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The transcription factor FoxN1 is essential for differentiation
of thymic epithelial cell (TEC) progenitors during thymic orga-
nogenesis. However, limited information is available on the
postnatal contribution of FoxN1 to thymic maintenance. To
address this question, we generated a loxP-floxed FoxN1 (fx)
mouse with three different promoter-driven inducible CreERT

transgenes. Postnatal ubiquitous deletion of FoxN1 caused dra-
matic thymic atrophy in 5 days andmore severe deterioration in
medullary TECs (mTECs) than in cortical TECs (cTECs). Induc-
tion of FoxN1 deletion selectively in K5 promoter-driven
somatic epithelial cells (mostly mTECs and possibly some adult
epithelial stem cells) was sufficient to cause significant thymic
atrophy, whereas FoxN1 deletion in K18 promoter-driven
somatic epithelial cells (mostly cTECs)was not. Thymic atrophy
resulted from increased apoptosis and was associated with acti-
vation of the p53 gene in mature mTECs. Although FoxN1 is
required for the development of bothmTECs and cTECs in thy-
mic organogenesis, it is most important for the maintenance of
mTECs in the postnatal thymus, which are in turn necessary to
prevent thymic atrophy.

The thymus gland is not only required for ontogenesis but is
also indispensable for postnatal cellular immune system func-
tion (1) through replenishment of the naive T-cell pool and
maintenance of diversity of the T-cell receptor repertoire,
establishment of central immune tolerance by depleting self-
reactive T-cell clones, and generation of natural regulatory T
cells to maintain immune balance (2, 3). Many intrinsic and
extrinsic factors can induce atrophy of the mature thymus and
disrupt thymic functions (4, 5). Thymic atrophy is generally
believed to result from deterioration of the interactions
between lymphohematopoietic progenitor cells and nonhema-

topoietic thymic stromal cells (TSCs),3 primarily thymic epi-
thelial cells (TECs) in the thymus (6, 7). Therefore, changes in
expression of genes and transcription factors, related to lym-
phohematopoietic progenitor cell and/or TEC functions may
regulate thymic involution.
FoxN1 is an epithelial cell-autonomous gene that encodes a

forkhead-box transcription factor related to the immune sys-
tem (8) and skin epithelial cells (9). FOXN1 in humans and
FoxN1 in rodents are highly conserved in their sequence and
function. Amutation in FoxN1 generates alymphoid cystic thy-
mic dysgenesis due to defective TECs (10, 11), causing primary
T-cell immunodeficiency (12–15), and leads to a hairless
“nude” phenotype (9). TECs have twomajor subsets, medullary
and cortical TECs (mTEC and cTEC), based on anatomic
regions, expressed molecules, and function. mTECs mediate
negative selection of T cells and control the maturation of T
cells prior to leaving the thymus, whereas cTECs foster the
development of CD4�8� T-cell progenitors and regulate posi-
tive selection of T cells. BothmTECs and cTECs are FoxN1-de-
pendent (16) during fetal thymic organogenesis, as demon-
strated in mouse models (11, 17, 18). However, it is unclear
whether FoxN1 is still required for postnatal TECs andwhether
postnatal mTECs and cTECs are equally FoxN1-dependent.
This is because of the lack of amousemodel inwhichFoxN1 can
be inducibly deleted in postnatal somatic TECs instead of in the
germ line.
Recently, the role of FoxN1 in the postnatal thymus was

addressed by using a FoxN1-LacZ allele, in which postnatal
FoxN1 transcription is disrupted by a LacZ gene inserted in the
3�-untranslated region of the FoxN1 locus, resulting in thymic
atrophy (19). However, the mechanism for reduced FoxN1
expression in this mutant is uncertain, because the inserted
LacZ gene is not controllable. The LacZ insertion may disrupt
FoxN1 in postnatal and prenatal life, and genetic pathways
other than FoxN1 may also be affected by the LacZ gene. It is
more definitive to study postnatal functions of FoxN1 by using

* This work was supported, in whole or in part, by National Institutes of Health
Grants R21AI064939, R01AI081995, and R21AI079747 (to D.-M. S.) from
NIAID. This work was also supported by the University of Texas Health
Science Center at Tyler.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S5.

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed: Dept. of Biomedical

Research, University of Texas Health Science Center at Tyler, Tyler, TX
75708. Tel.: 903-877-7587; Fax: 903-877-7968; E-mail: dong-ming.su@
uthct.edu.

3 The abbreviations used are: TSC, thymic stromal cell; TEC, thymic epithelial
cell; mTEC, medullary TEC; cTEC, cortical TEC; TM, tamoxifen; UEA-1, Ulex
europaeus agglutinin-1; WT, wild type; K5, keratin-5; nt, nucleotide(s);
FACS, fluorescence-activated cell sorter; Cld-3,4, claudin-3,4; MHC, major
histocompatibility complex; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; TUNEL, terminal dUTP nick-end labeling; Ht-Ctr, heterozygous
control; DP, double positive; CMJ, corticomedullary junction; RT, reverse
transcription; FRT, Flippase recombination target.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 8, pp. 5836 –5847, February 19, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

5836 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 8 • FEBRUARY 19, 2010

http://www.jbc.org/cgi/content/full/M109.072124/DC1


a temporally controllable and keratin type-specific FoxN1
knock-out mouse model. Here, we developed such a mouse,
denoted as FoxN1fx (fx). Conditional deletion of FoxN1 in the
young adult thymus caused acute thymic atrophywithin 5 days,
associated with greatest reduction of mTECs, particularly
MHC-IIhiUEA-1hi mature mTECs, compared with cTECs and
presumptive precursors of mTECs. Conditional FoxN1 dele-
tion in the somatic cells under the control of the keratin-5 (K5)
promoter, expressed predominantly in postnatal mTECs in the
developed thymus, sufficiently caused acute thymic atrophy,
whereas conditional FoxN1 deletion in the somatic cells under
the control of the K18 promoter, expressed primarily in post-
natal cTECs (20), did not. TEC loss resulted from increased
apoptosis and was associated with activation of p53 in mature
mTECs. These results indicate that deletion of FoxN1 in the
postnatal thymus causes a primary defect in mTECs, and per-
haps a secondary defect in other TECs, including cTECs.
Therefore, mTECs in the postnatal thymus are essentially
FoxN1-dependent, and disrupting the steady state of postnatal
mTECs will trigger thymic atrophy.

