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Summary
MicroRNAs (miRNAs) have emerged as important regulators of gene expression in diverse
biological processes ranging from cell proliferation and survival to organ development and
immunity. Here, we review mechanisms that regulate the expression of miRNAs themselves in the
immune system. Like protein-coding genes, miRNAs can be regulated at the transcriptional level,
downstream of signaling pathways and circuits that activate or inhibit transcription factors and
chromatin remodeling. The resulting primary miRNAs are processed into active mature miRNAs
through a series of biochemical steps, and miRNA abundance can be regulated at each step of this
biogenesis pathway. Recent work has uncovered regulation of mature miRNA turnover in the
immune system as well. A better understanding of these processes and their regulation by
immunogenic stimuli is critical for integrating miRNAs into current models of gene expression
networks that determine cell identity and immune function.
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Introduction and basics of miRNA biogenesis
Since their discovery over 20 years ago, microRNAs (miRNAs) have been the subject of an
ever-intensifying field of research (1). This work has revealed roles for miRNAs in most
eukaryotes and in almost every mammalian cell and organ system that has been tested,
including the immune system. miRNA-based therapeutics and diagnostic tests have
advanced rapidly toward application (2). In parallel, many mechanistic details regarding
how miRNAs are produced and how they repress the translation and stability of their mRNA
targets have been elucidated (3, 4). As one might expect, it has become clear that the
expression of the miRNAs themselves is subject to global and sequence-specific regulation
through a variety of mechanisms that impact every step of their life cycle, from transcription
through enzymatic processing and degradation (5, 6). All of these topics have been reviewed
in detail elsewhere, but a basic understanding of miRNA biogenesis is particularly critical to
understanding how miRNA expression is regulated in the immune system.

miRNAs are processed from long primary miRNA (pri-miR) transcripts that may contain
one or several miRNAs embedded in stem loop hairpin structures (Fig. 1). These 60–80
nucleotide (nt) hairpin intermediates (pre-miRNAs) are cropped out of the pri-miRNA by
the Microprocessor complex, which is comprised of the RNase III Drosha and its obligate
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RNA-binding protein partner, DiGeorge syndrome critical region gene (DGCR8). Pre-
miRNAs are exported from the nucleus to the cytoplasm by exportin 5. There, they are
processed into short-lived double-stranded duplexes by the cytoplasmic RNase III Dicer,
which also employs an RNA binding cofactor, TAR RNA-binding protein (TRBP). These
duplexes are separated, and one strand is selected as the mature miRNA, while the other
strand is rapidly degraded. Mature miRNAs are incorporated into Argonaute (Ago) protein-
containing effector complexes, known as ‘miRNP’ (miRNA-containing ribonucleoprotein
complex) or miRISC (miRNA-containing RNA-induced silencing complex). In mammals,
miRNAs guide miRISC activity by complementary base pairing with imperfectly matched
binding sequences in target mRNAs, leading to translational repression and accelerated
mRNA decay.

Integrating miRNAs and transcriptional regulation in gene expression
networks

Precise control of gene expression is a key feature of animal development. The formation of
complex organisms made up of hundreds of distinct cell types requires that transcripts and
their protein products be produced and maintained at tightly controlled concentrations in
space and time. The first two miRNAs to be discovered, Caenorhabtidis elegans lin-4 and
let-7, are both critical regulators of developmental timing (7, 8), and the control of
development and cell differentiation has remained a common theme as the biological
functions of miRNAs have been elucidated in plants and other animals (9). Organisms must
also dynamically regulate gene expression in response to their environment, and miRNAs
have also emerged as important regulators of stress signaling (10). Consistent with these
themes, miRNAs have been shown to play critical roles in hematopoiesis and immune
responses (11, 12). The current challenge is to integrate miRNAs into existing models of the
gene expression networks that govern these processes. Meeting this challenge will require
both a better accounting of miRNA targets and a better understanding of the control of
miRNA expression.

Like any other gene product, miRNAs are subject to transcriptional regulation (13).
However, investigation in this area has been slowed by limitations in the methodology to
define the promoters and measure the transcription of pri-miRNA transcripts. Pri-miRNAs
are necessarily unstable, since they are processed by the nuclear Microprocessor complex
very soon after transcription. Therefore, they generally do not accumulate to great
abundance in cells and are underrepresented in expressed sequence tag and RNA sequencing
(RNA-seq) libraries. The lack of meaningful open reading frames also makes it harder to
predict pri-miRNAs than mRNAs. Some miRNAs appear in the introns or 3′ untranslated
region (UTR) of protein-coding genes, but even these are sometimes the product of distinct
noncoding transcripts that utilize alternative promoters. Although their final products are
very short, pri-miRNAs can be long, spliced transcripts that originate from promoters
hundreds of thousands of base pairs (bp) away from the mature miRNA sequence.

These challenges have recently been largely overcome by epigenomic and transcriptomic
experiments. Despite their low steady state abundance, spliced pri-miRNAs can often be
assembled from RNA-seq data. One study took advantage of the fact that many pri-miRNAs
accumulate in cells lacking Drosha to map pri-miRNAs in Drosha-deficient T cells using
RNA-seq (14). In addition, this group and several others mined genome-wide chromatin
mapping data to identify likely pri-miRNA promoters in mouse and human cells (15, 16). In
one case, proximal promoters were predicted using a combination of analyses to detect
nucleosome-depleted regions, high evolutionary conservation, CpG islands, transcription
factor motifs within regions containing trymethylation of histone-3 lysine-4 (H3K4me3) or
acetylation of histone-3 lysine-9 and -14 (H3K9/14Ac), and RNA polymerase binding to
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determine the transcription initiation regions of 175 miRNAs (15). The combination of the
H3K4me3 mark of transcription initiation and H3K36me3 or H3K79me2 mark of
transcriptional elongation was also useful for mapping active pri-miRNA promoters in
human and mouse T cells (14, 16). Further work is needed, especially in view of the fact that
alternative promoters, splicing, and processing may generate diversity in pri-miRNA
structure and miRNA expression in different cell types and conditions.

