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Thyroid Follicle Formation and Thyroglobulin Expression
in Multipotent Endodermal Stem Cells

Risheng Ma,"? Rauf Latif'? and Terry F. Davies'?

Objective: The aim of this study was to assess the impact of transcriptional induction on thyroid follicular cell
(TFC) differentiation from endodermally matured embryonic stem (ES) cells. The thyroid transcription factors—
NKx2 homeobox 1 (NKx2-1, formerly called TTF-1) and Paired box gene 8 (Pax8)—are known to associate
biochemically and synergistically in the activation of thyroid functional genes including the sodium/iodide
symporter (NIS), thyrotropin (TSH) receptor (TSHR), thyroglobulin (Tg), and thyroid peroxidase (TPO) genes. In
this study, we investigated the ability of ectopically expressed Pax8 and NKx2-1 to further the induction and
differentiation of murine ES cells into potential TFCs.

Methods: ES cells were stably transfected with either the Pax8 gene, the NKx2-1 gene, or both genes to study the
induction of NIS, TSHR, Tg, and TPO genes as assessed using both quantitative reverse-transcription polymerase
chain reaction (qQRT-PCR) and protein expression. The derived cells were cultured with or without the presence
of activin A to allow their differentiation into multipotent endodermal cells.

Results: The four thyroid-specific genes NIS, TSHR, Tg, and TPO were all significantly activated by ex-
pressing both transcription factors within the same ES cell. In contrast, significant but much lower tran-
scriptional activity of the TSHR, Tg, and TPO genes was detected in cells expressing just NKx2-1, and only
the NIS and TSHR genes responded to Pax8 alone. No Tg protein expression could be detected prior to their
development into endodermal derivatives. However, after further differentiation of postembryoid body ES
cells with activin A and TSH into endodermal cell lines, those cells with dual transfection of Pax8 and NKx2-
1 demonstrated greatly enhanced expression of the NIS, TSHR, Tg, and TPO genes to such a degree that it
was similar to that found in control thyroid cells. Furthermore, these same cells formed three-dimensional
neofollicles in vitro and expressed Tg protein, but these phenomena were absent from lines expressing only
Pax8 or NKx2-1.

Conclusion: These findings provide further evidence that co-expression of Pax8 and NKx2-1 in murine ES
cells may induce the differentiation of thyroid-specific gene expression within endodermally differentiated
ES cells and commit them to form three-dimensional neofollicular structures.

Introduction set of genes, including (i) thyroglobulin (Tg) and thyroper-
oxidase (TPO), which are exclusively expressed in this cell
type; (ii) thyroid-stimulating hormone receptor (TSHR) and

( :ENES EXPRESSED IN A CELL TYPE-SPECIFIC manner are
the sodium/iodide symporter (NIS), which also exhibit ex-

usually regulated by promoters containing recognition

sequences for both tissue-specific and ubiquitous transcrip-
tion factors. It is the functional interaction between these
various regulating proteins and the regulatory DNA se-
quences that enables individual cell types to play their specific
role. Hence, tissue-specific transcriptional regulation is me-
diated by a set of transcription factors whose combination is
unique to individual cell types such as the thyroid follicular
cell (TFC). TFCs, the most abundant cell population of the
thyroid gland, are characterized by the expression of a specific

trathyroidal expression (1,2); and (iii) transcription factors
such as NKx2 homeobox 1 (NKx2-1, formerly called TTF-1),
forkhead box protein E1 (Foxel), and Paired box gene 8 (Pax8),
which only co-express in TFCs and appear to be the factors
most responsible for the thyroid-specific expression of the Tg
and TPO genes (3,4). While the specific role of Foxel in the
development and differentiation of the thyroid gland is less
clear, the roles of NKx2-1 and Pax8 have been extensively
studied (2), and the differentiation program of TFCs clearly
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relies on the interplay between these sequence-specific tran-
scription factors and transcriptional coregulators with the
basal transcriptional machinery of the cell. Furthermore, em-
bryonic stem (ES) cells, even when persuaded to differentiate
into thyrocyte-like cells, including the use of activin A and
TSH but without the high transcriptional expression of
these two important genes, have proven to be epigenetically
refractory to maturation into stable and functional thyrocytes
(5-7).

