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Abstract

By genetic inactivation of key microRNA biogenesis enzymes, we and others have previously demonstrated the critical
requirement of the microRNA pathway for the differentiation and function of Foxp3+ regulatory T cells. In this study, we
identified members of the miR-17,92a cluster of microRNAs to be enriched in regulatory T cells. To investigate the function
of this microRNA cluster, we deleted the gene specifically in Foxp3+ cells in mice. We found that miR-17,92a is required for
the fitness of regulatory T cells, and deficiency impacted at the level of apoptosis and proliferation of these cells. This led to
a loss of Foxp3+ cells over time, particularly in competitive settings, and culminated in a range of immunologic
perturbations. Thus, miR-17,92a-target interactions are part of the essential microRNA networks that safeguard the
regulatory T cell lineage.
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Introduction

Appropriate regulation of immune responses is critical for

ensuring adequate immunity against harmful pathogens without

developing uncontrolled inflammation or autoimmunity that lead

to tissue damage. Regulatory T cells (Tregs) suppress the

activation and proliferation of other T cells, and play a critical

role in maintaining this immunologic homeostasis. Numerous T

cells with suppressive activity have been described, but the best

characterized are the CD4+CD25+ T cells that express the

Forkhead transcription factor Foxp3. Either mutations in the gene

encoding Foxp3 [1–3], or loss of Foxp3-expressing cells [4] results

in devastating autoimmune-like lymphoproliferative disease.

Most Foxp3+ Tregs, at least those found in secondary lymphoid

organs, arise in the thymus from a subset of thymocytes that are

selected on class II major histocompatibility complexes [5].

Additionally, expression of Foxp3 can be induced in naı̈ve CD4+

T cells in response to antigen stimulation in the presence of an

appropriate cytokine milieu. Transforming growth factor-b is

thought be a key cytokine [6], but retinoic acid may also

contribute [7,8]. Such ‘‘induced Tregs’’ are particularly prevalent

at mucosal surfaces, such as the intestine [9].

In recent years, genome-wide approaches have provided

important insights into the gene regulatory networks that enforce

the Foxp3+ Treg lineage. Chromatin immunoprecipitation cou-

pled to hybridization on gene arrays [10,11], and more recently,

coupled to high throughput sequencing [12,13] have suggested

that Foxp3 functions both as a transcriptional activator and

repressor. The mechanisms by which this transcription factor

activates or represses targets appear to be complex, involving

protein complexes with other transcription factors, such as NFAT

and Runx1 [14,15], and modification of chromatin [12,13].

Not only are transcription factors required for the regulation of

gene expression networks, but also non-coding RNAs. Micro-

RNAs (miRNAs) are one class of non-coding RNAs that clearly

have essential functions in gene regulation. These small ,22 nt

RNAs induce the translational repression and degradation of

protein-coding messenger RNAs (mRNAs). The biogenesis of

miRNAs requires two RNase III enzyme complexes. The nuclear

complex, containing Drosha, processes long primary miRNA

transcripts into stem-loop pre-miRNA intermediates [16]. The

cytoplasmic complex, containing Dicer, then clips off the loop to

release the mature miRNA [17–19]. By targeting the genes

encoding Drosha or Dicer specifically in Foxp3+ Tregs, we and

two other groups demonstrated a critical requirement of the

miRNA pathway for this immune lineage [20–22]. Mice with

Treg-specific Drosha or Dicer deficiency developed lethal

lymphoproliferative disease akin to mice with mutations in the

Foxp3 gene or lacking Foxp3+ cells. Although Foxp3+ cells still

developed in absence of the miRNA pathway, they were at

reduced numbers. Even more striking was the complete loss of

suppressive capacity by miRNA-deficient Tregs.

The studies on Drosha and Dicer deficient mice clearly

established a requirement of miRNAs for the Foxp3+ Treg

lineage. However, Tregs express many different miRNAs [23],

and it was unclear which miRNAs were important. Several recent

studies have since reported the function of two specific miRNAs in

Tregs. miR-155 is required for inhibiting the expression of Socs1,

a negative regulator of Jak-Stat signaling [24–26], while miR-146

inhibits the expression of Stat1 [27]. To identify other specific

miRNAs that may be important for the Treg lineage, we analyzed

high throughput miRNA sequencing data for miRNAs that

are enriched in this lineage. Here, we report that miRNAs of
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the miR-17,92a cluster are enriched in Tregs and that this cluster

is important for controlling the fitness of these cells.

