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Abstract

Background: Thymic epithelial cells (TECs) are necessary for normal T cell development. Currently, one transcription factor,
Foxn1 is known to be necessary for the progression of fetal TEC differentiation. However, some aspects of fetal TEC
differentiation occur in Foxn1 mutants, suggesting the existence of additional transcriptional regulators of TEC
differentiation. The goal of this study was to identify some of the additional candidate transcription factors that may be
involved in the specification and/or differentiation of TECs during fetal development.

Methodology/Principal Findings: We identified candidate fetal TEC transcriptional regulators via data and text mining.
From our data mining we selected the transcription factors Foxgl, Isl1, Gata3, Nkx2-5, Nkx2-6 and Sox2 for further studies.
Whole mount in situ hybridizations confirmed the expression of these transcription factors within subdomains of the third
pharyngeal pouch from E9.5-E10.5. By E11.5 days Foxg1 and s/ transcripts were the only mRNAs from this group of genes
detected exclusively within the thymus domain of the third pouch. Based on this initial in situ hybridization analysis, we
focused on defining the expression of Foxg1 and Is/T during multiple stages of thymus development and TEC differentiation.
We found that Foxg1 and Is/T are specifically expressed in differentiating TECs during fetal and postnatal stages of thymus
development. In addition, we found differential expression of IsletT and Foxn1 within the fetal and postnatal TEC population.

Conclusions/Significance: Our studies have identified two developmental transcription factors that are excellent candidate
regulators of thymic epithelial cell specification and differentiation during fetal development. Our results suggest that Foxg1
and IslT may play a role in the regulation of TEC differentiation during fetal and postnatal stages. Our results also
demonstrate heterogeneity of TECs marked by the differential expression of transcription factors, potentially providing new

insights into the regulation of TEC differentiation.
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Introduction

Thymic epithelial cells (TECs) are a critical component of the

thymic microenvironment. TECs are derived from the endoderm of

the third pharyngeal pouch. Despite their essential role in thymus
function, our current understanding of fetal TEC specification and
differentiation is very limited. For example, we do not know which
transcriptional regulators are necessary for the earliest specification
of the thymus organ domain within the third pharyngeal pouch. In
addition we have very limited knowledge about the transcription
factors that regulate the differentiation and function of TECs during
fetal and postnatal thymus development. Identifying the factors that
regulate these key steps in the development of thymic epithelial cells
is a key part of understanding the genetic pathways that regulate
thymus organogenesis and function.

Our current knowledge regarding the earliest events in the
specification of the parathyroid and thymus suggests that
specification occurs early in third pouch development. Localized

@ PLoS ONE | www.plosone.org

expression of Gem2 at E9.5 in the parathyroid domain and Foxn/ at
E11.25 in the thymus domain of the 3rd pharyngeal pouch marks
the patterning of the pouch into the primordium of the two organs
[1,2]. However, it is clear that 3rd pouch patterning is well
underway during pouch formation or shortly thereafter. In the
case of the thymus, a grafting study showed 3rd pouch endoderm
from E9.0 day old embryos was able to form a functional thymus
when it was transplanted under the kidney capsule of an adult
mouse [3]. This indicated that at E9.0 a developmental program is
underway that is sufficient for the differentiation of a functional
thymus from explants of 3rd pouch endoderm. Although the
pouch graft result suggests that the thymus domain of the 3rd
pouch is specified by E9.0, the only transcription factor known to
be expressed specifically within the thymus primordium in the 3rd
pouch is Foxnl which is first detected at E11.25 [2]. The gap in
timing between the time of the 3rd pouch competency to form the
thymus primordium in a graft and the time when Foxnl is first
expressed suggests that additional transcription factors are acting
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within the pouch at times prior to Foxn/ expression. These factors
include the transcriptional regulators that activate Foxnl within
the thymus primoridium.

Previous studies have identified the transcription factors Hoxa3,
Pbx1, Tbxl, Pax1, Pax9, SixI and Eyal as necessary for 3rd pouch
development. All of these transcription factors, except for ThxI are
expressed throughout the 3™ pouch at E10.5 prior to detectable
Foxnl expression [1,4,5,6,7,8,9]. Tbx! is initially expressed
throughout the 3rd pouch and becomes restricted to the
presumptive parathyroid domain at E10.5 in the pouch endoderm
[1,4,6,10]. In the case of Hoxa3, Eyal, SixI, Pax9, TbxI and PbxI]
the homozygous mutants either fail to form the 3rd pouch or
exhibit very severe early defects in the formation of both the
thymus and parathyroid primordia [4,5,7,9,11,12,13,14]. The
very early and severe defects in pouch outgrowth and/or
differentiation of these knockout mice are not informative about
the role each gene may have in pouch patterning and/or later
thymus or parathyroid differentiation.

A major goal of this screen was to identify candidate
developmental transcription factors that play an important role
in 3rd pharyngeal pouch endoderm development and/or the
differentiation of fetal TECs into functional components of the
thymus microenvironment. To enable the characterization of the
genes identified in our screen we focused our screen on genes for
which well-characterized knockout mice are available. In the case
of Gata3, which we chose for detailed i situ hybridization analysis
based on previous expression data, our genetic studies have shown
that it is necessary for the normal development of the third
pharyngeal pouch [15]. The third pouch degenerates in Gata3
mutants at E12.5 days indicating an early role for this gene in the
development of the pouch [15]. This result suggests that our
approach is a viable way to identify new regulators of third pouch
and/or TEC development.