The simultaneous expression of Pax8 and NKx2-1 in thy-
roid cells suggested the existence of a functional interaction
between these two transcription factors. Accordingly, it has
been demonstrated that Pax8 and NKx2-1 associate bio-
chemically and synergistically to activate transcription from
the TPO and the Tg gene promoters (8). Indeed, the functional
interaction of Pax8 and NKx2-1 has been shown to activate
thyroid-specific promoter/enhancer elements even in Morris
hepatoma cells (8). Therefore, using the NKx2-1 and Pax-8
genes, it is possible to probe the mechanisms responsible for
commitment of undifferentiated endodermal precursor cells
toward the thyroid phenotype. In this study, we demonstrate
that the thyroid-specific genes NIS, TSHR, Tg, and TPO were
significantly activated in ES cells that were ectopically ex-
pressing both Pax8 and NKx2-1 transcription factors, while
only low transcriptional activation of these genes was ob-
served in cells expressing either Pax8 or NKx2-1 alone. After
further differentiation toward the endodermal lineage, these
double transfected ES cells developed into three-dimensional
thyroid follicles and expressed abundant thyroglobulin
protein.

Methods
Growth and maintenance of ES cells

W9.5 mouse ES cells were maintained as previously de-
scribed on gelatin-coated dishes in Dulbecco’s modified Eagle’s
medium (Invitrogen Life Technologies, Inc.) supplemented
with 15% fetal calf serum (STEMCELL Technologies, Inc.),
penicillin-streptomycin (100 U/mL; Invitrogen Life Technolo-
gies, Inc.), 1.5x10"* M monothioglycerol (Sigma-Aldrich
Corp.), and 10ng/mL leukemia inhibitory factor (LIF; STEM-
CELL Technologies, Inc.). Cells were cultured in a humidified
chamber in a 5% CO,—air mixture at 37°C. ES cell cultures were
passaged at 1:3-5 ratios every two days.

Generation of Pax8+, or NKx2-1+, or Pax8 +/NKx2-1 +
expressing ES cell lines

Two vectors, kindly provided by Dr. Uwe Haberkorn of the
German Cancer Research Center, Heidelberg, Germany (8),
were as follows:

(A) M48EF10hPax8IVREShyg: 5LTR-EFla-hPax8-IVS-
IRES-hyg-3'LTR

(B) M48EF10dNKx2-1IVRESneo: 5LTR-EF1a-dNkx2-1-
IVS-IRES-neo-3'LTR

The M48 bicistronic retroviral vectors were constructed
based on the Moloney murine leukemia virus. The vectors
were designed to transfer the human Pax8 (hPax8) or the dog
NKx2-1 (ANKx2-1) (95% homology with human TTF-1) genes,
and the hygromycin (hyg) or the neomycin (neo) genes by use
of an internal ribosomal entry site (IRES) from the encepha-
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lomyocarditis virus. A synthetic intron (IVS) was inserted to
stabilize the mRNA. Gene expression was regulated by the
elongation factor 1o gene (EF1a) promoter. LTR indicates the
long terminal repeat.

These vectors, alone or together, were electroporated into
ES cells (Neon transfection system; Invitrogen Life Technol-
ogies, Inc.), and after two days, the cells were cultured in
hygromyecin (0.5 mg/mL) or G418 (0.8 mg/mL) or both for at
least four weeks until resistant clones were established. A
large number of clones were then selected and characterized
for their gene expression and high-expressing clones chosen
for expansion into stable lines.

Differentiation of ES cell

Embryoid bodies (EBs) were differentiated as described
previously (7). In brief, single ES cell suspensions were pla-
ted in 60-mm bacterial grade dishes to induce EB formation
in the absence of LIF. EBs were cultured for one day in the
same culture medium as ES cells except for the lack of LIF.
The following day, EBs were harvested and allowed to settle
by gravity in a 50-mL tube and transferred to new dishes
and cultured in fresh medium supplemented with or with-
out 50ng/mL human activin A (R&D Systems, Inc.) for
five days. To induce the differentiation of ES cells into thy-
roid cells, EBs were collected and embedded in growth fac-
tor-restricted Matrigel (BD Biosciences) (9,10) and placed
into six-well plates in differentiation medium containing
Dulbecco’s modified Eagle’s medium supplemented with
penicillin/streptomycin, 15% KnockOut serum replacement
medium (Invitrogen Life Technologies, Inc.), 5% protein-free
hybridoma medium (PFHM-II; Invitrogen Life Technolo-
gies, Inc.), 1.5x 107*M monothioglycerol, and 1000 xU/mL
human recombinant TSH (Fitzgerald Industries). Cells were
harvested for analysis at days 5 and 21 (total time) of culture

