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Abstract

Autoimmune regulator (Aire) is one of the most well-characterized molecules in autoimmunity, but its function
outside the immune system is largely unknown. The recent discovery of Aire expression in stem cells and early
embryonic cells and its function in the self-renewal of embryonic stem (ES) cells highlight the importance of Aire
in these cells. In this study, we present evidence that Aire promotes the expression of the pluripotent factor Lin28
and the self-renewal of ES cells. We presented the first evidence that the let-7 microRNA family contributed to
the self-renewal promoting effect of Aire on ES cells. Moreover, we showed that Aire and Lin28 are co-expressed
in the genital ridge, oocytes, and cleavage-stage embryos, and the expression level of Lin28 is correlated with the
expression level of Aire. Although it is widely considered to be a promiscuous gene expression activator, these
results indicated that Aire promotes the self-renewal of ES cells through a specific pathway (i.e., the activation of
Lin28 and the inhibition of the let-7 microRNA family). The correlation between Aire and Lin28 expression in
germ cells and early embryos indicated an in vivo function for Aire in toti- and pluripotent stem cells. This study
presents the first molecular pathway that incorporates Aire into the pluripotency network. Moreover, it presents
the first evidence that microRNAs contribute to the regulatory function of Aire and highlights a novel function of
Aire in stem cell biology and reproduction. These functions reveal novel perspectives for studying the molecular
mechanisms behind the establishment and sustenance of pluripotent identity.

Introduction

Self-renewal, defined as the sustenance of pluripotent
differentiation potential while proliferating, is one of the

most important properties of embryonic stem (ES) cells and
the basis to acquire pluripotent stem cells for regenerative
medicine [1]. The molecule mechanisms that promote the self-
renewal of pluripotent stem cells have been subjected to in-
tense study. A core of transcriptional circuits consisting of
Oct4, Nanog, and Sox2 has been established to play central
roles in the self-renewal process [2]. Recent data have ex-
tended this network to include much more transcriptional
regulators [3]. Recent protein interaction studies have identi-
fied numerous interacting proteins with the core pluripotency
factors [4]. A complex interacting network consisting of pro-
teins from different functional categories such as transcrip-
tional factors, chromatin structure modifiers, epigenetic
modifiers, and RNA processors have been revealed as con-
trolling the self-renewal of pluripotent stem cells [5]. In ad-
dition to the recent discovery of micro-RNAs as another
important entity which regulates the self-renewal of pluri-
potent stem cells [6], the molecule network that sustains the

self-renewal of pluripotent stem cells is complex and consists
of molecules that regulate cell behavior at different levels. The
integration of novel players into this network would greatly
promote the understanding of how the pluripotency network
sustains the self-renewal.

Autoimmune regulator (Aire) is considered a core regu-
lator in immune tolerance, because it is an omnipotent gene
that could activate thousands of genes with different tissue
specificities in medullary thymic epithelium cells (mTECs)
[7,8]. Mutation of the Aire gene compromises immune
tolerance and causes an autoimmune syndrome called
autoimmune polyendocrinopathy-candidiasis-ectodermal-
dystrophy (APECED) [9,10]. However, we have recently
identified the expression of Aire in ES cells and showed that
the expression of Aire decreased with the differentiation of
ES cells [11]. Data published by other groups and our un-
published observations have shown that Aire is expressed in
blastomeres (from the 1-cell stage to blastocyst), induced
pluripotent stem (iPS) cells, the embryonic genital ridge,
and germ cells of both sexes [12]. Except for its restricted
expression in mTECs and stromal cells of lymph nodes [13],
Aire presented an expression profile that is very similar to the
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core pluripotency regulators such as Oct4 and Nanog. We
have also shown that Aire knockdown attenuated the self-
renewal of mouse ES (mES) cells and the expression of Oct4
and Nanog [11]. These data insinuated that the Aire gene is
specific to pluripotent stem cells and actively participates in
the pluripotency regulation network. Open chromatin state
and global gene expression are considered specific charac-
teristics for pluripotency, and general gene expression
modulators, such as Wdr5 and TAF3, promote the self-
renewal of ES cells [14–21]. Thus, it is worth investigating
how an omnipotent expression activator such as Aire is in-
tegrated into the pluripotency regulation network and how it
contributes to the self-renewal of ES cells.

Although the physiological role of Aire in autoimmunity
is clear, the molecular mechanism of how Aire affects cellular
behavior is not clear. Several models, including direct tran-
scription regulation [22], chromatin modification [23], and
activating genes by regulating developmental cell fate [24],
have been proposed. Although there is supporting evidence
for each model, a consensus has not been established.
Moreover, Aire target genes are cell-type specific, with dif-
fering target profiles in mTECs, monocytes, and spermato-
gonias [7,25,26]. Therefore, pluripotent stem cell-specific
target molecules and mechanisms could exist for Aire to
regulate the gene expression and self-renewal of ES cells.
Unraveling these targets and mechanisms would not only
reveal new aspects of the pluripotency maintenance mecha-
nism but also illuminate the deep implications of a general
mechanism of Aire-dependent gene regulation.

