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Abstract

Physiological stress resulting from infections, trauma, surgery, alcoholism, malnutrition, and/or pregnancy results in a
substantial depletion of immature CD4"CD8" thymocytes. We previously identified 18 distinct stress-responsive microRNAs
(miRs) in the thymus upon systemic stress induced by lipopolysaccharide (LPS) or the synthetic glucocorticoid,
dexamethasone (Dex). MiRs are short, non-coding RNAs that play critical roles in the immune system by targeting diverse
mRNAs, suggesting that their modulation in the thymus in response to stress could impact thymopoiesis. MiR-181d is one
such stress-responsive miR, exhibiting a 15-fold down-regulation in expression. We utilized both transgenic and gene-
targeting approaches to study the impact of miR-181d on thymopoiesis under normal and stress conditions. The over-
expression of miR-181d in developing thymocytes reduced the total number of immature CD47CD8" thymocytes. LPS or
Dex injections caused a 4-fold greater loss of these cells when compared with the wild type controls. A knockout mouse was
developed to selectively eliminate miR-181d, leaving the closely spaced and contiguous family member miR-181c intact.
The targeted elimination of just miR-181d resulted in a thymus stress-responsiveness similar to wild-type mice. These
experiments suggest that one or more of three other miR-181 family members have overlapping or compensatory
functions. Gene expression comparisons of thymocytes from the wild type versus transgenic mice indicated that miR-181d
targets a number of stress, metabolic, and signaling pathways. These findings demonstrate that selected miRs enhance
stress-mediated thymic involution in vivo.
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thymocytes are not often realized [21,22]. A second mechanism
underlying the stress-induced thymic atrophy is the direct sensing
of microbial molecules by pattern-recognition receptors expressed
on thymic epithelial cells (TECs) [8,23,24]. Activation of these
pathways reduces the ability of TECs to support thymopoiesis
[8,25].

Several microRNAs (miRs) can modulate stress responses in
tissues such as the thymus, heart, and brain [26,27,28]. MiRs are a
class of small, non-coding RNA molecules that regulate gene
expression at the post-transcriptional level by mRNA degradation
and/or translational repression [29,30]. In the thymus, reductions
in the pre-miR RNAse, Dicer, and/or just miR-29a increase the
levels of the interferon-alpha receptor (IFNAR) on TECs,
decreasing their ability to support thymopoiesis following viral

Introduction

The thymus is the primary organ responsible for T cell
development, providing a continuous output of effector and
regulatory T cells. Interestingly, this tissue is hyper-responsive to
stress, resulting from infections, trauma, pregnancy, starvation,
and alcoholism [1,2,3,4,5,6,7]. These diverse forms of stress
induce a thymic involution, caused by the deletion of immature
CD4"CD8" thymocytes and a ensuing reduction in thymic
cellularity [8,9]. In the case of infections, the release of
pathogen-associated molecular patterns, such as lipopolysaccha-
ride (LPS), activates Toll-like receptor signaling pathways,
releasing inflammatory cytokines that cause thymocyte cell death
[10,11,12]. Elevations in a subset of these inflammatory cytokines

(IL-1B, IL-6, and LIF) induce the production and release of
glucocorticoids (GC) via both the hypothalamus-pituitary-adrenal
axis and within the thymus itself [13,14,15,16,17]. The GCs, as
lipophilic steroids, diffuse across the plasma membrane and trigger
apoptosis of thymocytes by binding to GC-receptors (NR3C1) that
are expressed at high levels in the CD4*CD8" (DP) thymocytes
[18,19,20]. Synthetic glucocorticoids (e.g. Prednisone and Dexa-
methasone) are widely used for the treatment of patients with
malignancies and autoimmune diseases, although their effects on
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infections [25]. LPS and/or dexamethasone treatments cause a
transient loss of both Dicer and Dger8 in immature thymocytes
within the first 6-12 hours, significantly reducing miR biogenesis
[31]. Two-three days after LPS or dexamethasone exposure, there
is a selective up- and down-modulation of 7 and 11 thymically-
encoded stress responsive miRs, respectively [11]. MiR-181d is
one of the most stress-responsive miRs identified in the thymus,
declining 15-fold at several days post LPS injection [11]. It is a
member of miR-181 family that includes miR-181a, miR-181b,
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and miR-181c. These four miRs are produced from three different
polycistronic clusters: 18labl, 181ab2, and 18lcd [32,33]. In
contrast to the stress effects on miR-181d, miR-181c remains
unchanged while miR-181a and miR-181b are reduced 2- and 6-
fold, respectively [11]. Such results reveal a differential regulation
of miR-181 family members under both steady and disease states
[11,34,35]. Reductions in miR-181a increase the cell survival of
astrocytes from ischemia-like injury following glucose deprivation,
in part via elevations in one of its targets, Bcl2 [36]. In developing
thymocytes, miR-18la controls T-cell repertoire selection by
targeting CD69, Bcl2, Dusp3, Dusp6, Shp2, Ptpn22, and Pten, the
protein products of which regulate signaling pathways
[31,36,37,38,39,40,41]. While miR-181a/b knock-out (KO) mice
have normal o8 T cell development, their NK T cell development
is blocked [39,41]. Contrasting this, the complete deficiency of all
miR-181 family members is embryonic lethal, suggesting a
functional compensation or redundancy [38].

To study the contribution of miR-181d in stress-induced thymic
atrophy, we generated two transgenic (T'g) mouse models with
increasing levels of miR-181d expression in immature thymocytes
and peripheral T cells. The miR-181d Tg mice exhibited a
statistically significant reduction in DP thymocytes. In vivo LPS and
Dexamethasone (Dex) injections caused a substantial increase in
the stress-sensitivity of the DP thymocytes with elevated miR-181d
levels. The targeted mutation of the miR-181d sequence in the
mouse genome revealed a similar stress-mediated apoptosis as
normal mice. These results suggest that multiple miR-181 family
members function in a compensatory manner.

Results

Generation of miR-181d transgenic mice

The miR-181 family comprises four members, miR-181a, miR-
181b, miR-181c, and miR-181d, which are generated from three
separate genomic clusters (miR-181abl, miR-181ab2, and miR-
181cd) [32,33]. While all share an identical seed sequence at their
5" ends, miR-181d is the most divergent member, differing from
the others by 1 to 5 nucleotides (Figure 1A). All miR-181 family
members are primarily expressed in the thymus, at levels at least
10-20 fold higher than the brain and liver [35]. In most other
tissues, they were very low or undetectable (Figure 1B). Although
miR-181c and miR-181d are transcribed from the same cistron,
miR-181d is expressed at least 5-10 fold higher in the hemato-
poietic lineages, including immature thymocytes and T-helper
cells [34,35]. It is one of the most stress responsive miRs in the
thymus, with reductions of 15-fold occurring following LPS
treatment. MiR-181c expression was unaffected upon stress [11].
This indicates that additional post-transcriptional mechanisms
exist for the processing of miR-181d.