(Fig. 1).

RNA isolation and reverse-transcription
polymerase chain reaction

Total RNA was extracted from cultured cell lines using the
RNeasy Mini Kit Isolation System (Qiagen Ltd.), which in-
cluded a digestion step with DNase I. RNA quantity and
quality were assessed by UV spectrophotometry. cDNA
synthesis was performed using the SuperScript® IIT First-
Strand Synthesis System (Invitrogen Corp.). Semi-quantitative
reverse-transcription (RT) polymerase chain reaction (PCR)
was carried out with 25-30 cycles of amplification depend-
ing on the target. The number of cycles used was determined
to be in the log-linear phase of the amplification reac-
tion. The PCR products were separated by 2% agarose gel
electrophoresis and visualized with ethidium bromide
staining. The real-time quantitative RT-PCR (qRT-PCR) was
carried out using SYBR green qPCR Master Mix (Applied

Pax8+
NKx2-1+ pEScells —23 5 pgg —10dwsMatrigelcomed oy, ooiq cells
+TSH
~LIF
Pax8/NKx2-1+ +Activin A

FIG. 1. Protocol summary.
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Biosystems) and employing the StepOnePlus Real-time PCR
System (Applied Biosystems). Relative expression levels of
each gene in real time were analyzed using the 2~ A4
method and normalized to the expression of the house-
keeping gene GAPDH. Data presented (mean) are from three
independent experiments in which all sample sets were an-
alyzed in triplicate.

Immunodetection

Cells were grown in Delta T culture dishes, fixed for 15 min
with 4% paraformaldehyde (PFA), rinsed three times (5 min
each) with phosphate-buffered saline (PBS), and blocked for
60min at room temperature in 3% bovine serum albumin
(BSA), 5% horse serum in PBS. Depending on the analysis
marker, 0.3% Triton X-100 was added into the blocking buffer
for cell permeabilization to detect intracellular antigens. Cells
were incubated with appropriate primary antibodies diluted
in a solution of PBS containing 1% BSA, 1% horse serum, and
0.1% Triton X-100 overnight at 4°C. Cells were rinsed three
times (5 min each) with PBS and incubated with the appro-
priate secondary antibody for one hour at room temperature.
After that, cells were rinsed three times with PBS and
mounted using hard set mounting media containing DAPI
(Vector Laboratories).
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Results

Generation and characterization of stable Pax8-
and NKx2-1-expressing ES cell lines

To test whether overexpression of Pax8 and NKx2-1 in ES
cells could induce or promote thyroid-specific gene expres-
sion, undifferentiated mouse W9.5 ES cells were electro-
porated with the M48EF1ahPax8IVSIREShyg vector and/or
M48EF1adNKx2-1IVSIRESneo vector. After selection with
the respective antibiotic drug, stable resistant cell lines, in-
cluding Pax8+, NKx2-1+, and Pax8+ /NKx2-1+ ES cell
lines, were established as evidenced by their gene expression
profiles (Fig. 2A) and by immunodetection of Pax8 and
NKx2-1 nuclear expression (Fig. 2B). However, over-
expression of these transcription factors at this stage did not
change the pluripotent state of the ES cells, since the stem-
ness markers Rex1, Sox2, and Oct4 (Fig. 2A) and SSEA-1
(Fig. 2C) continued to be expressed to the same degree as in
the original ES cells.

