, and RUES2 lines (data not
shown). Furthermore, in BU3, iPS17, and T3 iPSC-derived endo-
dermal cells subjected in parallel to published lung inducing
medium (Huang et al., 2014) that contains BMP4 (with Chir,
FGF10, FGF7, and RA [CFKBRA)) but lacks FGF2, we observed
only induction of NKX2-1+ cells without co-expression of PAXS,
suggesting that these cells were respiratory rather than thyroid
(Figure 7E, right). As in our mouse ESC/iPSC experiments,
NKX2-1+/PAX8+, putative thyroid progenitors induced after

Figure 6. In Vivo Function of Transplanted ESC-Derived Putative Thyroid Follicles in Hypothyroid Mice
(A) Experiment overview for generation of hypothyroid mice and rescue with in vitro-derived thyroid follicular cells.

(B) Recovery of circulating total T4, T3, and TSH 8 weeks after transplantation of thyroid follicular-like cells derived from ESCs (D30-ESCs) but not undifferentiated
ESCs (DO-ESCs). Data indicate each individual mouse plasma level (dots, squares, and triangles) as well as mean + SEM for each group. **p < 0.01 and ***p <
0.0001 (one-way ANOVA). Over the time course shown, four mice in the D30-ESCs group died.

(C) Circulating TSH plotted versus T4 for individual recipients 8 weeks after surgery.

(D) Eight weeks after transplantation, MRI shows a mass (red arrow) on the left kidney (left); SPECT co-registered with MRI shows overlay with the mass (red
arrow, right).

(E) Tc®*M SPECT/CT shows signal in the anatomical region of the native thyroid gland (green arrow) in a positive control mouse (left) and a hot spot (red arrow) on
the left kidney in a D30-ESC recipient (right) 8 weeks after surgery but no signal of the native thyroid tissue in the ablated mouse (right). Tc®°*™ uptake in bladder (*),
stomach (**), and submandibular gland (black triangle).

(F-1) Kidney tissue sections 8 weeks after transplantation of D30-ESCs. (F) H&E staining of transplanted cells in the host kidney expressing nuclear Nkx2-1,
nuclear Pax8, and mCherry. (G and H) Immunostaining for Nkx2-1 and Tg (G) or Nkx2-1 and T4 (H). PCNA immunohistochemistry of day 30 ESC-derived cells (l).
Nuclei are counterstained with DAPI (G and H) or H&E (l). The scale bars represent 100 um (F and I) and 10 pm (G and H).

See also Figure S6.
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Figure 7. Derivation of Human Thyroid Progenitors from Human ESCs/iPSCs and Hypothyroid Patient-Specific iPSCs

(A) Reprogramming strategy to generate iPSCs lines from a cohort of three children with brain-lung-thyroid syndrome. Dermal fibroblasts were reprogrammed
with the h\STEMCCA-loxP lentivirus, and clones were screened for a single integrated STEMCCA copy, which was then excised by transient Cre recombinase.
(B) Karyotype of patient T3 (clone T3-2Cr3) indicates the known disease-causing deletion of the NKX2-1 locus (red box): interstitial deletion on chromosome 14
between bands g11.2 and q13.

(C) Schematic of directed differentiation protocol of human iPSCs/ESCs into thyroid progenitors.

(D) Immunofluorescence microscopy on day 19 of differentiation of RUES2-derived NKX2-1+/PAX8+ clusters. Overview (left; the scale bar represents 500 um)
and zoom (right; the scale bars represent 50 pm).

(legend continued on next page)
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10 days of exposure to BMP4 and FGF2 expressed low to unde-
tectable levels of TPO and TSH-R transcripts (data not shown).
However, after further culture in the same thyroid differentiation
and maturation conditions used for mouse ESCs, these thyroid
differentiation markers were upregulated, and NKX2-1, PAXS,
and TG expression was maintained for at least 42 days in culture
(Figure 7F). As expected, without the use of a human NKX2-1
reporter for purification of human thyroid cells from these het-
erogeneous endodermal cultures, these thyroid markers were
detected at significantly lower levels than adult human thyroid
control tissue biopsies (data not shown). Taken together, these
findings support the capacity of combinatorial BMP and FGF
signaling to induce thyroid lineage specification from developing
endoderm across species, from Xenopus to mice to humans,
and enable the generation of patient-specific thyroid progenitors
from individuals with genetic or congenital hypothyroidism.

DISCUSSION

Two applications of in vitro model systems, deriving from ESCs
and iPSCs, are frequently touted: (1) the engineering of cell-
based therapies able to durably ameliorate disease or regen-
erate tissue after a single transplantation treatment and (2) the
production of an inexhaustible supply of purified cells of defined
lineage at identifiable developmental stages for basic mecha-
nistic studies. Here we demonstrate the application of ESCs
and iPSCs toward both goals. We have used these cells to
produce functional, transplantable thyroid follicular organoids
able to produce circulating thyroid hormone in vivo at levels
that rescue hypothyroid mice, and we have produced thyroid
precursor cells at an early developmental stage, revealing that
combinatorial BMP signaling and FGF signaling together are
required for thyroid lineage specification from multi-potent defin-
itive endoderm.

