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Foxn1 maintains thymic epithelial cells to support
T-cell development via mecm2 in zebrafish
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The thymus is mainly comprised of thymic epithelial cells (TECs),
which form the unique thymic epithelial microenvironment essential
for intrathymic T-cell development. Foxn1, a member of the forkhead
transcription factor family, is required for establishing a functional
thymic rudiment. However, the molecular mechanisms underlying
the function of Foxn1 are still largely unclear. Here, we show that
Foxn1 functions in thymus development through Mcm2 in the
zebrafish. We demonstrate that, in foxn1 knockdown embryos,
the thymic rudiment is reduced and T-cell development is im-
paired. Genome-wide expression profiling shows that a number
of genes, including some known thymopoiesis genes, are dys-
regulated during the initiation of the thymus primordium and
immigration of T-cell progenitors to the thymus. Functional and
epistatic studies show that mcm2 and cdca7 are downstream of
Foxn1, and mecm2 is a direct target gene of Foxn1 in TECs. Finally,
we find that the thymus defects in foxn1 and mcm2 morphants
might be attributed to reduced cell proliferation rather than apo-
ptosis. Our results reveal that the foxn1-mcm2 axis plays a cen-
tral role in the genetic regulatory network controlling thymus
development in zebrafish.

he thymus is a central hematopoietic organ that produces ma-

ture T lymphocytes, one of the major players of the vertebrate
adaptive immune system (1). In vertebrates, including zebrafish and
mice, the thymus primordium is derived from the third pharyngeal
endodermal pouch and then differentiates into functional cortical
and medullary thymic epithelial cells (TECs) (1-4). TECs repre-
sent the primary functional cell type that forms the unique thymic
epithelial microenvironment supporting T-cell differentiation.
Therefore, the thymic epithelial microenvironment must be tightly
controlled by extrinsic signals and intrinsic factors to support
T-cell differentiation and maturation (5). Several signaling path-
ways and transcription factors have been demonstrated in thymus
and T-cell development during vertebrate embryogenesis (4, 6-10).

Foxnl, Forkhead box protein N1, a winged-helix forkhead
transcription factor, occupies a central position in the genetic
network(s) that establishes a functional thymic rudiment (9, 11, 12).
Foxnl1~/~ mice are athymic and hairless (9). Hypomorphic allele
studies have suggested that Foxn1 is required for TEC development
in both fetal and adult thymus in a dosage-dependent manner
(13, 14). Conversely, overexpression of foxnl can improve the
reduction in the populations of thymocytes and TECs in aged
mice, therefore delaying age-associated thymic involution (15).
The expression of zebrafish foxn! is initiated in the thymic pri-
mordium approximately 48 h after fertilization (hpf) and then
gradually increases with the immigration of T-cell progenitors
marked by ragl and ikaros (3, 4). Moreover, knockdown of the
expression of foxnl in zebrafish embryos using antisense morpho-
linos impairs T-cell development (16).

Despite the essential function of foxnl in the early develop-
ment of the thymus, there is limited understanding of its down-
stream targets and detailed regulatory mechanisms remain elusive.
For example, previous studies have shown that dl/4 and chemokine
ligand ccl25 might be directly regulated by Foxnl in mice and
medaka (16). Chemokine signaling pathways (ccl25/ccr9, cxcll2/
cxcrd) are thought to be important for attracting lymphoid pro-
genitors (17), whereas the Notch pathway (dll4/notchl) is required
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for the specification of lymphoid progenitors toward the T-cell
lineage (18, 19). However, other Foxnl-regulated downstream
target genes have not yet been reported.

To investigate the function of foxn! during the development of
thymus and T cells, we have used the zebrafish model to knock
down foxnl expression by using antisense morpholinos (MO).
Our data show that foxnl-deficient embryos display impaired
expression of T-cell markers, whereas the expression of early TEC
progenitor markers remains relatively unchanged. Expression pro-
filing and functional analysis demonstrate that, besides the pre-
viously reported downstream target genes (such as ccl25) in medaka
and mice, a unique foxnl-mcm?2 axis plays a pivotal role during
the development of TECs and T cells in zebrafish.