Even the identity of the RNA polymerase that transcribes miRNA genes was difficult to
define. It was first presumed that transcription of miRNA genes would be similar to that of
other small RNAs, such as tRNA, and would require RNA Polymerase III (Pol III).
However, several studies revealed that many pri-miRNAs contain features typical of RNA
Polymerase II (Pol II), including polyadenylation and splicing (17). More recent studies
have determined that some miRNA genes, especially those interspersed among Alu repeats,
are transcribed by Pol III (18). These findings have led to a model in which intragenic
miRNAs (within introns or exons of protein-coding genes) on the same strand as their host
gene are usually co-transcribed by Pol II, while intergenic miRNAs are transcribed from
their own Pol II or Pol III promoter (13).

Transcriptional regulation involves the interplay of genomic cis-regulatory elements,
transcription factors, co-activator and co-repressor complexes, chromatin modifications, and
other epigenetic factors. Rather than attempt to review the full spectrum of our current
knowledge of transcriptional regulation of miRNA expression, we focus on autoregulatory
feedback loops in which miRNAs influence their own expression. Fidelity in gene
expression is often maintained by mechanisms that allow a transcriptional product to feed
back to increase or inhibit its own production. Because they are direct regulators of gene
expression, miRNAs are particularly suited to participate in feedback circuits. Here we cite
several cases in which miRNAs directly target mRNAs that encode factors involved in their
own transcription in cells of the immune system (Fig. 2).

Myc
A number of key transcriptional regulators of hematopoiesis and the immune response
transcriptionally target miRNA genes. The proto-oncogene product Myc was one of earliest
identified regulators of miRNA transcription. Dysregulated Myc expression or function
frequently occurs in human malignancies, including Burkitt’s lymphoma and acute myeloid
leukemia (19). Myc activity influences hematopoietic stem cell self-renewal and
differentiation, and Myc stabilization induced in activated lymphocytes promotes their
metabolic reprogramming and proliferation in immune responses (20).

Myc has many transcriptional targets and may act as a universal amplifier of
transcriptionally active genes (21, 22). It binds directly to the miR-17~92 locus on human
chromosome 13 and transactivates expression (23). This interaction may prove to be very
important for Myc’s role in oncogenesis and normal physiology. The miR-17~92 cluster is
also overexpressed in many lymphomas and leukemias, and its overexpression in
lymphocytes caused lymphoproliferative disease and the development of B-cell lymphomas
(24, 25). Pri-miR-17~92 is transcriptionally upregulated in activated T lymphocytes, and
individual miRNAs within the cluster support T-cell proliferation and survival (26–28),
though the role of Myc or other transcriptional activators has yet to be tested in this setting.
However, germline hemizygous deletion of either Myc or the miR-17~92 cluster causes
Feingold syndrome in human patients and very similar skeletal and growth phenotypes in
mouse models (29).

Myc also transcriptionally represses a broader set of miRNAs (30). Myc binding was
confirmed at the promoters or likely promoters of 12 miRNA genes in human and mouse B-
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cell lines, concomitant with repression of miRNA expression. Many of these repressed
miRNAs are established or predicted tumor suppressors, and their enforced expression
diminished the tumorigenic potential of the lymphoma cell lines. Though they do not appear
to be direct transcriptional targets, let-7 miRNAs are also decreased in response to Myc (31).
In turn, let-7 represses Myc expression in a manner that requires binding of both let-7 and
the RNA-binding protein HuR to adjacent sites in the Myc 3′ UTR, forming a reciprocal
negative feedback loop (32).

NF-κB
Nuclear factor κB (NF-κB) is a key transcriptional regulator linking inflammation and
tumorigenesis, and its influence is also intertwined with miRNAs (33). Activation of the NF-
κB pathway in numerous cell types leads to the production of cytokines and chemokines,
such as tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), IL-6, and IL-8. NF-κB can
be activated by many oncogenes, and mutations in the NF-κB pathway are implicated in
activated B-cell (ABC)-like diffuse large B-cell lymphoma and multiple myeloma, among
others. Exposure of human monocytic THP-1 cells to lipopolysaccharides (LPS), TNF-α,
and IL-1β leads to rapid induction of miR-146a, probably mediated by NF-κB sites in the
pri-miR-146a promoter (34). In turn, miR-146a directly targets TNF receptor-associated
factor 6 (TRAF6) and interferon (IFN) receptor-associated kinase-1 (IRAK1), two key
adapter molecules in the signaling pathway that leads to NF-κB activation, forming a
negative feedback loop. This circuit is active in myeloid cells as well as both regulatory and
conventional effector T cells, and it is required to prevent runaway immune responses and
the spontaneous development of myeloid malignancies (35–37). Thus, a miR-146a-driven
feedback loop maintains immune homeostasis in the aftermath of inflammatory stimuli.

NF-κB also directly upregulates the expression of the oncogenic miRNA miR-155 and
indirectly increases the transcription of several other miRNAs, including miR-21, -181a, and
-9. Interestingly, miR-9 can directly repress the NF-κB1 transcript, suggesting that this
miRNA may also mediate negative feedback to dampen or limit the duration of NF-κB
activation (38).