Materials and Methods

Mice and tissue preparations
Treg-specific miR-17,92a deficient mice were generated by

crossing the LoxP-flanked Mir17,92afl conditional allele [28] with

an IRES-CreYFP allele knocked into the Foxp3 locus [29] to

generate Mir17,92afl/fl Foxp3CreYFP/CreYFP(Y) (KO) or Mir17,92afl/+

Foxp3CreYFP/CreYFP(Y) control mice. Unless otherwise stated, all

animals are maintained as homozygous (females) or hemizygous

(males) for the CreYFP knockin allele in order to account for any

intrinsic effects of an altered Foxp3 locus. All analyses were

performed on littermate pairs, with each pair derived from a

different litter. Mice carrying an IRES-GFP knocked into the Foxp3

locus have been previously described [30]. C57BL/6 and B6.SJL

(marked by the CD45.1 allele) mice were purchased from Animal

Resources Centre (Western Australia).

Spleen and lymph node cells were obtained by passing the

organs through a 100 mm mesh. Bone marrow cells were obtained

by grinding the long bones and sternum in a mortar and pestle,

then filtering the cells through a 100 mm mesh. Lymphocytes were

extracted from the lamina propria of colons as previously

described [31].

All animal experiments were approved by the Animal Ethics

Committee, Research Governance Unit of St Vincent’s Hospital,

and were performed under the Australian Code for the Care and

Use of Animals for Scientific Purposes.

Flow cytometry
All antibodies used for flow cytometry or cell sorting were

purchased from eBioscience. Cell surface labeling of cells was

performed by standard techniques. Intranuclear staining of Foxp3

was performed with the Transcription Factor Staining Buffer Set

from eBioscience according the manufacturer’s instructions.

Annexin V staining was performed with the Annexin V Apoptosis

Detection Kit from eBioscience according the manufacturer’s

instructions. All flow cytometry was performed on a multicolor

LSRFortessa (BD Biosciences), and analyzed on Tree Star Flowjo.

Statistical comparisons were performed on GraphPad Prism.

Taqman quantitative RT-PCR
Cell sorting was performed on a FACSAria (BD Bioscience).

Sorted cells were washed with cold PBS before total RNA was

extracted with TRIsure reagent (Bioline) according to the

manufacturer’s instruction, with one modification: the RNA was

precipitated with ethanol at 280uC, instead of with isopropanol

on ice. The expression of specific miRNAs was quantified by

Taqman MicroRNA Assay (Life Technologies) according to the

manufacturer’s instructions. Expression was normalized against

U6 snRNA.

Bone marrow chimeras
Total bone marrow was obtained from KO or control mice and

mixed with competitor bone marrow from B6.SJL mice. B6.SJL

recipient mice were irradiated twice with 6Gy separated by a 4 h

interval, then injected intravenously with 26106 mixed bone

marrow cells. All donor and recipient animals were at ,8 weeks of

age at the time of bone marrow transplantation. The recipient

mice were allowed to recover for 8 weeks before analysis. The

experimental cells were identified by CD45.2 expression, while

competitor cells and any remaining recipient host cells were

excluded by CD45.1 expression.

BrdU incorporation
Mice were injected intraperitoneally with 200 ml of 10 mg/mL

BrdU in PBS at 3 and 6 days prior to analysis. Cells for analysis

were first stained with antibodies to cell surface markers prior to

intranuclear staining for Foxp3. The cells were then refixed with

the Fixation/Permeabilization buffer component of the Tran-

scription Factor Staining Buffer Set. The cells were finally stained

for BrdU incorporation using the BrdU Staining Buffer Set from

eBioscience, prior to analysis.

T cell transfers
Total CD4+ T cells were purified from KO and control mice by

MACS separation (Miltenyi), then loaded with CFSE. 56106 cells

were injected into B6.SJL recipients sublethally irradiated with

4.5Gy. Each recipient received cells from a different donor. After 8

days, the spleen and lymph nodes of each recipient mouse were

harvested and cells pooled for analysis. The transferred

CD4+Foxp3+ cells were identified by CD45.2 expression.