Although ESC/iPSC model systems frequently have been
used to confirm or validate developmental signaling pathways
identified in vivo or in explants, we used ESCs and iPSCs to
discern a novel role for combinatorial BMP and FGF signaling
in thyroid lineage specification, and argue against a role for
any individual signaling pathway in isolation. Our findings agree
with previous work suggesting a role for FGF signaling in early
thyroid development. Our finding of nuclear pERK1/2 protein
staining in endodermal Nkx2-1* thyroid progenitors in Xenopus
embryos is consistent with prior demonstrations of active FGF
signaling in the developing Xenopus ventral foregut endoderm
(Shifley et al., 2012). Moreover, a role for FGF signaling in
inducing thyroid cell fate has been previously demonstrated in
mouse endodermal explant studies, in which the addition of
exogenous FGF2 prior to thyroid specification induced Nkx2-1
and Tg (Serls et al., 2005). In zebrafish models inhibition of
FGF prior to specification leads to absence of a thyroid primor-
dium (Wendl et al., 2007), and mouse genetic models establish
that FGF signaling is required for normal early thyroid develop-

ment, with the adjacent cardiac mesoderm likely being the
source of this signal (Celli et al., 1998; Fagman et al., 2007; Fag-
man and Nilsson, 2010; Kameda et al., 2009; Lania et al., 2009;
Vitelli et al., 2002).

In contrast, only two prior studies, featuring Chordin mutant
and Twisted mutant mice with perturbed BMP signaling, have re-
ported thyroid hypoplasia, raising the possibility of a role for BMP
signaling in thyroid development (Bachiller et al., 2003; Petryk
et al., 2004). These prior reports could not discern whether the
thyroid defects were primary effects due to inhibition of lineage
specification, reduced proliferation, or secondary effects due
to perturbed cardiac field development. We used our PSC model
system, confirmatory Xenopus embryos, and mouse developing
foregut endoderm explant models to interrogate the period of
thyroid lineage specification from endoderm. We observed that
the BMP signal transducers phospho-SMAD1/5/8 are present
in the nuclei of endodermal thyroid progenitors at the time of
lineage specification, and SMAD-dependent BMP signaling is
necessary for induction of the Nkx2-1* thyroid program. The pre-
cise mechanisms by which BMP signaling induces thyroid fate
warrants further study to determine whether these are similar
to those that induce endodermal Nkx2-1* lung progenitors.

Identification of the sequence of developmental signals that
promote thyroid development from endoderm allowed us to
perform the generation of functional thyroid follicular-like epithe-
lial cells by the technique of “directed differentiation” of PSCs.
In accordance with prior observations from mouse genetic
models (Postiglione et al., 2002), we observed TSH signaling to
be dispensable for early thyroid specification; however, TSH
promoted the maturation of the genetic program necessary for
hormone synthesis. As suggested by observations made in pa-
tients with hypothyroidism due to NKX2-1 haploinsufficiency
(Krude et al., 2002), we also found thyroid differentiation sub-
sequent to lineage specification to be profoundly sensitive to
Nkx2-1 haploinsufficiency in our in vitro mouse model system.
Furthermore, we were able to apply our protocol to successfully
generate NKX2-1+/PAX8+ human thyroid progenitors in iPSCs
generated from patients with brain-lung-thyroid disease pre-
senting with hypothyroidism. However, these double positive
clusters were rare events, possibly because of the NKX2-1 hap-
loinsufficiency that causes the syndrome.

Because the defining feature of thyroid follicular epithelial cells
is functional hormone biosynthesis, our transplantation studies
provided an important functional assessment of the thyroid
organoids we generated by directed differentiation. After trans-
plantation beneath the kidney capsules of hypothyroid mouse
recipients, we found evidence for durable, functional engraft-
ment of the putative organoids, which after 8 weeks in vivo (1)
retained recognizable structure, (2) continued to express the
molecular phenotype of thyroid follicular epithelia, (3) produced
circulating T4 and T3, and (4) were regulated by TSH. To prove
that these grafted organoids derived from Nkx2-1* endodermal
precursors, an important aspect of our work involved the sorting

(E) Immunostaining for NKX2-1 and PAX8 on day 17 of differentiation in multiple human iPSC lines in either thyroid or lung specification medium. Nuclei are

counterstained with DAPI. The scale bars represent 50 pm.

(F) mRNA expression of thyroid marker genes. The bars indicate average fold change in expression over undifferentiated iPS17 mean + SD (n = 3 biological

replicates). *p < 0.05 and **p < 0.01 (Student’s t test).
See also Figure S7.
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to purity of only Nkx2-1mC"e™+ endodermal cells prior to trans-
plantation. This sorting algorithm should also help minimize the
chance of teratomas developing in vivo from any residual undif-
ferentiated cells. Indeed, no teratomas were observed arising
from the sorted, transplanted cells in any recipient in our studies.