Other miRNA autoregulatory loops with transcription factors
The Myb proto-oncogene encodes a hematopoietic cell transcription factor associated with
bone marrow megakaryocyte hyperplasia and thrombocytosis. Myb expression is highest in
hematopoietic progenitors and its down-regulation is required for lineage differentiation.
Myb binds to elements in the pri-miR-15a promoter, transactivating its expression in K562
human erythroleukemia cells (39). In turn, miR-15a can target the Myb transcript, and this
interaction is important for miR-15a’s ability to limit cell-cycle progression.

Another regulator of hematopoiesis, Runx1, participates in a similar regulatory loop. During
megakaryocytic differentiation, Runx1 binds a region upstream of miR-27a and induces its
expression (40). Concurrently, miR-27a and several other miRNAs can repress the Runx1
mRNA. Human granulopoiesis is controlled by a regulatory circuit involving miR-223 and
the transcription factors NFI-A and C/EBPα (41). Both factors compete for binding to the
miR-223 promoter, with NFI-A repressing miR-223 transcription while C/EBPα induces it
in response to retinoic acid-induced differentiation. miR-223 can target NFI-A mRNA, thus
promoting its own expression during granulocyte differentiation.
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Regulation of miRNA processing: bringing specificity to a common
pathway

It has long been known that mature miRNA levels are not determined solely by their
transcription. Parallel measurements of pri-miRs and their corresponding mature miRNAs in
developing mouse embryos revealed poor correlation for many pri-miR/miRNA pairs,
suggesting that specific miRNAs were subject to developmental regulation of their
processing and/or stability (42). This observation was extended to a panel of tumor samples,
which additionally displayed a global reduction in miRNA abundance relative to their
corresponding healthy tissues. Similarly, only 25% of the fluctuations in miRNA expression
in developing B cells could be attributed to changes in transcription as inferred by pri-
miRNA abundance in the same cells (43). The mechanisms by which transcription factors
confer specificity in their regulation of miRNA levels is straightforward, but it was at first
less obvious how regulation of the miRNA processing pathway can lead to effects on
individual miRNAs and not others. Many studies have now shown that RNA-binding
accessory proteins impart specificity by interacting with pri-miRNAs or pre-miRNAs and
regulating their association and accessibility for processing by Drosha or Dicer (44).
Startlingly, several of these proteins turned out to be well-known transcription factors that
have evolved dual functions in transcriptional and post-transcriptional regulation. The
immune system features several examples of regulated miRNA processing, including several
in which signaling molecules are recruited to a processing complex to modulate the
expression of a restricted set of miRNAs (Fig. 3).

SMAD
Smad proteins are transcription factors that transduce extracellular signals from
transforming growth factor-β (TGF-β) and bone morphogenetic protein (BMP) cytokines
(45). Ligation of the receptors for these cytokines leads to receptor (R)-Smad
phosphorylation, association with Co-Smad (a.k.a. Smad4), and translocation to the nucleus
where they mediate changes in the transcription of target genes. This signaling pathway was
the first to be found to regulate pri-miRNA processing, when it was discovered that TGF-β
signaling enhances pri-miR-21 processing in smooth muscle cells (46). The effect of R-
Smads on mature miR-21 expression is posttranscriptional and does not require Smad4.
Instead, it requires interaction between R-Smads and the DEAD-box RNA helicase p68, an
important accessory subunit of the Drosha microprocessor complex (47). This finding was
expanded to include 20 TGF-β/BMP-regulated miRNAs, many of which contain a
consensus sequence motif within the stem region of their pri-miRs (48). Smads were
demonstrated to directly bind this sequence, and mutation of the sequence abrogated TGF-β/
BMP-induced recruitment of Smads, Drosha, and DGCR8 to the pri-miR, impairing
processing. Conversely, introduction of this sequence into unregulated pri-miRs was
sufficient to recruit Smads and allow regulation of processing by TGF-β/BMP. Thus in this
example, specificity for miRNA processing is determined by the interaction between a pri-
miRNA-specific sequence and a signal transduction protein. This mechanism is of particular
relevance to the immune system, where the TGF-β pathway plays critical roles in regulating
inflammatory processes (49). Smads also regulate the transcription of the miR-302~367
cluster, demonstrating that this pathway can modulate miRNA expression at multiple levels
(50).

p53
Another protein that regulates miRNA expression at multiple steps in their biogenesis is the
tumor suppressor p53. Mouse models of p53 deficiency predominantly exhibit malignant
lymphomas, and 19% of human lymphoid malignancies and 11% of myeloid malignancies
exhibit mutations in the p53 coding sequence (51). p53 directly activates the transcription of
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several miRNAs, including miR-34, miR-200, miR-15a and miR-16, and these miRNAs
may mediate much of p53’s tumor suppressive activity (52). miR-34 directly targets
numerous cell cycle regulators including cyclin E2 and Myc, and ectopic expression of
miR-34 arrests cells in G1. Further evidence of the important role that p53-induced miRNAs
play in preventing unrestrained cell proliferation came from studies of the DLEU2 locus,
from which the pri-miRNA that contains miR-15a and miR-16-1 is transcribed. This region
is frequently deleted in human chronic lymphocytic leukemia (CLL), and mouse models
confirmed that the miRNAs are required for its role in preventing lymphoproliferation (53).
miR-29 is also induced by p53 and participates in a positive feedback loop to reinforce p53
expression by targeting two negative regulators of p53, CDC42 and the p85α-regulatory
subunit of phosphoinositide 3-kinase (PI3K) (54).