Results

T-Cell Development Is Impaired in Zebrafish foxn1 Morphants. Foxn1
has been demonstrated to be necessary in thymopoiesis in many
vertebrates (9, 11, 16). To study the role of zebrafish Foxnl,
antisense MOs (16) were used to knock down the expression of
foxnl in zebrafish embryos. Then, whole mount in situ hybrid-
ization (WISH) and Western blotting were carried out to check
the endogenous expression of zebrafish foxn! mRNA and the
encoded protein Foxnl. We found that both the levels of foxnl
mRNA and Foxnl protein were down-regulated in the zebrafish
embryos injected with 4 ng of foxn! MOs (Fig. 1 A4 and B). When
foxnl MOs were injected into a rag2:dsRed transgenic line at the
one cell stage, the numbers of the dsRed™ T cells were signif-
icantly decreased at 5 dpf (Fig. 1C). Compared with the control,
the expression of several T-cell markers including ragl, il7r, and
ikaros was remarkably decreased in the thymus of zebrafish foxnI
morphants at 4 dpf (Fig. 1D). Quantitative RT-PCR (qPCR) fur-
ther confirmed the WISH data (Fig. 1E). Moreover, when foxnl
was knocked down in a cmyb:GFP transgenic line, the population
of the GFP* T cells in the thymus was greatly reduced, whereas
the numbers of the GFP* hematopoietic progenitors in the pro-
nephros (the equivalent of bone marrow in mammals) and caudal
hematopoietic tissue (the equivalent of fetal liver in mammals) at
4 dpf were not changed in foxnI morphants (Fig. S14) (20). In
addition, a parathyroid marker, gcm2, was unchanged in foxnl
morphants (Fig. S1B). These results suggest a role for foxnl in
thymus, which is consistent with data in mice. Moreover, epcam,
and hoxa3a, appeared unchanged in foxn! morphants (Fig. S24).
These data are consistent with the observation that these genes
act earlier than foxnI during thymus development in mouse (5, 10).
Previous work showed that thymus homing was defective in zebra-
fish foxn1 morphants because of the down-regulation of chemokine/
chemokine receptors (16). Here, expression of chemokine and
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Fig. 1. T-cell development is impaired in zebrafish foxn7 morphants. (A and B) The endogenous expression level of foxnT transcript and the encoded protein
in zebrafish foxn1 morphants at 4 dpf detected by WISH (A) and Western blot (B). Ba, Western blot; Bb, Western blot results were quantified by using
Quantity 1 software. (C) The rag2:dsRed expression was abolished in foxn1 morphants at 5 dpf. (D) The expression of lymphocyte markers, including rag1, il7r,
and ikaros, was down-regulated in the thymus in zebrafish foxnT morphants. Anterior to the left and dorsal to the top; circles mark the thymus. () qRT-PCR
results showing that the expression of rag1, il7r, and ikaros is down-regulated in zebrafish foxnT morphants (mean + SD, t test, **P < 0.01, n = 3).

chemokine receptor was also examined. We found that the ex-
pression of ccr9b and ccl25a was both decreased in foxnl mor-
phants at 4 dpf (Fig. S2B). Taken together, knockdown of foxn1
expression impairs T-cell development in zebrafish embryos.

Expression of mecm2, cdca7, cbfb, and runx3 Is Specifically Down-
Regulated in the Thymus of Zebrafish foxn1 Morphants. Although
foxnl is pivotal in establishing a functional thymic rudiment, there
is limited understanding of its downstream targets. To further
study the molecular mechanism of foxn! in thymopoiesis, micro-
array experiments were carried out. Zebrafish thymus collected
at two stages, 2 dpf and 4 dpf, were analyzed because the thymic
anlage forms from the pharyngeal endoderm at 2 dpf and lym-
phopoiesis initiates after the expression of rag! at 4 dpf. According
to the microarray data, 310 genes were up-regulated, whereas
466 genes were down-regulated at 2 dpf, and 379 genes were
up-regulated, whereas 369 genes were down-regulated at 4 dpf
(Fig. S3 A4 and B). The expression of a list of selected genes was
further verified by RT-PCR and transverse sections after WISH
(Fig. S3 C and D). Among them, the expression of cbfb, cdca7,
mcm?2, and runx3 was specifically decreased in the thymus in
zebrafish foxnl morphants (Fig. 2B, circles mark the thymus area).
gPCR confirmed the decrease of these genes in thymus tissue at
4 dpf (Fig. 24). Furthermore, immunoblotting analysis indicated
that the protein levels of Cbfb, Cdca7, Mcm2, and Runx3 were
all decreased (Fig. 2C).