Lin28 is a RNA binding protein that was originally char-
acterized in a mutant screen of Caenorhabditis elegans as a
development-regulating gene [27,28]. It has been proposed
that Lin28 is an important mediator of the proliferation and
self-renewal of ES cells [29,30]. More importantly, Lin28 is 1
of the 4 reprogramming factors initially used to produce
human-induced pluripotent stem cells [31]. Unlike other core
pluripotent regulators such as Oct4 and Nanog, which per-
form their functions by regulating transcription in the cell
nucleus [2], Lin28 acts at the posttranscriptional level
through 2 major mechanisms. First, Lin28 inhibits the mat-
uration of the let-7 microRNA family by binding and modi-
fying its precursors [32–34]. Let-7 microRNAs target and
inhibit the expression of pluripotency and proliferation
promoters such as HMGA2 and oppose the effects of a
family of ESC cell-cycle-regulating miRNAs that maintain
self-renewal [35,36]. Since these effects promoted the differ-
entiation of ES cells, the inhibition of let-7 by Lin28 promotes
the self-renewal of ES cells. Second, Lin28 promotes the self-
renewal of ES cells by directly interacting with the mRNAs of
pluripotency and cell-cycle regulators, including Oct4 and
CDK4, to promote their ribosome recruitment and transla-
tion [30,37,38]. Although Lin28 is an important regulator of
pluripotency and one of the few clearly characterized nodes
that link the pluripotency network to microRNAs, the up-
stream regulators of Lin28 in pluripotent stem cells have not
been determined. Delineating the regulators of Lin28 in
pluripotent stem cells would significantly improve the un-
derstanding of the pluripotency sustenance network. Since
Lin28 has been implicated as an active player in the repro-
gramming process that drives tumorgenesis [31,39,40], the
characterization of regulators of Lin28 may also shed insight
into the transforming mechanisms.

In this study, we report that Aire promotes the expression
of Lin28 in ES cells. We demonstrate that Aire inhibits the
expression of the let-7 microRNA family by activating Lin28,
which sustains the undifferentiated state and promotes the
proliferation of mES cells. Moreover, we show that Aire and
Lin28 are co-expressed in germ cells and preimplantational
mouse embryos, and the expression of Lin28 in genital ridges
and oocytes correlates with the expression of Aire. To our
knowledge, this is the first report of a molecular pathway
that links Aire to pluripotency and the first link between Aire
and the microRNA world. These results establish Aire as a
novel player in the pluripotency network, present a new
regulatory mechanism for the core pluripotency and repro-
gramming factor Lin28, and indicate microRNAs as novel
targets of Aire.

Materials and Methods

Ethics statement

All animal work was conducted according to relevant
national and international guidelines.

Cell lines and cell culture

Mouse embryonic fibroblast (MEF) feeder cells were iso-
lated from 13.5 dpc ICR mice embryos. MEFs were routinely
cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (Invitrogen) at
37�C in 5% CO2. MEFs were inactivated by Mitomycin C and
plated at a density of 4 · 104 cells/cm2 for ES culture.

The mES D3 cell line was purchased from ATCC and
cultured on mitomycin-inactivated MEFs in DMEM supple-
mented with 15% fetal bovine serum (Invitrogen) and
1000 ng/mL LIF (Millipore) at 37�C in 5% CO2. The pluri-
potency of the mES cells was routinely analyzed with an
ALP staining Kit (Sigma-Aldrich) for SSEA-1 staining and
teratoma formation. In addition, the karyotype was routinely
checked.

Embryonic bodies were prepared by suspension culture in
DMEM supplemented with 10% fetal bovine serum (In-
vitrogen) at 37�C in 5% CO2 and recovered after 6 days’
differentiation for colony formation assay and real-time
polymerase chain reaction (PCR) assay.

Animals and housing

The heterozygous Aire-knockout mice strain (C57BL6/J
background; Jackson 004743) was purchased from Jackson
Laboratories and bred in house [7]. Homozygous Aire-
knockout mice were generated by breeding heterozygous
pairs.

Antibodies

The following antibodies were used in this study: Rat
anti-mouse Aire monoclonal antibody (eBioscience), rabbit
anti-Lin28A monoclonal antibody (Cell Signaling), rabbit anti-
mouse Aire polyclonal antibody (Huabio), rabbit anti-
GAPDH polyclonal antibody (Huabio), rabbit anti-Oct4
polyclonal antibody (Huabio), Alexa 488-conjugated goat
anti-rat IgG (Invitrogen), and Alexa 555-conjugated goat
anti-rabbit IgG (Invitrogen).
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Plasmid construction and lentivirus production

The full-length coding regions of mouse Aire and Lin28
genes were isolated from mES cDNAs by PCR amplification
and cloned into a pCS-UBC lentivirus vector plasmid, which
was constructed in house, derived from the pCS plasmid
(Addgene plasmid 12158) by enzymatic digestion [41].
Cloned gene expression was under the control of the human
ubiquitin promoter (UBC). ShRNA coding DNA sequences
were obtained from the RNAi Consortium (www.broadin
stitute.org/rnai/trc) and synthesized by Sangon (Shanghai)
(Table 1). A pLKO TRC-cloning vector (plasmid 10878) was
obtained from Addgene [42].

For lentivirus packaging, plasmids were co-transfected
with PsPAX (Addgene plasmid 12260), pMD2. G (Addgene
plasmid 12259) packaging plasmids into HEK293T cells.
Lentivirus was collected in an mES culture medium and used
to infect mES cells after the supplementation of 4 mg/mL
Polybrene (Sigma).

Genital ridge isolation

Aire+ / + C57BL6/J female mice were superovulated by
consecutive injections, which were spaced 44–48 h apart,
containing 5 IU PMSG and 5 IU hCG and crossed with Aire+ / +

C57BL6/J males. Virginal plugs were checked to confirm
successful mating. Genital ridges were isolated from 12.5 dpc
embryos under a dissecting microscope, and the genders of
genital ridges were identified with morphology criteria.