Results

The miR-17,92a cluster of miRNAs are enriched in
regulatory T cells

By targeted mutagenesis of key miRNA pathway components in

mice, we and others previously demonstrated the critical

requirement of miRNAs for the Foxp3+ Treg lineage [20–22].

In order to identify specific miRNAs that might be important in

Tregs, we analyzed the miRNA profiles of T cell lineages that we

previously generated by Illumina high throughput sequencing

[23,32]. This analysis revealed numerous miRNA species from the

miR-17,92a cluster of miRNAs to be enriched in Tregs

compared to other T cell populations, bone marrow stem cells

and fibroblasts (Figure 1A). The enrichment of miR-17 and miR-

92a were also confirmed by Taqman-based RT-PCR assay

(Figure 1B).

The miR-17,92a cluster is necessary for the homeostasis
of regulatory T cells

The miR-17,92 cluster of miRNAs are all derived from a

single polycistronic transcript driven by a single promoter [32,33].

To investigate the requirement of this miRNA cluster in Tregs, we

generated Treg-specific miR-17,92a deficient mice by intercross-

ing mice with a LoxP-flanked Mir17,92afl allele with a CreYFP

allele expressed from the Foxp3 locus. This resulted in a loss of

miR-17,92a cluster miRNAs but not other miRNAs (Figure 2A).

In agreement with a recent report [34], Treg numbers appeared

normal in the secondary lymphoid organs of young KO mice

(Figure 2B). However, perturbations in Treg populations became

apparent as the mice aged. Treg frequency was significantly

reduced in the spleens of 50 week of KO mice. Even more

dramatic was the reduction in the lamina propria of the colon.

Large numbers of Tregs are normally found in the lamina propria

of the colon as a result of interactions with commensal flora [9].

However, a significant reduction in Treg numbers was already

evident in 15 week KO mice (Figure 2C and D).

To explore this potential requirement of the miR-17,92a

cluster for Treg homeostasis, we investigated the fitness of Tregs in

competitive settings. A clear requirement of this miRNA cluster for

Treg fitness was evident in Foxp3CreYFP/+ heterozygous females

(Figure 3A). The Foxp3 locus is located on the X-chromosome, and

is subject to random X-inactivation to maintain gene dosage [35].

This results in only one of the two Foxp3 alleles being

transcriptionally active in any given Treg. Thus, only 50% of

The miR-17 Cluster Controls Treg Fitness
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Tregs in a heterozygous mouse have the potential to express

CreYFP. CD25+ Tregs that maintain the chromosome with the

knockin allele can be identified as YFP+, whereas those that

inactivate the chromosome with the knockin allele are YFP2. In

control Mir17,92afl/+ animals CreYFP expressing cells comprise

,40% of the total Tregs. However, in Mir17,92afl/fl animals,

CreYFP expressing (miR-17,92a deficient) cells only comprise

,15% of the total Tregs. That is, the miR-17,92a deficient Tregs

were outcompeted by the miR-17,92a sufficient Tregs.

Figure 1. The miR-17,92a cluster of miRNAs are enriched in Tregs. (A) Relative expression of the miR-17,92a miRNAs species determined
by Illumina high throughput sequencing. Shown is expression in sorted CD4+CD25+ Tregs compared to CD4+CD252 conventional T cells, CD8+ T cells,
bone marrow Lin2Sca+Kit+ stem cells, and embryonic fibroblasts (MEF) from C57BL/6 mice. The arrows indicate those species enriched in Tregs. (B)
Quantitation of two miR-17,92a miRNAs by Taqman-based RT-PCR. All miRNA levels were normalized to U6 snRNA. The indicated populations were
sorted from Foxp3IRES-GFP mice, in which Foxp3 expression was identified by GFP fluorescence.
doi:10.1371/journal.pone.0088997.g001