Results

Data mining generated a short list of candidate
transcription factors for detailed in situ hybridization
analysis

A large amount of published and unpublished mouse develop-
mental gene expression data is available in online databases
[16,17,18,19]. Although database i situ hybridization data are
limited in terms of resolution, they can be used to suggest
candidate genes for in depth characterization. We took advantage
of this information to focus our i situ hybridization analysis to a
short list of candidate transcription factors that were likely to be
expressed in localized domains of the 3™ pouch and/or thymic
epithelium. For third pharyngeal pouch expression we visually
screened data in the MGI/GXD and Emage i situ hybridization
databases and examined published reports describing Cre
recombinase expression patterns [16,18,20,21]. Within these
databases we focused on known developmental regulators that
appeared to be expressed in the foregut endoderm or in the
pharyngeal region. We also focused on transcription factors for
which a conventional or conditional knockout mouse was readily
available to us. Our data mining identified members of the Nk2/3,
forkhead box, GATA binding protein, Sox/SRY-box containing
and LIM/homeodomain families as candidates for genes
expressed within the third pharyngeal pouch. Examination of
E14.5 m situ hybridization of para-sagittal sections in the
Genepaint database indicated that most of the genes we had
identified as being expressed in the third pouch were also
expressed within the thymus at E14.5. This suggested that these
transcription factors were excellent candidates for genes involved
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in thymus development and differentiation. After additional
literature mining, we selected Nkx2-5, Nkx2-6, Foxgl, Islet], Gata3
and Sox2 for further analysis in this study. The screen of n situ
database information allowed us to focus on performing a detailed
characterization of a small group of genes rather than performing
a less detailed large-scale screen.

Regionalized expression patterns of transcription factors
in the 3" pharyngeal pouch endoderm prior to onset of
Foxn1 expression

Although pouch endoderm as early as E9.5 is capable of
developing into a fully functional thymus when transplanted under
the kidney capsule [3], the transcriptional regulators that lead to
Foxnl expression within the thymus domain of the third pouch at
E11.25 days are not known. One purpose of our study was to
search for transcription factors with regionalized expression
patterns in the third pharyngeal pouch endoderm between
E9.5-E11.25. We analyzed the expression of our candidate genes
in £9.5 and E10.5 somite stage matched wild type mouse embryos
by i situ hybridization and 3D reconstruction, focusing on their
expression in the pharyngeal pouches. By carefully staging
embryos by somite counting we found that embryos at the same
somite stage had comparable pouch morphologies as determined
by 3D reconstruction of paraffin sections. By comparing the
expression patterns of the genes we examined to the Gem2
expression pattern at E10.5 as a landmark for organ specific
domains, we found a surprisingly diverse and complex combina-
tion of regionalized expression patterns in the third pouch
endoderm.

Nkx2-5 and Nkx2-6 are expressed in the ventral
endoderm of the developing 3™ pouch

Previous studies of Nkx2-5 and Mx2-6 expression have detected
expression of Nkx2-5 in the pharyngeal endoderm and Nkx2-6 in
the pharyngeal pouch endoderm. However, these studies have not
described the expression pattern of either gene in the 3rd pouch in
detail [22,23,24,25]. Examination of Cre recombinase expression
patterns uncovered a published image indicating that Nkx2-5 is
expressed in a localized domain of the 3™ pouch [10].
Furthermore, a recent study has shown that a small fraction of
the EpCAM+ cells in the E14.5 day thymus are derived from a
lineage that expressed Nkx2-5 at some point in its history [26]. In
addition, previous genetic studies have shown that pharyngeal
endoderm development is very abnormal in Nkx2-5/Nkx2-6
double mutants [27] demonstrating a role for the genes early in
pharyngeal endoderm development. These previous studies
suggested that both genes were excellent candidates for more
detailed analysis.

Our whole mount i situ hybridization analysis revealed that
Nkx2-5 and Nkx2-6 are expressed in localized regions of the third
pouch. At E9 days (20-23 somites) Nkx2-5 is expressed on the
ventral side of the forming third pharyngeal pouch endoderm
(Figure 1A). In contrast, Nkx2-6 is expressed in a much wider
region covering a majority of the 3 pouch and its surrounding
mesenchyme (Figure 1B). At E10 (30-33 somites), MNkx2-5
transcripts become restricted to the ventral tip of the 3rd pouch
while Nkx2-6 expressing region extends more dorsally and laterally
in the 3™ pouch endoderm (Figure 1G, H and Figure 2A, B). The
3D reconstructions of sections from E10 embryos show that the
Nkx2-5 domain corresponds to a proximal ventral region that is
about one third of the 3rd pouch endoderm and the Nkx2-6
domain covers almost three fourths of the pouch and is localized in
the ventral portion of the pouch (Figure 3D, E). The 3D
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Figure 1. Expression of Nkx2-5, Nkx2-6, Is/1, Gata3, Foxg1and Sox2in the pharyngeal region at E9.5 (20-23 somites) and E10.5 (30-33
somites) as detected by whole-mount /in situ hybridization. (A-F) Nkx2-5, Nkx2-6, Is/1, and Gata3 are expressed in the developing 3d pouch at
E9.5. (G-L) At E10.5, Nkx2-5, Nkx2-6, Isl1, Gata3 and Foxg1 are expressed in the ventral portion of the 3d pouch endoderm while Sox2 is expressed in
the dorsal portion of the 3™ pouch. Arrowheads indicate the 3™ pharyngeal pouch.

doi:10.1371/journal.pone.0026795.g001

reconstructions of the expression patterns revealed that the Mw2-5
expression domain is likely to be a subset of the Nkx2-6 domain.

Islet 1 (IsIT) and Gata3 are also expressed in localized
domains of the ventral 3™ pouch

Previous studies have detected Is/ expression in foregut
endoderm and Gata3 expression in the pharyngeal pouches
[28,29,30]. Is/I expression has been well characterized in other
endoderm derived organs such as the lung and pancreas but its
expression in the pharyngeal endoderm has not been reported.
Genetic studies have shown that Is/] expression is necessary for
normal pharyngeal endoderm development [29]. In the case of
Gata3 very limited data (a single section) indicated that it is
expressed in the thymus domain of the E10-E10.5 (30-35 somites)
3rd pouch [28]. In humans, mutations in Gata3 are associated with
a syndrome of hypoparathyroidism, sensorineural deafness and
renal disease [31]. These genetic data provide additional support
for a role for Gata3 in development of 3™ pouch derivatives.

Our analysis showed a complex pattern of expression for Isi/
during pharyngeal pouch development. At the 20-23 somite stage,
Isl] is expressed in the cells on the ventral side of the developing
second and third pharyngeal pouches but on the dorsal portion of
the first pouch (Figure 1C). The Is/I expression pattern in the 3rd
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pouch at this stage closely resembles that of Mkx2-5 (Figure 1A, C).
By the 30-33 somite stage, Is/I expression becomes clearly
localized to the ventral posterior portion of both the 2™ and 3™
pouch but only a small dorsal part of the 1* pouch. It is also
expressed in the newly formed 4™ pouch (Figures 11, 2C). By both
section and 3D reconstruction comparisons, Is/] expression seems
to largely overlap with Mix2-6 in the third pouch but with less
expression on the anterior side and more on the posterior side of
the third pouch. In contrast, Nix2-6 seems to be evenly expressed
on both anterior and posterior sides of the third pouch,
symmetrically labeling the whole ventral distal part of the third
pouch at this stage (Figure 3E, F). Isll is also expressed in the
ectoderm proximate to the 3™ and 4™ pouch endoderm.