Besides regulating the transcription of miRNA genes, p53 also affects the processing of
specific miRNAs. p53 associates with Drosha through direct interaction with p68, the same
helicase recruited to pri-miRNAs by Smad proteins (55). This interaction enhances the
processing of several pri-miRs, increasing the expression of mature miR-16-1, miR-143,
miR-145, and miR-206. This capacity of p53 to promote the processing of specific pri-miRs
is mediated by its DNA-binding domain, as tumor-derived transcriptionally inactive mutant
p53 suppresses the interaction between Drosha and p68, resulting in decreased levels of
mature miR-16-1, miR-143, and miR-206.

p53 can also function downstream of defective miRNA processing to prevent tumorigenesis.
Complete loss of miRNA processing in any cell type almost universally decreases cell
proliferation and increases the rate of cell death, but partial loss of Dicer function increases
tumorigenesis, making it a haploinsufficient tumor suppressor (56). Dicer deficiency (and
therefore incomplete miRNA maturation) induces p53 expression, which leads to reduced
proliferation and premature senescence in mouse embryonic fibroblasts (MEFs) (57). This
effect is dependent on p53, as deletion of p53 prevents premature senescence induced by
Dicer deletion.

Recently another mechanism by which p53 regulates miRNA processing and function was
identified. The RNA-binding protein, RNA-binding motif protein 38 (RBM38) is induced by
p53 and is required for optimal induction of G1 cell cycle arrest following DNA damage
(58). RBM38 functions by shielding the 3′ UTRs of several p53 targets, such as CDKN1A
(which encodes p21) from repression by miRNAs. Taken together, these studies illustrate
the importance of control of miRNA biogenesis and function for p53’s tumor suppressive
activity.

Lin28
The let-7 family constitutes one of the most abundant miRNA families in mammals, with
high expression in virtually all adult tissues. In contrast, embryonic stem cells and
hematopoietic progenitor cells of fetal origin express significantly less let-7. Unexpectedly,
pri-let-7 expression remains essentially constant throughout development, indicating that a
post-transcriptional mechanism of regulation exists (42). Immunoprecipitating proteins that
associate with pre-let-7 identified the RNA-binding protein Lin28 and its homologue Lin28b
as factors that block let-7 maturation in embryonic and progenitor cells (59). Lin28 represses
both Drosha and Dicer processing of let-7 in vitro by binding to conserved sequences in the
precursor loop. Interestingly, pri-let-7 and pre-let-7 were not found to accumulate in
embryonic cells, suggesting that Lin28 functions through a turnover mechanism. In fact,
Lin28 directly recruits a poly(U) polymerase, terminal (U) transferase-4 (TUT4), to pre-let-7
and oligo-uridylation of the precursor triggers degradation (60). The mechanism by which
Lin28 blocks pri-let-7 processing remains uncertain. In another example of feedback
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regulation, Lin28 is itself a target of let-7, with Lin28 expressed in a pattern reciprocal to
that of mature let-7 during embryonic development (8, 61).

The Lin28-let-7 axis plays a deeply evolutionarily conserved role in developmental timing
(62). Recent work has highlighted the key role of the Lin28-let-7 axis in hematopoiesis. The
immune system develops in waves during ontogeny, such that it is first populated by cells
generated from fetal hematopoietic stem cells (HSCs) and later by cells derived from adult
HSCs. Lin28b is specifically expressed in mouse and human fetal liver and thymus, but not
adult bone marrow or thymus (63). Moreover, ectopic expression of Lin28b reprograms
hematopoietic stem and progenitor cells from adult bone marrow, allowing them to mediate
multilineage reconstitution that mirrors fetal lymphopoieis. This includes increased
development of B-1a B cells, marginal zone B cells, γδ T cells, and natural killer T cells.
These data extend our understanding of the Lin28-let-7 axis in developmental transitions to
the hematopoietic system, and they recall the ability of Lin28 to cooperate with ES cell-
specific transcription factors to reprogram somatic cells into induced pluripotent stem cells
(64).

Other regulators of miRNA processing
Estrogens are steroid hormones that mediate sex differences, but they also affect the
function of lymphocytes and monocytes and may contribute to the increased frequency of
autoimmune disorders in females (65). Signaling through estrogen receptor α (ERα) inhibits
the processing of certain miRNAs, including miR-16 and miR-125a (66). In the presence of
its ligand estradiol (E2), ERα is recruited to the Drosha complex, leading to dissociation of
Drosha from ERα-targeted pri-miRNAs.

KH-type splicing regulatory protein (KSRP) is an RNA-binding protein that destabilizes
mRNAs via adenylate/uridylate-rich elements (ARE) in the 3′UTR of transcripts. For
example, KSRP regulates inflammation in the central nervous system by destabilizing
transcripts encoding TNF-α, IL-1β, and others in astrocytes (67). In addition, KSRP
associates with both Dicer and Drosha and increases the processing of several miRNAs
including let-7 and miR-21 (68). In macrophages, KSRP contributes to the LPS-induced
upregulation of miR-155 by enhancing the processing of miR-155 precursors. The
mechanism of enhanced processing involves KSRP binding to 5′ guanosine-rich regions in
the loop regions of specific miRNA precursors and the recruitment of Drosha and Dicer to
the pri- and pre-miRNA, respectively.