In order to determine the contribution of miR-181d to
thymopoiesis under normal and stress conditions, we utilized first
a gain-of-function approach. Since miR-181c and miR-181d are
separated by only 85 nucleotides, the expression of miR-181d
could only be achieved by including 146 bases upstream of miR-
181d [11]. This excluded the first 28 nucleotides of miR-18lc,
eliminating the sense-antisense base pairing involved in pre-miR
formation, thereby preventing miR-181c  over-expression
(Figure 1C and Figure S1). With this construct, transgenic mice
were generated in which the murine pri-miR181d was expressed
in thymocytes and peripheral T cells (Figure 1C) [42]. Two
transgenic lines (Tg-8 and Tg-38) were selected based on their
increasing levels of miR-181d expression. Relative to the wild-type
control, which was set as 1, miR-181d was over-expressed 2- and
6-fold in Tg-8 and Tg-38 lines, respectively (Figure 1D).
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MiR-181 family members
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Figure 1. MiR-181d transgenic mice. (A) Schematic shows the
sequence homology between mature miR-181 family members. 5'-seed
region is underlined. Base differences are shaded with gray. (B) MiR-
181d expression in various tissues examined by Northern blotting. U6
probe was used as the endogenous control. (C) Cloning of the pri-miR-
181d into the VA-hCD2 transgenic cassette. Stem-loop structure of pre-
miR-181d is shown, in which mature miR-181d is highlighted in blue. (D)
Relative miR-181d levels were determined by real-time quantitative
PCR. Littermate control values were set to 1. Graph represents the mean
fold changes +/— SEM normalized to the U6 levels from 3 independent
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samples, performed in triplicates (n.s. = non-significant, *p<0.05,
**p<<0.01, ***p<<0.001; Two-tailed unpaired Student’s t-test).
doi:10.1371/journal.pone.0085274.g001

Elevated levels of miR-181d perturb T cell development

The total thymic cellularity was decreased only in the Tg-38 line
compared to normal controls, which was similar to the Tg-8 line
(Figure 2A). There was an increased percentage of CD4~ CD8
(DN) cells, with elevated levels of miR-181d (Figure 2B—C). Both
the percentage and number of CGCD4*CD8" (DP) thymocytes in Tg-
8 and Tg-38 lines were significantly lower than in control mice
(Figure 2B-D). While the percentages of CD4"CD8~ (CD4 SP)
and CD4~ CD8" (CD8 SP) thymocytes were increased significant-
ly, their overall cell numbers were similar, reflecting the decreased
percentage of DP thymocytes (Figure 2C, 2E). The DN cells were
next characterized for CD44 and CD25 expression, markers used
to define 4 subsets, DN1-DN4. The miR-181d transgenic mice
had a similar profile of DN1-DN4 cells as wild type mice (Figure
S2A). In addition, similar levels of intracellular TCR and surface
CD5 expression were detected in the DN3 (CD44~ CD25%)
thymocytes from the control and miR-181d Tg mice, indicating
normal TCR rearrangements and pre-TCR signaling, respectively
(Figure S2B). Finally, the proportion and numbers of v T cells
and NK1.1* cells were similar (data not shown).

The reduced number DP thymocytes in the miR-181d
transgenic mice could be caused by accelerated positive selection,
diminished cell survival, and/or increased sensitivity to stress.
Positive selection appeared intact as miR-181d transgenic DP
thymocytes had a normal expression of CD5, CD69, and TCRf
(Figure S2C). This was further supported with similar numbers of
OTII-specific TCR transgenic thymocytes developing in miR-
181d Tg-38 lines and OTII Tg parental lines (Figure 2F-H). The
CD4"CD8™ thymocytes in the OTIl/miR-181d Tg-38 mice had
similar expression levels of transgenic TCRol subunit, consistent
with normal positive selection (Fig. 2I). However, the expression of
CD69 on CD4 and CD8 SP thymocytes was significantly
decreased with increased miR-181d levels (Figure 2J-K). More-
over, the ratio of CD69"TCRP™" (carly stage) to the
CD69” TCRPB™" (late stage) SP thymocytes was lower in miR-
181d Tg mice (Figure 2L). This suggests that elevations in miR-
181d levels might alter further maturation and/or egress of SP
thymocytes. In contrast, Annexin V and 7-AAD staining of
immature thymocytes showed no alterations in cell death of DP
thymocytes in the Tg-8 and Tg-38 lines (Figure 2M).

MiR-181d transgenic mice have slightly reduced
peripheral T cell numbers

The total cellularity of lymph nodes and spleen was similar in all
the Tg lines compared to normal mice (Figure 3A and Figure
S2D). Both percentages and numbers of CD4*CD8™ T cells were
slightly lower with increased miR-181d levels (Figure 3B-D and
Figure S2E-G), but this reduction only reached statistical
significance in the Tg-38 line when comparing percentages of
CD4"CD8™ T cells in the lymph nodes, and for the absolute
numbers of CD4"CD8™ T cells in the spleen (Figure 2C and
Figure S2G). The reductions in peripheral CD4~CD8" T cells
were more pronounced in miR-181d Tg lines (Figure 3B-D and
Figure S2E-G). Both the percentages and numbers of mature
CD47CD8" T cells were significantly decreased in lymph nodes
and spleen of the Tg-38 line (Figure 3C-D, S2F-G). An even more
dramatic reduction in peripheral T cells was noted in the miR-
181d Tg-38 lines once crossed onto the OTII TCR Tg line
(Figure 3E-F). The TCR density of CD4"CD8™ T cells remained
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the same (Figure 3G). While the cellularity was marginally altered,
the percentages of peripheral B220" B cells were equivalent in the
control and miR-181d Tg mice (Figure S2H). The activation and
memory phenotypes were not different when comparing the mice,
as revealed with the similar CD44 and CDG62L profiles (data not
shown). In addition, the naive miR-181d Tg-8 and Tg-38 T cells
displayed similar survival and proliferative responses as wild type
controls upon anti-CD3/CD28 stimulations @ witro (data not
shown). Taken together, these results suggested that once the T
cells egressed from the thymus, they were functionally normal.

Transgenic expression of miR-181d augments stress-
induced thymic atrophy

To study the impact of miR-181d on stress-induced thymic
atrophy, we analyzed the effects of LPS injections on thymic
cellularity. LPS treatment (100 pg/mouse) resulted in 2- and 4-
fold greater reduction in both percentages and numbers of DP
thymocytes in the Tg-8 and Tg-38 lines, respectively, compared to
the wild-type control (Figure 4A-B and Figure S3A-B). A dose
response analysis using varying amounts LPS indicated an
accelerated depletion of DP thymocytes at all doses (Figure
S3C). While the percentages of CD4 SP and CD8 SP thymocytes
were increased in the transgenic lines after LPS injection, the
absolute numbers of these SP thymocytes remained equivalent to
the wild type control (Figure 4C and Figure S3B). The decreased
ratio of DP thymocyte numbers in LPS- vs PBS-treated transgenic
mice further supported the findings that miR-181d enhanced stress
sensitivity of thymocytes (Figure 4D). The DP thymocytes in the
miR-181d Tg lines had elevated cell death markers upon stress
(Figure 4E). Peripheral T cell numbers were similar in PBS- and
LPS-injected miR-181d Tg mice, indicating that the miR-181d
effects are specific to the thymus (data not shown) [11].

Consistent with LPS-induced thymic atrophy, an IP injection of
dexamethasone (Dex), a synthetic glucocorticoid, also results in a
dramatic elimination of the DP thymocytes [11,31]. Forty-eight
hours after Dex injection (60 pg/mouse), Tg-38 mice had more
than 2-fold reduction in total thymic cellularity and DP thymocyte
numbers (Figure 4F-I). Taken together, these findings indicate
that miR-181d over-expression selectively elevates the stress-
sensitivity of DP thymocytes.