Oocyte and early embryo isolation
and immunofluorescent staining

For oocyte isolation, Aire + / + and Aire - / - female
C57BL6/J mice were stimulated by an intraperitoneal injec-
tion of 7.5 IU of PMSG. After 46–48 h, germinal vesicle (GV)
oocytes were isolated by puncturing follicles in M2 medium
(Sigma). For preimplantational embryo isolation, Aire + / +

C57BL6/J female mice were superovulated by consecutive
injections of 5 IU PMSG and 5 IU hCG (44–48 h between
injections) and crossed with Aire + / + C57BL6/J males.
Twenty-four hours and 48 h after an injection of 5 IU hCG,
successfully pregnant females were used for collecting zy-
gotes (day 0.5) and 2-cell embryos (day 1.5), respectively.

GV oocytes, zygotes, and 2-cell embryos were fixed and
permeabilized with Fix/Perm buffer from the Foxp3 staining
buffer set (eBioscience) for 1 h at 37�C. The oocytes and
embryos were blocked for 45 min at 37�C in a blocking buffer
(Perm buffer; eBioscience) supplemented with 5% normal
goat serum. After blocking, the oocytes and embryos were
consecutively stained with the rat anti-mouse Aire mono-
clonal antibody (eBioscience), Alexa 488-conjugated goat

anti-rat IgG (Invitrogen), rabbit anti-Lin28A monoclonal
antibody (Cell Signaling), and Alexa 555-conjugated goat
anti-rabbit IgG (Invitrogen). The oocytes and embryos were
then mounted in VECTASHIELD HardSet Mounting Med-
ium with 4¢,6-diamidino-2-phenylindole. The samples were
examined under an LSM 710 Confocal Microscope (Zeiss).

Colony formation assay

For the colony formation assay of ES cells, mES cells were
seeded on 24-well cell culture plates on feeder cells at a density
of 600 cells per well and grown for 4 days. Alkaline phospha-
tase (ALP) staining was performed with an ALP assay kit
(Sigma). Macroscopic pictures were taken with a digital camera
(Panasonic DMC-ZS1). The number of ALP-positive clones was
counted under a phase-contrast microscope. The results are
displayed as statistical averages of 3 independent experiments.

For colony formation assay of embryonic body (EB) cells
differentiated for 6 days, embryonic bodies were collected
and dissociated to single cells by trypsinization. The cells
were then seeded on 24-well cell culture plates on feeder cells
at a density of 3000 cells per well and grown for 8 days. ALP
staining was performed with an ALP assay kit (Sigma). The
number of ALP-positive clones was counted under a phase-
contrast microscope. The results are displayed as statistical
averages of 3 independent experiments.

Real-time reverse transcriptase-PCR

Total RNA was isolated with Trizol reagent, and cDNAs
were synthesized with the ReverTra Ace� qPCR RT Kit
(Toyobo). Tests were performed with SYBR Green reagents
purchased from Toyobo and primers acquired from the
Primer Bank (http://pga.mgh.harvard.edu/primerbank/),
which are listed in Table 2.

Small RNAs were isolated with the mirVana� miRNA
Isolation Kit (Ambion), according to the manufacturer’s in-
structions. The small RNAs were tailed with Escherichia coli
polyA polymerase (Ambion) and reverse transcribed using
the ReverTra Ace� qPCR RT Kit (Toyobo) with a tagged
polyA primer (5¢-ATTCTAGAGGCCGAGGCGGCCGACA
TGT(24)VN-3¢). MicroRNA qPCR was performed using
SYBR Green reagents (Toyobo) with specific forward primers
acquired from the Invitrogen database (Table 3) and a gen-
eral reverse primer (5¢-ATTCTAGAGGCCGAGGCGGC-3¢).

All real-time PCR analyses were performed on a RealPlex
PCR apparatus (Eppendorf).

Western blotting

Western blotting was performed as previously described
[43]. ES cells were harvested in lysis buffer consisting of

Table 1. shRNA Sequences Used in this Study

Name Sequence

scramble CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG
shAire-1 CCGGCCAGTGGCAATTTGAAGAACACTCGAGTGTTCTTCAAATTGCCACTGGTTTTTG
shAire-2 CCGGCCGAGACACCACCCTTCTCTTCTCGAGAAGAGAAGGGTGGTGTCTCGGTTTTTG
shLin28-1 CCGGCCCAGTAAGAATGCAACTTAACTCGAGTTAAGTTGCATTCTTACTGGGTTTTTG
shLin28-2 CCGGCACCTTTAAGAAGTCTGCCAACTCGAGTTGGCAGACTTCTTAAAGGTGTTTTTG

shRNA sequences
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50 mM Tris-HCl pH 7.4, 1% NP-40, and 1% sodium dodecyl
sulfate (SDS). Equal amounts of the protein lysate were
separated by electrophoresis on a 12.5% Laemmli SDS-
polyacrylamide gel and then transferred onto polyvinylidene
fluoride membranes. The membranes were developed with
an ECL kit purchased (GE Healthcare Life Sciences, Piscat-
away, NJ) after incubation with primary and secondary an-
tibodies.

Immunofluorescence

Immunofluorescence was performed as previously de-
scribed [43]. The subjects were observed, and images were
acquired under an LSM 710 Confocal Microscope (Zeiss).

Quantifications and statistics

The fluorescence strength of the immunofluorescent
stainings was measured by Magnification software (Orbi-
cule). Intergroup differences were assessed by student’s t-test
using the StatView 5.0 program against control groups (SAS
Institute Inc.); *P < 0.05, **P < 0.01. The column charts were
drawn by Origin 8.0 software (OriginLab).