Another protein that employs a similar mechanism of regulation is hnRNP A1, which has
been implicated in many RNA processing and transport pathways (69). hnRNP A1 can
enhance Drosha-mediated processing of miR-18a (70) by binding to the loop of pri-miR-18a
and inducing relaxation of the stem region, which promotes cleavage by Drosha (71).
Though miR-18a is just one of 6 miRNAs found within the polycistronic pri-miR
transcribed from the miR-17~92 gene cluster (12), only miR-18a is affected by hnRNP A1.
Moreover, miR-18b, which is part of the homologous miR106a~363 cluster, is also
processed independently of hnRNP A1, highlighting the specificity of this regulation.
Interestingly, approximately 14% of all pri-miRNAs have highly conserved loop regions,
suggesting the existence of other auxiliary factors for processing of specific miRNAs (71).

Modulation of mature miRNA homeostasis
miRNA expression continues to be regulated after biogenesis is complete. Mature miRNA
homeostasis is influenced by signals that modulate the stability of the miRISC complex, by
nucleases that degrade miRNAs, and by the abundance of their mRNA targets. Early reports
established that miRNAs are often surprisingly stable in cells, displaying half-lives up to 12

Bronevetsky and Ansel Page 7

Immunol Rev. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



days long (72). Yet, cell differentiation and cell fate decisions are frequently marked by
dramatic changes in mature miRNA expression. Recent reports have started to elucidate the
mechanisms that provide flexibility to the cellular miRNA repertoire by actively eliminating
mature miRNAs.

Argonaute stability, loading, and localization
Several studies have used Argonaute (Ago) deficiency, knockdown, or overexpression to
show that these proteins are limiting factors that determine total cellular miRNA abundance.
This makes intuitive sense, since Ago proteins are the core component of the miRISC
complex and must be expressed at 1:1 stoichiometry with miRNAs to mediate their
canonical function in gene regulation. The human and mouse genomes both encode four
Ago proteins. Despite some tissue-specific distribution, most cells express more than one
Ago family member. All four Ago proteins appear to serve overlapping roles in miRNA-
mediated repression, with little or no miRNA sorting preferences between the proteins (73–
75). However, only Ago2 retains ‘slicer’ activity, endowing it with a unique role in RNA
interference as the enzyme that endonucleolytically cleaves perfectly complementary short
interfering RNA targets. Ago2 is required for the maturation of B-cell and erythroid
precursors independent of its slicer activity, and Ago2-deficient erythroblasts, fibroblasts,
hepatocytes all display a global reduction in miRNA expression (76). In the skin,
approximately 60% of the total miRNA pool is associated with Ago2, with an additional
30% associating with Ago1 and 10% with Ago3 (75). Deletion of both Ago1 and Ago2, but
not either one alone, was sufficient to reduce miRNA expression far enough to cause defects
in skin morphogenesis.

We found that Ago proteins are also limiting for miRNA expression in T cells (28). Deletion
of even one copy of Ago2 reduced miRNA abundance in naive T cells, and Ago2-deficient
T cells displayed an average 60% reduction of miRNA expression. Deletion of both Ago1
and Ago2 reduced miRNA expression even further (28, authors’ unpublished data). miRNA
expression is also reduced in Ago2-deficient mouse embryonic fibroblasts and in Ago-
deficient Xenopus embryos (77, 78). Conversely, overexpression of Ago2 but not other
proteins in the miRNA biogenesis pathway increases miRNA expression in HEK293 cells.
Thus, changes in Ago protein expression and stability can have dramatic effects on mature
miRNA expression within cells.

Several post-translational modifications regulate Ago2 localization, function, and stability.
Phosphorylation of Ago2 at serine-387 was observed in HEK293T cells responding to
cellular stress signals induced by sodium arsenite or anisomycin (79). Phosphorylation
appears to be crucial for Ago2 localization, as mutating this residue to alanine abrogated
Ago2 association with P-bodies. Serine-387 phosphorylation was dependent on p38
mitogen-associated protein kinase (MAPK). Tyrosine-529 is a crucial residue required for
Ago2 binding to the 5′ end of small RNAs, and phosphorylation of this residue abrogates
small RNA binding (80). In addition, prolyl hydroxylation of proline-700 is important for
the stability of Ago2. Mutation of this residue or knockdown of type I collagen prolyl-4-
hydroxylase destabilizes Ago2 (81). Finally, MAPK signaling downstream of the epidermal
growth factor (EGF) receptor enhances Ago2 stability in human breast cancer cell lines (82).
In this case, Ago2 abundance could also be increased by treatment with the proteasome
inhibitor, MG132, indicating that Ago2 may be ubiquitinated and degraded in these cells. In
fact, Ago2 can be ubiquitinated by the let-7 target mLin41 (a.k.a. Trim71), inducing Ago2
proteasomal degradation and loss of miRNA-mediated repression (83). However, studies in
mouse neural progenitors and mouse ES cells showed that loss of mLin41 did not lead to
changes in Ago2 stability, arguing against a required role for endogenous mLin41 in Ago2
turnover (84, 85). Indeed mLin41 cooperates with miRNAs to repress target gene
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expression, and can directly bind and repress some mRNAs independent of its ubiquitin
ligase activity (85, 86).