We detected Gata3 expression in the cells of the ventral end of
the forming 3™ pharyngeal pouch at 20-23 somites (Figure 1D).
This expression is similar to that of Nkx2-5 and Isi/ but extends
more caudally. By 30-33 somites, its pharyngeal endoderm
expression becomes specific to the ventral part of the 3™ and 4™
pouch also mimicking that of Mx2-5 and Isi] (Figure 1G, I, J and
Figure 2D). However, the Gata3 expression domain covers a wider
portion of the pouch endoderm than the MNwx2-5 domain
(Figure 3D, G). Gata3 is also expressed in the arch mesenchyme
ventral to the pharyngeal pouches.
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Figure 2. Regionalized expression patterns of Nkx2-5, Nkx2-6, Is/1, Gata3, FoxgTand Sox2in the 3rd pharyngeal pouch at E10.5 (30-33
somites). Parasagittal sections (10-14 um) of embryos that were hybridized to the indicated probes are shown. Anterior is up and dorsal is left.
Arrowheads indicate the 3rd pharyngeal pouch. All of the genes are expressed in the ventral 3" pouch except for Sox2 (F). Scale bar represents

100 um.
doi:10.1371/journal.pone.0026795.g002

Foxg1 is expressed in two discrete regions of the
developing third pharyngeal pouch endoderm

Foxgl expression and function have been extremely well
characterized in the CNS, where it is necessary for normal
telencephalic development [32]. However, Foxg/ expression in
other tissues has not been examined in detail. Previous studies
have shown that a knockin allele of Foxg!, designed to express Cre
recombinase from Foxgl/ regulatory sequences, expresses Cre
activity in the pharyngeal pouches [13,33,34]. An examination of
in situ hybridization data in the Emage database confirmed RNA

expression in the pharyngeal region. These results led us to
examine Foxgl expression in the 3rd pharyngeal pouch in much
greater detail.

We found that Foxgl is expressed in two domains of the 3rd
pharyngeal pouch endoderm after pouch formation and prior to
Foxnl activation. At 20-23 somites Foxg!l mRNA is expressed in
the foregut endoderm but is not detected in the forming 3" pouch
(Figure 1E). As the 3™ pouch grows (30-33 somites), Foxgl
expression is detected at the ventral tip of the 3™ pouch endoderm
(Figure 1K). On sections of embryos at 30-33 somites hybridized

Gata3 Foxg1

Figure 3. 3D reconstructions of the 3™ pouch reveal differentially regionalized expression patterns of Nkx2-5, Nkx2-6, Isl1, Gata3,
Foxg1 and Sox2 at E10.5 days. (A-C) Expression pattern of Gcm2 in the third pouch at E 10.5. Whole mount (A) and parasagittal sections (B) of
E10.5 embryos hybridized with a Gem2 probe. (C) A left third pouch was reconstructed showing Gcm2 expression in red. (D-1) 3D reconstructions of
the left 3" pouch showing the expression of each gene in blue. Orientation of the reconstructed pouch is shown in (D). D, dorsal; V, ventral; A,
anterior; P, posterior; L, lateral; M, medial. Scale bar represents 100 um.

doi:10.1371/journal.pone.0026795.g003
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to the Foxgl probe, we found two discrete regions of Foxgl
expression in the 3 pouch endoderm, one on the ventral side of
the pouch and another at the dorsal but proximal corner of the
pouch (Figure 2E). Also, 3D reconstructions show that the Foxg/
expression region on the ventral side of the 3™ pouch is mostly
overlapping with that of Mx2-5, while the dorsal domain is similar
to the Sox2 domain but is distinct from the Gem2 domain

(Figure 3H).

Sox2 is expressed in a novel subdomain of the 3rd
pharyngeal pouch

Previously published data provided the rationale for examining
the expression of Sox2 in the 3rd pharyngeal pouch. It has been
shown that Sox2 is expressed in the foregut endoderm at E9.0 and
there is very limited immunofluorescence data indicating that Sox2
protein is expressed in the pharyngeal endoderm including
pharyngeal pouch endoderm at E9.5 [35,36]. However, no
detailed information about Sox2 expression in the 3** pouch is
available. In addition, direct interactions between the Sox2 and
Eyal proteins have been reported recently [37] and Eyal function
is known to be required for normal third pouch development [12],
further supporting the need to carefully document the expression
pattern of Sox2 in the 3rd pouch.

Our analysis revealed a dynamic pattern of Sox2 expression in
the pharyngeal pouch. At 20-23 somites Sox2 is only expressed in
the first two pouches, but not in the forming third pouch
endoderm (Figure 1F). By 30-33 somites Sox2 expression is
detected throughout the endoderm of pharyngeal pouches 1, 2 and
4 and in the dorsal 3™ pharyngeal pouch, but is excluded from the
ventral part of the third pharyngeal pouch (Figure 1L, 2F). This
novel subdomain of Sox2 expression in the 3" pouch partially
overlaps with the Gem2 expression pattern but most of the Sox2
transcripts are detected in a more proximal and posterior portion
of the pouch (Figure 3I). We also performed i situ hybridizations
with a Sox3 probe, but we did not detect Sox3 expression in the
3" pouch from E9-E10.5 (data not shown).

Localized expression of Foxg1 and Is/T within the thymus/
parathyroid primordium at E11.5

The expression of Nkx2-5, Nkx2-6, Isl1, Gata3 and Foxgl in the
ventral portion of the third pharyngeal pouch suggested that these
factors might be expressed in the thymic epithelial cells at later
stages. To test this idea we examined the expression of these 5
transcription factors in E11.5 wild type embryos. In the E11.5

Foxg1 and Is/T Expression in Thymic Epithelium

third pouch endoderm, the thymus domain can be identified by
the expression of Foxnl in the ventral posterior portion of the
pouch, complimentary to the parathyroid domain which is marked
by Gem?2 expression [2].