Results

Aire promoted the self-renewal of mES cells

We explored the function of Aire in ES cells by gene
overexpression. As shown in Fig. 1A, the infection of mES
cells with lentiviral vector encoding the mouse Aire gene
significantly enhanced the expression of Aire mRNA. Wes-

tern blotting demonstrated that the Aire protein level sig-
nificantly increased on gene overexpression in mES cells (Fig.
1B). ES cell self-renewal was examined with different assays.
First, we examined the ability of mES cells to form ALP-
positive colonies after Aire overexpression. As shown in Fig.
1C, Aire overexpression significantly enhanced the ability of
mES cells to form ALP-positive colonies. Next, we examined
the expression of 2 core pluripotent genes, Oct4 and Nanog,
in the context of Aire overexpression. Real-time reverse
transcriptase PCR (RT-PCR) analysis revealed that Aire
overexpression significantly enhanced the mRNA expression
of the pluripotent marker Nanog, while the Oct4 expression
was not significantly altered (Fig. 1D). We further examined
the Oct4 protein levels in mES cells on Aire overexpression
with western blotting. As shown in Fig. 1B, the level of Oct4
protein in the mES cells significantly increased after Aire
overexpression. Therefore, Aire overexpression enhanced the
colony genicity of mES cells and promoted the transcrip-
tional expression of some pluripotent genes (e.g., Nanog),
while posttranscriptionally regulated other pluripotent genes
(e.g., Oct4). We also examined the differentiation capacity of
mES cells on Aire overexpression by examining the expres-
sion of several germ layer marker genes in embryonic bodies.
Embryonic bodies were derived from vector-infected and
Aire lentivirus-infected cells. As shown in Fig. 1E and
consistent with our previous report, Aire expression was
eliminated 6 days after differentiation [11], while in Aire-
overexpressing cells, the expression level of Aire 6 days after
differentiation is similar to that of undifferentiated cells. On
Aire overexpression, the day 6 EBs possessed significantly
lower expression of the trophoblast marker Gata6 [44],

Table 2. Primers for Protein Coding Genes Used in this Study

Name Sense sequence Anti-sense sequence

Aire FL GGGGTACCATGGCAGGTGGGGATGGAATG GCTCTAGATCAGGAAGAGAAGGGTGGTGTC
Lin28 FL GCGAATTCATGGGCTCGGTGTCCAACCAG GGATCGATTCAATTCTGGGCTTCTGGGAGCA
Aire qPCR AGGTCAGCTTCAGAGAAAACCA TCATTCCCAGCACTCAGTAGA
Oct4 qPCR CAGCCAGACCACCATCTGTC GTCTCCGATTTGCATATCTCCTG
Nanog qPCR TTGCTTACAAGGGTCTGCTACT ACTGGTAGAAGAATCAGGGCT
Lin28 qPCR GGCATCTGTAAGTGGTTCAACG CCCTCCTTGAGGCTTCGGA
Gata6 qPCR CATCACCATCACCCGACCTAC GGCCCTGTAAGCTGTGGAG
Brachyuary qPCR GGATTCACATCGTGAGAGTTGG GTCACAGCTATGAACTGGGTC
Gata4 qPCR CAAACCTCAATGTGTCTCTTTGC AGAGTAAAGCCTATCTCGCTGT
Sox7 qPCR TGGACACGTATCCCTACGGG TCCTGACATGAGGACGAGAAG
Nestin qPCR CCCCTTGCCTAATACCCTTGA GCCTCAGACATAGGTGGGATG
Fgf5 qPCR GAAGCGTCTCACTCCCGAAG GAAGAAAACGTCGCGCTACT

Table 3. Primers for microRNAs

Name Sense sequence Anti-sense sequence

mmu-let-7a GCGGTGAGGTAGTAGGTTGTATAGTT ATTCTAGAGGCCGAGGCGGC
mmu-let-7b CCTGAGGTAGTAGGTTGTGTGGTT
mmu-let-7c CGCTGAGGTAGTAGGTTGTATGGTT
mmu-let-7d GCAGAGGTAGTAGGTTGCATAGTT
mmu-let-7e GGCTGAGGTAGGAGGTTGTATAGTT
mmu-let-7f GCCCCTGAGGTAGTAGATTGTATAGTT
mmu-let-7g GGCCTGAGGTAGTAGTTTGTACAGTT
mmu-let-7i GCTGAGGTAGTAGTTTGTGCTGTT
mmu-sno-U6 TGCTCGCTTCGGCAGCACATATAC
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FIG. 1. Aire promoted the self-renewal of embryonic stem (ES) cells: (A) Real-time reverse transcriptase–polymerase chain
reaction (RT-PCR) analysis of Aire expression level in normal mouse ES (mES) cells (D3), vector-infected mES cells (Vector),
and Aire encoding lentivirus-infected mES cells (Aire). The expression level is shown as relative to b-actin expression (n = 3,
*P < 0.05, **P < 0.01). (B) Western blotting analysis of GAPDH, Aire, and Oct4 protein expression in normal mES cells (D3),
vector-infected mES cells (Vector), and Aire encoding lentivirus-infected mES cells (Aire). (C) Colony genicity of normal mES
cells (D3), vector-infected mES cells (Vector), and Aire encoding lentivirus-infected mES cells (Aire). The upper panel shows
macroscopic pictures of one representative well of each group. The lower panel shows statistics (n = 3, *P < 0.05, **P < 0.01).
(D) Real-time RT-PCR analysis of Oct4 and Nanog expression levels in normal mES cells (D3), vector-transfected mES cells
(Vector), and Aire gene-transfected mES cells (Aire). The target gene expression level is shown as relative to b-actin expression
(n = 3, *P < 0.05, **P < 0.01). (E) Real-time RT-PCR analysis of the expression levels of Aire, Oct4, and germ layer marker genes
in day 6 embryonic bodies (EBs) derived from vector-infected mES cells (Vector), and Aire encoding lentivirus-infected mES
cells (Aire). The expression levels are shown as relative to b-actin expression (n = 3, *P < 0.05, **P < 0.01). (F) Colony genicity of
day 6 EB cells derived from vector-infected mES cells (Vector), and Aire encoding lentivirus-infected mES cells (Aire) (n = 3,
*P < 0.05, **P < 0.01).
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mesoderm marker Brachyuary [45], and endoderm marker
Gata4 [46], while the expression level of ectoderm marker
Fgf5 differed with marginal significance [47] (P = 0.041). The
expression levels of ectoderm marker Nestin and primitive
endoderm marker Sox7 were not affected [48,49]. Since there
is still a certain level of expression of these germ layer
markers in EBs derived from Aire-overexpressing ES cells,
these cells still possessed the ability to differentiate into the 3
germ layers and extraembryonic cells. We checked whether
the pluripotent gene Oct4 was properly shut down during
EB differentiation after Aire overexpression. As shown in
Fig. 1E, the expression of Oct4 gene was significantly de-
creased after differentiation in vector-infected cells, but it is
sustained at a high level in Aire-overexpressing cells. To
further confirm that Aire promoted the self-renewal of ES
cells in differentiation promoting conditions, we examined
the ability of the cells from day 6 EBs to form ALP-positive
colonies. As shown in Fig. 1F, the overexpression of Aire
significantly enhanced the colony formation ability of d6
EB cells. These results indicated that Aire promoted the
self-renewal proliferation of mES cells in conditions that
encouraged self-renewal. Moreover, Aire quantitatively in-
hibited differentiation and promoted self-renewal in condi-
tions that encouraged differentiation.