Figure 2. Older mice with Treg-specific miR-17,92a deficiency display perturbations in Treg populations. (A) Foxp3+ (YFP+) cells were
sorted from the spleens of Mir17,92afl/fl Foxp3CreYFP/CreYFP(Y) (KO) and Mir17,92afl/+ Foxp3CreYFP/CreYFP(Y) control (WT) mice, then analyzed for miR-17
expression by Taqman-based RT-PCR. As a negative control, miR-21 expression was also measured. All miRNA levels were normalized to U6 snRNA.
Frequency of Foxp3+ Tregs in the (B) spleen and (C) lamina propria of the colon. The data is expressed as a percentage of total CD4+ T cells.
Littermate KO and WT pairs at ,5 weeks (n = 5), ,15 weeks (n = 6–8) and ,50 weeks (n = 9) of age were analyzed. Paired t tests were performed for
statistical comparisons. Only significant differences are indicated. (D) Examples of Treg profiles of mouse pairs at 15 and 50 weeks of age. Shown is
the colonic lamina propria gated on TCRb+ cells. Note that all TCRb+ cells are CD4+.
doi:10.1371/journal.pone.0088997.g002
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We also investigated the competitive fitness of miR-17,92a

deficient Tregs in mixed bone marrow chimeras (Figure 3B). Bone

marrow from KO or control mice (marked by CD45.2) were

mixed with bone marrow from B6.SJL mice (marked by CD45.1),

then transplanted into lethality irradiated B6.SJL recipients. After

8 weeks, development of Tregs from KO and control bone

marrow in the presence of B6.SJL competitor cells was analyzed.

Consistent with the phenotype of Foxp3CreYFP/+ heterozygous

females, miR-17,92a deficiency reduced the competitive fitness

of Tregs in mixed bone marrow chimeras.

Increased apoptosis and decrease proliferation of miR-
17,92a deficient Tregs

We next wanted to determine if altered apoptosis or prolifer-

ation underlay the poor fitness of miR-17,92a deficient Tregs.

Apoptosis was measured by staining for Annexin V binding

(Figure 4A). At stead-state, a higher frequency of Tregs was found

to be Annexin V+ in the lymph nodes of KO mice, although it was

more variable in the spleen.

We then analyzed the basal proliferation of Tregs in KO mice

by measuring BrdU incorporation (Figure 4B). Mir-17,92

deficiency resulted in a lower basal proliferation rate in Tregs.

We also analyzed the homeostatic proliferative capacity of

Tregs under lymphopenic conditions (Figure 4C). Total CD4+ T

cells were purified from KO and control mice, and labeled with

CFSE. They were then adoptively transferred into sublethally

irradiated B6.SJL recipients. After 8 days, cell division in the

transferred cells was determined by CFSE dilution. We found that

while almost all control Tregs had divided, only ,3/4 of KO

Tregs had divided during this time. Thus, we conclude that the

poor fitness of miR-17,92a deficient Tregs is most likely due to a

combination of increased apoptosis and decreased proliferation of

Tregs.

Figure 3. miR-17,92a deficient Tregs have a competitive disadvantage. (A) Female Foxp3CreYFP/+ heterozygous mice were analyzed on mir-
17,92 sufficient (fl/+) or conditional deficient (fl/fl) genetic background. Due to random X-chromosome inactivation, only half the Treg cells in these
animals can potentially activate Cre expression. The Cre-expressing Tregs were identified as YFP+CD25+, whereas the non-expressing Tregs were
identified as YFP2CD25+. Shown are the total CD4+ T cells from the spleen and lymph node of one of 4 littermate pairs analyzed. Animals were
analyzed at 8 weeks of age. (B) Bone marrow from Mir17,92afl/fl Foxp3CreYFP/CreYFP (KO) or Mir17,92afl/+ Foxp3CreYFP/CreYFP control (WT) mice were
mixed with bone marrow from competitor CD45.1 mice, then injected into lethality irradiated CD45.1 recipient mice (n = 4). Eight weeks after
reconstitution, the KO or WT cells (CD45.2+) in recipient mice were analyzed. Shown is the percentage of Foxp3+ cells within the CD4+ T cell
compartment of the spleen and lymph node. Paired t tests were performed for statistical comparisons.
doi:10.1371/journal.pone.0088997.g003