T cell development and stress-responses in miR-181d-
deficient mice are normal

To further define the functional role of miR-181d in the stress
response, we generated a miR-181d knock-out line. Since miR-
181c and miR-181d are separated by only 85 nucleotides, we
utilized a knock-in (KI) approach in which only the miR-181d
sequence was modified (miR-181d KI) (Figure 5A and Figure S4).
A total of 11 base-replacements (five in the 5" seed region) were
mtroduced into the miR-181d sequence. This was done to disrupt
the formation and processing of the pre-miR-181d stem-loop
structure, without affecting miR-181c¢ (Figure 5A and Figure S5).
Sequencing reactions confirmed the KI status of the locus (data
not shown). Initial Northern blotting experiments revealed a very
faint signal for miR-181d in miR-181d KI thymocytes (data not
shown). This was a consequence of the miR-181d probe binding to
the endogenous mature miR-181b, which differs by only 1
nucleotide compared to miR-181d. To further confirm that miR-
181d was not expressed with the KI design, plasmid constructs
containing the mutated miR-181d (KI) sequences were transfected
into HEK293T cells. None of the miR-181 family members are
normally expressed in these cells [11]. Subsequent Northern
blotting showed that the mutations in miR-181d prevented the
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Figure 2. MiR-181d over-expression reduces the number of DP thymocytes. (A) Total thymus cellularity in the control and miR-181d Tg
mice. (B) Representative plots show CD4 by CD8 profiles of thymocytes in the control and miR-181d Tg mice, analyzed by FACS. (C) Average
percentages of thymocyte subsets (DN, DP, CD4 SP, and CD8 SP) from the control and miR-181d Tg mice. (D) Absolute cell numbers of DP
thymocytes. (E) Absolute cell numbers of CD4 SP (left) and CD8 SP (right) thymocytes. (A-E) Data are from WT (n=18), Tg-8 (n=25), and Tg-38
(n=16) mice. (F) Total thymus cellularity of the OTIl Tg and OTII/miR-181d Tg-38 mice. (G) Total thymocytes were stained for CD4 and CD8, and
analyzed by FACS. (H) Average percentages of DP and CD4 SP thymocytes are shown. () Histogram shows the surface expression of TCR (TCR Va2)
gated on CD4"CD8™~ SP thymocytes from the OTII Tg (dark gray) and OTII/miR-181d Tg-38 mice (black line). (F-I) Data are from at least 2 mice per
group. Each bar is the mean +/— SEM (n.s. = non-significant, *p<<0.05, **p<0.01, ***p<<0.001; Two-tailed unpaired Student’s t-test). (J) Histograms
show CD69 expression on CD4 SP and CD8 SP thymocytes from the WT (white), Tg-8 (I'i%ht gray), and Tg-38 (dark gray) mice. (K) Relative MFI (Mean
Fluorescence Intensity) levels of CD69 on SP thymocytes. (L) Ratio of the CD69*TCRBMI" to CD69 TCRB™" thymocyte numbers shown for CD4 SP
and CD8 SP thymocytes. (M) Average percentages of Annexin V' cells gated on DP thymocytes. (J-M) Data are of at least 3 mice per group. All bar
graphs represent the mean +/— SEM values (n.s. = non-significant, *p<<0.05, **p<<0.01, ***p<<0.001; One-way ANOVA followed by Tukey’s post-hoc
test).

doi:10.1371/journal.pone.0085274.9002

expression of mature miR-181d, which could only be detected
with the wild type miR-181d expression vector (Figure S6A). Of
note, miR-181d*, the passenger strand of miR-181d, was not
detected in miR-181d KI thymocytes (data not shown). The miR-
181d KI mice had normal T cell development, with similar
percentages and numbers of thymocyte subsets when compared
with wild type controls (Figure 5B-C and Figure S6B-F).
Consistent with the normal thymopoiesis, the number and
percentage of peripheral lymphocytes in these mice were also
similar to wild-type controls (Figure S6G-I). Of all the cell
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populations analyzed, the peripheral T cell percentages were
significantly elevated in the spleen of miR-181d KI mice
compared to wild-type controls (Figure S6H). In addition, naive
peripheral miR-181d KI T cells exhibited similar survival and
proliferative responses as wild-type controls upon anti-CD3/CD28
stimulations i wvitro (data not shown). While the transgenic
expression of miR-181d augmented stress-induced thymic atro-
phy, its selective elimination had no effect on DP cell depletion
following LPS or Dex injections (Figure 5D-G and Figure 51-]).
Moreover, there was a similar level of Annexin V induction in the
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doi:10.1371/journal.pone.0085274.g003

KI compared to normal mice in response to stress (Figure 5H). regulated genes (Figure 6A-B). The most significant pathways
Finally, the percentage and number of SP thymocytes appeared affiliated with down-regulated genes included MAPK signaling,
normal in the miR-181d KI mice following LPS and Dex phosphatidylinositol signaling, calcium signaling, TCR signaling,
treatments (Figure 5F and Figure 5]). These experiments suggest and apoptotic pathways. Jak-STAT signaling, ubiquitin-mediated

that the targeted elimination of one miR-181 family member is proteolysis, and metabolic pathways were significantly enriched
insufficient to modulate the stress responsiveness of developing both among the down- and up-regulated genes in miR-181d Tg
thymocytes. thymus (Figure 6A-B). We also performed Gene Ontology Slim
(GO Slim) analysis with the Web-based Gene Set Analysis Toolkit
Analysis of differential gene expression in miR-181d (WebGestalt) to obtain a broad summary of the dysregulated genes
transgenic thymocytes (miR-181d Tg vs wild type thymocytes) [43,44]. GO Slim
While a number of mRNA targets of miR-181 have been classification was provided with the number of genes for each
reported, it is not known whether miR-181d has overlapping and/ biological process category (Figure 6C). Most of the up- and down-
or distinct targets. Therefore, gene expression comparisons were re'gu}ated genes m .I’an-ISId Tg thymot;ytes were represented
done with the wild-type control and miR-181d Tg-38 mice. Of the ~ Within the metabolic process category (Figure 6C). These data
26,000 genes probed on the array, 111 were down- and 237 were indicate the involvement of miR-181d-targeted genes in cell
up- regulated more than 1.5-fold in the thymus of miR-181d Tg- metabolism and stress responses, consistent with the phenotypes
38 mice compared to the wild type control ($<<0.05) (Table S1 and revealed in the Tg mice. o )
Table $2). KEGG Pathway Analysis was applied to the genes We next performed Transcription Factor (TT) Target enrich-
significantly modulated more than 1.2-fold. The top 20 over- ment through the WebGestalt, to identify the genes sharing similar
represented canonical pathways are listed for both down- and up- TF target motifs among the dysregulated genes in the wild type vs
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doi:10.1371/journal.pone.0085274.9g004
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percentages of Annexin V* cells gated on DP thymocytes at 72 hours post-injection (PBS, white; LPS, black). (n.s. = non-significant; Two-way ANOVA
followed by Bonferroni’s post-hoc test). (I) Total thymic cellularity in the control and miR-181d Kl mice at 48 hours upon Dex injection (60 pug/mouse).
(J) Average percentages (left) and absolute numbers (right) of thymocyte subsets following Dex treatment at 48 hours. (I-J) Bar graphs show the
mean +/— SEM from at least 4 mice per treatment (n.s. = non-significant; Two-tailed unpaired Student’s t-test).
doi:10.1371/journal.pone.0085274.9005
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cytes. (A-B) Top 20 over-represented KEGG pathways are shown based
on the statistical significance for down-regulated (A) and up-regulated
genes (B) with more than 1.2-fold (p<<0.05) in the miR-181d Tg-38
thymocytes compared to the wild type control. Pathway enrichment
analysis was performed using the Web-based Gene Set Analysis Toolkit.
(C) Biological process categories over-represented within the dysreg-
ulated genes are shown. White and black bars are of down- and up-
regulated genes in the miR-181d Tg-38 thymocytes, respectively. Gene
ontology Slim (GO Slim) analysis was performed using the Web-based
Gene Set Analysis Toolkit.

doi:10.1371/journal.pone.0085274.9g006

miR-181d Tg thymocytes (Table S3). A significant number of
these genes had predicted binding sites for Foxo4 and Myc, both
of which are direct targets of the PI3K/Akt signaling pathways
[45,46,47].