Aire promoted the expression of Lin28 in mES cells

While dissecting the molecular mechanism by which Aire
promoted the self-renewal of ES cells, we considered that
Aire-induced posttranscriptional expression of Oct4 was a
clue and searched for molecules that posttranscriptionally
regulate the expression of Oct4. Since Lin28 has been pro-
posed to promote the translation of Oct4 by triggering its
ribosome recruitment [37], we examined the expression of
Lin28 after Aire overexpression. As shown in Fig. 2A, the
expression of Lin28 was significantly enhanced after Aire
overexpression. Western blotting analysis revealed that
Lin28 protein expression in the mES cell population in-
creased significantly after Aire overexpression (Fig. 2B).
Moreover, immunofluorescent analysis revealed that Aire
overexpression significantly elevated the expression of Lin28
in situ. Since we have already demonstrated that Aire
knockdown attenuated the self-renewal ability of ES cells
[11], we sought to determine whether it also attenuated the
expression of Lin28. As shown in Fig. 2D, the expression of
Lin28 mRNA was significantly attenuated in ES cells by Aire

knockdown. The expression of Lin28 protein was also at-
tenuated by Aire knockdown, as shown in Fig. 2E. Im-
munofluorescence analysis determined that the Lin28
expression was significantly decreased on Aire knockdown.
These results indicated that Aire promotes the expression of
Lin28, and since Lin28 is vital for the self-renewal and re-
programming process [29–31], we speculated that the acti-
vation of Lin28 expression contributed significantly to the
self-renewal promoting effect of Aire.

Aire promoted the self-renewal of mES cells
by activating Lin28

With the aim of validating that Lin28 activation contrib-
uted to the effect of Aire on mES cell self-renewal, we per-
formed genetic rescue experiments. First, we knocked down
Lin28 expression in Aire-overexpressing mES cells. As shown
in Fig. 3A and B, Lin28 mRNA and protein levels were
recovered by 2 shRNAs targeting Lin28 to the level of
vector-transfected mES cells. A colony genicity assay was
performed to examine self-renewal ability. As shown in Fig.
3C, the colony genicity of the Aire-overexpressing cells was
significantly attenuated after Lin28 knockdown. A further
confirmation was made by overexpressing Lin28 in Aire-
knockdown mES cells. As shown in Fig. 3D and E, after
infection with lentiviral vectors encoding mouse Lin28, the
Lin28 expression in Aire-knockdown mES cells was similar to
or a little higher than in the scrambled shRNA transgenic
mES cells. The colony genicity was assayed to examine self-
renewal ability. As shown in Fig. 3F, while the colony
genicity of Aire knockdown mES cells was significantly
lower than in scrambled shRNA transgenic cells, Lin28
overexpression in these mES cells rescued colony genicity
from Aire knockdown. These results indicated that the acti-
vation of Lin28 expression significantly contributed to the
self-renewal promoting effect of Aire in mES cells.

Aire regulated let-7 micro RNAs

Previous reports demonstrated that Lin28 inhibits the
maturation of the differentiation-promoting let-7 microRNA
family and promotes ES cell self-renewal [29,32]. The inhi-
bition of the let-7 microRNA family by Lin28 has also been
considered vital for its function as a reprogramming factor
and oncogene [31,39,40]. Since we have shown that Aire
promoted Lin28 expression in mES cells, we investigated