Activation of thyroid-specific genes in Pax8+, NKx2-1+,
and Pax8+/NKx2-1+ ES cells

The individual cell lines expressing Pax8, or NKx2-1, or
Pax8/NKx2-1 were subsequently analyzed with regard to the

FIG. 2. Generation and characterization of stable Pax8+, NKx2-1+, and Pax8+ /NKx2-1+ mouse ES cell lines. (A) Reverse
transcription polymerase chain reaction (RT-PCR) analysis of selected Pax8-, NKx2-1-, or Pax8/NKx2-1-expressing mouse
embryonic stem (ES) cell lines for thyroid transcription factors Pax8 and NKx2-1 and pluripotent markers Rex1, Sox2, and Oct4
after the cells were cultured in selection medium for up to four weeks. (B) Immunofluorescence analysis of Pax§ and NKx2-1 in
the selected double transfected cell line. Scale=20 ym. (C) Representative immunodetection analysis of pluripotent markers
SSEA-1 and Oct4 expression in Pax8+ /NKx2-1+ cells. Scale=100 ym.
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(A) gRT-PCR analysis for thyroid-specific gene activity and Foxel expression in Pax8+, NKx2-1+, and Pax8+/

NKx2-1+ ES cell lines. Inset: The quantitative reverse-transcription polymerase chain reaction (QRT-PCR) data for rat thyroid
(FRTL5) cells. Relative expression of each transcript is presented as fold change compared to ES cells (mean+SEM, n=3), and
represent one of three separate experiments. (B) RT-PCR analysis for thyroid-specific gene expression in untreated Pax8+ /
NKx2-1+ embryoid bodies (EB) cells. The gel images represent one of three separate experiments.

activation of thyroid-specific genes (NIS, TSHR, Tg, and TPO)
using qRT-PCR and compared to control rat thyroid cells
(FRTL-5; Fig. 3A). Stable cell lines of single transfected genes
showed only a 5-10-fold increase in expression of thyroid-
specific genes compared to the baseline expression. Pax8+
cells showed minor induction of NIS and TSHR gene ex-
pression, while NKx2-1+ cells showed minor induction of
TSHR, Tg, and TPO gene expression. However, only the
double transfected (Pax8+ /NKx2-1+) cells showed robust
induction of NIS, TSHR, Tg, and TPO gene transcription with
a 30-55-fold increase, as well as induction of the transcription
factor Foxel (Fig. 3A). Nevertheless, when compared to the
control thyroid cells (FRTL5), the degree of gene induction
remained limited (Fig. 3A, inset). Hence, co-expression of Pax8
and NKx2-1 in these untreated ES stable lines initiated a
change in the cell’s fate, driving their differentiation toward a
thyroid follicular cell lineage, but appeared to be insufficient
for full thyrocyte fate determination. This conclusion was
also supported by the fact that immunodetection of Tg pro-
tein expression was unsuccessful in the Pax8 + / NKx2-1 + cells
in keeping with the relatively low level of gene transcription
observed (data not shown). Therefore, it appeared that fur-
ther differentiation was required to drive protein translation
of Tg and to commit the cells to a definite and permanent
thyrocyte fate.

Thyroid-specific gene expression in embryoid
bodies cells

In order to determine if the immature non-three-dimensional
state of the ES cells was limiting thyroid-specific gene tran-
scription, the stable Pax8+ /NKx2-1+ ES cells were matured
into embryoid bodies (EB) cells by removal of LIF and the cells
cultured for a total of 21 days. During this time, we again saw
only limited or absent Tg gene expression (Fig. 3B) and no
TPO gene expression.

Influence of activin A on thyroid-specific gene
expression in nontransfected EB cells

Thyroid tissue develops from the endodermal lineage of
cells. Thus, using the EB differentiation model we have pre-
viously shown the potential of activin A to induce ES cells into
the thyroid endoderm (7). Although in this model we clearly
observed an increase in the transcription of certain thyroid-
specific genes (TSHR, NIS, and Pax8), after five days of activin
A treatment (Fig. 4A), we were still unable to detect NKx2-1,
Tg, or TPO gene expression. It was evident, therefore, that the
induction of ES cells into thyroid cells expressing NIS and
TSHR and Pax8 was helped by a sophisticated schedule in-
cluding the sequential application of activin A but that these
conditions alone were not sufficient for successful thyroid cell
fate determination.