Discussion

MiR-181d is one of the most down-regulated miRs detected in
the thymus following stress [11]. We used both transgenic and
gene targeting approaches in mouse models to determine the role
of miR-181d in thymopoiesis under normal and stress conditions.
While the transgenic over-expression of miR-181d resulted in a
slight reduction in CD4*CD8* (DP) thymocytes, without an
impairment of TCR-driven positive selection, the depletion of DP
thymocytes following LPS or Dex injections was significantly
increased. Such experiments indicate that miR-181d potentiates
programmed cell death. This would suggest that the down-
modulation of miR-181d occurring following stress could protect
DP thymocytes from apoptosis and/or enhance their recovery.

Most DP thymocytes undergo a process of death by neglect,
partly through the systemic and intrathymic production of
glucocorticoids. Stress elevates these glucocorticoid levels, enhanc-
ing the magnitude and kinetics of cell death. Within the first 6-
12 hours, stress causes a global reduction in miRs by the
degradation of Dicer and Dger8 [31]. By 48-72 hours, and once
Dicer levels are restored, there is a differential regulation of miRs,
some up- and others down-regulated. Interestingly, while miR-
181d was down-modulated around 15-fold, the much more
abundantly expressed miR-181a and miR-181b family members
were only minimally affected [11]. This indicates that the
processing of the miR-181c/d locus during stress is very distinct
from the two miR-181a/b loci. In fact, the processing appears
specific to miR-181d, as miR-181c is only marginally affected in
spite of being expressed from the same cistron and separated by
only 85 nucleotides.

Most studies to date have focused on miR-181a, the most
abundant miR in DP thymocytes [35]. MiR-181a targets mRNAs
encoding TCR signaling proteins, thereby controlling repertoire
selection by modulating signaling thresholds [40,48]. Interestingly,
a gene expression analysis of mice lacking miR-181a/b revealed a
distinct set of targets. These included Pten, a regulator of PI3K/
Akt signaling [39]. In our study, the phosphatidylinositol signaling
system and metabolic pathways were the most significant pathways
enriched among the miR-181d down-regulated genes, consistent
with the findings using miR-181a/b-deficient mice. Furthermore,
many of the targeted genes had Foxo4 or Myc binding motifs, and
these two transcription factors are regulated by PI3K/Akt. Such
results strongly suggest that miR-181d targets genes responsible for
cell metabolism and survival. Since stress and metabolic rates are
mntricately linked, the altered expression of miR-181d would
modulate energy and nutrient demands within the cell. It is also
plausible that stress can lead to a metabolic reprogramming in
immature thymocytes by modulating miR-181 levels. This could
explain massive loss of DP thymocytes during thymic atrophy via

January 2014 | Volume 9 | Issue 1 | e85274



shutting down high-energy consumption processes, such as T' cell
repertoire selection.

MiR-181a regulates signaling down-stream of Notchl [37,38].
Notchl is a critical regulator of T cell development [49]. In fact,
Notchl signaling increases the resistance of DP thymocytes to GC-
induced cell death [50,51,52]. Elevations of miR-181d would be
expected to attenuate Notchl signaling, increasing the magnitude
of DP cell death in response to stress. MiR-181 family members
also target Bcl2, with its reduction increasing the GC-sensitivity of
DP thymocytes [19,36,53]. Therefore, it is likely that the diverse
miR-181d targets in TCR-, PISK/Akt-, Notchl- and anti-
apoptotic pathways combinatorially modulate the stress responses
of thymocytes. Indeed, miR functions are not only dependent on
cellular concentrations of miRs, but also dependent on the
abundance of target mRNAs that can be substantially altered by
stress conditions [26,27]. Thus, miR-181d can have novel and/or
additional gene targets in thymocytes upon stress, apart from their
validated targets under steady states. This could also account for
the increased stress sensitivity of DP thymocytes in miR-181d Tg
lines. CD69 1s previously reported as one of the overlapping targes
of miR-18la and miR-181d [11,53]. Transgenic expression of
miR-181d did not alter the ratio of pre-selection (CD69 ) and
post-selection (CD69") DP thymocytes, but appeared to diminish
T cells leaving the thymus by reducing the levels of CD69
expression on SP thymocytes. It is also possible that miR-181d
does not target CD69 on DP thymocytes. The additional miR-
181d-mediated effects on the SP thymocytes could result from it
targeting distinct mRNA species.

To specifically define the role of miR-181d in thymopoiesis, we
developed a miR-181d gene-targeted mouse in which the miR-
181d seed sequence and hairpin loop were changed. There was no
effect of this knockout on either normal or stress-modulated
thymopoiesis. This finding is consistent with recent reports that
miR-181c/d knock-out mice have normal T cell development
[38,39]. This strongly argues for a functional redundancy/
compensatory process among the miR-181 family members.
Consistent with this, a complete targeting of all miR-181 family
members causes an embryonic lethality [39]. Accordingly, T cell-
specific elimination of miR-181 family members might be
beneficial to recover from thymic atrophy. In addition to miR-
181d, we identified 17 other stress-responsive miRs in the thymus.
All have known targets that could influence stress responses,
including the miR-17-92a family that targets pro-apoptotic genes
[54,55]. MiR-185 is another stress-responsive thymic miR that is
haploinsufficient in 22q11.2 Deletion Syndrome patients and
down-regulated following LPS or Dex exposure [11,56]. Unlike
miR-181d, the transgenic over-expression of miR-185 blocks
thymopoiesis, leading to a peripheral T cell lymphohenia. Its
effects on thymopoiesis are partly via the targeting of of Mzbl
(Marginal zone B and B1 cell-specific protein), NFATc3 (Nuclear
factor of activated T-cells, cytoplasmic, calcineurin-dependent 3),
and Camk4 (Calcium/Calmodulin-dependent protein kinase type
IV) [57]. Such stress-induced down-regulation of miR-185 might
be necessary for the survival of DP thymocytes, since its over-
expression attenuates proper selection and further differentiation
of these cells.

Together with previous reports, our study further supports the
involvement of miRs in stress-induced thymic involution. In
particular, elevated levels of miR-181d lead to increased loss of DP
thymocytes upon stress. This may be advantageous by preventing
toleragenic signalings in immature thymocytes to foreign antigens
that are introduced with infectious agents. Overall, these findings
suggest that miR-181d might be good therapeutic target for
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hematological malignancies exhibiting resistance to GC-induced
apoptosis.