EXPERIMENTAL PROCEDURES

Mice—All animal experiments were done according to the
protocols approved by the Institutional Animal Care and Use
Committee of the University of Texas Health Science Center at
Tyler, in accordance with guidelines of the National Institutes
of Health. The FoxN1fx mice were generated on a C57BL/6/
129Sv genetic background as described under “Results.” The
pCAGG-CreERTM mice (21), which carry a tamoxifen (TM)-
inducible ubiquitous Cre-recombinase (referred to here as
uCreERT mice), were purchased from The Jackson Laboratory
(catalog No. 004682). FoxN1-null (nude) mice were also pur-
chased fromThe JacksonLaboratory (catalogNo. 000819). Ker-
atin-5-CreERT2 (22) and keratin-18-CreERT2 (23) mice, which
we refer to here as K5- or K18-CreERT mice, were kindly pro-
vided byDrs. Chambon andOshima. After cross-breeding with
fx/fx mice for �2 generations, we obtained uCreERT-,
K5CreERT-, or K18CreERT-driven fx/fx and fx/� mice. All
young mice were genotyped by PCR as described below under
“Genotyping FoxN1fx Mice.” The age of the mice used in the
experiments was 1–2 months unless indicated otherwise.
Preparation of Tamoxifen and Induction of FoxN1 Deletion—

A final concentration of 20 mg/ml stock solution of TM
(Sigma T5648) was prepared following the manufacturer’s
instructions by completely dissolving TM powder into 1 vol-
ume of 100% ethanol in 55 °C for about 1min, adding 9 volumes
of warmed (55 °C) corn oil, and mixing them well by vortexing.
We have found that this is more effective than sonication for
dissolving TM.We induced deletion of exons 5 and 6 of FoxN1
encoding the putative FoxN1 DNA binding domain (24, 25)
(denoted as �E5&6) by intraperitoneal injection of TM (1
mg/10 g body weight/day) for the indicated number of succes-
sive days. This is similar to the total dose used in other reports
to treat adult mice (21, 26). Thymus phenotypes and cellular
analyses were performed 3–5 days after the last injection. Con-
trol mice wereWT, fx/fx-only (without Cre-recombinase), and
uCreERT-, K5CreERT-, or K18CreERT-fx/� heterozygous
littermates.

Southern Blot—Southern blot was used to screen embryonic
stem cells for the introduction of the FoxN1-targeting con-
struct (supplemental Fig. S1B) and to determine the percentage
of FoxN1 excision in different tissues (supplemental Fig. S3B).
For these studies, a flanking probe corresponding to nucleo-
tides (nt) 35441–35958 of the FoxN1 locus was amplified from
FoxN1 genomic DNA by PCR (5�-primer, 5�-gtt tcc tgt ctc agg
ctt gc-3�; and 3�-primer, 5�-cag gca gtt ggg tac agc tt-3�) and
subcloned into a T-easy vector (Promega). This was labeled
with [�-32P]dCTP, and Southern blotting was performed using
standard simple salt methods.
Genotyping FoxN1fx Mice—All young mice were genotyped

by PCR at 3–4 weeks of age using DNA obtained from the tails.
The primers used for the genotypes (indicated by arrows in
supplemental Fig. S3A) are primer A, 5�-cca acc tcc tgg gga cat
ga-3�; and primer B, 5�-tag gag gag ggg agc gcc ta-3�; these
produced 566- and 648-bp amplicons for the wild type (WT)
and floxed FoxN1 (fx) loci (82 bp larger than the product ofWT
DNA because of the inclusion of one FRT and one loxP site),
respectively. PrimerN is a 3�-primer in theNeor cassette (5�-gcc
tac cgg tgg atg tgg aa-3�), which produces a 388-bp amplicon
with primer A ifNeor has not been deleted (indicated by arrows
in supplemental Fig. S2B).
Determining FoxN1 Excision by PCR—FoxN1 excision in the

FoxN1fx (with Cre) mouse thymus was detected by PCR with
5�-primer C (5�-gtg ggc ttt tca cca tcc ta-3�) and 3�-primer B
(sequence in the genotyping section above) to produce a
�444-bp amplicon in themutant locus with deletion of exons 5
and 6 of FoxN1 (�E5&6). PCR was performed with three prim-
ers (A, B, and C (supplemental Fig. S3A)) in one reaction. PCR
yielded 648- and �444-bp amplicons (for fx and �E5&6 loci,
respectively) for thymi from FoxN1fx/fx homozygous mice with
the CreERT transgene or 648-, 566-, and �444-bp amplicons
(for fx, WT, and �E5&6 loci, respectively) for thymi from
FoxN1fx/� heterozygous mice with the CreERT transgene. PCR
products were detected by electrophoresis on 5% polyacryl-
amide gels.
Measuring FoxN1 mRNA Expression by Real-time RT-PCR

and FoxN1� TECs by Immunofluorescence Staining—Total
thymic cells were dissociated by 1 mg/ml collagenase/dispase
(Roche Applied Science) plus 5 units/ml DNase I (Sigma), and
CD45�MHC-II� TECs were sorted with a FACSAria cell
sorter. Total RNA from the sorted TECs was prepared and
reverse transcribed with the SuperScript III cDNA kit (Invitro-
gen). Real-time PCR was performed by standard techniques in
an ABI-7300 thermocycler with TaqMan reagents. The FoxN1
5�-primer was 5�-GGCCAACGCCGAAGG-3�, the 3�-primer
was 5�-TGA AGA TGA GGA TGC TGT AAG AGT AGA-3�,
and the probe was 6-FAM-CAC CAG CCA CTC TTC CCA
AAG CCC-TAMRA. Samples were normalized to 18s RNA as
the internal control. The results were analyzed by the relative
gene (RQ) expression ��CT method (27), setting the value for
fx/fx-only cDNA control as 1.0. For FoxN1 protein immuno-
histology staining, cryosections (6�m)were fixed, blocked, and
stained with primary rabbit anti-FoxN1 (gift from Dr. Amagai)
based on published methods (28).
Histological and Immunofluorescent Analysis—Thymi were

fixed, cut into 5 �m-thick sections, and stained with hematox-
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ylin and eosin; or for immunofluorescent staining, cryosections
(6 �m) were cut, fixed in acetone, and blocked with donkey
serum in Tris-buffered saline or with an endogenous biotin
blocking kit (Invitrogen) if a biotinylated antibody was used.
Primary antibodies were rabbit anti-mouse K5 (Covance), rab-
bit anti-mouse claudin-3,4 (Cld-3,4; Invitrogen, catalog No.
34-1700 and 36-4800), rat anti-mouse K8 (Troma-1 superna-
tant), rat anti-mouse MHC class II (I-A/I-E; BioLegend), and
biotinylated anti-UEA-1 (Vector Laboratories). Secondary
reagents included Cy3-donkey anti-rabbit IgG, fluorescein iso-
thiocyanate-donkey anti-rat IgG, Cy3-streptavidin (all from
Jackson ImmunoResearch Laboratories), and Alexa Fluor 488-
anti-rabbit IgG (Invitrogen). The magnification in Figs. 1, 4, 5,
and 6 shows that of the objective lens in a Nikon Eclipse Ti-U
fluorescent microscope.
Flow Cytometry Assay—Cell strainer-isolated thymocytes