Our i situ hybridization analysis showed that Nkx2-5, Nex2-6
and Gata3 are not expressed within the thymus domain of the third
pouch at E11.5. In fact, at this stage Nw2-5 and NMwx2-6 are no
longer expressed in any of the pharyngeal pouches (Figure 4B,F
and data not shown). In the case of Gata3 we observed a very
dynamic expression pattern in the third pouch endoderm.
Although Gaia3 is expressed in a ventral domain of the 3" pouch
at E10.5, we found that it becomes expressed within the dorsal
parathyroid domain that is marked by Gem?2 expression at E11.5
[15].

In contrast, Is// and Foxgl expression at E11.5 are each
restricted to the thymus domain of the third pouch endoderm
(Figure 4C, D, G, H). Strikingly, their expression in other
pharyngeal endoderm structures is down-regulated by this time
leading to localized expression within the thymus domain of the
3rd pouch (Figure 4C, D). Although Foxgl expression is still
present in part of the second pouch at E11.5, the second pouch
degenerates later in development and does not contribute to any
organs or structures in rodents [38]. Is// expression in the
pharyngeal endoderm was found to be exclusively restricted to the
thymus domain of the third pouch. Our results strongly suggest
that Is/7 and Foxgl are expressed in the early thymus domain of the
pouch prior to Foxnl expression. Currently, the functional
significance of the differential but overlapping expression of Is//
and Foxgl at E10.5 is not clear.

IslT and Foxg1 continue to be expressed in TECs through
late fetal and postnatal differentiation

To test whether Is/] and Foxgl are expressed in late fetal and
postnatal thymic epithelial cells we performed double immuno-
fluorescent antibody staining to detect FOXG1 or ISL1 protein
co-expression with FOXNT in wild type E16.5 embryos and in 2
and 4 week old postnatal thymus. Our results have revealed
molecular heterogeneity in the expression of these developmental
regulatory factors in TECs after the onset of Foxnl expression.

In sections of E16.5 fetal thymus, ISL1 expression was detected
in all FOXNI1-expressing thymic epithelial cells (Figure 5A-D and
data not shown). Intriguingly we also detected ISL1 positive nuclei
that exhibited no or very low levels of FOXNI expression
(Figure 5E-H). To confirm that these ISL1T FOXN1~ cells were

Figure 4. Continued expression of /s/7and FoxgT in the ventral third pouch endoderm/thymus rudiment at E11.5. Parasagittal sections
of E11.5 embryos hybridized with Foxn1 (A, E), Nkx2-5 (B, F), IsIT (C, G) and Foxg1 (D, H) probes. Ventral is on the left and anterior is up. Arrow heads in
A-D indicate the third pouch. Scale bar represents 500 (A-D) and 100 um (E-H).

doi:10.1371/journal.pone.0026795.g004

@ PLoS ONE | www.plosone.org

November 2011 | Volume 6 | Issue 11 | e26795



Foxg1 and Is/T Expression in Thymic Epithelium

Figure 5. ISL1 and FOXG1 protein expression in the fetal thymus. Paraffin embedded or frozen transverse sections from E16.5 embryos
stained with anti-ISL1, FOXN1 and KRT5 (K5, Keratin 5) antibodies (A-H), or anti-FOXG1, FOXN1 and Pan-cytokeratin antibodies (I-L). Arrows indicate
ISL1 and KRT5 positive but FOXN1 negative cells. No signal was seen in no-primary controls for all antibodies. Scale bars represent 100 um in A-D, I-L

and 50 um in E-H.
doi:10.1371/journal.pone.0026795.g005

TECs, we co-stained the sections with an antibody to keratin 5
(KRT9) protein, which has been shown to be expressed in
medullary thymic epithelial cells and in a subset of the cortical
epithelial cells at late fetal and postnatal stages [39]. This analysis
showed that the ISL1 positive but FOXN1-negative/low cells were
clearly positive for KR'T'S, indicating they were TECs (Figure 5E—
H). FOXNl-negative TECs have been described in previous
studies [40,41]. One study reported that about 20% of TECs do
not express detectable FOXN]1 protein as early as E13 with a
similar number of FOXN1 negative TECs at E16 [40]. However,
our results suggest that at E16.5 FOXN1-negative/low epithelial
cells are quite rare.

In contrast, we found that FOXG1 expression in E16.5 thymus
completely co-localizes with FOXNT1 in TECs (Figure 5I-L). The
antibody we used detected FOXG1 expression in the developing
telencephalon and thymus in wild type embryos but resulted in no
staining in the no-primary antibody control sections or tissues from
a Foxgl null embryo (data not shown) [33]. Unfortunately, due to
the fundamental differences in the staining procedures used for the
ISL1 and FOXGI1 antibodies, we were unable to perform co-
localization of FOXGI1 and ISL1 on the same thymus sections.

In 2 and 4 week postnatal thymus, ISL1 and FOXGI continue
to be broadly expressed in most, if not all thymic epithelial cells
(Figure 6A-D and data not shown). In contrast to E16.5, ISL1-
positive but FOXN1-negative or low thymic epithelial cells are
present at a much higher frequency at postnatal stages, and are
almost exclusively found in the medulla as revealed by co-
localization of KRT-5 and ISL1 staining (Figure 6E-H). This is
consistent with the postnatal down-regulation of FOXNI in the
TEGCs [42]. Also, we see differential expression levels of FOXGI
and FOXNI in the medullary region (Figure 61-L). Our results
are consistent with previous reports that Foxn/ transcript and
protein expression are at various levels in medullary thymic
epithelial cells [43]. In addition, FOXN1"¢"; ISL1""; FOXG1™"
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TECs and FOXN1"¢" ISL1"8" FOXG1™#" TECs were widely
present at these stages (Figure 6).