Materials and Methods

Ethics Statement

Mouse procedures were carried out in accordance with the
Institutional Animal Care and Use Committee (IACUC) at the
University of Texas Southwestern Medical Center. The IACUC
committee specifically approved this study (IACUC #2010-0053).
All animal use adheres to applicable requirements such as the
Animal Welfare Act, the Guide for the Care and Use of
Laboratory Animals, and the US Government Principals regard-
ing the care and use of animals. The mice were housed in the
specific pathogen free facility on the North campus of UT
Southwestern Medical Center.

Mice

The miR-181d transgenic lines were generated by the UT
Southwestern Medical Center Transgenic Core facility. The VA-
hCD2 transgenic cassette containing a pri-miR-181d genetic
fragment of 394 bp was injected into fertilized eggs derived from
C57BL/6 mice. This fragment was cloned from genomic DNA,
isolated from C57BL/6 mice, using standard PCR reactions [11].
The transgenic construct was designed with the first 28 nucleotides
of miR-181c¢ lacking. This eliminates a significant segment of miR-
181c, while leaving intact miR-181d. Transgenic founders were
identified using DNA probes for the VA-hCD2 transgenic cassette
using previously described assays [58]. The expression of miR-
181d was subsequently confirmed by RT-PCR techniques and
Northern blotting. The OTII transgenic line refers to the T' cell
receptor transgenic mice with specificity for a peptide derived from
ovalbumin presented on major histocompatibility complex class II
(MHC class) I-A". OTII/miR-181d double transgenic mice were
generated from crosses between the OTII Tg and miR-181d Tg-
38 lines.

For the generation of the miR-181d knock-in construct, PCR
reactions were performed to amplify a 3.56 kb genomic DNA
fragment containing miR-181d followed by miR-181c (reverse
orientation). Bam HI and Bgl II restriction sites were incorporated
at the 5" and 3’ ends, respectively. All genomic PCR reactions
were undertaken with LA-Taq polymerase (Takara Inc., Thermo-
Fisher Scientific), and the constructs were directly cloned into
pCR2.1-TOPO-TA cloning vectors according to the manufactur-
ers’ instructions (Invitrogen). dsDNA sequencing reactions con-
firmed nucleotide sequence information. A 3.03 kb genomic piece
that continued from miR-181¢, included new Nhe I and Hind III
restriction sites, was PCR amplified and also cloned into a pCR2.1
TOPO-TA cloning vector. This piece was subcloned into the
targeting vector, pGKneoloxP2dta, that was linearized with Hind
III (vector was a kind gift from Dr. Toru Miyazaki, University of
Tokyo, Japan). Site-directed mutagenesis was used to modify miR-
181d, with 11 nucleotide replacements to eliminate the seed region
and the hairpin loop. A new Pst I restriction site was cloned into
this region. The original miR-181d sequence was acaattaacatt-
cattgttgtcggtegettete and the new mutated sequence was acaat-
taagtgctaatgttgtccetgeagtgtg, with the underlined nucleotides
changed and the bold region high-lighting the Pst I site. This
region was subcloned into the left arm of pGK-neomycin using a
Bgl II linearized vector. The pGK-neo-miR-181d knock-in
construct was linearized with Not I, purified, and electroporated
into C57BL/6-derived embryonic stem cells (LR2.6.1) by the UT
Southwestern Medical Center Transgenic and Knock-out Core
facility. ES cell clones were selected with G418 and gancyclovir,
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and correct insertion of the targeted allele was determined by
Southern blotting following digestion of ES cell DNA with Xba I.
Of the 600 clones screened, 4 ES cell lines that contained the
correctly sized targeted allele were identified (6B12, 5C1, 2B7, and
2C9). The wild-type allele is 5.3 kb, while the targeted allele is
3.9 kb. Two of the ES cell lines, 5C1 and 2B7, were separately
used for injections into C57BL/6 blastocyts. The resulting
chimeric male mice were mated with C57BL/6 female mice.
Following subsequent interbreeding between heterozygous mice,
homozygous mice (miR-181d KI"*’) were crossed with CAG-Cre
transgenic lines (on a C57BL/6 background), eliminating the
neomycin cassette and leaving a loxP site. MiR-181d KI progeny
mice were further confirmed for the mutated miR-181d sequence
by PCR reactions and subsequent DNA sequencing as well as
Southern blotting. The primers used to identify the KI allele were
miR181dKI4691 (5'-ccaacacctaaccctecag-3') and
PCRmirl181dKI3’ (5'-gtgctaatgttgtecctge-3'). The miR181d KI
line is currently being deposited with the mouse mutant resource
center ([C57BL/6-Mir181d tm1Oers/Mmucd, #036959-UCD]).

In order to compare folding structures of wild type miR-181d
and miR-181d KI sequences, RNAfold Web Server (http://rna.
tbi.univie.ac.at/cgi-bin/RNAfold.cgi) was used to predict Mini-
mum Iree Energy (MFI) structures based on the parameters as
described previously [59].

Lipopolysaccharide (LPS from E. coli 0111:B4, Sigma 1.4391)
and dexamethasone (Dex, Sigma D2915) were prepared at 1 mg/
ml in PBS and at 0.06 mg/ml in water, respectively. Mice 5-8
weeks of age were used in all experiments including intraperitoneal
injections of PBS, LPS, and Dex.

Cell isolation, culture, and flow cytometry

Single cell suspensions were freshly prepared from isolated
lymphoid organs, followed by FACS staining as described
previously [60]. Total cellularity was determined by counting live
cells upon Trypan blue staining. Absolute cell numbers were
calculated using total cellularity and percentages of subsets in the
lymphoid organs. Unless otherwise indicated, all antibodies for
immunostaining used in this study were purchased from BD
Biosciences. DN thymocyte subsets were analyzed for CD25 and
CD44 expression gated on CD4~ CD8 TCRyd NKI.1™
B220~ CD11b™ CDllc™ thymocytes. Intracellular TCR Pstaining
was undertaken using Cytoperm/Cytofix Kit (BD Biosciences).
Quantification of apoptosis/cell death was assessed by staining
with antibodies against Annexin V and 7AAD. Ten thousand to
1x10° cells per sample were acquired on FACSCalibur and LSRII
flow cytometers (Becton Dickinson). Data were analyzed using
FlowJo software (Tree Star).

Wild-type pri-miR-181d sequence (~394 bp, excluding the first
28 nucleotides of miR-181c) was cloned into pCDNA3.1
(Invitrogen). The mutated miR-181d (KI) sequence (~394 bp,
excluding the first 28 nucleotides of miR-181c) was amplified by
PCR using genomic DNA isolated from a tail biopsy from the
miR-181d KI mice. The PCR product was cloned into the
pCR2.1-TOPO-TA cloning vector (Invitrogen), followed by
subcloning into the pCDNA3.1 vector. Primers used to amplify
the wild-type and mutated pri-miR-181d regions were provided as
in Figure S1. Transfections were done in HEK293T cells (6-well
plate) using the X-tremeGENE 9 DNA Transfection Kit (Roche
Applied Science). Totat RNA isolation and subsequent Nothern
blotting were performed at 48 hours post-transfection.