Further differentiation of Pax8/NKx2-1-expressing
ES cells

Since these data indicated that at least the NIS and the
TSHR thyroid-specific genes showed a marked increase in
expression with activin A, we proceeded to combine this
approach with overexpression of the critical transcription
factors Pax8 and NKx2-1. We induced EB formation in single
and double transfected stable ES cell lines by withdrawal of
LIF and then treated the resulting EB cells with activin A for
five days to induce endoderm differentiation. Examination
after activin A exposure showed the development of endo-
derm by expression of endodermal markers AFP, Sox 17, and
Fox2, and the expected increased upregulation of TSHR gene
expression (Fig. 4B). Further qPCR analysis of these activin
A-stimulated Pax8 + /NKx2-1 + cells after another 16 days of
culture (on day 21 after EB formation) showed a significant
increase in Pax8 and NKx2-1 transcription, as well as the
induction of endogenous Foxel (Fig. 5A). More importantly,
there was an even more robust transcriptional activation of
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(A) qRT-PCR analysis of NIS, TSHR, Pax8, Tg, and TPO genes in EB cells and in EB cells treated for five days with

activin A. Although there was significant expression of NIS, TSHR, and Pax8 after activin treatment, there was no induction
of Tg or TPO in these cells. (B) qRT-PCR analysis for TSHR and endoderm markers (AFP, Sox17, and Fox2) in EB cells formed
from activin A treated and untreated Pax8+ /NKx2-1+ ES cells. Data were expressed as mean+SEM, and represent one of
three separate experiments. All the data were significantly different from —LIF cells (p <0.01). LIF, leukemia inhibitory factor;

AA, activin A.

all four of the thyroid-specific genes NIS, TSHR, Tg, and TPO
to the same or even higher levels as seen in control thyroid
cells (Fig. 5B). Immunofluorescent analysis confirmed
abundant NIS expression in all three cell lines and co-
expression of Tg and NIS was seen in Pax8+ /NKx2-1 + cells
but not in Pax8+ or NKx2-1+ expressing cells (Fig. 6). Such
cells appeared to be fully committed to their thyrocyte fate
because of clear basolateral surface expression of NIS and
the presence of intracellular Tg. On continued culture, this
led to convincing three-dimensional thyroid follicle forma-
tion with Tg present in the follicular lumen (Fig. 7).
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FIG. 5. Differentiation of Pax8-, NKx2-1—-, or Pax8/NKx2-1-
expressing mouse ES cell lines into thyroid cells. (A) qRT-
PCR analysis for thyroid transcriptional factors (Pax8,
NKx2-1, and Foxel) in differentiated Pax8+, NKx2-1+, and
Pax8+ /NKx2-1+ ES cells at day 21. (B) qRT-PCR analysis
for thyroid functional genes (NIS, TSHR, Tg, and TPO) in
differentiated Pax8+, NKx2-1+, and Pax8+ /NKx2-1+ ES
cells at day 21. The relative expression of each transcript is
presented as fold change compared to undifferentiated ES
cells (mean+SEM) and represent one out of three separate
experiments. All data were significant (p<0.01) when com-
pared to control ES cells.

Discussion

The thyroid gland includes two endocrine cell types: (i)
thyroid follicular cells (TFC) making up 95% of the gland,
which synthesize and secrete thyroid hormones, and are de-
rived from foregut endoderm; and (ii) parafollicular C cells
that produce calcitonin and are derived from neuroectoderm.
It is now clear that the cooperative action of the transcription
factors Nkx2 (TTF1) and Pax8, together with downstream
Foxel (TTF2), is crucial for many stages of thyroid develop-
ment. Until now, insight into this complex biological process
has been gained by studying snapshots of the signaling pro-
cess during embryonic development in wild type and mutant
mice (1-3). Although these studies have shown that early
steps leading to the formation and growth of the thyroid are
independent of TSH signaling (1) they have also failed to re-
veal all the factors that initiate expression of thyroglobulin
(Tg), the signature molecule produced only by the thyroid
gland.