Our recent work in this area uncovered inducible post-transcriptional downregulation of
both Ago proteins and their associated miRNAs in activated CD4+ T cells (28). We first
observed that most miRNAs undergo rapid downregulation upon T-cell activation in vitro
and in vivo. The average miRNA drops approximately 5–10-fold in abundance relative to
total cellular RNA, rRNA, or tRNAs. Ago proteins are also post-transcriptionally
downregulated to a similar degree and with similar kinetics, suggesting induced degradation
of the entire miRISC complex. Indeed, Ago2 is ubiquitinated in activated T cells, and its
downregulation can be rescued by treatment with the proteasome inhibitor MG132 for just
2–4 h. The E3 ligase that ubiquitinates Ago proteins in T cells remains to be identified, but
we were able to rule out mLin41, which is not expressed in T cells (28, 87). Thus T-cell
activation accelerates miRISC turnover, with continuous production of new miRNAs and
Ago proteins coupled with rapid degradation that reduces miRNA half-life to less than 2 h.
This together with miRNA gene-specific transcriptional changes rapidly reset the miRNA
repertoire of activated T cells (Fig. 4).

Induced miRISC turnover likely has important consequences for activated T cells. Naive T
cells lacking Dicer, Dgcr8, Drosha, or even Ago2 all exhibit increased sensitivity to signals
that induce effector T-helper 1 (Th1) and Th2 differentiation and cytokine production (26,
28, 88, 89). Therefore, some subset of the miRNAs expressed in naive T cells form a
significant barrier to effector T-cell differentiation. As one would expect, increased miRNA
turnover in activated T cells quickly reprograms miRNA expression patterns in favor of
miRNAs that are transcriptionally upregulated, while other miRNAs that are
transcriptionally repressed are rapidly cleared from activated T cells. The few miRNA genes
that are transcriptionally induced and therefore upregulated or held steady at the mature
miRNA level include miR-155 and the miR-17~92 cluster, both of which are important for
supporting T-cell-mediated immune responses (24, 26–28, 90, 91). In contrast, miR-29a and
miR-29b inhibit Th1 cell differentiation (26, 92, 93), and these miRNAs are rapidly
downregulated in activated T cells through combined post-transcriptional and transcriptional
mechanisms (28). Taken together, these findings indicate that the antigen and cytokine
signals that induce helper T-cell differentiation work in part by shifting the miRNA
repertoire away from miRNAs that inhibit differentiation and toward those that support T-
cell proliferation, survival, and acquisition of immune effector functions.

A similar phenomenon of global miRNA downregulation has been observed in human
tumors, as compared to normal tissue (94, 95). In addition, poorly differentiated tumors have
lower global levels of miRNA expression than more differentiated samples. These data are
consistent with the idea that miRNA expression is closely linked to differentiation.
Furthermore, global repression of miRNA maturation promotes transformation and
tumorigenesis, and Dicer1 can function as a haploinsufficient tumor suppressor (56, 96). It
will be interesting to determine whether Ago has similar properties and if decreased Ago
protein abundance is also associated with tumorigenesis. Importantly, activation-induced
Ago and mature miRNA downregulation in activated T cells depends on continuous
signaling through the mammalian target of rapamycin (mTOR) pathway, suggesting that it
may also be active in other activated immune cells and tumors of both immune and non-
immune cell origin.

Extracellular miRNAs
Ago proteins interact with intracellular membranes associated with vesicle transport,
including endosomes and multivesicular bodies (MVBs) (97, 98). Blocking MVB formation
by depleting components of the endosomal sorting complex required for transport (ESCRT)
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results in impaired miRNA silencing in human and Drosophila cells, indicating a required
role for this physical association. RISC components and miRNAs have also been found in
exosomes (99). Exosomes are small vesicles (~50nm in diameter), which form by
invagination and budding from the limiting membrane of late endosomes, leading to the
secretion of internal vesicles into the extracellular environment (100).

Exosomes have been isolated from the culture supernatant of many hematopoietic cells,
including cytotoxic T lymphocytes, mast cells, and dendritic cells (DCs), and DC-derived
exosomes have been shown to stimulate CD4+ T-cell activation and induce tolerance (101).
Stimulation of THP-1 human monocytes with LPS, oleic acid/palmitic acid, advanced
glycation end products and H2O2 led to dramatic changes in miRNA expression both in cells
and in vesicles isolated from culture supernatants (102). These vesicles contained both Ago2
and miRNAs including miR-150, miR-21, and miR-26b, and vesicle-derived miR-150 could
be delivered to recipient HMEC-1 human endothelial cells and repress target mRNAs in the
recipient cells. Subsequent studies have suggested that vitamin D3- and LPS-treated DCs
release miRNA-containing exosomes that can be captured by other DCs during co-culture
(103). Staphylococcus enterotoxin superantigen-E-pulsed Raji B cells were also shown to
acquire exosome-derived J77 T cell-expressed miRNAs, which could then repress mRNA
targets in the recipient cells (104). These findings illustrate another mechanism by which
immune cell stimulation/activation can lead to significant changes in mature miRNA levels
(Fig. 5A).

Interest in extracellular miRNAs in various body fluids grew quickly as early findings
indicated their utility as readily accessible biomarkers. Circulating miRNAs have been
studied in patient samples and animal models in the context of cardiovascular disease, liver
injury, sepsis, cancer, and various other physiological and pathophysiological states (105).
Tumor-specific miRNAs were first discovered in the serum of patients with diffuse large B-
cell lymphoma, where high levels of miR-21 correlated with improved relapse-free survival
(106). Since then more than 200 studies have assessed the use of serum or plasma miRNAs
as biomarkers in different types of cancers and between patients with different prognoses.
For example, a specific profile of plasma miRNAs was identified in patients with chronic
lymphocytic lymphoma (CLL), as compared to those with multiple myeloma, hairy-cell
leukemia, and healthy controls (107). This study indicated that circulating miRNAs could be
correlated with the prognosis marker ζ-associated protein of 70 kDa (ZAP-70) status and
could be used to stratify patients with CLL.