RNA analysis

Total RNA (including microRNAs) was isolated with the
miRNeasy kit (Qiagen). For northern blotting, 5-15 pg of total
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RNA was resolved on 15% urea/polyacrylamide gels and
transferred to Zeta probe membranes. Following carbodiimide-
mediated cross-linking [61], the membranes were hybridized with
miR-181c and miR-181d probes labeled with [**P]-dATP using
the Starfire kit (Integrated DNA Technologies, Coralville, IA). A
U6 probe was used as the endogenous control. Bands were
visualized with a phosphorimager (GE Healthcare). For the
microRNA real-time PCR, total RNA was treated with DNase
(Turbo-DNAse, Ambion). cDNA was made from 10 ng of total
RNA using the TagMan MicroRNA Reverse Transcription Kit
(Applied Biosystems). Real-time PCR analysis was performed
using TagMan Gene Expression Master Mix, and miR-181d
specific TagMan probes on an ABI 7300 series PCR machine
(Applied Biosystems) according to the manufacturers’ recommen-
dations. U6 probe was used as the endogenous control. All real-
time quantitative PCR reactions were performed in triplicate.
Relative expression of miRs was calculated by the comparative

threshold method (AACT).

MicroArray analysis

Whole thymus tissues from the wild type control (n=3) and
miR-181d Tg-38 (n=3) mice were isolated followed by homog-
enization in Qiazol. RNA was isolated with the Qiagen miRNeasy
kit. RNA quality and integrity was examined using Bioanalyzer
Chip. cDNA synthesis and hybridization onto Illumina SingleCo-
lor MouseWG-6_V2_0_R0_11278593 platform were performed
at the UTSW Genomics and Microarray Core Facility. Subse-
quent analysis of microarray raw data was performed as described
previously, followed by associative ftest analysis to identify
significantly (p<<0.05) deregulated genes among the wild type
and miR-181d Tg samples [56,62]. Microarray data were
submitted to GEO database under accession number
GSE51778. KEGG pathway analysis, Gene Ontology Slim
classification, and Transcription Factor Target analysis (based on
the MsigDB) were performed through the WebGestalt (Web-based
Gene Set Analysis Toolokit, http://bioinfor.vanderbilt.edu/
webgestalt/). 711 down- and 879 up-regulated genes more than
1.2-fold (p<<0.05) were used in the enrichment analyses with at
least 6 genes for each category through the hyper-geometric test
and Benjamini & Hochberg as multiple test adjustment.

Statistical analyses

Mean values, standard error of the mean (SEM), and statistical
analyses were calculated with GraphPad Prism Software. The
statistical significance was designated with asterisks (*p<<0.03,
*##p<<0.01, ***p<<0.001) and p-values more than 0.05 were
considered non-significant (n.s.).

Supporting Information

Figure S1 Generation of the VA-hCD2-pri-miR-181d
transgenic cassette. Pri-miR-181c/d cluster is located on
mouse chromosome 8. Lengths of miR-181c¢ (blue) and miR-181d
(red) sequences are 89 and 72 nucleotides, respectively. A 394 nt
region containing whole pri-miR-181d and a 61nt portion of pri-
miR-181c (lacking the seed sequence) was PCR amplified using
the primers indicated with arrows and cloned into the VA-hCD2
transgenic cassette through EcoRI sites. Mature miR-181c (blue)
and miR-181d (red) sequences are shown in uppercase, indicating
that mature miR-181c sequence was excluded from the transgenic
cassette.

(TIF)

Figure $2 Characterization of lymphocytes in miR-181d
transgenic mice. (A) CD25 and CD44 markers were used to

January 2014 | Volume 9 | Issue 1 | 85274



define DN subsets by gating on CD4  CD8  B220° NKI1.1™
TCRyS6™ CDI11b™ and CD1lc™ thymocytes. Absolute numbers of
DN subsets are shown as the mean +/— SEM using at least 6 mice
per group. (B) Histograms show intracellular TCRP and surface
CD5 expression in DN3 thymocytes from the WT (white), Tg-8
(blue), and Tg-38 (red) mice. Average percentages of intracellular
TCRB" DN3 thymocytes are provided. (C) Histograms show
CD5, CD69, and TCRp expression on DP thymocytes. (D) Total
cellularity in the spleen of the control and miR-181d Tg mice. (E)
Representative FACS plots show CD4 by CD8 profiles in the
spleen. (F-G) Average percentages (I') and absolute numbers (G) of
CD4" and CD8" T cells in the spleen. (D-G) Data are from the
WT (n=16), Tg-8 (n=16), and Tg-38 (n=11) mice. (H) Average
percentages of B220" B cells in the lymph nodes (left) and spleen
(right) using at least 10 mice per group. All bar graphs show the
mean +/— SEM (n.s. = non-significant, *$<<0.05, **p<<0.01,
##%p<<0.001; One-way ANOVA followed by Tukey’s post-hoc
test).

(TIF)

Figure S3 Stress-induced thymic atrophy in miR-181d
transgenic mice. (A) Total thymic cellularity in the control and
miR-181d Tg mice at 72 hours upon LPS injection (100 pg/
mouse). (B) Absolute cellularity of thymocyte subsets (DP, CD4 SP,
and CD8 SP) after 72 hours post-LPS injection. (A-B) Data are of
the mean +/— SEM from at least 4 independent experiments
using at least 3 mice per treatment (n.s. = non-significant,
*p<<0.05, ¥*p<<0.01, ***p<<0.001; One-way ANOVA followed by
Tukey’s post-hoc test). (C) FACS plots show CD4 by CD8 profiles
in the thymus of the control and miR-181d Tg mice at 72 hours
upon LPS injection at varying concentrations (10, 30, and 100 pg/
mouse). Percents are provided in each quadrant.

(T1E)

Figure S4 MiR-181d knock-in strategy. Schematic repre-
sents the generation strategy of miR-181d KI mice.

(riF)

Figure S5 Predicted secondary structures of the wild-
type miR-181d and miR-181d knock-in sequences.
RNAfold Web  Server (http://rna.tbi.univie.ac.at/cgi-bin/
RNAfold.cgi) was used to obtain Minimum Free Energy (MFE)
Mature mir-18lc and miR-181d sequences are
highlighted in green and blue, respectively. Mutated bases in the
miR-181d knockin sequence are highlighted in red.

(TIF)

Figure S6 Characterization of miR-181d knock-in mice.
(A) Northern blot shows miR-181d and miR-181c expression in
HEK293T cells transfected with pCDNAS3.1 control, pCDNA3.1/
miR-181d, or pCDNA3.1/miR-181d KI plasmids. A U6 probe
was used as endogenous control. Data are representative of 2
independent experiments. (B) Absolute numbers of DN thymocyte
subsets in the thymus of the control and miR-181d KI mice. Data

structures.

References

1. Ageev AK, Sidorin VS, Rogachev MV, Timofeev IV (1986) [Morphologic
characteristics of the changes in the thymus and spleen in alcoholism]. Arkh
Patol 48: 33-39.

2. Douek DC, McFarland RD, Keiser PH, Gage EA, Massey JM, et al. (1998)
Changes in thymic function with age and during the treatment of HIV infection.
Nature 396: 690-695.

3. Haynes BF, Markert ML, Sempowski GD, Patel DD, Hale LP (2000) The role of
the thymus in immune reconstitution in aging, bone marrow transplantation,
and HIV-1 infection. Annu Rev Immunol 18: 529-560.

