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Abstract
Embryonic stem cells (ESCs) are pluripotent stem cells from early embryos. It has been well
recognized that ESC genomes are maintained in a globally transcriptional hyperactive state, which
genetically poised ESCs to the high differentiation potential. However, the transcription factors
regulating the global transcription activities in ESCs are not well defined. We show here that mouse
and human ESCs express two transcription factors, Aire and Deaf1. Previously known to function
in the thymus stromal cells and peripheral lymphoid organs respectively, Aire and Deaf1 help regulate
the ectopic expression of diverse tissue-specific antigens to establish self-immune tolerance.
Differentiation of ESCs greatly reduced Aire and Deaf1 expression, in a pattern similar to the
pluripotent factors, Oct4 and Nanog. Knockdown of Aire in mouse ESCs resulted in significantly
decreased clone-forming efficiency as well as attenuated cell cycle, suggesting Aire plays a role in
ESC self-renewal. In addition, some differentiation-associated genes that are sporadically expressed
in ESCs were reduced in expression upon Aire knockdown. These results suggest that transcription
factors such as Aire and Deaf1, which exert global transcriptional regulatory functions, may play
important roles in self-renewal of ESCs and maintaining ESC in a transcriptionally hyperactive state.
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1. Introduction
Embryonic stem (ES) cells can proliferate indefinitely in vitro while maintaining the ability to
differentiate into all cell lineages [1,2]. The molecular mechanisms underlying pluripotency
and self-renewal are important questions in ES cell biology. It has been well established that
controlled expression of a series of transcription factors, such as Oct4, Nanog, Sox2, Klf4, is
essential to maintain ES cells in a pluripotent state while keeping their self-renewal activity
[3–7]. More recently, many epigenetic modifiers, including chromatin remodeling, histone
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modifications, and microRNAs have been shown to play important roles in stem cell
pluripotency and self-renewal [8–14]. Recent studies have shown that ES cells adopt loose
chromatin structures, and most genes in genome were set in an expression competent state or
expressed at low levels [11,12,15–17]. In this manner, ES cells are poised for lineage-specific
differentiation [12]. This contributes to pluripotency and differentiation plasticity of ES cells
[17,18]. However, transcription factors responsible for the active chromosomal structure and
the global gene expression are not defined.

Promiscuous expression of a large number of genes specific to peripheral tissues was first found
in the thymus and has recently been demonstrated in the peripheral lymph organs [19–21]. In
the thymus, the medullary thymic epithelial cells (mTECs) express a large diversity of tissue-
restricted self-antigens (TRAs) at low levels, which functions to purge thymocytes strongly
reactive to self-antigens, thereby establishing immunetolerance [22,23]. The promiscuous gene
expression in mTECs is partially regulated by the autoimmune regulator gene, Aire [22]
However, Aire is not the sole player in the ectopic gene expression of the immune system. In
pancreatic lymph nodes, the transcription factor Deaf1 assumes a similar role as Aire does in
the thymus [21]. Whether Aire and Deaf1 also play a role in the transcriptionally hyperactive
ES cells is an interesting question to ask, an exploration of which would help us to understand
how transcriptional profiles of the pluripotent ES cells are regulated.

In this study, we determined the expression of Aire and Deaf1 in mouse and human ES cells.
We have found that expression of the two factors decrease dramatically during the
differentiation of ES cells, similar to other pluripotent factors. Aire knockdown in mES resulted
in greatly reduced clone-forming efficiency and attenuated cell cycle. In addition, expression
of some tissue-specific genes in ESCs reduced upon Aire knockdown. Results showed that
transcription factors such as Aire, which exert a genome-wide transcriptional regulation, may
contribute to maintaining the ESCs properties.

2. Materials and methods
2.1. Cell lines and cell culture

Mouse ES (mES) cell D3 line was purchased from ATCC (Manassas, VA). ZJ1 and ZJ2 mouse
ES cell lines were established in our laboratory. The cells were cultured on mitomycin C-treated
mouse embryonic fibroblasts (MEFs) as previously described [24]. Human ES (hES) H9 cells
were obtained from WiCell Research Institute (Madison, WI) and cultured on mitomycin C-
inactivated MEFs as previously described [25].

For monolayer (MO) differentiation, ES cells were digested to single cells and then cultured
on gelatin-coated tissue culture plates in differentiation medium (DMEM supplemented with
15% fetal bovine serum) for different days. For embryonic body (EB) differentiation, mES
cells were cultured in suspension for 6 days in differentiation medium to form EB and then
adhered to tissue culture plates for further differentiation.