Minichromosome maintenance complex component 2 (Mcm?2)
is a key component of the prereplication complex and involved
in the initiation of eukaryotic genome replication (21, 22). Cell
division cycle associated 7 (Cdca7) is a c-Myc target gene, which
is expressed in adult thymus and small intestine (23, 24). Runx3
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and Cbfb have been reported to be expressed in mouse T lym-
phocytes (25, 26). The detailed expression pattern of these four
genes in zebrafish was examined by using WISH in cloche mu-
tant, which contains no blood including lymphoid cells, although
a few TEC:s still exist according to the expression of foxnl (Fig.
S4A4). Our results show that the absence of runx3 and reduced
cbfb expression was detected in the thymus, whereas cdca7 and
mcm?2 were still expressed in the thymus of the cloche mutant at
4 dpf (Fig. S44). Transverse sections of WISH embryos at 4 dpf
clearly demonstrated their expression in the thymus was reduced
in foxnl morphants compared with controls (Fig. S4B). To de-
termine whether these genes were also expressed in TECs and/or
T cells in mammals, we examined their expression in mouse thymus
tissue and TEC lines. By RT-PCR, expression of cdca7 and mcm?2
but not runx3 was detected in two mouse TEC lines, 4c18 and 1c6,
whereas all four genes were expressed in mouse thymus tissue
(Fig. S4C). Together, these results show that the four candidate
genes were specifically decreased in the thymus of zebrafish
foxnl morphants and cdca7 and mcem2 were expressed in TECs
in both zebrafish and mice.

T-Cell Development Is Impaired in Zebrafish mecm2 and cdca7
Morphants. To study the role of Mcm2 and Cdca7 in thymo-
poiesis and T-cell development, translation blocking MOs were
designed to knock down the expression of these genes in zebrafish
embryos. Western blotting analysis indicated that compared with
the control, the levels of Cdca7 and Mcm?2 were decreased in their
respective morphants injected with 4 ng of individual MOs (Fig.
34). gPCR and WISH showed that in mcm2 morphants at 4 dpf,
the expression of lymphoid progenitors and T-cell markers, in-
cluding ragl, ikaros, and il7r was greatly reduced in the thymus
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Fig. 2. Four genes are specifically decreased in the thymus in zebrafish foxn7 morphants. (A-C) The expression level of ¢bfB3, cdca7, mecm2, and runx3 in the
thymus in zebrafish foxnT morphants using qRT-PCR (A; mean + SD, Student’s t test, *P < 0.05, **P < 0.01, n = 3), WISH (B), and Western blot (C), respectively.
Ca, Western blot; Cb, Western blot results were quantified by using Quantity one software. Anterior to the left and dorsal to the top; circles mark the thymus.