4. Hotchkiss RS, Swanson PE, Freeman BD, Tinsley KW, Cobb JP, et al. (1999)
Apoptotic cell death in patients with sepsis, shock, and multiple organ
dysfunction. Crit Care Med 27: 1230-1251.

PLOS ONE | www.plosone.org

1

MiR-181d Modulates Thymic Atrophy

are of the mean +/— SEM using at least 6 mice per group (n.s. =
non-significant; Two-tailed unpaired Student’s test). (C) Histo-
grams show intracellular TCRB (icTCRP) and surface CD5
expression in DN3 thymocytes from the WT (white) and miR-
181d KI (green) mice. Average percentages of icTCRB" DN3
thymocytes were provided. (D) Histograms show CD5, CD69, and
TCRP expression gated on DP thymocytes from the WT (white)
and miR-181d KI (green) mice. (E) Relative MFI (Mean
Fluorescence Intensity) levels of CD69 on SP thymocytes. (F)
Ratio of the CD69*TCRB"" to CD69 TCRB"E" thymocyte
numbers gated on CD4 SP and CD8 SP thymocytes. (E-F) Data
show the mean +/— SEM values from at least 3 mice per group
(n.s. = non-significant; Two-tailed unpaired Student’s ttest). (G—
H) Average percentages and absolute cell numbers of CD4* T and
CD8" T cells in the lymph nodes (G) and spleen (H) of the WT
m=>16) and miR-181d KI (n=>13) mice. (I) Average
percentages of B220" B cells in the lymph nodes and spleen using
at least 13 mice per group. All bar graphs show the mean +/—
SEM (n.s. = non-significant; Two-tailed unpaired Student’s #test).
(TIF)

Table S1 List of down-regulated genes more than 1.5-
fold in miR-181d Tg-38 thymus compared to the wild
type control.

(PDE)

Table S2 List of up-regulated genes more than 1.5-fold
in miR-181d Tg-38 thymus compared to the wild type

control.

(PDF)

Table S3 Top 10 transcription factors with predicted
target motifs among differentially regulated genes in the
wild type control versus miR-181d Tg-38 thymocytes
based on the significance level.

(PDF)

Acknowledgments

We would like to thank Angela Mobley and Sean Murray for flow
cytometry assistance. We are very thankful to van Oers lab members,
including Ashley Hoover and Jennifer Eitson, for helping with the mouse
breeding and genotyping. We also thank Dr. Igor Dozmorov for the
analysis of microarray data. In addition, we sincerely appreciate the ideas
and reagents provided by Dr. James Forman. We thank Dr. Maite de la
Morena for her continuous discussions regarding the data herein. We
would also like to thank members of UT Southwestern Medical Center
Transgenic and Knock-out Core facility.

Author Contributions

Conceived and designed the experiments: SB NVO. Performed the
experiments: SB NVO. Analyzed the data: SB NVO. Contributed
reagents/materials/analysis tools: SB NVO. Wrote the paper: SB NVO.

5. Muller-Hermelink HK, Sale GE, Borisch B, Storb R (1987) Pathology of the
thymus after allogeneic bone marrow transplantation in man. A histologic
immunohistochemical study of 36 patients. Am J Pathol 129: 242-256.

6. Murgita RA, Wigzell H (1981) Regulation of immune functions in the fetus and
newborn. Prog Allergy 29: 54-133.

7. Rocklin RE, Kitzmiller JL, Kaye MD (1979) Immunobiology of the maternal-
fetal relationship. Annu Rev Med 30: 375-404.

8. Dooley J, Liston A (2012) Molecular control over thymic involution: from
cytokines and microRNA to aging and adipose tissue. Eur J Immunol 42: 1073~
1079.

9. Gruver AL, Sempowski GD (2008) Cytokines, leptin, and stress-induced thymic
atrophy. J Leukoc Biol 84: 915-923.

January 2014 | Volume 9 | Issue 1 | 85274



20.

21.

22.

23.

24.

26.

27.

28.

30.

31.

32.

33.

34.

37.

. Medzhitov R (2008) Origin and physiological roles of inflammation. Nature 454:

428-435.

. Belkaya S, Silge RL, Hoover AR, Medeiros JJ, Eitson JL, et al. (2011) Dynamic

modulation of thymic microRNAs in response to stress. PLoS One 6: €27580.

. Billard MJ, Gruver AL, Sempowski GD (2011) Acute endotoxin-induced thymic

atrophy is characterized by intrathymic inflammatory and wound healing
responses. PLoS One 6: ¢17940.

. Luz C, Dornelles F, Preissler T, Collaziol D, da Cruz IM, et al. (2003) Impact of

psychological and endocrine factors on cytokine production of healthy elderly
people. Mech Ageing Dev 124: 887-895.

Sempowski GD, Hale LP, Sundy JS, Massey JM, Koup RA, et al. (2000)
Leukemia inhibitory factor, oncostatin M, IL-6, and stem cell factor mRNA
expression in human thymus increases with age and is associated with thymic
atrophy. J Immunol 164: 2180-2187.

Sempowski GD, Rhein ME, Scearce RM, Haynes BF (2002) Leukemia
inhibitory factor is a mediator of Escherichia coli lipopolysaccharide-induced
acute thymic atrophy. Eur J Immunol 32: 3066-3070.

. Vacchio MS, Papadopoulos V, Ashwell JD (1994) Steroid production in the

thymus: implications for thymocyte selection. J Exp Med 179: 1835-1846.

. Webster JI, Tonelli L, Sternberg EM (2002) Neuroendocrine regulation of

immunity. Annu Rev Immunol 20: 125-163.

. Ashwell JD, Lu FW, Vacchio MS (2000) Glucocorticoids in T cell development

and function*. Annu Rev Immunol 18: 309-345.

. Herold MJ, McPherson KG, Reichardt HM (2006) Glucocorticoids in T cell

apoptosis and function. Cell Mol Life Sci 63: 60-72.

Winoto A, Littman DR (2002) Nuclear hormone receptors in T lymphocytes.
Cell 109 Suppl: S57-66.

Chatham WW, Kimberly RP (2001) Treatment of lupus with corticosteroids.
Lupus 10: 140-147.

Frankfurt O, Rosen ST (2004) Mechanisms of glucocorticoid-induced apoptosis
in hematologic malignancies: updates. Curr Opin Oncol 16: 553-563.
Hauri-Hohl MM, Zuklys S, Keller MP, Jeker LT, Barthlott T, et al. (2008) TGF-
beta signaling in thymic epithelial cells regulates thymic involution and
postirradiation reconstitution. Blood 112: 626-634.

Heinonen KM, Vanegas JR, Brochu S, Shan J, Vainio SJ, et al. (2011) Wnt4
regulates thymic cellularity through the expansion of thymic epithelial cells and
early thymic progenitors. Blood 118: 5163-5173.

. Papadopoulou AS, Dooley J, Linterman MA, Pierson W, Ucar O, et al. (2012)

The thymic epithelial microRNA network elevates the threshold for infection-
associated thymic involution via miR-29a mediated suppression of the IFN-
alpha receptor. Nat Immunol 13: 181-187.

Leung AK, Sharp PA (2010) MicroRNA functions in stress responses. Mol Cell
40: 205-215.

Mendell JT, Olson EN (2012) MicroRNAs in stress signaling and human disease.
Cell 148: 1172-1187.