FIG. 2. Aire promoted the expression of Lin28 in ES cells. (A) Real-time RT-PCR analysis of the Aire and Lin28 expression in
normal mES cells (D3), vector-infected mES cells (Vector), and Aire encoding lentivirus-infected mES cells (Aire). The ex-
pression level was shown as relative to b-actin expression (n = 3, *P < 0.05, **P < 0.01). (B) Western blotting analysis of the
expression of GAPDH, Aire, and Lin28 protein in normal mES cells (D3), vector-infected mES cells (Vector), and Aire
encoding lentivirus-infected mES cells (Aire). (C) Immunofluorescence analysis of the expression of Aire and Lin28 in vector-
infected mES cells (Vector), and Aire encoding lentivirus-infected mES cells (Aire). The upper panel displays figures of
representative colonies (bar = 50 mm). The lower panel shows statistical analysis according to the same random fluorescent
unit (n = 30, *P < 0.05, **P < 0.01). (D) Real-time RT-PCR analysis of Aire and Lin28 expression in scrambled shRNA-infected
mES cells (scramble) and mES cells infected with lentivirus encoding 2 Aire shRNAs (shAire-1 and shAire-2). The expression
level was shown as relative to b-actin expression (n = 3, *P < 0.05, **P < 0.01). (E) Western blotting analysis of GAPDH, Aire,
and Lin28 protein expression in scrambled shRNA-infected mES cells (scramble) and mES cells infected with lentivirus
encoding 2 Aire shRNAs (shAire-1 and shAire-2). (F) Immunofluorescence analysis of Aire and Lin28 expression in
scrambled shRNA-infected mES cells (scramble) and mES cells infected with lentivirus encoding shAire-2 shRNA (shAire).
The upper panel shows figures of representative colonies (bar = 50mm). The lower panel shows the statistical analysis
according to the same random fluorescent unit (n = 30, *P < 0.05, **P < 0.01). Color images available online at www
.liebertpub.com/scd
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whether Aire regulated the levels of mature let-7 micro-
RNAs. First, we examined the expression of let-7 microRNAs
in mES cells after Aire overexpression. As displayed in Fig.
4A, the expression of all 8 let-7 family microRNAs was sig-
nificantly lower in Aire-overexpressing mES cells compared
with vector-infected cells. Subsequently, we examined the

level of let-7 microRNAs in mES cells after Aire knockdown.
As shown in Fig. 4B, the Aire knockdown in mES cells re-
sulted in a significant increase of the let-7 microRNA family
except for the let-7d and let-7i, which also showed an in-
creasing trend. To further confirm that Aire regulated the let-
7 microRNA family indirectly through Lin28, genetic rescue
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FIG. 3. Aire promoted the self-renewal of ES cells through Lin28: (A). Real-time RT-PCR analysis of the expression level of
Lin28 in vector-infected mES cells (Vector), Aire encoding lentivirus-infected mES cells (Aire), mES cells co-infected with Aire-
encoding lentivirus and scrambled shRNA-encoding lentivirus (Aire + scr), and mES cells co-infected with Aire encoding
lentivirus and 2 Lin28 shRNAs encoding lentivirus (Aire + shL1 and Aire + shL2) cells. The expression levels are displayed as
relative to b-actin expression (n = 3, *P < 0.05, **P < 0.01). (B) Western blotting analysis of GAPDH and Lin28 protein ex-
pression in vector-infected mES cells (Vector), Aire encoding lentivirus-infected mES cells(Aire), mES cells co-infected with
Aire encoding lentivirus and scrambled shRNA encoding lentivirus (Aire + scr), or mES cells co-infected with Aire encoding
lentivirus and one of 2 Lin28 shRNA encoding lentiviruses mES cells (Aire + shL1 and Aire + shL2). (C) Colony genicity of
vector-infected mES cells (Vector), Aire encoding lentivirus-infected mES cells (Aire), mES cells co-infected with Aire encoding
lentivirus and scrambled shRNA encoding lentivirus (Aire + scr), mES cells co-infected with Aire encoding lentivirus, and 2
Lin28 targeting shRNA encoding lentivirus (Aire + shL1 and Aire + shL2) cells (n = 3, *P < 0.05, **P < 0.01) (D) Real-time RT-
PCR analysis of the expression level of Lin28 in scrambled shRNA encoding lentivirus-infected ES cells (scramble), shAire-2
encoding lentivirus-infected ES cells(shAire), ES cells co-infected with 2 lines of shAire-2 encoding lentivirus, and Lin28
encoding lentivirus co-infected(shAire + L1 and shAire + L2). The expression level is shown relative to b-actin expression
(n = 3, *P < 0.05, **P < 0.01). (E) Western blotting analysis of the GAPDH and Lin28 protein expression in scrambled shRNA
encoding lentivirus-infected ES cells (scramble), shAire-2 encoding lentivirus-infected ES cells (shAire), and ES cells co-
infected with 2 lines of shAire-2 encoding lentivirus along with Lin28 encoding lentivirus (shAire + L1 and shAire + L2). (F)
Colony genicity of scrambled shRNA encoding lentivirus-infected ES cells (scramble), shAire-2 encoding lentivirus-infected
ES cells (shAire), and 2 lines of shAire-2 encoding lentivirus and Lin28 encoding lentivirus co-infected (shAire + L1 and
shAire + L2) ES cells (n = 3, *P < 0.05, **P < 0.01).
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experiments were performed. As shown in Fig. 4A, when
Lin28 was knocked down in Aire overexpressing mES cells,
the level of most let-7 microRNAs increased and approached
the level in vector-infected cells. As depicted in Fig. 4B, when
Lin28 was overexpressed in Aire knockdown mES cells, the
level of most let-7 microRNAs decreased and approached the
level in scramble shRNA-infected cells. These results indi-
cated that Aire inhibited the maturation of the let-7 micro-
RNA family through Lin28, and the inhibition of the let-7
microRNA family contributed to the self-renewal promoting
effect of Aire.