(Fig. 3 B and C). However, the expression of TEC marker foxnl
was condensed at 4 dpf and was dramatically reduced in mcm?2
morphants at 5 dpf (Fig. 3C and Fig. S5B). Similarly, in cdca7
morphants at 4 dpf, expression of ragl, ikaros, and il7r was dra-
matically decreased in the thymus (Fig. 3 B and C), whereas the
expression patterns of foxnl were slightly decreased at 4 dpf and
greatly reduced at 5 dpf (Fig. 3C and Fig. S5B). Interestingly,
both the thymus expression of cbfb and runx3 was absent or
severely attenuated in mcm2- or cdca7 morphants (Fig. S54),
consistent with the impaired T-cell development in these two
morphants, and runx3 and cbfb could be used as T-cell markers in
zebrafish. To confirm the specificity of mcm2 and cdca7 atg MOs,
we designed second-splice MO for mcem2 and cdca7. RT-PCR
showed that endogenous wild-type transcript was reduced in mcm?2
splice MO injected embryos, whereas there was a new band in
the cdca7 splice MO injected embryos due to intron retention
(Fig. S5C). WISH showed that the expression of ragl and ikaros
was reduced in both mem2 and cdca7 splice MO injected embryos
similar to atg MO injected embryos (Fig. S5 C and D and Fig. 3C),
suggesting the T-cell defects were specific to the deficiency of
mem?2 or cdca7. Taken together, T-cell development is impaired
in zebrafish mcm?2 and cdca7 morphants.

Mcm2/Cdca7 Function Downstream of Foxn1 Controlling T-Cell
Development. To determine whether mcm2 and cdca7 act down-
stream of foxnl in controlling thymopoiesis and T-cell develop-
ment, we performed rescue experiments by overexpression of
individual or combined genes in foxnl morphants. The expression
of ragl and ikaros was modestly rescued in foxnl morphants by
overexpression of single individual genes (Fig. 4 A and B). How-
ever, overexpression of both mem2 and cdca7 mRNAs rescued the
expression of ikaros and ragl expression in foxnl morphants at
4 dpf (Fig. 4 A and B), suggesting that Mcm2 and Cdca7 may
work together in TECs. To demonstrate that the specific rescue
of the T-cell lineage was not due to the increased Foxn1 expression,
we examined endogenous Foxnl protein levels in embryos injected
with mecm?2 and cdca7 mRNA, individually or combinatorially
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(Fig. 4C). As shown by Western blotting, expression of Foxnl
was consistently decreased in the foxn! morphants without or
with ectopic expression of mcm2 and/or cdca7 (Fig. 4C), con-
firming that the specific rescue was due to the injected mRNAs.
The incomplete rescue of ikaros expression in foxn! morphants
(Fig. 4B) suggests that, besides mcm?2 and cdca7, there might be
other unidentified foxnl targets involved in Foxnl-dependent
thymus development (Fig. 4 A and B).
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Fig. 3. T-cell development is impaired in zebrafish cdca7 and mecm2 mor-
phants. (A) The protein expression of Cdca7 and Mcm2 in the zebrafish
cdca7 and mcm2 morphants detected by using Western blot. (B) The
expression of T-cell markers (rag1, il7r, and ikaros) in zebrafish cdca7 and
mcm2 morphants by qRT-PCR (mean + SD, Student'’s t test, **P < 0.01, n = 3).
(C) The expression of rag1, il7r, ikaros, and foxn1 in zebrafish cdca7 and
mcm2 morphants by WISH. Anterior to the left and dorsal to the up; circles
mark the thymus.
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Fig. 4. The expression of rag? and ikaros can be rescued in foxn1 mor-
phants coinjected with mRNAs. (A) The expression of rag? and ikaros in
foxn1 morphants coinjected with mRNAs using WISH. (B) The expression
of ikaros in foxn1 morphants coinjected with mRNAs using gRT-PCR (mean +
SD, n = 3). (C) The protein level of Foxn1 in foxn1 morphants coinjected
with mRNAs.

mcm2 Is a Direct Downstream Target of Foxn1. To examine whether
mcm?2 was a direct downstream target of Foxnl, we performed
chromosome immunoprecipatation (ChIP) assays. It was shown
that the fragments of the mcm2 promoter containing consensus
Foxn1 binding sites were significantly enriched in Foxnl binding
(Fig. 54). Furthermore, the ChIP assay was performed in foxnl
morphants to demonstrate that the specific enrichment of Foxn1
binding on the mcm?2 promoter was truly Foxnl dependent. It is
clear that Foxnl was significantly enriched in control but not in

foxnl morphants by qRT-PCR (Fig. 5B). Therefore, Foxnl can
directly bind to the promoter region of mcm2 in vivo.