Pax8, NKx2-1, and Foxel are three well-characterized
transcription factors that in combination have been specifi-
cally shown to regulate thyroid-specific gene expression.
None of these transcription factors are expressed exclusively
in the thyroid, but their co-expression is unique to the thy-
roid and appears to form a thyroid-specific gene expression
program (1) responsible for initiation and differentiation of
thyrocytes. It has been shown that Pax8 and NKx2-1 directly
interact and synergistically activate thyroid-specific tran-
scription even in nonthyroid cells (3,4,8) and therefore pro-
vide a major part of a model system for the differentiation of
ES cells into thyroid cells. While our current studies were
under way, Antonica ef al. have taken advantage of this in-
formation to generate functional thyroid cells in vivo using
an inducible expression system employing both of these
transcription factors (11).

In this study, we successfully established stable ES cell lines
overexpressing either Pax8 or NKx2-1 alone or together. We
found significant expression of the NIS and TSHR genes in all
three cell lines, but the induction of TPO and Tg gene
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Pax8+

FIG. 6. Immunodetection
of NIS (red) in the differenti-
ated Pax8+, NKx2-1+, and
Pax8+ /NKx2-1+ EB cells

at day 21 with DAPI (blue)
nuclear staining. Immuno-
detection of Tg (green) ex-
pression was only seen in
the Pax8+ /NKx2-1+ cells.
Scale=20 um.

expression was only seen in Pax8+ /NKx2-1+ cells. Never-
theless, these double-positive cells were still unable to trans-
late Tg protein successfully, and the degree of thyroid-specific
gene expression remained low when compared to control
thyroid cells. However, after exposure to activin A and the
successful development of an endodermal phenotype, we
found abundant Tg expression in the Pax8+ /NKx2-1+ cells,
and these cells had gained the potential for forming thyroid
neofollicles. These cells not only gained the three-
dimensional structure of neofollicles but also expressed Pax8
and NKx2-1 within their nuclei, NIS on their basolateral sur-
faces, and intracytoplasmic and intraluminal Tg.

These data indicate the importance of the cooperation be-
tween Pax8 and NKx2-1 in the activation of Tg gene expres-
sion (12) but also support the concept that the developmental
stage of the cell and its progenitor program are equally im-
portant for full differentiation. Such a differentiation milieu
can clearly be provided in vivo, and these data indicate that,
in vitro, activin A appears to be capable of imitating some of
this influence. Activin is a member of the TGFf superfamily,

MA ET AL.
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Tg

which is critical in the regulation of endoderm formation
in vitro and in vivo, and acts as a mimetic for native nodal
(13,14). We have previously succeeded in recapitulating the
development of thyroid endodermal progenitor cells in vitro
using embryoid body transformation and a chemically de-
fined differentiation protocol, which resulted in a small pop-
ulation of cells expressing Pax-8, the TSHR, and NIS (7). Our
present studies have successfully taken advantage of these
observations in order to produce cells capable of neofollicle
formation and abundant Tg expression. The use of stable ES
cell lines overexpressing both Pax8 and NKx2-1 is in sharp
contrast to the reported transient approach (11), and will
provide opportunities to characterize the detailed molecular
events leading to thyroid cell speciation and a predictable
supply of thyroid progenitor cells for in vivo studies. How-
ever, our studies have been limited to mouse ES cells, and it is
uncertain at this point whether such proof of principle defines
the exact sequential steps and molecular events in the devel-
opment of human thyrocytes from human ES cells or induced
pluripotent stem cells.

FIG. 7.

Immunostaining of endoderm-derived thyroid neofollicles. (A) Immunodetection of Pax8 (green) and NIS (red)

expression in a thyroid neofollicle derived from differentiated Pax8+ /NKx2-1+ EB cells at day 21. Note that the NIS
expression is seen on the cell surface, and the staining for transcription factor Pax8 is seen within the nucleus. Scale
bar=20 um. (B) Immunodetection of Tg (green) and NKx2-1 (red) expression in a thyroid neofollicle derived from differ-
entiated Pax8+ /NKx2-1+ EB cells at day 21. Note that the Tg is seen in the intrafollicluar lumen and the staining for
transcription factor NKx2-1 is seen within the nucleus. Extravasation of Tg is seen around this three-dimensional structure

within the extracellular matrix support. Scale bar=20 um.
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