In vivo relationships between Aire and Lin28

The embryonic genital ridge is one of the most important
sources of pluripotent embryonic germ cells [50,51]. Since
Aire is expressed in germ cells and Lin28 possesses the ability
to sustain a pluripotent state [26,29], we examined whether
Aire regulates Lin28 in germ cells. Aire and Lin28 expression
was examined with real-time RT-PCR in genital ridges iso-
lated from 12.5 dpc embryos of both sexes. As shown in Fig.
5A, Aire and Lin28 were expressed in the genital ridges of
both sexes at a much higher level than in ES cells. Moreover,
Aire expression in the female genital ridges was significantly
higher than in the male ones. Concomitantly, Lin28 expres-
sion levels in female genital ridges were significantly higher
than in the male ones. This positive correlation between Aire
and Lin28 in genital ridges indicated a positive effect of Aire
on Lin28 in embryonic germ cells. Subsequently, we com-
pared the Aire and Lin28 expression by immunofluorescent
staining in oocytes in wild-type (Wt) and Aire-knockout
(Mut) mice. As shown in Fig. 5B, Aire was present in oocytes
from wild-type mice but was absent in oocytes from Aire-
knockout mice. This finding implied that Aire was mater-
nally stored in the oocytes of normal mice, while maternal
proteins in Aire-knockout mice were depleted. A direct ob-
servation revealed a weaker Lin28 staining in oocytes from
Aire-knockout mice relative to wild-type mice, and statistical
analysis revealed a significantly lower fluorescent strength of

Lin28 staining in Aire-knockout oocytes than in wild-type
mice. However, Lin28 was still present in Aire-knockout
oocytes, which suggests that Aire was not exclusively re-
quired for the expression of Lin28 but quantitatively regu-
lated the expression of Lin28 in oocytes. Since Aire and Lin28
were stored in oocytes as maternal proteins, we examined
the presence of Aire and Lin28 in totipotent mouse blasto-
meres before the major maternal embryo transition. As
shown in Fig. 5C, Aire and Lin28 were observed in the
cytoplasm of fertilized mouse eggs and 2-cell embryos. In-
terestingly, Aire and Lin28 demonstrated foci-shaped colo-
calization in the early embryos, which suggested functional
interactions. These results indicated that Aire and Lin28 are
co-expressed in germ cells, totipotent cells, and pluripotent
stem cells. Moreover, Aire quantitatively regulated the ex-
pression of Lin28.

Discussion

A novel player in the pluripotency network

The molecular network that defines and sustains plur-
ipotency has been intensely studied. There had been a widely
accepted network centered on a self-regulated circuit, com-
prising Oct4, Nanog, and Sox2, which served as a major
sustaining force of the pluripotent state of stem cells [2].
However, recent studies have revealed many novel sides of
the pluripotency network. Molecular entities such as histone
modifiers [20,52], chromatin structure remodelers [53,54],
general transcription factors [21], and microRNAs [6] have
been shown to critically regulate pluripotency maintenance
and reprogramming. These results indicated that the pluri-
potency network is a multifaceted network that comprises
regulators functioning at various levels of regulation. The
discovery of novel players in this network would greatly
improve the understanding of pluripotency. Since open
chromatin structure and promiscuous transcription have
been proposed to be a basic property of the pluripotent state
[14], it is expected that the regulator of these properties

FIG. 4. Aire regulated the level of let-7 group microRNA in ES cells. (A) Real-time RT-PCR analysis of let-7 family mi-
croRNA expression in vector-infected mES cells (Vector), Aire encoding lentivirus-infected mES cells (Aire), and mES cells co-
infected with Aire encoding lentivirus and a Lin28 targeting shRNA encoding lentivirus (Aire + shL1). Target gene expression
level is shown relative to sno-U6 small RNA (n = 3, *P < 0.05, **P < 0.01) (B) Real-time RT-PCR analysis of let-7 family
microRNA expression in scrambled shRNA encoding lentivirus-infected ES cells (scramble), shAire-2 encoding lentivirus-
infected ES cells (shAire), and mES cells co-infected with shAire-2 encoding lentivirus and a Lin28 encoding lentivirus
(shAire + L1). Target gene expression level is shown relative to sno-U6 small RNA (n = 3, *P < 0.05, **P < 0.01).
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should function in the pluripotency network. In this study,
we have demonstrated that the promiscuous transcription
regulator Aire is a novel player in the pluripotency network.
Along with our previous observation that Aire promoted the
expression of tissue-specific genes in ES cells [11], a link
between the pluripotency networks, open chromatin, and
promiscuous transcription is now established. We also
highlight the functional significance of the first phase of the
biphasic Aire expression pattern in development: pre-
implantational totipotent cells and pluripotent stem cells
[12]. Moreover, we have unexpectedly observed that despite
being a promiscuous transcription regulator, Aire is inte-
grated into the pluripotency network though a specific
transmitter, Lin28. This finding suggests that promoting
promiscuous transcription and pluripotency maintenance
are 2 parallel functions of the Aire gene. Our data indicated
that the promiscuous transcription regulator Aire specifically
promoted the expression of Lin28 at the transcriptional level.
Although many different mechanisms including direct tran-
scription initiation activation through CBP interaction [22],
transcription elongation sustenance through p-TEFb inter-
action [55], and epigenetic activation have been proposed to
be responsible for the transcription activating effect of Aire
[23], but most of them seemed not to be specific to ES cells. It
is possible that this specific effect is related to the specific
transcriptional network of ES cells, but more confirmation is

needed. The parallel function of Aire in ES cells for promis-
cuous transcription promotion and pluripotency sustenance
also begs several questions. Why has evolution integrated
these 2 seemingly independent functions into a single gene?
How are these 2 functions differentially conducted and reg-
ulated? Do these 2 functions still co-exist in adult cells,
similar to mTECs, and, consequently, support the develop-
mental model of Aire function in the thymus? Since Lin28 is
a major mediator of reprogramming of differentiated cells
into induced pluripotent stem cells [31], the results suggested
the potential of Aire as a new component of the cocktail used
by regenerative medicine researchers to reprogram adult
cells. Since Aire is in the center of a multi-molecular network
consisting of chromatin remodelers, transcription regulators,
and RNA processors [56], another important contribution of
this work to the understanding of pluripotency network is
that the integration of Aire into the pluripotency network
would significantly expand the network and emphasize
more new players.