Discussion

Our focused i situ hybridization screen has revealed several
transcription factors with novel localized expression patterns in the
3" pharyngeal pouch endoderm prior to activation of Foxnl
expression. Our analysis documented localized expression of
Foxgl, Isl1, Gata3, Nkx2-5, Nkx2-6 and Sox2 in the third pouch prior
to the activation of Foxnl at approximately E11.25. In addition, we
have shown that two of these factors, Is// and Foxgl, continue to be
expressed in E11.5 thymus primordium as well as in later fetal and
postnatal TECs. Each of these transcription factors is known to
have important functions in the patterning, development, and
differentiation of other cell types and organs. In addition, most of
the genes we examined are expressed in the thymus domain of the
pouch prior to the activation of Foxnl. Our results suggest that
these genes are excellent candidates for future genetic studies of
their role in pouch specification, differentiation and survival and in
early thymus organogenesis. In fact, we have recently reported
that Gata3 is required for the survival of the third pharyngeal
pouch cells after E12.5 [15]. Another intriguing possibility is that
the transcription factors we have studied may be involved in the
appropriate activation of Foxnl expression within the thymus
domain of the third pouch and/or the continued expression of
Foxnl in the differentiating TECs.

Other groups have carried out large-scale screens to search for
genes involved in thymic development
[44,45,46]. One study focused on stromal gene expression in the
thymus in 4-8 week old mice [44]. This extensive study identified
a number of genes as being expressed primarily in adult thymic
stroma. Of particular interest, Is// and Foxg! were found as highly
expressed adult stromal transcription factors by this analysis.

microenvironment
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Figure 6. ISL1 and FOXG1 expression in postnatal thymus. Paraffin or frozen sections from 2-4 week old thymus stained with anti-ISL1,
FOXN1 and KRT5 antibodies (A-H), and anti-FOXG1 and FOXN1 antibodies and the UEA1 lectin (I-L). Note the presence of ISL1 and KRT5 positive but
FOXN1 negative cells indicated by arrows. Scale bars represent 100 um in A-D, I-L and 50 pum in E-H.

doi:10.1371/journal.pone.0026795.g006

However this study did not examine gene expression at fetal or
carly postnatal stages, the developmental times we focused on for
our analysis. Another study used i situ hybridization to examine
the expression of several transcription factor families starting at
E15.5 days. This study reported that Foxgl expression was not
detectable at E15.5 but was expressed at postnatal days 0 and 30.
These authors reported expression of Is// at E15.5, PO and P30 but
at very low levels. Unlike our analysis, the authors of this study did
not examine gene expression in the early fetal stages, prior to the
onset of TEC-thymocyte crosstalk [39] and during the earliest
stages of TEC differentiation. Also, they also did not define the cell
type in which Foxgl and Is/I were expressed [46]. A third gene
expression screen focused on identifying genes preferentially
expressed in the 3rd pharyngeal pouch versus 2nd pharyngeal
arch [45]. This screen identified three 3rd pouch specific
transcription factors, Paxl, Gem2 and Mafb. Since Paxl and Gem?2
already had well-established roles in 3rd pouch development the
authors focused on Mafd and have shown that it is expressed in
thymic mesenchyme and that it plays a role in normal thymus
development [45].

Our work has revealed previously unknown complex and
dynamic gene expression patterns of Foxgl, Isll, Gata3, Nkx2-),
Nkx2-6 and Sox2 within the 3™ pharyngeal pouch from E9-E10.5.
This degree of complexity is surprising because at this time the
pouch is simply being subdivided into the thymus and parathyroid
domains [2]. One possibility is that the early expression patterns
reflect the specification of different thymic epithelial cell sub-
lineages prior to Foxnl expression. Consistent with this possibility,
it has been reported recently that a subpopulation of Ep-CAM*
CD31° PDGFRo TECs may be derived from an Nkx2-5
expressing lineage [26].

It is also possible that some of the factors we have characterized
are involved in Foxn/ independent genetic pathways of TEC
differentiation. Although Foxnl is necessary for the progression of
TEC differentiation after E11.5, some aspects of TEC differen-
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tiation initiate in Foxn/ mutants. An excellent example of a Foxn/
independent aspect of TEC differentiation is the activation and
fetal expression of IL 7 in Foxnl—/— TECs [47]. In wild type
embryos IL7 expression is activated between E10.5 and E11.5
[47]. It is exclusively expressed in the 3rd pharyngeal pouch and is
restricted to the thymus domain of the pouch [47]. IL7 plays a
crucial role in thymocyte proliferation with IL7—/— individuals
exhibiting greatly reduced thymocyte cell numbers at fetal and
postnatal stages [48,49]. Overall these results indicate that IL7
activation and expression is a crucial part of TEC differentiation
but that /L7 expression does not require Foxn/ function.

In addition, our analysis has demonstrated that Is// and Foxgl
are expressed in developing thymic epithelial cells through out
thymus ontogeny. Is// is expressed in the ventral third pouch
endoderm as early as E9.5, while Foxg/ can be detected in a
smaller domain of the ventral third pouch endoderm at E10.5. By
the time Foxnl expression is detectable, Foxg! and Is/] expression is
localized within the thymus domain of the pouch and they are
broadly co-expressed with Foxnl throughout fetal stages. Given
that Is// and Foxgl are expressed prior to Foxnl activation we infer
that Foxnl activity is not required for the activation of these two
factors. Therefore, Isll and Foxgl are good candidates for
regulators of TEC differentiation pathways that are upstream or
independent of Foxnl function.

A previous study has suggested that at postnatal stages TECs
can remain in a functional and differentiated state without the
expression of Foxnl [40]. The Foxnl- postnatal TECs are derived
from Foxnl+ cells but continue to express CCL25 and DLL4 [41].
In this context it is intriguing that we detected ISL1 protein
expression within many cells in the FOXN1~ medullary TEC
population. This suggests that ISL1 may be involved in regulating
the survival or function of these FOXNI  medullary TECs. Our
data suggest a novel heterogeneity in the expression of
developmental transcriptional regulators among the postnatal
medullary epithelial cells.
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Materials and Methods

Whole-mount in situ hybridization and post hybridization
sectioning

All work with mice conformed to the stipulations of the
University of Georgia Institutional Animal Care and Use
Committee. All of the work with mice in this study was reviewed
and approved by the University of Georgia Institutional Animal
Care and Use Committee. Swiss-Webster (T'aconic) embryos were
dissected in DEPC-PBST (DEPC treated phosphate buffered
saline and 0.1% Tween 20) and somite number was determined.
Embryos within a narrow range of somite stages were pooled in
groups of 3-5 for processing. Therefore, we refer to individual
embryos as being within a range of somite numbers since we
cannot accurately count somites after the  situ hybridization.
After fixation in 4% Paraformaldehyde at 4 C overnight, embryos
underwent washes in PBST, 25%, 50% and 75% methanol in
PBST and 100% methanol. Embryos then were stored in —20°C.
The whole-mount i situ hybridizations were performed as
previously described [9,50]. After hybridization, the embryos
were re-fixed in 4% PFA overnight, dehydrated in methanol and
processed for paraffin embedding. 10 to 14 um parasagittal
sections were cut and counterstained with nuclear fast red (Sigma).