(29) were stained with fluorochrome-conjugated anti-CD45,
anti-CD4, and anti-CD8 (all fromBioLegend). Enzymatically (1
mg/ml collagenase and 5 units/ml DNase I) dissociated thymic
cells, including TECs (30), were stained with various combina-
tions of fluorochrome-conjugated anti-CD45, anti-MHC-II,
anti-Ly51 (all fromBioLegend), anti-EpCam (G8.8; eBioscience
or BioLegend), and anti-UEA-1 (Vector Laboratories) as well as
anti-Cld-3,4, (Invitrogen, catalog No. 34-1700 and 36-4800).
Data were acquired with a dual laser FACSCalibur system and
analyzed using CellQuest or flowJo software.
Western Blot—As described in our previous publication (30),

TSC-enriched total thymic cells were subjected to protein
extraction with modified radioimmune precipitation assay
buffer. Protein was loaded at �50 �g/lane under reducing con-
ditions, and GAPDH was used as an internal loading control.
Antibodies to phosphorylated p53 (Ser-15), Puma (catalog No.
4976), and caspase-8 (catalog No. 4927; recognizing 57- and
45-kDa bands, and activated 18- kDa caspase-8) were pur-
chased from Cell Signaling Technology Inc. Antibody to p21
was purchased from BD Biosciences.
TUNELAssay—This assaywas performed as described in our

previous publication usingTSC-enriched thymic cells (30). The
cells were treated with 2.4G2 hybridoma supernatant (from
ATCC) to block Fc receptors stained with phycoerythrin/Cy5-
anti-CD45, phycoerythrin-anti-MHC class II, and biotin-anti-
UEA-1/APC-streptavidin and then fixed with 2% paraformal-
dehyde/phosphate-buffered saline and permeabilized with
0.1% Triton X-100 in 0.1% sodium citrate, pH 7.2. Terminal
transferase reactions were then performed with the in situ cell
death detection kit (Roche Applied Science) for the TUNEL
assay. A negative control without the terminal deoxynucleoti-
dyl transferase was included with each sample.
Statistics—Groups were compared by the paired Student’s t

test; p � 0.05 was considered statistically significant. All mea-
surements of variance are presented as S.E.

RESULTS

Generation andCharacterization of Conditional FoxN1Gene
Knock-out Mice—The fx mouse was generated by a gene-tar-
geting strategy that utilized the Cre-loxP and Flp-FRT recom-
binase systems. A DNA fragment corresponding to nt 36067–
47099 (XhoI site) of FoxN1 (GenBankTM accession number

Y12488) (31) in the pBluescript plasmid was used for the tar-
geting construct. The FRT-Neor-FRT-loxP cassette (supple-
mental Fig. S1A), used for positive selection of embryonic stem
cells, was inserted into the BglII site of the FoxN1 fragment
corresponding to nt 40698, yielding a band �2 kb larger than
the WT band when Southern blot was used to screen em-
bryonic stem cell-targeting clones (supplemental Fig. S1B). The
5�-arm loxP site was inserted into the KpnI site of the FoxN1
fragment corresponding to nt 38339, and the KpnI site was
then destroyed. TheNeor/Neor homozygousmouse showed a
typical FoxN1nu/nu phenotype, including athymia and hair-
lessness (supplemental Fig. S2A). This suggests that corrupt-
ing the germ line FoxN1DNA at the site we selected resulted
in the FoxN1-null phenotype. TheNeor insert was deleted by
in vivo Flp-mediated excision by cross-breeding with Act-
Flpe transgenic mice (The Jackson Laboratory; catalog No.
003800) (32). The FoxN1fx locus lost the Neor insert but
retained FRT (48 bp) and loxP (34 bp) sites, producing a PCR
product that was 82 bp larger than the WT amplicon when
amplified with primers A and B (supplemental Fig. S2B).
Homozygous (fx/fx-only) mice were phenotypically normal,

FIGURE 1. Characterization of uCreERT-driven FoxN1fx mice. A, results of
RT-PCR. Left panel, results of real-time RT-PCR from sorted CD45�MHC-II�

TECs of conditional FoxN1-deleted and control mice. Mean values � S.E. are
shown for three distinct sorting experiments; n 	 biological replicates. Right
panel, representative result of semiquantitative RT-PCR from TSE-enriched
thymic cells of WT and fx/fx-only mice. Expression of CD45 is an indicator of
the extent of hematopoietic cell contamination, and GAPDH was used as an
internal control. Data are representative of at least three separate experi-
ments. B, immunofluorescence staining of the thymus with antibodies to ker-
atin-8 (green) and FoxN1 (red). The left panel shows WT E17 fetal thymus (pos-
itive control). The middle and right panels show heterozygous fx/� and
homozygous fx/fx mice, both expressing uCreERT and treated with TM x3. A
representative result of two experiments is shown with essentially identical
results. The table shows the percentage of area occupied by K8� and FoxN1�

cells as analyzed by NIH ImageJ software.
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including their hair, thymic size, and thymocyte number, as
discussed below. Their FoxN1 mRNA expression was the
same as that of WT mice (data not shown and Fig. 1A, right
panel).
Heterozygous and homozygous fx mice carrying the

pCAGG-CreERTM transgene (21), which is ubiquitously

expressed and TM-inducible (uCreERT), are denoted as
uCreERT-fx/� and uCreERT-fx/fx mice, respectively. Both
mice were injected intraperitoneally with TM to yield het-
erozygous control (Ht-Ctr) and ubiquitously FoxN1-deleted
(�E5&6) mice (supplemental Fig. S3A), respectively, and
induction of FoxN1 deletion was measured in different organs