Figure 4. miR-17,92a deficient Tregs display increased apoptosis and defective proliferation. (A) Analysis of Treg apoptosis in
Mir17,92afl/fl Foxp3CreYFP/CreYFP(Y) (KO) and Mir17,92afl/+ Foxp3CreYFP/CreYFP(Y) control (WT) mice. The Tregs from spleen and lymph node were identified
as TCRb+YFP+CD25hi. Littermate KO and WT pairs (n = 5) were analyzed at ,8 weeks of age. (B) Analysis of Treg proliferation by BrdU incorporation.
The Tregs were identified as TCRb+Foxp3+CD25hi. Littermate KO and WT pairs (n = 5) were analyzed at ,8 weeks of age. The BrdU treatment and
analyses were performed over two experiments. (C) CFSE-labeled CD4+ T cells were transferred into sublethally irradiated CD45.1 recipients. After 8
days, the spleen and lymph nodes were harvested and pooled, and the transferred CD45.2 cells were analyzed for division by measuring CFSE
dilution. Each data point represents a recipient transferred with cells from an individual donor KO or WT mouse (n = 4). The transfers and analyses
were performed over two experiments.
doi:10.1371/journal.pone.0088997.g004

The miR-17 Cluster Controls Treg Fitness
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Immunologic abnormalities caused by Treg-specific miR-
17,92a deficiency

Although the abnormalities caused by miR-17,92a deficiency

in Tregs were mild compared to the dramatic phenotypes caused

by ablating the entire miRNA pathway, there may still be

consequences of these relatively minor abnormalities. Indeed, we

found that in older mice, the lack of miR-17,92a expressing

Tregs led to increases in CD4+ T cells with an effector memory

CD44hiCD62Llo phenotype (Figure 5A), and CD8+ T cells with an

activated/central memory CD44hiCD62Lhi phenotype (Figure 5B).

Furthermore, we noticed a substantial accumulation of

CD11b+Ly-6G+ granulocytic cells in the spleen of some older

mice (Figure 5C). Thus, the expression of miR-17,92a miRNAs

in Tregs is necessary for their fitness and for general immunologic

homeostasis.

Discussion

In this study, we showed that the miR-17,92a cluster of

miRNAs is enriched in Foxp3+ Tregs. We also showed that these

miRNAs are necessary for the fitness of Tregs, regulating both

proliferative capacity and apoptosis. Although it is clear that the

miR-17,92a cluster is important, the precise molecular targets of

these miRNAs in Tregs remain to be determine. Multiple miRNAs

are derived from this cluster, and each miRNA is predicted to

recognize a large number of different targets by algorithms such as

TargetScan [36]. For example, three of the Treg-enriched

miRNAs, miR-17-3p, miR-19a-5p and miR-19b-5p are all

predicted to target numerous signalling molecules, including

multiple MAP kinases, serine/threonine kinases and phosphatases,

as well as various transcription factors and cell cycle regulators.

Determining which of these hundreds of potential miRNA-target

interactions are important in Tregs will not be trivial. More than

likely, it will be the combination of many interactions that

ultimately controls the differentiation and fitness of Tregs, as well

as other aspects of Treg biology. Although miR-17,92a miRNAs

are enriched in Tregs, they are still expressed at high levels in

other T cell populations. Thus, many of these potential miRNA-

target interactions will also important for the function of other T

cells.

As mice aged, the reduced fitness of the miR-17,92a deficient

Tregs manifested as various immunologic abnormalities. These

immunologic perturbations were rather subtle. In clean SPF

conditions, these mice only displayed mild abnormalities in their

activated/memory T cell populations. If immunologically chal-

lenged, these perturbations could predispose to inflammatory

pathologies. Indeed, a previous study on the role of miR-17,92a

in IL-10-effector Tregs differentiation suggests this [34], but more

work is still needed to understand the function of these miRNAs in

Tregs under immunologic challenge.

A number of studies have now reported the impact of single

miRNA gene deficiency in Tregs: miR-17,92a (present study and

[34]), miR-155 [24–26] and miR-146a [27]. Individually, loss of

each of these genes resulted in clear effects on Treg biology.

However, common to all is again the relatively mild phenotypes

caused by these single miRNA gene mutations when compared to

ablation of all miRNA biogenesis [20–22]. A lack of all miRNAs

resulted not only in poor Treg development, but also in the

production of Tregs that were completely non-functional. Dozens

of miRNAs are expressed in Tregs [23,32]. Many of these are

enriched in Tregs, while others are expressed in all T cell or

hematopoietic lineages. This suggests that miRNAs regulate most,

if not all, critical aspects of Treg biology. The regulation of Treg

fitness by the miR-17,92a cluster is but one important function of

miRNAs in Tregs. Clearly much work remains to understand the

functions not only of the miR-17,92a regulatory networks, but

also of the numerous other miRNAs expressed in Tregs.
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