To further demonstrate that the consensus Foxn1 binding sites
can functionally respond to foxnl expression, we generated mcm?2
promoter constructs with or without the conserved Fox binding
sites (Fig. 5C) and transfected them into the human embryonic
kidney cell line HEK293. As shown in Fig. 5C, luciferase activity
was increased in a dose-dependent manner when cotransfected
with pCDNA3.1(+)-foxnl and mcm2 promoter but not with a
truncated mcm2 promoter (mcm2p), suggesting that Foxnl can
promote mcm2 expression through the conserved binding sites
in the promoter region. Taken together, these data demonstrate
that mcm?2 is a direct target of foxnl.

Impaired T-Cell Development in mcm2 Morphants Is Due to Decreased
Cell Proliferation Rather than Apoptosis. The impaired T-cell de-
velopment in zebrafish foxn! or mcm2 morphants might be at-
tributed to abnormal apoptosis. To explore this possibility, we
used the TUNEL assay. We found that apoptosis in mcm2 mor-
phants was increased ectopically, whereas only a slight increase
was found in foxnI morphants (Fig. S6A4). Therefore, the increased
apoptosis in the mcm2 morphants might be one of reasons why
T-cell development was affected. P53 deficiency as a result of p53
MO knockdown or genetic mutation of the p53 gene can effi-
ciently inhibit excessive apoptosis in zebrafish morphants or
mutants (27, 28). Therefore, p53 MO was coinjected with mcm?2
MO to prevent p53-dependent apoptosis. The ectopic TUNEL
signals in the mcm2 morphants were reduced back to the normal
level of control embryos by coinjection of p53 MO, suggesting
that apoptosis was inhibited effectively (Fig. S64). However, the
expression of ragl and ikaros was not rescued in those embryos
(Fig. S6 B and C). Thus, the impaired T-cell development in
mcm2 morphants was not due to excessive apoptosis of TECs
or early T-cell progenitors.

The down-regulation of mcm?2 and cdca?7 in foxnl morphants
suggests that cell proliferation might be affected. In mice, Foxnl
is known to regulate proliferation of TECs (13). Therefore, we
first examined cell proliferation in foxn! or mcm?2 morphants by
anti-BrdU labeling. The results clearly showed that anti-BrdU
signals remarkably reduced in the thymus region in both foxnl
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Fig. 5. mcm2 is a direct target of Foxn1. (A) Predicted Foxn1 binding site and ChIP-PCR analysis of the Foxn1 binding to the promoter region of mecm2. The
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and mcm2 morphants, and these results were confirmed by quan-
tification (Fig. 6 A and B). To further verify these data, we used
anti-Pan-CK, a well-known marker for TECs in mouse, to visu-
alize TECs in the zebrafish thymus. As shown in Fig. 6C, both the
thymus size and the TEC number were severely reduced in foxnl
and mcm2 morphants compared with controls. To get better res-
olution of the thymus structure, we turned to transmission electron
microscopy. As shown in Fig. S7, both TECs and T lymphocytes
in the thymus of foxn1 and mcm2 morphants were compromised.
The morphology of TECs in the foxnl and mcm2 morphants was
blunter compared with the reticular shape in control embryos.
This result is consistent with the recent finding reported by Hess
and Boehm (29), suggesting that the interaction between TECs
and T cells regulates TEC shape. Cell counting on the sections
with 5-10 embryos per sample confirmed the marked decrease of
cell number for both cell types (Fig. S7C). Taken together, these
results suggested that the thymus defects in both morphants were
most likely attributed to a decrease in cell proliferation rather
than altered apoptosis (Fig. 6D).