FIGURE 2. Ubiquitous postnatal deletion of FoxN1 caused acute thymic atrophy. In all panels: Ht-Ctr, uCreERT-fx/� mice treated with TM; oil-Ctr, uCreERT-
fx/fx mice treated with oil vehicle; �E5&6, uCreERT-fx/fx mice treated with TM, which deleted exons 5 and 6. Analyses were performed 4 –5 days after treatment
with TM or oil vehicle for 3 successive days (TM x3 or Oil x3) unless indicated otherwise. n 	 number of animals. A, gross appearance of thymi in mice with
different FoxN1 genotypes, treated with TM x3 or oil x3. B, summary of total thymocyte numbers from mice with different genotypes, treated with oil vehicle
or TM. Data are based on a total of 53 animals. The three filled bars represent uCreERT-fx/fx mice injected with TM for 1, 3, or 5 successive days. NS (in x1 group),
no statistically significant difference versus the fx/fx, Ht-Ctr, or oil-Ctr group. **, p � 0.01 in x3 or x5 groups versus the fx/fx, Ht-Ctr, or oil-Ctr group. The far right
dark bar represents FoxN1-null (nu/nu) congenital mutant mice. NS (between x5 and nu/nu groups), no statistically significant difference between these two
groups. C, flow cytometry analyses of CD4 versus CD8 from fx/fx-only and uCreERT-fx/fx mice treated with TM for 5 successive days and nu/nu congenital
mutant mice. D, mean values � S.E. of the absolute numbers of CD45� TSCs in thymi with a conditional FoxN1 deletion and controls (left panel) and a
representative flow cytometry analysis (right panel) of total thymic cells dissociated with collagenase/DNase I, showing CD45� TSCs (lower, rectangular gates).
E, comparison of the efficacy of inactivation of floxed FoxN1 by TM induction in uCreERT-fx/nu and uCreERT-fx/fx mice. Left panel, absolute number of
thymocytes in uCreERT-fx/� (n 	 18), uCreERT-fx/fx (n 	 13), uCreERT-fx/nu (n 	 8), and fx/nu without Cre-recombinase (n 	 6) mice (from left to right). Right
panel, representative semiquantitative RT-PCR result shows FoxN1 expression in the TSC-enriched thymi of uCreERT-fx/fx, uCreERT-fx/nu, and WT (control) mice
treated with TM x3. Expression of CD45 served as a marker of hematopoietic cell contamination, and GAPDH was used as an internal control. Data are
representative of at least two separate experiments.
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(supplemental Fig. S3, B andC). The percentage of FoxN1 dele-
tion in thymic cells was �50% with three-dose TM induction.
Because FoxN1 is functional only in TECs in the thymus, we
evaluated FoxN1 deletion in TECs. The percentage of FoxN1
deletion in purified TECs (CD45�MHC-II� cells) with five-
dose TM induction was increased to �74% (supplemental Fig.
S4A) in the uCreERT-fx/fxmice. Comparedwith germ line gene
excision, induced genomic excision in somatic cells usually
causes a variable degree of deletion in different organs depend-
ing on the TM dose and duration of administration (26, 33).
FoxN1mRNAexpression in FACS-sortedTECs (CD45�MHC-
II� population) in uCreERT-fx/fx mice with three-dose TM
treatment was reduced by more than 60% compared with the
fx/fx mice without Cre-recombinase and compared with
uCreERT-fx/fx mice treated with the oil vehicle (Fig. 1A, left
panel). In contrast, there was no significant difference in FoxN1
expression in TEC-enriched thymic cells of WT and fx/fx-only
mice without Cre-recombinase (Fig. 1A, right panel). To con-
firm that the FoxN1mRNA expression reflected lower protein
levels, we performed immunofluorescence staining of the
thymi with anti-FoxN1 (28). uCreERT-fx/fx mice treated with
three-dose TM showed a �70% reduction of FoxN1� TECs
compared with Ht-Ctr mice (Fig. 1B, upper panel and table
(lower panel)). Therefore, FoxN1 was substantially deleted
from TECs of uCreERT-fx/fx mice with �3 doses of TM treat-
ment, but it was not affected in fx/fx-only mice without
Cre-recombinase.
Inducing a Ubiquitous FoxN1 Deletion in the Postnatal Thy-

mus Caused Acute Thymic Atrophy—Mice of different geno-
types were injected intraperitoneally with TM for 1, 3, or 5
successive days (TM x1, x3, or x5) to induce FoxN1 deletion,
and phenotypes were analyzed 3–5 days after the last injection.
After three doses of TM, the thymi of uCreERT-fx/fxmice were
markedly reduced in size (Fig. 2A), and thymocyte number was
significantly decreased to approximately one-third of control
values (Fig. 2B, TM x3). After five doses of TM, the thymus
almost disappeared, and the cell number decreased by �95%
(Fig. 2B,TMx5), whichwas not significantly different from that
in congenital FoxN1-null mutant (nu/nu) mice. However, the
thymi in TM-treated uCreERT-fx/fx mice contained all mature
thymocyte subpopulations, although the percentage of
CD4�8� double positive (DP) cells was reduced comparedwith
findings in fx/fx-only or WTmice (Fig. 2C). In contrast, nu/nu
mice did not have anyDP orCD4� orCD8� single positive (SP)
thymocytes (Fig. 2C). The reduced absolute thymocyte number
in uCreERT-fx/fx mice was mostly due to reduced numbers of
DP cells, which constitute �90% of the cells in the normal
young adult thymus but only �50% in TM-treated uCreERT-
fx/fx mice (Fig. 2C). More detailed studies of changes in T-cell
developmental checkpoints in fx mice will be addressed in a
subsequent report. Because FoxN1 is expressed by TECs, we
also examined the total number of TSCs (CD45� population),
the majority of which are TECs. The number of TSCs was
markedly reduced in �E5&6 thymi (Fig. 2D).

FIGURE 3. Reduction of the mTEC/cTEC ratio in young mice with a ubiq-
uitous FoxN1 deletion was associated with the dose of TM induction.
A, representative flow cytometry plots of thymic cells from uCreERT-fx/�
(Ht-Ctr) and uCreERT-fx/fx (�E5&6) mice treated with four doses of TM. The
top panels show the results of gating on CD45�MHC-II� cells. The middle
and bottom panels show the results of gating on CD45�MHC-II� cells and
staining with Ly51 versus EpCam. B, summarized ratios of mTEC/cTEC in
Ht-Ctr mice (filled squares), �E5&6 mice (triangles), and WT mice (circle)
based on flow cytometry analyses shown in A. We gated on CD45�MHC-
II� cell and measured the percentages of EpCam�Ly51� cells (cTECs) and
EpCam�Ly51� cells (mTECs). Means � S.E. are shown for a total of 22
Ht-Ctr mice, 18 �E5&6 mice, and 3 WT mice; n 	 number of animals treated
with the indicated TM dose. NS, not significant between WT and Ht-Ctr.
C, summarized absolute cell numbers of cTECs (CD45�MHC-II�EpCam�Ly51�

population) and mTECs (CD45�MHC-II�EpCam�Ly51� population) from
four Ht-Ctr and five �E5&6 mice treated with TM x4. Means � S.E. are
shown.
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To look at the efficacy of inactivation of floxed FoxN1 by TM
induction, we made uCreERT-fx/nu mice by mating uCreERT-
fx/fx with FoxN1-null (nude) mice. In uCreERT-fx/nu mice,
one copy of the FoxN1 gene is the germ line null mutation from
nudemice.WhenTMx3was used to delete FoxN1 in uCreERT-
fx/nu and uCreERT-fx/fx thymi, both groups had similar
numbers of significantly reduced thymocytes compared with
uCreERT-fx/� or fx/nu without Cre-recombinase (no-Cre)
mice (Fig. 2E, left panel). In addition, the levels of loss of FoxN1
mRNAwere generally the same in TM-induced uCreERT-fx/fx
and uCreERT-fx/nu mice (Fig. 2E, right panel). These results
suggest that the efficacy of the inactivation of two copies of
floxed FoxN1 in uCreERT-fx/fxmice was similar to that of inac-
tivation of one floxed FoxN1 copy in uCreERT-fx/nu mice.
Injection of WT and fx/fx-only (without Cre) mice with TM

did not reduce the thymic size, thymocyte numbers, or percent-
age of DP cells compared with injection of oil vehicle (supple-
mental Fig. S3D and data not shown), demonstrating that our
dosage regimen of TM (x3–5) is not toxic to the thymus.
Although three doses of TM can cause one copy of FoxN1 exci-
sion in uCreERT-fx/�mice, these changes did not immediately
affect thymic size and thymocyte numbers (Fig. 2, A and B) in
young mice.
Inducing a Ubiquitous FoxN1 Deletion Caused Dose-related

Selective Loss of mTECs—TECs consist of two major subsets,
cTECs and mTECs, based on their localization, molecular
markers, and functions. The cTECs are generally CD45�,MHC
class II�, EpCam�, and Ly51� (34, 35), whereas the mTECs
may include several subpopulations based on shape (stellate or
globular), expression of K5, K14, K8 (20, 36), andUEA-1 (37), as
well as different levels of MHC class II. The two major pheno-
typic mTEC subsets are one possessing a stellate morphology
with K5�, K14�, and UEA-1� and the other having a globular
shape with high levels ofMHC-II, K8�K5�K14�, and UEA-1�.
Because FoxN1may not regulate all TEC subpopulations in the
adult thymus (28), we used flow cytometry to analyze TEC sub-
populations affected by ubiquitous deletion of FoxN1. Because
the total number of TSCs was markedly reduced in the �E5&6
thymus (Fig. 2D), the reduction in proportion of mTECs (lower
gates in Fig. 3A, bottom panels) indicates a substantial decrease
in the absolute number of mTECs. In contrast, the proportion
of cTECs (Fig. 3A, bottompanels,upper gates) increased inTM-
treated uCreERT-fx/fx (�E5&6) mice. The ratio of mTECs/
cTECs fell steadily as the number of doses of TM treatment
increased. After treatment with four doses of tamoxifen (TM
x4), the mTEC/cTEC ratio was significantly reduced in �E5&6
mice compared with �E5&6 mice treated with one dose of TM
or comparedwithWTorHt-Ctrmice treatedwith four doses of
TM (Fig. 3B), whereas there was no reduction in WT mice
compared with TM x1. In Ht-Ctr mice, the mTEC/cTEC ratio
fell slightly with increased TM doses, but this decrease was not
statistically significant (Fig. 3B). The absolute number of
mTECs was also significantly reduced in �E5&6 mice but the
number of cTECswas not, as comparedwith heterozygous con-
trols (Fig. 3C). These findings suggest that, in the young adult
thymus, mTECs are more susceptible than cTECs to loss of
FoxN1.

Acute Thymic Atrophy Was Induced by K5-CreERT but Not
byK18-CreERT, althoughBothCreERTTransgenesCausedThy-
mic FoxN1 Deletion—The results shown above suggest that
postnatal mTECs are more susceptible than cTECs to loss of
FoxN1. As an alternative means of evaluating this finding, we
producedmice inwhichwe could selectively delete FoxN1 from
major cTEC and mTEC subpopulations at the somatic cell
level. fx mice were cross-bred with K5-CreERT or K18-CreERT

mice to obtain K5-/K18-CreERT-fx/fx or -fx/� mice. In the
mature thymus, K5� TECs are distributed primarily in the
medulla, although K5�K8� double positive TECs are located at
the corticomedullary junction (CMJ), and some K5� TECs are
consideredTECprogenitors. K18�TECs, similar to K8�TECs,
are located mainly in the cortical region, although a few are
present in the medulla (20). Therefore, treatment of K5- and
K18-CreERT-fx/fx mice with TM should selectively delete
FoxN1 frommajormTEC and cTEC subpopulations in somatic
cells rather than in the germ line of the postnatal thymus,
respectively.
Mice with four different genotypes were injected intraperi-

toneally with TM for 3–5 successive days (TM x3–5) to induce
FoxN1 deletion in keratin-specific TECs, and phenotypes were
analyzed 5 days after the last injection. K5CreERT-fx/fx mice
showed a slight reduction in thymic size after three doses of TM
and a more marked reduction after five doses of TM (Fig. 4A).
Thymic atrophy caused by conditional FoxN1 deletion did not
change for 6 months.4 This atrophy was associated with a sig-
nificantly reduced absolute number of total thymocytes (Fig.
4B, left panel), particularly the percentage and absolute number
of DP cells (Fig. 4B, right panel), as well as the number of
CD45�MHC-II� TECs (Fig. 4C). In addition, the atrophy was
associated with architectural changes in the medullary regions
and/or the CMJ, which became indistinct (Fig. 4D, second
panel). Furthermore, the percentage of FoxN1� TECs, which
reflects the expression of FoxN1 protein, was reduced by�70%
in the K5CreERT-fx/fx mice compared with the K5- and K18-
CreERT-fx/� mice (Fig. 4, E and F). In contrast, TM-treated
K18CreERT-fx/fx mice showed no change in thymic size (Fig.
4A), thymocyte number (Fig. 4B), profile of CD4 versus CD8
cells (data not shown), TEC number (Fig. 4C), thymus architec-
ture (Fig. 4D), and number of FoxN1� TECs (Fig. 4F). This was
not due to failure to induce deletion of FoxN1 geno-
mic DNA in 5x TM-treated K18CreERT-fx/fx mice, as there
was substantial deletion of FoxN1 genomic DNA (�40%), more
than that (�20%) in the K5CreERT-fx/fx mice, in sorted
CD45�MHC-II� TECs in these mice (supplemental Fig. S4A).
The ubiquitous promoter-driven CreERT showed the greatest
degree of FoxN1 deletion in TECs, the K18 promoter showed
intermediate levels of FoxN1 deletion, and the K5 promoter
showed the lowest degree of FoxN1 deletion (supplemental Fig.
S4A). Expression of FoxN1 mRNA in sorted CD45�MHC-II�
TECs was lowest in TM-treated uCreERT-fx/fx mice, interme-
diate in TM-treated K5CreERT-fx/fxmice, and greatest in TM-
treated K18CreERT-fx/fx mice (supplemental Fig. S4B). This
correlated directly with the extent of thymic atrophy in these