The origin of extracellular miRNAs is still poorly understood. Correlations between
miRNAs highly expressed in solid tumors and those same miRNAs found at high levels in
the circulation of patients with those tumor types have hinted that these miRNAs could be
released by tumors themselves (108). However, blood cells appear to be a major contributor
to circulating miRNAs (109). Hemolysis increases the abundance of plasma miRNAs found
in red blood cells as much as 50-fold. In addition, high serum and plasma concentrations of
miRNAs expressed selectively in granulocytes and lymphocytes correlated closely with the
prevalence of those cells in the cellular component of the same blood samples. Although
these results were presented as a cautionary note and a call for careful quality control in
extracellular miRNA biomarker discovery studies, they also indicate that cells of the
immune system are a major source of naturally released extracellular miRNAs.

It has also become clear that extracellular miRNAs exist in several distinct forms in human
plasma (Fig. 5A). In addition to miRNAs encapsulated in vesicles such as exosomes, there
are stable non-vesicular miRNAs that can be co-purified with Ago proteins that are
accessible for direct immunoprecipitation from plasma samples (110). This finding indicates
that circulating Ago2 complexes are sufficient to ensure the stability of extracellular
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miRNAs. Vesicular miRNAs can be separated by differential sedimentation, are resistant to
combined protease and nuclease treatment of plasma and may or may not be associated with
Ago proteins. In addition to exosomes and apoptotic bodies, vesicular extracellular miRNAs
include those associated with high-density lipoprotein (HDL) (111). Like exosomes, HDL-
miRNA complexes could deliver miRNAs to recipient cells. Further research is urgently
needed to clarify the cellular sources of miRNAs, the forms in which they are released, and
whether this process is regulated during hematopoiesis or immune responses.

miRNA nucleases
As compared to miRNA transcription and processing, relatively little is known about the
regulation of mature miRNA degradation. In Arabidopsis thaliana, miRNAs are protected
from degradation by 2′-O-methyl modification of their 3′-terminal ribose mediated by the
Hen1 methyltransferase (112). Unmethylated Arabidopsis miRNAs and siRNAs are subject
to 3′ polyuridylation (113) and degradation by 3′-to-5′ exonucleases of the SMALL DNA
DEGRADING NUCLEASE (SDN) family (114). In C. elegans, the 5′-to-3′ exonuclease
XRN2 degrades mature miRNAs (101). In vitro reconstitution experiments showed that
larval lysates can efficiently extract miRNAs from the intact miRISC, making them
accessible for XRN2-mediated degradation. However, target mRNA binding protects
miRNAs from this process, suggesting a homeostatic role for mRNA targets in controlling
miRNA stability.

The identity of the enzymes that degrade mature miRNAs in mammals remains unknown.
However, at least two ribonucleases have been shown to negatively regulate the expression
of mature miRNAs (Fig. 5B). IRE1α, an endoplasmic reticulum (ER) transmembrane
RNase activated in response to ER stress, cleaves precursors corresponding to miR-17,
miR-34a, miR-96, and miR-125b and mediates rapid decay of their expression in response to
sustained cellular stress (115). This mechanism relieves miRNA-mediated repression of
Caspase-2 mRNA, which encodes an early apoptotic switch upstream of the mitochondrial
pathway of programmed cell death. Interestingly, ER stress contributes to inflammation by
both NF-κB-dependent and –independent mechanisms, and ER stress has been implicated in
chronic inflammatory diseases, such as diabetes, arthritis, and inflammatory bowel disease
(116). Further work will be required to determine the role of these miRNAs and their
regulation by IRE1α in inflammation.