Discussion

Our data indicate that foxn! knockdown in zebrafish results in
impaired T-cell development. Microarray analysis showed that a
number of genes were dysregulated and, among those, some are
well-defined thymus-related genes including chemokine genes and
many known T-cell-specific genes. Importantly, functional analysis
and genetic rescue experiments demonstrated that a foxnl-mcm?2
axis is responsible for the T-cell defects in the foxnI morphants. We
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cells; blue, DAPI staining. Circles indicate thymus. (B) Reduced anti-BrdU-
positive cells in control, foxn1 morphants, and mecm2 morphants by BrdU
labeling on thymus sections. Dotted lines indicate the thymus area. Section
thickness, 10 pm. The average number of anti-BrdU-positive cells per section
was quantified. (C) Immunofluorescence on thymus sections with anti-Pan-CK
staining, which clearly showed reduced number of TECs and smaller size of
thymus in foxn1 and mcm2 morphants, compared with controls. Green, Pan-CK
staining; blue, DAPI staining. (D) A proposed model of foxn1 functions in
thymus development. Dashed square, published data; red arrows, this work.
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also showed that the T-cell defects in the foxnl knockdown em-
bryos were more likely attributed to reduced cell proliferation,
rather than altered apoptosis, which disrupts the thymic epithelial
niche for proper T-cell development.

The interaction between TECs and developing thymocytes is
critical for proper development of a functional thymus and matu-
ration of T cells (1). The phenotype of knockdown of foxnl in
zebrafish we reported here is consistent with previous findings
that foxnl regulates TEC development in a dose-dependent
manner in both fetal and adult thymus (13, 14). Alternatively, there
might be other transcriptional regulators controlling TEC dif-
ferentiation, besides Foxnl itself (5). The condensation of foxn1
and other TEC markers in the thymus of foxn/ morphants agrees
with previous reports using foxn! hypomorphic mice, which mimic
the “involution” of the thymus in normal aging mice (30, 31). In
contrast, overexpression of Foxnl can delay age-related thymic
involution (15). However, whether the shrinking of the thymus
in the foxnl morphants is the cause or the consequence of
T-cell impairment is still debatable. It seems reasonable that
foxnl deficiency prevents thymocyte homing (as shown by down-
regulation of ccl25) and differentiation (down-regulation of ikaros,
ragl), and causes maintenance defects in the TEC microenvi-
ronment (via mmem2 and cdca? to regulate cell proliferation) (Fig.
6D). Subsequently, the lack of thymocytes in the thymus would
break down the compartmentation of the thymus structure. There-
fore, the interdependence between TECs and T cells, together
with their cell-autonomous effects that are exerted by cell in-
trinsic signaling and molecules, make a tightly controlled system
of thymic epithelial niches and the thymocytes.

The forkhead transcription factor, Foxnl, is a well-known
master regulator of thymus development and is expressed in all
TECs during thymus organogenesis (1, 9, 11). To fulfill the proper
interaction between TECs and T cells, the regulation of foxnl
must incorporate signaling (such as BMP and WNT), from neigh-
boring mesenchyme or other stromal cells plus transduction of
the instructive signal flow to the thymocytes (4, 7). How the in-
formation flow from TECs to T cells is regulated is of great in-
terest and is still being elucidated. A previous report suggests that
in vertebrates, Foxnl can regulate dll4/notch and chemokine
ligand ccl25/ccr9 signaling to influence the outcome of T-cell
development (16). Our data here show that Foxnl, as a key reg-
ulator of TECs, can regulate an array of downstream targets to
ensure proper development of T cells within the thymic epithe-
lial niche. Specifically, we found that Foxn1 can directly regulate
a component of the DNA replication-related complex, Mcm2, and
Cdca7 specifically in TECs, implying maintenance and/or expan-
sion of TECs might be affected. Our work demonstrated that
mcm?2 is directly regulated by foxnl, and overexpression of mcm?2
and cdca7 can rescue the foxnl knockdown defects, suggesting
that these two genes are bona fide downstream targets of foxnI in
thymopoiesis. The replication-licensing complex containing Mcm?2
is essential for DNA replication during cell cycle and the foxni-
deficiency—caused mcm?2 defect would certainly compromise TEC
proliferation, therefore disrupting the thymic epithelial environ-
ments to support T-cell development. In addition, the incomplete
rescue by mem2 and cdca7 overexpression indicates that other
foxnl targets might also be involved in foxnI-dependent thymo-
poiesis. Therefore, the detailed molecular mechanism underlying
foxnl function in thymopoiesis, especially the interaction be-
tween TECs and T-cell development in vertebrates, need further
exploration.