2.2. Antibodies
The antibody against SSEA-1 (MAB 2155) was purchased from R&D Systems (Minneapolis,
MN). The antibody against murine Aire was produced by immunizing rabbits with a peptide
corresponding to the C-terminal sequence of murine Aire. The peptide was conjugated to KLH
protein and emulsified in complete Freund Adjuvant. The antibodies were purified by affinity
purification using antigen peptide conjugated to BSA.

Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11008), Alexa555 conjugated Goat anti-
rabbit IgG (A21428), Alexa Fluor 488-conjugated goat anti-mouse IgM (A21426), and Alexa
Fluor 555-conjugated goat anti-mouse IgM (A21042) were purchased from Invitrogen.
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2.3. Plasmids and transfection of HEK-293 cells
The full length Aire gene were amplified from mES cells by PCR and cloned into the
pcDNA3.1-His plasmid (Invitrogen). The authenticity of the expression construct was
confirmed by sequencing. HEK-293 cells were grown in DMEM containing 10% fetal bovine
serum. These cells were transfected with the Aire-expression vector using Fugene 6 reagent
(Roche, Minneapolis, MN) as previously described [26].

2.4. Lentivirus production and infection of mES cells
shRNA coding DNA sequences were obtained from The RNAi Consortium
(http://www.broadinstitute.org/rnai/trc) and synthesized by Sangong (Shanghai). pLKO TRC-
cloning Vector (plasmid 10878) was obtained from Addgene [27]. The vector was modified
in house to replace the puromycin selection marker with EGFP. Then the shRNA-coding
oligonucleotides were cloned into the modified pLKO TRC-cloning Vector. Virus particles
were packaged by co-transfecting 293T cell with PsPAX (Addgene plasmid 12260), pMD2.G
(Addgene plasmid 12259), and the modified pLKO plasmids bearing shRNA-coding
oligonucleotides. The virus particles were enriched by ultracentrifugation to reach a tilter of
approximately 106 CFU/ml. For virus infection, mES cells were seeded in 96-well tissue culture
plate at a density of 3000 per well and incubated with medium containing virus for 24 h at a
multiplicity of infection (MOI) of 30. Single cell clones exhibiting strong GFP fluorescent
intensity were picked according to GFP fluorescence. At least three independent clones were
used in the functional analysis. The pLKO-scramble (Addgene plasmid 1864) virus was used
as control [28].

2.5. Clonogenicity assay
mES cells were seeded in 24-well cell culture plates on feeder cells at a density of 2000 cells
per well and then allowed to grow for 4 days. ALP staining was performed with an ALP assay
kit (Sigma). Macroscopic pictures were taken using a digital camera (Panasonic DMC-ZS1).
The number of ALP positive clones was counted under a phase contrast microscope. The results
were statistical averages of three independent wells.

2.6. MTT assay
mES cells were seeded in 96-well cell culture plate at a density of 1000 cells per well on feeder
cells. After 4 days, cell growth was evaluated using an MTT assay kit (Sigma). Wells plated
only with MEF were set as a control.

2.7. Immunofluorescence
Immunofluorescence was carried out as previously described [24]. The subjects were observed
and images were acquired under LSM 500 Confocal Microscope (Zeiss, Germany).

2.8. RT-PCR
Total RNA was extracted from cultured ES cells using TRIzol Reagent (Invitrogen), and first
strand cDNA was synthesized using reverse transcriptase. The genes of interest were then
amplified by PCR. Primers corresponding to the genes of interest were designed using Primer
Premier 5 software (PREMIER Biosoft International, Palo Alto CA), and are listed in
Supplemental Table 1.

2.9. Real-time RT-PCR
Real-time RT-PCR was performed on an Eppendorf Mastercycler. RNA was prepared using
TRIzol Reagent. Tests were carried out with SYBR Green Reagents purchased from Applied
Biosystems (Foster City, CA) using primers acquired from Primer Bank
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(http://pga.mgh.harvard.edu/primerbank/) listed in Supplemental Table 1. All expression
levels were normalized to β-actin.

2.10. Statistics analysis
The values were checked for normality and homogeneity of variance using Kolmogorov–
Smirnov one-sample test and Levene’s test, respectively. When necessary, the data were
transformed for normalization and to reduce heterogeneity of variance. Intergroup differences
were assessed by student’s t-test using the StatView 5.0 program (SAS Institute Inc., Cary,
NC, USA), *p < 0.05, **p < 0.01. The column charts were drawn by Origin 8.0 software
(OriginLab, MA).

3. Results
3.1. Both Aire and Deaf1 are expressed by mES cells

The broad expression of differentiation-associated genes suggests that ES cells exhibit
promiscuous gene expression [11,17]. Such a phenomenon resembles the promiscuous
expression of tissue-restricted self-antigens in mTECs and PLN stromal cells. Therefore we
examined the expression of Aire and Deaf1 in mES cells. As shown in Fig. 1A transcripts of
both Aire and Deaf1 were detected in undifferentiated mES cells (Fig. 1A). As expected, two
ES cell markers, Oct4 and Nanog, along with the house-keeping gene GAPDH, were also
expressed in mES cells from the same sample.