In summary, we present a novel in vitro model system based
on the directed differentiation of PSCs into thyroid progenitors
and mature follicular epithelial organoids for basic develop-
mental studies and in vivo functional thyroid tissue regenera-
tion. This system recapitulates the developmental milestones
of early thyroid development, revealing previously unknown
mechanisms of thyroid organogenesis. Successful functional
transplantation of the resulting cells also suggests the feasibility
of a potential future cell-based therapy for hypothyroidism.

EXPERIMENTAL PROCEDURES

Experimental methods are further detailed in the Supplemental Information
and in downloadable protocols posted online at http://www.bumc.bu.edu/
stemcells.

Animal Maintenance

All studies involving mice carrying GFP and tdTomato reporters were
approved by the Institutional Animal Care and Use Committee of Boston
University School of Medicine. All murine transplantation experiments were
approved by the Beth Israel Deaconess Medical Center Institutional Animal
Care and Use Committee.

Mouse ESC and iPSC Lines

Derivation of the Nkx2-1%77 and Nkx2-1™C"e™ knockin reporter ESC lines by
homologous recombination was previously published and is further detailed in
the Supplement Information (Bilodeau et al., 2014; Longmire et al., 2012). The
Nkx2-16FP; paxgtdTomato trace ipg s reporter line was generated by transduction
of MEFs with the dox-inducible Tet-STEMCCA reprogramming lentiviral vec-
tor. All ESCs and iPSCs were maintained on fibroblast feeder layers using
serum-containing media and LIF (ESGRO Chemicon).

Mouse ESC/iPSC Directed Differentiation

Cell differentiation was performed in complete serum-free differentiation
medium (cSFDM; see Supplemental Experimental Procedures) supplemented
with the indicated factors. Briefly, definitive endoderm was induced in
embryoid body suspension cultures with 50 ng/ml Activin A (R&D), as previ-
ously published (Longmire et al., 2012). Next, 100 ng/ml mNoggin (R&D) and
10 uM SB431542 (Sigma) was applied for 24 hr to generate anterior foregut
endoderm. Expression of Nkx2-1 was induced with specification medium
containing 100 ng/ml mWnt3a, 10 ng/ml mKGF, 10 ng/ml hFGF10, 10 ng/ml
mBMP4, 20 ng/ml hEGF, and 250 ng/ml mFGF2 (all from R&D). After Nkx2-1
induction, cells were sorted on days 12-14 by flow cytometry on the basis of
expression of GFP, mCherry, or tdTomato reporters and then replated for
either 2D or 3D culture outgrowth as indicated. For 2D outgrowth, plated cells
were grown in gelatin-coated dishes for 8 more days in cSFDM with 250 ng/ml
mFGF2, 100 ng/ml hFGF10, and 100 ng/ml heparin sodium salt. On day 22, the
medium was switched to DCI+K maturation medium (see Supplemental
Experimental Procedures). For 3D outgrowth, cells were plated in pure growth
factor reduced Matrigel drops (Corning) in cSFDM supplemented with
250 ng/ml mFGF2, 100 ng/ml hFGF10, 50 ng/ml mIGF-1, 25 ng/ml hEGF (all
from R&D), 100 ng/ml heparin sodium salt, 10 ug/ml insulin (Sigma), and 1
mU/ml bTSH (Los Angeles Biomedical Research Institute). On day 26, medium
was switched to thyroid maturation medium (Ham’s F12 supplemented with
15 mM HEPES, 0.8 mM CaCl,, 100 ng/ml heparin sodium salt, 0.25% BSA,
50 ng/ml mIGF-1, 5 pg/ml insulin, 5 ug/ml ITS, 25 ng/ml hEGF, 50 nM dexa-
methasone, and 100 mU/ml bTSH) until the harvest day indicated.

Human iPSC Derivation
Procurement of all human specimens was approved by the Institutional

Review Boards of the University of Colorado and Boston University. Three

14 Cell Stem Cell 77, 1-16, November 5, 2015 ©2015 Elsevier Inc.

hypothyroid individuals diagnosed with brain-lung-thyroid syndrome arising
from mutations in NKX2-1 were identified, and their dermal fibroblasts were
reprogrammed with the STEMCCA reprogramming system to generate
iPSC lines T1, T3, and T4 (Somers et al., 2010). Control human PSC lines
included BU3 (peripheral blood-derived normal iPSC line; from the Center
for Regenerative Medicine [CReM] of Boston University and Boston
Medical Center), iPS17 (fibroblast-derived iPSC) (Crane et al., 2015; gift
of Dr. Brian Davis, University of Texas Health Sciences), and RUES2 hu-
man ESCs (gift of Dr. Ali Brivanlou, Rockefeller University). Differentiation
of human ESC/iPSC into thyroid cells is detailed in the Supplemental
Information.

Statistical Analysis

Data are presented as sample means and SDs or SEMSs, as indicated in the text
and in each figure legend. Sample numbers are also indicated in each case.
Differences between groups were analyzed by unpaired two-tailed Student’s
t tests, one-way ANOVA, or two-way ANOVA with Tukey’s multiple-compari-
son post hoc test, as stated in the text or figure legends; p < 0.05 was used
to indicate significant differences between groups.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.stem.2015.09.004.
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