4 L. Sun, J. Guo, R. Brown, T. Amagai, Y. Zhao, and D.-M. Su, unpublished data.
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three genotypes after TM treatment, which was most severe in
TM-treated uCreERT-fx/fx mice, intermediate in TM-treated
K5CreERT-fx/fx mice, and least in TM-treated K18CreERT-
fx/fxmice (Fig. 4A). These findings support the conclusion that
mTECs, which are the major subpopulation that expresses
K5�, are highly FoxN1-dependent, whereas cTECs, which are

the dominant K18� TEC subpopu-
lation, are less FoxN1-dependent in
the postnatal thymus. This is signif-
icantly different from the fetal thy-
mus, in which mTECs and cTECs
are equally FoxN1-dependent (16).
Inducing a Ubiquitous FoxN1

Deletion Affected Mature mTECs
More Than Presumptive mTEC
Precursors—We next wished to
evaluate the effect of FoxN1 loss on
mature mTECs, which express high
levels of UEA-1 andMHC-II.When
we induced a ubiquitous FoxN1
deletion in the uCreERT-fx/fx mice,
the overall percentage of mTECs
that expressed both high levels of
MHC-II and UEA-1 was signifi-
cantly decreased as assessed by
immunohistology (Fig. 5A, right
panels) and flow cytometry (Fig. 5,B
(gate A) andC). This result is similar
to that in a recently published study
ofmice with a non-inducible FoxN1
mutation bearing the FoxN1-LacZ
allele (19).
To determine whether postnatal

FoxN1 deletion affects precursors
of mature mTECs, we measured
the percentage of CD45�UEA-
1loMHC-IIlo/�Cld-3,4� TECs, which
are presumptive mTEC precursors
(38). They were not substantially
reduced by conditional FoxN1 dele-
tion as assessed by flow cytometry
(Fig. 6, A and B). Immunohisto-
chemistry confirmed that the
medulla in TM-treated uCreERT-
fx/fx mice (�E5&6) showed no
reduction in Cld-3,4� TECs (red
staining in Fig. 6C) but had a
marked decrease in UEA-1� TECs
(green staining in Fig. 6C) per unit
area compared with Ht-Ctr and oil-
Ctr mice (Fig. 6C).
Inducing a Ubiquitous FoxN1

Deletion Increased Apoptosis and
Activation of p53 in Mature
mTECs—We next sought to deter-
mine whether the acutely reduced
numbers of TECs after conditional
FoxN1 deletion resulted from

altered cell death. We first found a 3-fold increase in the num-
ber of dead cells in the conditional FoxN1-deleted mice com-
pared with heterozygous controls, based on flow cytometry
analysis of forward scatter and side scatter (Fig. 7A, R2 gate).
When we gated on live cells (Fig. 7A, R1 gate), apoptosis, mea-
sured by staining with TUNEL (30), was increased 3-fold in

FIGURE 4. Conditional deletion of FoxN1 in K5 promoter-driven TECs caused acute thymic atrophy,
whereas in K18, promoter TECs did not cause obvious changes. A, gross view of thymic size of TM
x3-treated WT and uCreERT-fx/�, oil x3-treated uCreERT-fx/fx, and TM x3-treated uCreERT-fx/fx, K5CreERT-fx/�,
and K5CreERT-fx/fx, as well as TM x5-treated K5CreERT-fx/�, K5CreERT-fx/fx, K18CreERT-fx/�, and K18CreERT-
fx/fx mice (from left to right). B and C, absolute CD45� thymocyte number and absolute CD45�MHC-II� TEC
number per thymus, respectively, with flow cytometric staining with antibodies to CD45 and MHC-II from mice
with the four genotypes (see bar legends) 5 days after treatment with TM x5. Means � S.E. are shown for a total
of 62 animals. The right panel in B shows a representative staining of CD4 versus CD8 plots from mice of
K5CreERT-fx/�, K5CreERT-fx/fx, treated with TM x5. D, hematoxylin and eosin staining of thymi from mice with
the four genotypes and treatments as shown in B, with two biological replicates in each genotype group. M,
medulla; C, cortex. E, immunofluorescence staining of thymi from mice with the four genotypes and treatments
as shown in B, with antibodies to keratin-8 (green) and FoxN1 (red). F, bar graph based on E shows ratios of
percentage of FoxN1 versus K8-positive TEC area analyzed by NIH ImageJ software (n 	 mouse numbers).
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total TSCs (data not shown) and �10-fold in CD45�MHC-
IIhiUEA-1hi mature mTECs (Fig. 7B). These findings indicate
that deleting FoxN1may lead to the withdrawal of TEC survival
signals and/or eliciting of TEC apoptotic signals. To identify

possible mechanisms of apoptosis
induced by FoxN1 deletion, we
examined the activation of p53 and
caspase-8, which are representative
molecules that regulate intrinsic and
extrinsic apoptotic pathways, re-
spectively. Internal signals of cellu-
lar stress generally activate p53,
whereas engagement of pro-apop-
totic cell surface receptors, such as
Fas ligand, activates the caspase-8
pathway (39). After conditional
FoxN1 deletion, the thymi showed
increased expression of phosphory-
lated p53 but almost no changes in
activated caspase-8 (p18) expres-
sion (Fig. 7C). The p53 gene targets
several downstream genes, in which
Puma (p53-up-regulated modula-
tor of apoptosis) is associated with
the p53-activated apoptosis func-
tion, whereas p21 is related to p53-
activated cell cycle arrest function.
We found that FoxN1 deletion
caused increased expression of
phospho-p53 and Puma but not p21
(Fig. 7C, right panel). This finding
correlated with a previous report
that Puma is required for p53-
dependent cell death in the thymus
(40). Because FoxN1 is expressed in
TECs, which are a small subpopula-
tion of total thymic cells, we next
quantified the expression of phos-
phorylated p53 in different TEC
subsets. Using FACS intracellular
staining, expression of phosphory-
lated p53 was increased specifi-
cally in MHC-IIhiUEA-1hi mature
mTECs compared with total TSCs
(Fig. 7D). These results suggest that
conditional FoxN1 deletion causes
TEC apoptosis by activation of the
p53-dependent intrinsic pathway
and the p53 response gene, Puma.