Eri1 is a 3′-to-5′ exoribonuclease with a double-stranded RNA binding SAP domain and a
deeply conserved role in 5.8S rRNA 3′ end processing (117, 118). Eri1 also has additional
functions in the maturation and degradation of histone mRNAs (119, 120). In C. elegans,
eri-1 mutants exhibit enhanced RNA interference (121), and in mammals Eri1 also limits
miRNA abundance in CD4+ T cells and natural killer (NK) cells (122). Eri1-deficient mice
have a 50% reduction in NK cell numbers in peripheral organs, and the remaining NK cells
exhibit approximately twofold increased expression of all miRNAs, an altered antigen
receptor repertoire, and an immature surface phenotype. Eri1-deficient NK cells also expand
inefficiently in response to murine cytomegalovirus (MCMV) infection and are unable to
mediate effective antiviral immunity. These findings demonstrate that Eri1 is required to
promote NK cell homeostasis and immune function. It remains to be determined whether
these phenotypes are caused by defective miRNA homeostasis or one or more of the other
molecular functions of Eri1. In addition, further work is needed to determine whether Eri1
directly degrades pre-miRNAs, mature miRNAs, or perhaps mRNA target-associated
miRNAs that are tagged for degradation. The latter possibility is particularly interesting in
light of the recent finding that Eri1’s role in histone mRNA turnover involves 3′ to 5′
degradation of oligouridylated histone mRNAs (120).
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A theme has recently emerged in which the interaction between miRNAs and their targets
can result in degradation of the miRNA (Fig. 5C). This is often accompanied by 3′ oligo(U)
or (A) tailing and trimming of the miRNA (123). In Drosophila, extensive complementarity
between a target RNA and Ago1-bound miRNA triggers miRNA tailing and 3′-to-5′
trimming. As in Arabidopsis, Hen1-mediated 2′-O-methylation of the 3′-terminus protects
miRNAs from tailing and trimming. Sequence-specific degradation of miRNAs following
addition of RNA targets has also been observed in mammalian cells. miRNA ‘antagomirs’
and ‘sponges’, two technologies used to specifically knockdown miRNA expression, both
rely on high miRNA-to-target complementarity leading to miRNA degradation (124, 125).
In HeLa cells, transfection of antagomirs or incubation with target mRNAs triggers 3′
tailing and degradation of the corresponding miRNA (123). Addition of mRNA targets into
A70 proB cells also leads to depletion of the cognate miRNA (43). Several recent studies
have also identified mechanisms by which viruses hijack this process in infected cells.
During infection of Jurkat T cells with Herpesvirus saimiri, miR-27 abundance is
dramatically decreased. This decrease is dependent on two virally encoded transcripts that
contain several miR-27 binding sites (126). miR-27 is similarly regulated by a transcript
encoded by MCMV in infected fibroblasts (127, 128). Finally, during poxvirus infection of
mouse fibroblasts, a virally encoded poly(A) polymerase mediates 3′ polyadenylation of
host miRNAs, leading to their degradation (129). Further work is needed to determine the
extent to which miRNA expression is regulated by target mRNAs, and to determine the
molecular mechanisms that mediate this final step in the control of miRNA expression.
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Fig. 1. Regulation of miRNA biogenesis
miRNAs are transcribed by RNA Polymerase II or III and processed from long primary
transcripts (pri-miRs), which are cleaved into 60–80 nt hairpin intermediates (pre-miRs) by
the nuclear microprocessor complex, comprised of Drosha and DGCR8. Pre-miRs are
exported from the nucleus by the nuclear transport receptor, Exportin 5, and processed into
an 18–22 nt double-stranded miRNA duplex by Dicer and its cofactor TRBP. The duplex is
separated and one strand is selected as the mature miRNA, and the other strand is degraded.
Mature miRNAs are incorporated into Argonaute (Ago) protein-containing effector
complexes, known as miRISC (miRNA-containing RNA-induced silencing complex).
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Fig. 2. MicroRNA and transcription factor feedback loops
(A) The Myc transcription factor represses the transcription of let-7 family miRNAs. In turn,
Myc mRNA is repressed by let-7 in an HuR-dependent manner. Myc also enhances
miR-17~92 transcription and represses the transcription of several other miRNA genes. (B)
NF-κB is a transcriptional activator of miR-146a. miR-146 reciprocally decreases NF-κB
activity by directly targeting TRAF6 and IRAK1, two adapter molecules in the NF-κB
signaling pathway. NF-κB also induces the transcription of miR-9, which targets the NFκB1
mRNA. (C) Myb transcriptionally activates miR-15a, which reciprocally represses Myb
mRNA.
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Fig. 3. Regulation of miRNA processing
Regulators of miRNA processing bind to the stem or loop regions of miRNA precursors and
influence their processing by Drosha and/or Dicer. Smad proteins activated by TGF-β
signaling bind a consensus sequence found within the stem region of numerous pri-miRNAs.
Both Smads and p53 associate with Drosha via p68 and increases the processing of their
specific target pri-miRs. The estrogen receptor also associates with Drosha in a ligand-
dependent manner, but in this case the result is reduced Drosha processing of ERα-targeted
pri-miRs. hnRNP A1 binds a conserved region of the pri-miR-18a loop and promotes its
cleavage by Drosha. Similarly, KSRP binds sequences in the loop region of several miRNA
precursors and recruits Drosha and Dicer to the pri- and pre-miRNA, respectively,
enhancing their processing. In contrast, Lin28 represses both Drosha and Dicer processing
of most let-7 family members by binding conserved sequences in their precursor loops. This
mechanism involves Lin28 recruitment of TUT4 to pre-let-7, causing it to be oligo-
uridylated and degraded.
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Fig. 4. Activated T cells reset their miRNA repertoire
Upon activation, T cells increase their cellular metabolism to support cell growth,
proliferation, and effector functions. Activated T cells also downregulate Argonaute
proteins, the core component of the miRISC complex (grey ovals) through a process of
ubiquitination (orange triangles) and proteasomal degradation. This leads to global miRNA
depletion. Layered atop this post-transcriptional regulation is programmed modulation of
miRNA gene transcription (arrows). Together, these mechanisms rapidly remodel the
miRNA repertoire of activated T cells as they differentiate into effector cells.
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Fig. 5. Mechanisms of miRNA turnover
(A) The miRISC interacts with intracellular membranes associated with vesicle transport,
including endosomes and multivesicular bodies (MVBs). Ago protein and miRNAs have
also been found in exosomes in blood serum or plasma. In addition to exosomes,
extracellular miRNAs are found in non-vesicular Ago2 complexes, and in association with
high-density lipoprotein (HDL). (B) Eri1 and IRE1α are ribonucleases that negatively
regulate miRNA abundance in mammalian cells. Eri1 is a 3′-to-5′ exoribonuclease that
limits mature miRNA levels in lymphocytes, but its direct substrate remains unknown.
IRE1α is an endoplasmic reticulum (ER) transmembrane RNase activated that mediates
rapid decay of miR-17, miR-34a, miR-96, and miR-125b expression in response to ER
stress. (C) Highly complementary RNA targets induce miRNA degradation. Several viruses
encode transcripts with miRNA binding sites that lead to degradation of one or more
particular miRNAs. This process involves untemplated addition of U and/or A residues at
the 3′ end of affected miRNAs.
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