In summary, we have characterized the detailed phenotypes
of foxnI-deficient zebrafish embryos and discovered an expanded
list of foxnl downstream genes. Our studies emphasized that
foxnl regulates TEC-T-cell interaction through a unique foxnI-
mcm?2 axis. The finding reported here will further improve our
understanding of the molecular mechanism of foxnI function,
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which might provide useful insights for medical intervention of
early degeneration of thymus and T lymphocytes (32).

Materials and Methods

Fish Strains and Embryos. Zebrafish embryos were obtained by natural
spawning of adult Tubingen strain zebrafish. Embryos were raised and
maintained at 28.5 °C in system water. rag2:dsRed and cmyb:GFP transgenic
lines were kindly provided by Zilong Wen (Hong Kong University of Science
and Technology, Hong Kong, China) and Anming Meng (Tsinghua University,
Beijing, China), respectively. This study was approved by the Ethical Review
Committee in the Institute of Zoology, Chinese Academy of Sciences.

Morpholinos, Primers, mRNA Synthesis, Microinjection, and WISH. Standard
MOs and antisense MOs were purchased from GeneTools and prepared as
1 mM stock solutions by using ddH,0. All of the gene-specific MOs and the
primers used for full coding sequence (CDS) amplification and promoter cloning
were described in Table S1. Capped fish full-length mRNAs for injection were
synthesized in vitro by using the mMessage mMachine SP6 kit according to
the instruction manual (Ambion). MOs (4 ng for atg MOs and 5 ng for splice
MOs) and capped mRNA (100 pg) were injected alone or in combination into
one or two cell stage zebrafish embryos at the yolk/blastomere boundary.
WISH for zebrafish embryos was performed as described (33).

Western Blot Analysis. The thymus of zebrafish embryos at 4 dpf were dis-
sected as above and homogenized with a 1-mL syringe and needle in lysis
buffer (10 mM Tris-HCl at pH 8.0, 10 mM NaCl, and 0.5% Nonidet P-40)
containing protease inhibitor (Roche). Western blot was carried out as
described (34). Rabbit polyclone zebrafish Foxn1 antibody was made by
AbMax Biotechnology. Antibodies for actin (Cell Signaling; 4967), CbfB
(ab33516), Cdca7 (ab69609), Mcm2 (BD Pharmingen; 559541), Runx3 (ab68938),
pHistone H3 (Cell Signaling; 9701), anti-mouse secondary antibody (115-
035-003), and anti-rabbit secondary antibody (111-035-003) were bought
from Abcam, Cell Signaling, BD Pharmingen, and Jackson ImmunoResearch
Laboratories, respectively.
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ChIP Assay and gPCR. ChIP analysis was carried out with the thymus region of
wild-type embryos or foxn1 morphants at 4 dpf as described (34). Rabbit
polyclonal zebrafish Foxn1 antibody made by AbMax Biotechnology was
used for immunoprecipitation with IgG as negative control. The pri-
mers specific and unspecific to the Foxn1 binding site in the upstream
regions of genes were summarized in Table S1. The CF and CR represent
for control forward and control reverse primers, respectively. All of the
PCR products were approximately 200 bp and were evaluated on a 2%
(wt/vol) agarose gel. gPCR was carried out by using the GoTaq gPCR
Master Mix (Promega) on the Bio-Rad CFX96 Real-Time PCR system. All
of the primers used for gRT-PCR were described in Table S2. All of the
experiments were repeated three times in triplicate and the results were
analyzed as described (34). Data were represented as mean + SD and
Student'’s t test was performed for comparison between control and ex-
perimental groups.

TUNEL, BrdU Labeling, Microarray, and Transmission Electron Microscopy Assay.
TUNEL assay were performed as described (34). For details about Brdu
labeling, microarray, and transmission electron microscopy (TEM), see S/
Materials and Methods.

Statistical Analysis. For statistical analysis, Student’s unpaired two-tailed t test
was used for all comparisons.
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