Aire interacts with microRNAs

Protein coding genes and microRNAs are 2 major clades
of functional molecules in biological systems. MicroRNAs
regulate a wide range of biological processes, including but
not excluded to cell proliferation [57], stem cell self-renewal

FIG. 5. Aire and Lin28 in germ cells and early embryos. (A) Real-time RT-PCR analysis of Aire and Lin28 expression in the
12.5 dpc male genital ridge (M) and the 12.5 dpc female genital ridge (F). Target gene expression level is shown relative to b-
actin expression (n = 3, *P < 0.05, **P < 0.01). (B) Immunofluorescence analysis of Aire and Lin28 expression in germinal vesicle
(GV) stage oocytes from wild-type (Wt) and Aire-knockout (Mut) mice. The left panel shows staining of a representative
oocyte. The right panel shows statistical analysis according to the same random fluorescent unit (n = 9, *P < 0.05, **P < 0.01).
(C) Immunofluorescence analysis of Aire and Lin28 expression in 1-cell-stage and 2-cell-stage mouse embryos. Embryos from
both stages expressed Aire and Lin28. Color images available online at www.liebertpub.com/scd
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[6], embryonic development [58], and immune response [59].
Specifically, it had been proposed that pluripotent stem cells
possess characteristic microRNA expression profiles, and
microRNAs (e.g., mir-294 and mir-295) promote the self-re-
newal of pluripotent stem cells and cell reprogramming [6,
60]. Although long held as a promiscuous activator of the
expression of protein coding genes, there is no evidence of a
functional relationship between Aire and microRNAs. In this
work, we presented the first evidence that Aire could regu-
late the level of the let-7 microRNA family though the reg-
ulation of the microRNA binding protein Lin28. As we have
shown, the regulation of let-7 miRNAs by Aire is functionally
transmitted to the pluripotency maintenance effect on ES
cells. These results added a new level to the complexity of the
regulation mechanism of Aire on its targets and could help
explain some observations in the field. For example, Gillard
et al. have shown that the pluripotency marker genes Oct4
and Sox2 were expressed in normal mouse mTECs, while
expression was abrogated in Aire-knockout mTECs [24]. We
have also observed that Aire knockdown in mES cells re-
sulted in attenuated expression of Oct4 and Nanog [11,24].
Since Oct4, Sox2, and Nanog were not among the canonical
Aire-dependent tissue-specific genes, our discovery might
indicate that the regulation of miRNAs, similar to the let-7
family, potentially contributes to these observations. Whe-
ther Aire also regulated miRNAs other than the let-7 family
and in cell types other than ES cells remains to be deter-
mined. miRNAs have been linked to autoimmune diseases,
and circulating miRNAs function in immunological pro-
cesses [59,61]. Thus, establishing the relationship between
Aire and miRNAs provides a new perspective for under-
standing the function and regulatory mechanisms of Aire.
Further investigation would potentially reveal the major
regulatory nature of Aire on immunotolerance and other
processes.

Implications into the extra-thymus function of Aire

Except for the mTECs, germ cells and early blastomeres
were the other major expression entities of Aire [12]. Al-
though Aire had been linked to the early wave of apoptosis
during male germ cells development [26], no other clear
functional relationship had been established between Aire
and these cell types. Interestingly, except for blastocyst inner
cell mass, germ cells and early blastomeres are important
cellular sources for pluripotent stem cells, including embry-
onic germ cells, testis-derived pluripotent stem cells, and
blastomere-derived pluripotent stem cells [62–64]. Moreover,
core pluripotent genes, such as Oct4 and Nanog, are ex-
pressed in germ cells and early blastomeres, and Oct4 pro-
tein have been shown to be maternally stored in oocytes,
which played critical roles in preimplantational development
[65,66]. It is possible that the Aire-Lin28 pathway contributed
to the potential to become pluripotent stem cells of these cell
types, based on the similar expression pattern between Aire
and pluripotent factors, the promotional effect of Aire on ES
cell self-renewal, and the consistent regulatory relationship
between Aire and Lin28 in ES cells, germ cells, and blasto-
meres. It will be interesting to see whether Aire is expressed
in new pluripotent stem cell types, such as gonad-derived
pluripotent stem cells or very small embryonic like stem
cells, and explore the potential usage of Aire as a marker that

isolates new pluripotent cell types [63,64,67]. Interestingly,
homozygous Aire-knockout mice suffered a high incidence of
infertility [68]. Although autoimmune defects have been
considered a major cause of this phenotype [7], other possi-
bilities, including a germ cell developmental defect, defects
in oocyte genomic reprogramming during fertilization, and
defects in preimplantational development, have not been
strictly excluded. Since Lin28 has been implicated in germ
cell development [69], cellular reprogramming, and self-
renewal of pluripotent stem cells, our discovery of the
quantitative regulatory effect of Aire on Lin28 indicated that
the effect of Aire on germ cell development and early
development could contribute to the partial infertility phe-
notype in Aire-knockout mice. Extending this hypothesis, as
a fraction of women suffering APECED suffer from infertil-
ity, the findings provide new insights into the development
of diagnoses and therapeutics for this type of infertility.

Conclusion

In conclusion, our findings integrated Aire as a novel
participant of the pluripotent network through Lin28 and
presented the first functional interaction between Aire and
microRNAs. These findings would shed deep implications
on both the structure and function of the pluripotent net-
works and the molecule networks that Aire regulate gene
expression and cellular behaviors.
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