Digoxygenin (DIG)-labeled antisense RNA probes were syn-
thesized using standard procedures. All probe templates were
generated by PCR reactions using either mouse genomic DNA or
cDNA clones as templates. In all cases, probe templates were
carefully designed to not include highly conserved sequences to
eliminate the possibility of cross hybridization. In the following
primer sequences the lower case letters indicate the phage
promoters. For Nkx2-5, a cDNA plasmid clone was generated by
RT-PCR using Ell-day mouse total RNA (Clontech). Primers
were NMx2-5-3-F: CTACG GCGTG GGTCT CAATG C and
Nex2-5-3-R: GCGTT AGCGC ACTCA CTTTA ATGG. The
transcription template was generated by PCR using the SP6 and
T7 promoter primers and using our Nkx2-5 plasmid cDNA as
template. The Nkx2-6 probe template was amplified from mouse
genomic DNA using primers: T7-Nkx2-6-F: taata cgact cacta tagg
ACTGGTACTGGACGGCAAGC and SP6-Nkx2-6-R:  attta
ggtga cacta taga GCACAGCATCTACGTGGCTA. Isil probe
template was generated by PCR from an MGC ¢cDNA (accession
BC132263) using primers: Is//F-T7: taata cgact cacta taggl
CATCC GAGTG TGGTT TCAA and Is/IR-SP6: attta ggtga
cacta tagal GAATG TTCCT CATGC CTCA. Foxgl probe
template was generated by PCR from an MGC cDNA (accession
BC046958) wusing primers: FoxglF: AGTTACAACGGGAC-
CACGTC and FoxgIR-T3: aatta accct cacta aagg CGCCCT
GATTT TGATG TGTGA. The Sox2 probe template was
generated by PCR using mouse genomic DNA and primers:
Sox2-F: GCCCA TGAAC GCCTT CATGG and T3-Sox2-R:
aatta accct cacta aagg C ATGCT GATCA TGTCC CGGA. The
Gata3 probe template was described previously [15]. The Gata3
the transcription template was generated from the cDNA clone
using SP6 and T7 primers.

Three-dimensional reconstructions of histological
sections

Comparisons of pouch morphology in 3D reconstructions from
different embryos showed that pouch morphology is comparable
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between different embryos of the similar somite stage (data not
shown). This similarity allowed us to make comparisons between
reconstructions of different gene expression patterns. Digital
images of serial sagittal paraffin sections from a single embryo
were assembled into a three-dimensional (3D) image using the
WinSurt 4.3 software. The gene expression positive areas and the
third pharyngeal pouch endoderm were traced as separate objects.

Immunofluorescence analysis of transcription factor

expression

Dissected embryos or postnatal thymus tissue were treated
differently for ISL1 and FOXGI antibody staining. For ISLI
staining, £16.5 embryos were fixed in 4% PFA for 4 hours or
postnatal thymus for 1.5 hr on ice. Fixed embryos or tissue were
then washed three times in PBS and dehydrated through methanol
series and embedded into paraffin blocks. 8 um sections were cut
on a Leica RM2155 microtome and de-waxed and rehydrated
into water. Antigen retrieval was done by boiling the slides in AR
buffer (10 mM NasCitrate pH 6, 0.05% Tween20) for 30 min-
utes. After cooling down, slides were washed once with 0.05%
PBST (0.05% Triton X-100) and blocked in 10% serum in PBST
at room temperature for at least 30 minutes. Primary antibodies
were mixed in 1% serum/PBST and incubated at 4°C overnight.
After 3 PBST washes, secondary antibodies diluted in PBST were
added and incubated at room temperature for 30 minutes. Slides
were then washed and mounted in FluoroGel (EMS). Images were
acquired using a Zeiss LSM510 META confocal imaging system.

For FOXGI staining, E16.5 embryos were fixed in 4% PFA for
45 minute or postnatal thymus for 20 minutes on ice. Fixed
embryos or tissue were then washed three times in PBS, then once
in 5% sucrose/PBS and once in 15% sucrose/PBS before
embedded and frozen in OCT compound (Sakura Tissue-Tek).
10 um frozen sections were then cut on a Leica CM3050 S
cryostat. The sections were blocked and incubated with primary
and secondary antibodies as described for ISL1 staining.

The mouse anti-ISL. monoclonal antibody was from the
Developmental Studies Hybridoma Bank (clone#: 39.4D5,
1:100). This ISL1 monoclonal was developed by Dr. Thomas
Jessell and has a long track record of use in mice [51,52,53,54,55].
The other antibodies used in this work include rabbit anti-FOXG1
(Abcam, Cat#: ab18259, 1:50) [56,57,58,59], goat anti-Foxnl
(Santa Cruz, G-20, 1:200) [43], mouse anti-pan cytokeratin
(Sigma, Cat#: C2931, 1:800), rabbit anti-Keratin 5 (Covance,
Cat#: PRB-160P, 1:1000). Secondary antibodies were purchased

from Invitrogen or Jackson Immunoresearch.

Acknowledgments

The 39.4D5 anti-ISL1 monoclonal antibody developed by Dr. Thomas
Jessell was obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by The
University of lowa, Department of Biology, Iowa City, IA 52242,

Author Contributions

Analyzed the data: BGC QW. Wrote the paper: BGC QW. Conceived the
study: BGW. Designed the experiments: BGC QW. Performed the data
and text mining: BGC QW. Performed the gene expression analysis
experiments: QW. Developed and generated all of the reagents and
materials used in the study: QW.

2. Gordon J, Bennett AR, Blackburn CC, Manley NR (2001) Gem2 and Foxnl
mark early parathyroid- and thymus-specific domains in the developing third
pharyngeal pouch. Mech Dev 103: 141-143.

November 2011 | Volume 6 | Issue 11 | e26795



&

20.