DISCUSSION

In this study, we found that dele-
tion of FoxN1 in the postnatal thy-
mus in an inducible FoxN1 gene
knock-out mouse model caused
acute thymic atrophy, characterized
by more severe effects on mTECs,
particularly MHC-IIhiUEA-1hi ma-

ture mTECs, with less marked reductions in Cld-3,4� pre-
sumptive mTEC precursors and cTECs. These changes were
due to increased cell death and apoptosis associated with acti-
vation of the p53 gene. We speculate that the loss of FoxN1

FIGURE 5. Ubiquitous postnatal FoxN1 deletion selectively impaired mature mTECs. In all panels: Ht-Ctr,
uCreERT-fx/� mice treated with TM x3; oil-Ctr, uCreERT-fx/fx mice treated with oil vehicle x3; �E5&6, uCreERT-
fx/fx mice treated with TM x3, which deleted exons 5 and 6. A, immunofluorescence staining of thymi. Thymic
cryosections were stained with antibodies to UEA-1 (red) and K8 (green) (top panels), UEA-1 (red) and K5 (green)
(middle panels), and UEA-1 (red) and MHC-II (green) (bottom panels). Magnification, 20
. Data are representa-
tive of two biological replicates in each group with essentially identical results. M, medulla; C, cortex. B, repre-
sentative result of flow cytometry analysis shows gating on MHC-IIhiUEA-1hi (double high) mature mTECs
(square A) based on gating on the CD45�TSC population. C, summarized results of B showing the percentage
of MHC-IIhiUEA-1hi mTECs in mice of three genotypes treated as shown in A.
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increases cell stress in postnatal mTECs, which triggers stress-
induced intrinsic apoptotic pathways mediated by activation of
the p53 gene. Because FoxN1 may not be involved directly in
the signaling pathway of the apoptosis, we will investigate in
future work the apoptotic mechanisms through a determina-
tion of whether thymus atrophymediated by deletion of FoxN1
can be attenuated by lack of p53 expression, as when using p53
knock-out mouse.

Identification of cTECs and
mTECs in histological sections was
initially based on anatomic location
with hematoxylin and eosin stain-
ing. Now anti-keratin (K) immun-
ofluorescent antibodies (20) have
been widely used. K8 and K18 are
expressed in cTECs, whereas K5
and K14 are expressed in mTECs,
and K5�K8� co-stained TECs are
localized in CMJ (20, 41) in the
mature thymus. A K5 promoter-
driven IKK� transgene shows selec-
tive activity in the thymicmedulla in
K5� and UEA-1� mTECs but is not
involved in cTECs (42), implying
that theK5 promoter specifically (or
mainly) drives mTECs. Further-
more, a FoxN1-LacZ mouse with
reduced postnatal FoxN1 expres-
sion has also been found to have
decreased numbers of mature
mTECs (MHC-IIhiUEA-1� subset)
but not cTECs (19).
TheK5promoter exhibits activity

in epithelial progenitor/stem cells
on the basal layer of two-dimen-
sional epithelial cells in the skin and
mammary gland (43–45). It may
also exhibit activity in thymic epi-
thelial progenitor/stemcells, at least
in the fetal stage, but the persistence
of TEC progenitors in an organized
three-dimensional adult thymus
remains controversial (46). How-
ever, it is clear thatmature TECs are
constantly regenerated from TEC
progenitor/stem cells in situ (47).
Furthermore, it has been suggested
that K5�K8� co-staining TECs at
the CMJ (20, 48) or certain TECs in
the postnatal thymic medulla (49–
51), which mainly contains K5�

mTECs (20, 36), are potential TEC
progenitor cells. We favor the
hypothesis that in the adult thymus,
some K5 promoter-driven TECs are
progenitors at the CMJ, where,
without long distance migration,
they can easily differentiate into

either cTECs or mTECs; such a feature of bipotential TEC pro-
genitors has been described elsewhere (18, 52). Indeed, the
defect in the CMJ in TM-inducedK5CreERT-fx/fx thymus (Fig.
4D, second panel) further supports this concept. If TECprogen-
itors are present in the adult thymus, the defects in our condi-
tional FoxN1 knock-out mice could be caused in part by block-
ing differentiation from TEC progenitor cells to mature
mTECs.

FIGURE 6. Analysis of mTEC precursors based on the Cld-3,4 marker after ubiquitous postnatal FoxN1
deletion with TM x3 induction. A, representative result of flow cytometry analysis shows the CD45�UEA-1lo

and MHC-IIlo/�Cld-3,4� gates. B, summarized results of the percentage of MHC-IIlo/�Cld-3,4� TECs in the
CD45�UEA-1lo population based on three independent experiments with a total of 17 animals. Lines represent
mean values in each group. C, representative result of immunofluorescence staining with antibodies to UEA-1
(green) and Cld-3,4 (red), magnification of 20
, from two biological replicates in each group with essentially
identical results. M, medulla; C, cortex.
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Although mTECs and cTECs are equally FoxN1-dependent
during fetal thymic organogenesis (16), our current data have
established that mTECs are more FoxN1-dependent than
cTECs in the postnatal thymus (Table 1). Given a totally differ-
ent CD4 versus CD8 thymocyte developmental profile in
FoxN1-null nude mice and our ubiquitous and K5 promoter-
driven FoxN1-deleted mice (Figs. 2C and 4B), it is clear that

elimination of FoxN1 in the germ
line during fetal life (nudemice) and
in somatic cells postnatally (our
conditional FoxN1 gene knock-out
mice) hasmarkedly different effects.
Others have also reported differ-
ences in TEC FoxN1 dependence in
fetal and adult thymi, showing that
TECs expressing the chemokine
CCL25 and the Notch ligand Dll4
are FoxN1-dependent in the fetal
thymus but are FoxN1-independent
postnatally (28).
Our findings show that in the

postnatal thymus, UEA-1� globular
mTECs and K5 promoter-driven
TECs (stellate mTECs and/or TEC
progenitors in the adult thymus)
are sensitive to the loss of FoxN1
(Figs. 4 and 5). By using FACS anal-
ysis with a combination of cell sur-
face markers, we also determined
that CD45-negative, MHC-II�
EpCam�Ly51� TECs (reported to
be mTECs (34, 35)), but not CD45-
negative, MHC-II�EpCam�Ly51�

TECs (reported to be cTECs (34,
35)), are FoxN1-sensitive to the
ubiquitous loss of FoxN1 (Fig. 3). In
the postnatal thymus, mTECs can
also be subdivided into immature
and mature mTECs based on CD80
andCld-3,4markers (38, 53). Imma-
ture TECs (MHC-IIloCD80� and/or
MHC-IIloCld-3,4� TECs) in the
medullary region are presumptive
mTEC precursors (38). Our results
show that loss of FoxN1 does not
affect these mTEC precursors (Fig.
6). As for cTECs, they express K8
and its pairing partner, K18, mark-
ers. We found that K18 promoter-
driven TECs (mostly cTECs but not
TEC progenitor/stem cells) are not
FoxN1-dependent in the postnatal
thymus, as K18 promoter-driven
CreERTmice did not exhibit thymic
epithelial defects (Fig. 4) despite
effective FoxN1 deletion (supple-
mental Fig. S4A). We have summa-
rized our results on the FoxN1

dependence of postnatal TEC subsets in Table 1.
One puzzle is why the deletion of FoxN1 resulted in the loss

of DP thymocytes in the ubiquitous or K5 promoter-driven
FoxN1 knock-out (Figs. 2C and 4B), because DP cells reside in
the cortex. There are at least two potential explanations. First,
deterioration of mTECsmay affect the integration of the entire
thymic epithelial network and alter the cortical thymic micro-

FIGURE 7. Ubiquitous postnatal FoxN1 deletion caused thymic cell death and increased apoptosis in
mature mTECs. In all panels: Ht-Ctr, uCreERT-fx/� mice treated with TM x3; �E5&6, uCreERT-fx/fx mice treated
with TM x3, which deleted exons 5 and 6. A, representative flow cytometric dot plots (FSC versus SSC) showing
gating on live (R1) and dead and necrotic cells (R2) from ht-Ctr and �E5&6 mice. B, left panel shows a represen-
tative flow cytometry result of staining for TUNEL (filled histogram) and a negative control, i.e. without the
terminal deoxynucleotidyl transferase enzyme (open histogram). The right panel shows summarized results of
TUNEL� apoptotic cells in two groups of nine mice each. Data were obtained by gating on live (R1) CD45�MHC-
IIhiUEA-1hi mature mTECs. The numbers show the percentage of positively stained cells. Horizontal lines repre-
sent mean values. C, Western blotting analysis of activation of p53 and caspase-8, and the p53 targets, p21 and
Puma. All mice were analyzed �16 h after treatment with TM for 3 successive days. Total thymic cells were
subjected to SDS-PAGE and blotting with antibodies to phosphorylated p53 (Ser-15), active caspase-8 (p18),
p21, and Puma. GAPDH served as a loading control. Data are representative of 2–3 biological replicates in each
group with essentially identical results. D, flow cytometry analysis of phosphorylated p53 (Ser-15) in CD45�TSC
and CD45�MHC-IIhiUEA-1hi mature mTEC subpopulations. The top panels show a representative result of stain-
ing CD45�MHC-IIhiUEA-1hi mature mTECs with anti-phosphorylated p53 (open histograms). The unfilled histo-
grams show staining with secondary antibody (APC-conjugated anti-rabbit IgG) only. The bar graph (bottom)
shows summarized results of the percentage of phospho-p53� cells in CD45�TSCs (left group) and in mature
mTECs (MHC-IIhiUEA-1hi (right group)) from six WT, seven Ht-Ctr, and seven �E5&6 mice. The percentage of
phospho-p53� mTECs in �E5&6 was compared with that in Ht-Ctr and WT mice by t test; the p values are shown
in the graph. NS, not significant between the groups.
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environment, resulting in reduced volume and dramatic
shrinking of the thymus. Second, the loss of FoxN1may cause a
loss or defect in differentiation of commonTEC progenitors, as
noted above, resulting in reduced cTEC number, because a
common TEC progenitor population has the bipotential to dif-
ferentiate into either cortical or medullary TECs (18, 52).
Therefore, loss of FoxN1 possibly causes a passive or FoxN1-
independent defect in cTECs.
The floxed FoxN1 site that we targeted for disruption was

essential for FoxN1 function, because disrupting this site in the
germ line with aNeor cassette caused a typical FoxN1-null phe-
notype (supplemental Fig. S2A). Treatment of uCreERT-fx/fx
mice with 3–5 doses of TM resulted in a 50–75% FoxN1 gene
deletion in somatic cells of different organs (supplemental Figs.
S3C and S4A and data not shown), consistent with most
reported conditional gene knock-out models, in which the lev-
els of deletion in somatic cells range from 30 to 80% depending
on dose, induction time, and the organ studied (26, 33).
We chose to delete FoxN1 from fx/fx mice rather than fx/nu

mice, with one copy of a FoxN1 germ line null mutation,
because the FoxN1 gene is considered to exhibit haploinsuffi-
ciency. Young �/nu heterozygous mice have mildly reduced
thymic size (54, 55) and may have premature TEC dysfunction
in the fetal and postnatal stage due to the presence of one copy
of FoxN1 carrying a germ line null mutation. This would make
it difficult to determine whether TEC changes result from
induced postnatal loss of FoxN1 or from prenatal haploinsuffi-
ciency. Furthermore, we confirmed that the efficacy of inacti-
vation of two copies of floxed FoxN1 in uCreERT-fx/fx mice
was similar to that of inactivation of one floxed FoxN1 copy in
uCreERT-fx/nu mice (Fig. 2E).

Aging causes thymic involution, but the molecular bases of
genetic pathways that control this process are poorly under-
stood. The decline of FoxN1 expression is associated with aging
and has been hypothesized to cause age-related thymic involu-
tion (56). However, it is also possible that reduced FoxN1
expression may be an effect of aging-induced TEC deteriora-
tion. Our inducible FoxN1 deletion mouse model will be useful
in distinguishing these possibilities and determining the cause-
and-effect relationship between the decline of FoxN1 expres-
sion and age-related TEC deterioration.
Together, our current findings suggest that FoxN1 is essen-

tial for the maintenance of the steady-state mTEC microenvi-
ronment to prevent acute thymic atrophy through regulating

apoptosis and promoting epithelial differentiation in the post-
natal thymus. Investigation of the molecular mechanisms by
which FoxN1 controls thymic homeostasis will facilitate the
development of strategies to restore thymic function by revers-
ing the immunologic changes resulting from thymic atrophy
and involution (57).
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