For detecting Aire protein, we prepared a polyclonal antibody against murine Aire. The
specificity of the antibody was demonstrated using HEK-293 cells overexpressing Aire (Fig.
1B). Immunofluorescence was performed on mES cells using antibodies against Aire (green)
2 and SSEA-1 (red). As shown in Fig. 1C, Aire co-stained with SSEA-1 in undifferentiated
mES cells. The results indicate that Aire is expressed in undifferentiated mES cells.

To understand the effect of mES cell differentiation on the expression of Aire and Deaf1, we
examined the expression of Aire and Deaf1 during the process of spontaneous mES cell
differentiation by Real-time RT-PCR. As shown in Fig. 1D, the expression of Aire and Deaf1
both gradually attenuated upon differentiation in a time-dependent manner, showing same
trend with Oct4 and Nanog. The results concerning Aire and Deaf1 expression were
demonstrated in three distinct mES cell lines including D3, ZJ1, and ZJ2, although only the
results obtained from D3 cells are shown here.

3.2. Aire regulates the expression of differentiation-associated genes in mES cells
To investigate whether Aire regulates the expression of differentiation-associated genes in mES
cells in a manner similar to in mTECs, we knocked down Aire expression using lentivirus-
mediated RNA interference. After transfection, we established three single cell-derived clones
(shAire-c1, shAire-c2, and shAire-c3) and pooled the rest of the transfected cells. As shown
in Fig. 2A, Real-time RT-PCR indicated that the expression of Aire was significantly
attenuated, compared to the parental cells (D3) and cells transfected with a virus encoding
scramble shRNA (Scramble), both in the heterogeneous pool of transfectants (shAire-pool)
and in the three single cell-derived clones. By Real-time RT-PCR, we examined the effects of
Aire knockdown on the expression of three differentiation-associated genes: Tff3 (intestine),
Muc6 (stomach), and Chrna1 (muscle). We chose these genes for analysis since they are
transcriptionally activated by Aire in mTECs [29–31]. As shown in Fig. 2B, two of them, Tff3
(intestine), Muc6 (stomach) consistently decreased after Aire knockdown, while the third,
Chrna1, showed a trend of decreased expression, although only significant in one single cell

2For interpretation of colour in Fig. 1, the reader is referred to the web version of this article.
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clone (shAire-c3). These results indicate that Aire regulates the expression of some
differentiation-associated genes in mES cells.

3.3. Aire function in sustaining self-renewal and proliferation of mES cells
Since global gene expression has been considered one of the mechanisms for pluripotency
maintenance in ES cells [15,17,18] and the expression of Aire decreases with mES cells
differentiation, we analyzed the effect of Aire knockdown on self-renewal and proliferation of
mES cells. Aire knockdown significantly decreased the clonogenicity of the mES cells (Fig.
3A and B). To understand the underlying mechanism we examined the effects of Aire
knockdown on the expression of the two core transcription factors associated with
pluripotency, Oct4 and Nanog, by Real-time RT-PCR (Fig. 3C). We found that Aire
knockdown significantly attenuated the expression of both Oct4 and Nanog. Based on these
observations, we propose that Aire sustained the self-renewal of mES cells by maintaining the
expression of pluripotency promoting transcription factors.

In addition to decreased clonogenicity, the cells transfected with a virus encoding Aire shRNA
produced colonies that were generally smaller than Scramble mES cells under identical growth
condition (Fig. 3A). Therefore, we compared the proliferation rate among the parental,
Scramble, and shAire mES cells by MTT assay. As shown in Fig. 3D, the compound
proliferation rate of shAire cells was significantly slower.

To delineate the mechanism underlying the attenuated proliferation in Aire knockdown cells,
we examined the cell cycle distribution of Aire knockdown cells. Aire knockdown resulted in
a distortion of the cell cycle distribution pattern; the fraction of cells in S phase was decreased,
while the fraction of cells in G2/M phase was significantly increased (Fig. 3E and F).
Furthermore, Aire knockdown resulted in significant increase of hyperdiploid cells (HDP).
Although only results from a single clone (shAire-c1) were presented as a representative,
similar changes were also seen with other two clones. These findings suggest that Aire
functions to sustain self-renewal and proliferation of mES cells by facilitating the normal cell
cycle progression.