23.

24.

29.

30.

. Gordon J, Wilson VA, Blair NF, Sheridan J, Farley A, et al. (2004) Functional

evidence for a single endodermal origin for the thymic epithelium. Nat Immunol
5: 546-553.

. Manley NR, Selleri L, Brendolan A, Gordon J, Cleary ML (2004) Abnormalities

of caudal pharyngeal pouch development in Pbx1 knockout mice mimic loss of
Hox3 paralogs. Dev Biol 276: 301-312.

. Laclef C, Souil E, Demignon J, Maire P (2003) Thymus, kidney and craniofacial

abnormalities in Six | deficient mice. Mech Dev 120: 669-679.

. Ohnemus S, Kanzler B, Jerome-Majewska LA, Papaioannou VE, Boehm T,

et al. (2002) Aortic arch and pharyngeal phenotype in the absence of BMP-
dependent neural crest in the mouse. Mech Dev 119: 127-135.

. XuPX, Zheng W, Laclef C, Maire P, Maas RL, et al. (2002) Eyal is required for

the morphogenesis of mammalian thymus, parathyroid and thyroid. Develop-
ment 129: 3033-3044.

. Dupe V, Ghyselinck NB, Wendling O, Chambon P, Mark M (1999) Key roles of

retinoic acid receptors alpha and beta in the patterning of the caudal hindbrain,
pharyngeal arches and otocyst in the mouse. Development 126: 5051-5059.

. Manley NR, Capecchi MR (1995) The role of Hoxa-3 in mouse thymus and

thyroid development. Development 121: 1989-2003.

. Zhang Z, Cerrato F, Xu H, Vitelli F, Morishima M, et al. (2005) Thxl

expression in pharyngeal epithelia is necessary for pharyngeal arch artery
development. Development 132: 5307-5315.

. Kist R, Greally E, Peters H (2007) Derivation of a mouse model for conditional

inactivation of Pax9. Genesis 45: 460-464.

. Zou D, Silvius D, Davenport J, Grifone R, Maire P, et al. (2006) Patterning of

the third pharyngeal pouch into thymus/parathyroid by Six and Eyal. Dev Biol
293: 499-512.

. Arnold JS, Werling U, Braunstein EM, Liao J, Nowotschin S, et al. (2006)

Inactivation of Thxl in the pharyngeal endoderm results in 22q11DS
malformations. Development 133: 977-987.

. Peters H, Neubuser A, Kratochwil K, Balling R (1998) Pax9-deficient mice lack

pharyngeal pouch derivatives and teeth and exhibit craniofacial and limb
abnormalities. Genes Dev 12: 2735-2747.

. Grigorieva IV, Mirczuk S, Gaynor KU, Nesbit MA, Grigorieva EF, et al. (2010)

Gata3-deficient mice develop parathyroid abnormalities due to dysregulation of
the parathyroid-specific transcription factor Gem2. J Clin Invest 120:
2144-2155.
Smith CM, Finger JH, Hayamizu TF, McCright IJ, Eppig JT, et al. (2007) The
mouse Gene Expression Database (GXD): 2007 update. Nucleic Acids Res 35:
D618-623.

. Visel A, Thaller C, Eichele G (2004) GenePaint.org: an atlas of gene expression

patterns in the mouse embryo. Nucleic Acids Res 32: D552-556.

. Richardson L, Venkataraman S, Stevenson P, Yang Y, Burton N, et al. (2010)

EMAGLE mouse embryo spatial gene expression database: 2010 update. Nucleic
Acids Res 38: D703-709.

. Diez-Roux G, Banfi S, Sultan M, Geffers L, Anand S, et al. (2011) A high-

resolution anatomical atlas of the transcriptome in the mouse embryo. PLoS Biol
9: €1000582.

Urbanski WM, Condie BG (2009) Textpresso site-specific recombinases: A text-
mining server for the recombinase literature including Cre mice and conditional
alleles. Genesis 47: 842-846.

. Finger JH, Smith CM, Hayamizu TF, McCright 1], Eppig JT, et al. (2011) The

mouse Gene Expression Database (GXD): 2011 update. Nucleic Acids Res 39:
D835-841.

. Nikolova M, Chen X, Lufkin T (1997) Nkx2.6 expression is transiently and

specifically restricted to the branchial region of pharyngeal-stage mouse
embryos. Mech Dev 69: 215-218.

Biben C, Hatzistavrou T, Harvey RP (1998) Expression of NK-2 class
homeobox gene Nkx2-6 in foregut endoderm and heart. Mech Dev 73:
125-127.

Tanaka M, Yamasaki N, Izumo S (2000) Phenotypic characterization of the
murine Nkx2.6 homeobox gene by gene targeting. Mol Cell Biol 20: 2874-2879.

. Parmar H, Coletta PL, Faruque N, Sharpe PT (2001) An enhancer sequence

directs LacZ expression to developing pharyngeal endoderm in transgenic mice.
Genesis 31: 57-63.

Hidaka K, Nitta T, Sugawa R, Shirai M, Schwartz R]J, et al. (2010)
Differentiation of pharyngeal endoderm from mouse embryonic stem cell. Stem
Cells Dev 19: 1735-1743.

. Tanaka M, Schinke M, Liao HS, Yamasaki N, Izumo S (2001) Nkx2.5 and

Nkx2.6, homologs of Drosophila tinman, are required for development of the
pharynx. Mol Cell Biol 21: 4391-4398.

. Manaia A, Lemarchandel V, Klaine M, Max-Audit I, Romeo P, et al. (2000)

Lmo2 and GATA-3 associated expression in intraembryonic hemogenic sites.
Development 127: 643-653.

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, et al. (2003) Isl1 identifies a cardiac
progenitor population that proliferates prior to differentiation and contributes a
majority of cells to the heart. Dev Cell 5: 877-889.

Sun Y, Liang X, Najafi N, Cass M, Lin L, et al. (2007) Islet 1 is expressed in
distinct cardiovascular lineages, including pacemaker and coronary vascular

cells. Dev Biol 304: 286-296.

@ PLoS ONE | www.plosone.org

31.

32.

33.

34.

36.

37.

40.

41.

42.

43.

44.

46.

47.

48.

49.

51.

52.

53.

54.

56.

57.

58.