Sionov RV (2013) MicroRNAs and Glucocorticoid-Induced Apoptosis in
Lymphoid Malignancies. ISRN Hematol 2013: 348212.

. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function.

Cell 116: 281-297.

Kloosterman WP, Plasterk RH (2006) The diverse functions of microRNAs in
animal development and disease. Dev Cell 11: 441-450.

Smith LK, Shah RR, Cidlowski JA (2010) Glucocorticoids modulate microRNA
expression and processing during lymphocyte apoptosis. J Biol Chem 285:
36698-36708.

JiJ, Yamashita T, Budhu A, Forgues M, Jia HL, et al. (2009) Identification of
microRNA-181 by genome-wide screening as a critical player in EpCAM-
positive hepatic cancer stem cells. Hepatology 50: 472-480.

Liu G, Min H, Yue S, Chen CZ (2008) Pre-miRNA loop nucleotides control the
distinct activities of mir-181a-1 and mir-181c in early T cell development. PLoS
One 3: 3592.

Kirigin FF, Lindstedt K, Sellars M, Ciofani M, Low SL, et al. (2012) Dynamic
MicroRNA Gene Transcription and Processing during T Cell Development.
J Immunol 188: 3257-3267.

. Kuchen S, Resch W, Yamane A, Kuo N, Li Z, et al. (2010) Regulation of

microRNA expression and abundance during lymphopoiesis. Immunity 32:
828-839.

5. Ouyang YB, Lu Y, Yue S, Giffard RG (2012) miR-181 targets multiple Bcl-2

family members and influences apoptosis and mitochondrial function in
astrocytes. Mitochondrion 12: 213-219.

Cichocki F, Felices M, McCullar V, Presnell SR, Al-Attar A, et al. (2011)
Cutting edge: microRNA-181 promotes human NK cell development by
regulating Notch signaling. J Immunol 187: 6171-6175.

PLOS ONE | www.plosone.org

12

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

MiR-181d Modulates Thymic Atrophy

Fragoso R, Mao T, Wang S, Schaffert S, Gong X, et al. (2012) Modulating the
strength and threshold of NOTCH oncogenic signals by mir-181a-1/b-1. PLoS
Genet 8: €1002855.

Henao-Mejia J, Williams A, Goff LA, Staron M, Licona-Limon P, et al. (2013)
The MicroRNA miR-181 Is a Ciritical Cellular Metabolic Rheostat Essential for
NKT Cell Ontogenesis and Lymphocyte Development and Homeostasis.
Immunity 38: 984-997.

Li QJ, Chau J, Ebert PJ, Sylvester G, Min H, et al. (2007) miR-181a is an
intrinsic modulator of T cell sensitivity and selection. Cell 129: 147-161.
Zietara N, Lyszkiewicz M, Witzlau K, Naumann R, Hurwitz R, et al. (2013)
Ciritical role for miR-181a/b-1 in agonist selection of invariant natural killer T
cells. Proc Natl Acad Sci U S A 110: 7407-7412.

Zhumabekov T, Corbella P, Tolaini M, Kioussis D (1995) Improved version of a
human CD2 minigene based vector for T cell-specific expression in transgenic
mice. ] Immunol Methods 185: 133-140.

Zhang B, Kirov S, Snoddy J (2005) WebGestalt: an integrated system for
exploring gene sets in various biological contexts. Nucleic Acids Res 33: W741
748.

Wang J, Duncan D, Shi Z, Zhang B (2013) WEB-based GEne SeT AnaLysis
Toolkit (WebGestalt): update 2013. Nucleic Acids Res 41: W77-83.

. Liang ], Slingerland JM (2003) Multiple roles of the PI3K/PKB (Akt) pathway in

cell cycle progression. Cell Cycle 2: 339-345.

Liu ZP, Wang Z, Yanagisawa H, Olson EN (2005) Phenotypic modulation of
smooth muscle cells through interaction of Foxo4 and myocardin. Dev Cell 9:
261-270.

Van Der Heide LP, Hoeckman MF, Smidt MP (2004) The ins and outs of FoxO
shuttling: mechanisms of FoxO translocation and transcriptional regulation.
Biochem J 380: 297-309.

Ebert PJ, Jiang S, Xie J, Li QJ, Davis MM (2009) An endogenous positively
selecting peptide enhances mature T cell responses and becomes an autoantigen
in the absence of microRNA miR-181a. Nat Immunol 10: 1162-1169.

Radtke F, Fasnacht N, Macdonald HR (2010) Notch signaling in the immune
system. Immunity 32: 14-27.

Choi YI, Jeon SH, Jang J, Han S, Kim JK, et al. (2001) Notchl confers a
resistance to glucocorticoid-induced apoptosis on developing thymocytes by
down-regulating SRG3 expression. Proc Natl Acad Sci U S A 98: 10267-10272.
Deftos ML, He YW, Ojala EW, Bevan MJ (1998) Correlating notch signaling
with thymocyte maturation. Immunity 9: 777-786.

Wolfer A, Bakker T, Wilson A, Nicolas M, Toannidis V, et al. (2001) Inactivation
of Notch 1 in immature thymocytes does not perturb CD4 or CD8T cell
development. Nat Immunol 2: 235-241.

Neilson JR, Zheng GX, Burge CB, Sharp PA (2007) Dynamic regulation of
miRNA expression in ordered stages of cellular development. Genes Dev 21:
578-589.

Mendell JT (2008) miRiad roles for the miR-17-92 cluster in development and
disease. Cell 133: 217-222.

. Xiao C, Srinivasan L, Calado DP, Patterson HC, Zhang B, et al. (2008)

Lymphoproliferative disease and autoimmunity in mice with increased miR-17-
92 expression in lymphocytes. Nat Immunol 9: 405-414.

de la Morena MT, Eitson JL, Dozmorov IM, Belkaya S, Hoover AR, et al.
(2013) Signature MicroRNA expression patterns identified in humans with
22q11.2 deletion/DiGeorge syndrome. Clin Immunol 147: 11-22.

Belkaya S, Murray SE, Eitson JL, de la Morena MT, Forman JA, et al. (2013)
Transgenic Expression of MicroRNA-185 Causes a Developmental Arrest of T
Cells by Targeting Multiple Genes Including Mzb1. J Biol Chem 288: 30752—
30762.

van Oers NS, Tohlen B, Malissen B, Moomaw CR, Afendis S, et al. (2000) The
21- and 23-kD forms of TCR zeta are generated by specific I'TAM
phosphorylations. Nat Immunol 1: 322-328.

Hofacker IL (2003) Vienna RNA secondary structure server. Nucleic Acids Res
31: 3429-3431.

Becker AM, Blevins JS, Tomson FL, Eitson JL, Medeiros JJ, et al. (2010)
Invariant NKT cell development requires a full complement of functional CD3
zeta immunoreceptor tyrosine-based activation motifs. J Immunol 184: 6822~
6832.

Pall GS, Codony-Servat C, Byrne J, Ritchie L, Hamilton A (2007)
Carbodiimide-mediated cross-linking of RNA to nylon membranes improves
the detection of siRNA, miRNA and piRNA by northern blot. Nucleic Acids
Res 35: e60.

Dozmorov MG, Guthridge JM, Hurst RE, Dozmorov IM (2010) A
comprehensive and universal method for assessing the performance of
differential gene expression analyses. PLoS One 5.

January 2014 | Volume 9 | Issue 1 | 85274