3.4. Aire and global gene expression in human ES (hES) cells
Since most genes in the hES genome are also in a transcriptional competent state [11], we
assessed the expression of AIRE and DEAF1 in hES cells. As shown in Fig. 4A,
undifferentiated hES cells expressed both AIRE and DEAF1 along with OCT4 and NANOG
We also examined the effects of differentiation on the expression of AIRE and DEAF1 in hES
cells by Real-time RT-PCR (Fig. 4B). The expression levels of the AIRE mRNA transcripts
declined significantly with differentiation. DEAF1 expression also declined, although the
decline was less prominent than the decrease in Aire expression (Fig. 4B). Taken together, our
results support the idea that AIRE and DEAF1 may play significant roles in the regulation of
global expression of differentiation-associated genes and self-renewal in hES cells.

4. Discussion
The undifferentiated state of ES cells is thought to be partially maintained by sustaining the
expression of pluripotency-associated genes and selective silencing of the lineage specific
genes [4,5,32]. In contrast to that view, recent studies have shown that most of genes, including
differentiation-associated genes in the genome were set in an expression competent state or
expressed at low levels [11,12,17]. However, although mechanisms like high-level expression
of epigenetic modifiers and chromatin remodelers that keep chromatin in an open state have
been proposed to explain the global expression in ES cells [15,17], the underlying mechanisms
are, for the most part, still poorly understood. In this study, we discovered that established
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mechanisms in mTECs and PLN stromal cells that control promiscuous gene expression may
serve the same function in ES cells. We found that both mES and hES cells expressed Aire and
Deaf1, and the expression decreased with differentiation of ES cells. Moreover, we
demonstrated that Aire controlled the expression of some differentiation-associated genes in
ES cells, like in mTECs. Aire had been shown to activate gene expression by several
mechanisms, including facilitating transcriptional activation [33], promoting transcript
elongation [34], stimulating transcription-activating epigenetic modifications [35], chromatin
remodeling [36] and RNA maturation [36]. Thus, it is plausible that Aire promotes global gene
transcription in ES cells by incorporating a variety of mechanisms at the epigenetical,
transcriptional, and post-transcriptional levels.

The most exciting finding from the present study is the important role of Aire in the self-renewal
and proliferation of ES cells. Although global expression of differentiation-associated genes
has been considered an important mechanism for pluripotency maintenance in ES cells [15,
17,18], such a model remains largely speculative. The theory is based on the substantial
correlative observations, because it is so far unfeasible to perturb the global gene expression
in ES cells. Since Aire is known to regulate promiscuous expression in medullary thymic
epithelia cells, the defects in ES cells’ clonogenicity and proliferation observed in Aire
knockdown cells are consistent with the notion that promiscuous gene expression is
functionally important in pluripotency of ES cells.

5. Conclusions
In summary, we found that ES cells express Aire and Deaf1, two novel proteins mediating the
promiscuous expression of tissue-restricted genes in lymphoid organs. We also found that Aire
plays an important role both in the regulation of differentiation-associated gene expression and
in self-renewal process in ES cells. Our studies suggest that mechanisms underlying the
promiscuous expression of tissue-specific genes in the immune system may play a similar role
in the very diverse gene expression in embryonic stem cells. Our results support the hypothesis
that global expression of differentiation-associated genes is a mechanism for pluripotency
maintenance in ES cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at doi:
10.1016/j.bbrc.2010.03.042.
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Fig. 1.
Expression of Aire and Deaf1 by mES cells. (A) Expression of Aire and Deaf1 on mES cells
shown by RT-PCR. (B) Demonstration of the specificity of anti-Aire antibody, 293: naive 293
cells; 293 + Aire: 293 cells overexpressing Aire. (C) mES cells double stained for SSEA-1
(FITC) and Aire (Alexa555). (D) The expression of Aire and Deaf1 decreased with the
differentiation of mES cells shown by Real-time RT-PCR (n = 4).
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Fig. 2.
Aire controlled the expression of differentiation-associated genes in mES cells. (A) RNA
interference of Aire in mES cells. (B) Aire knockdown consistently inhibited the expression
of three differentiation-associated genes Tff3, Muc6, while the expression of Chrna1 only
changed in one shAire clone (n = 4).
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Fig. 3.
Aire promoted self-renewal and proliferation of mES cells. (A) Aire knockdown inhibited
colony formation. (B) Statistical analysis of colony formation (n = 3) (C) Aire knockdown
inhibited the expression of Oct4 and Nanog. (D) Aire knockdown inhibited cell proliferation.
(E) Aire knockdown perturbed the cell cycle distribution, HDP: hyper diploid. (F) Statistical
analysis of cell cycle distributions (n = 3).
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Fig. 4.
Aire is expressed on hES cells (A) Expression of AIRE and DEAF1 on hES cells shown by
RT-PCR. (B) The expression of AIRE and DEAF1 decreased with the differentiation of hES
cells shown by Real-time RT-PCR (n = 4).
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