Foxg1 and Is/T Expression in Thymic Epithelium

Van Esch H, Groenen P, Nesbit MA, Schuffenhauer S, Lichtner P, et al. (2000)
GATAS3 haplo-insufficiency causes human HDR syndrome. Nature 406:
419-422.

Hebert JM, Fishell G (2008) The genetics of early telencephalon patterning:
some assembly required. Nat Rev Neurosci 9: 678-685.

Hebert JM, McConnell SK (2000) Targeting of cre to the Foxgl (BF-1) locus
mediates loxP recombination in the telencephalon and other developing head
structures. Dev Biol 222: 296-306.

Gordon J, Patel SR, Mishina Y, Manley NR (2010) Evidence for an early role
for BMP4 signaling in thymus and parathyroid morphogenesis. Dev Biol 339:
141-154.

. Wood HB, Episkopou V (1999) Comparative expression of the mouse Soxl,

Sox2 and Sox3 genes from pre-gastrulation to early somite stages. Mech Dev 86:
197-201.

Rizzoti K, Lovell-Badge R (2007) SOX3 activity during pharyngeal segmen-
tation is required for craniofacial morphogenesis. Development 134: 3437-3448.
Zou D, Erickson C, Kim EH, Jin D, Fritzsch B, et al. (2008) Eyal gene dosage
critically affects the development of sensory epithelia in the mammalian inner
ear. Hum Mol Genet 17: 3340-3356.

Grevellec A, Tucker AS (2010) The pharyngeal pouches and clefts:
Development, evolution, structure and derivatives. Semin Cell Dev Biol 21:

325-332.

. Klug DB, Carter C, Gimenez-Conti IB, Richie ER (2002) Cutting edge:

thymocyte-independent and thymocyte-dependent phases of epithelial pattern-
ing in the fetal thymus. J Immunol 169: 2842-2845.

Ttoi M, Tsukamoto N, Amagai T (2007) Expression of DIl4 and CCL25 in
Foxnl-negative epithelial cells in the post-natal thymus. Int Immunol 19:
127-132.

Corbeaux T, Hess I, Swann JB, Kanzler B, Haas-Assenbaum A, et al. (2010)
Thymopoiesis in mice depends on a Foxnl-positive thymic epithelial cell lineage.
Proc Natl Acad Sci U S A 107: 16613-16618.

Ortman CL, Dittmar KA, Witte PL, Le PT (2002) Molecular characterization of
the mouse involuted thymus: aberrations in expression of transcription
regulators in thymocyte and epithelial compartments. Int Immunol 14: 813-822.
Chen L, Xiao S, Manley NR (2009) Foxn]1 is required to maintain the postnatal
thymic microenvironment in a dosage-sensitive manner. Blood 113: 567-574.
Griffith AV, Fallahi M, Nakase H, Gosink M, Young B, et al. (2009) Spatial
mapping of thymic stromal microenvironments reveals unique features
influencing T lymphoid differentiation. Immunity 31: 999-1009.

Sultana DA, Tomita S, Hamada M, Iwanaga Y, Kitahama Y, et al. (2009) Gene
expression profile of the third pharyngeal pouch reveals role of mesenchymal
MafB in embryonic thymus development. Blood 113: 2976-2987.

Chung YC, Tsai YJ, Shiu TY, Sun YY, Wang PF, et al. (2011) Screening large
numbers of expression patterns of transcription factors in late stages of the mouse
thymus. Gene Expr Patterns 11: 84-92.

Zamisch M, Moore-Scott B, Su DM, Lucas PJ, Manley N, et al. (2005)
Ontogeny and regulation of IL-7-expressing thymic epithelial cells. J Immunol
174: 60-67.

Baird AM, Lucas JA, Berg L] (2000) A profound deficiency in thymic progenitor
cells in mice lacking Jak3. J Immunol 165: 3680-3688.

von Freeden-Jeffry U, Vieira P, Lucian LA, McNeil T, Burdach SE, et al. (1995)
Lymphopenia in interleukin (IL)-7 gene-deleted mice identifies IL-7 as a
nonredundant cytokine. J Exp Med 181: 1519-1526.

. Wei Q, Manley NR, Condie BG (2011) Whole mount in situ hybridization of

E8.5 to E11.5 mouse embryos. J Vis Exp 10: e2797.

Georgia S, Soliz R, Li M, Zhang P, Bhushan A (2006) p57 and Hes] coordinate
cell cycle exit with self-renewal of pancreatic progenitors. Dev Biol 298: 22-31.
Takebayashi H, Nabeshima Y, Yoshida S, Chisaka O, Ikenaka K (2002) The
basic helix-loop-helix factor olig2 is essential for the development of motoneuron
and oligodendrocyte lineages. Curr Biol 12: 1157-1163.

Muroyama Y, Fujihara M, Ikeya M, Kondoh H, Takada S (2002) Wnt signaling
plays an essential role in neuronal specification of the dorsal spinal cord. Genes
Dev 16: 548-553.

Garces A, Haase G, Airaksinen MS, Livet J, Filippi P, et al. (2000) GFRalpha 1
is required for development of distinct subpopulations of motoneuron. J Neurosci
20: 4992-5000.

. Yamamoto Y, Henderson CE (1999) Patterns of programmed cell death in

populations of developing spinal motoneurons in chicken, mouse, and rat. Dev
Biol 214: 60-71.

Fotaki V, Price DJ, Mason JO (2011) Wnt/beta-catenin signaling is disrupted in
the extra-toes (Gli3(Xt/Xt) ) mutant from early stages of forebrain development,
concomitant with anterior neural plate patterning defects. J Comp Neurol 519:
1640-1657.

Yu T, Fotaki V, Mason JO, Price DJ (2009) Analysis of early ventral
telencephalic defects in mice lacking functional Gli3 protein. J Comp Neurol
512: 613-627.

Friedrichs M, Larralde O, Skutella T, Theil T (2008) Lamination of the cerebral
cortex is disturbed in Gli3 mutant mice. Dev Biol 318: 203-214.

. Regad T, Roth M, Bredenkamp N, Illing N, Papalopulu N (2007) The neural

progenitor-specifying activity of FoxG1 is antagonistically regulated by CKI and
FGF. Nat Cell Biol 9: 531-540.

November 2011 | Volume 6 | Issue 11 | e26795



