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MicroRNA (miRNA) control has emerged as a critical regulatory principle in the mammalian immune 
system. Genetic ablation of the miRNA machinery, as well as loss or deregulation of certain 
individual miRNAs, severely compromises immune development and response and can lead to 
immune disorders like autoimmunity and cancer. Although individual miRNAs modulate protein 
output from hundreds of target genes, they may impact physiological processes by regulating 
the concentrations of just a few key cellular proteins that may be components of a single or of 
functionally interrelated pathways in a given cellular context.
Introduction
The generation of the mammalian immune system from 
hematopoietic stem cells (HSCs) involves ordered events of 
lineage commitment, differentiation, proliferation, and cell 
migration. This includes developmental programs of ordered 
immunoglobulin (Ig) and T cell receptor (TCR) gene segments 
to equip each lymphocyte with a single antigen receptor—
BCR in the case of B cells, and TCR in the case of T cells. It 
also includes the differentiation of the cells into distinct cel-
lular subsets with distinct effector functions, and innate and 
adaptive responses to antigens, in which cell interactions 
between lymphocytes of different subsets and of lymphocytes 
with other cells of the hematopoietic system such as dendritic 
cells play a critical role and which may be accompanied by the 
generation of immunological memory. Because of its unique 
experimental accessibility, this system is perhaps the best-
characterized developmental system in mammals, in terms of 
surface markers of cell subsets and of signaling pathways and 
transcriptional programs underlying developmental progres-
sion, cellular selection, and cell migration. The immune system 
has also been well characterized with respect to differentiation 
processes and effector mechanisms involved in acquired and 
innate immune responses.

Given the detailed conceptual and experimental frame-
work of our present understanding of the immune system, 
it came as a surprise that there is a previously unrecog-
nized layer of control impacting at least some of the salient 
features of the development and physiology of the system, 
namely control exerted by microRNAs (miRNAs). miRNAs are 
endogenously encoded single-stranded RNAs of about 22 
nt in length that play essential roles in animals and plants, in 
a large variety of physiological contexts (Ambros, 2004; Bar-
tel, 2004; Bushati and Cohen, 2007). Hundreds of miRNAs, 
many of them evolutionarily conserved, have been identified 
in mammals (miRBase, http://microrna.sanger.ac.uk/), and 
many of these molecules exhibit highly specific, regulated 
patterns of expression (Chen et al., 2004; Landgraf et al., 
26 Cell 136, January 9, 2009 ©2009 Elsevier Inc.
2007; Merkerova et al., 2008; Monticelli et al., 2005; Neilson 
et al., 2007), which can be transcriptionally or posttranscrip-
tionally controlled. Many miRNAs derive from independent 
transcription units, but miRNA genes can also be located in 
the introns of protein-coding genes (Rodriguez et al., 2004). 
A large fraction of miRNAs are clustered in the genome, with 
arrangement and expression patterns suggesting that they 
are transcribed as polycistronic primary transcripts (Bar-
tel, 2004). The primary transcript of a miRNA gene, the pri-
miRNA, is cleaved by the RNAase III endonuclease Drosha 
in the nucleus, to release a 60–70 nt stem-loop intermediate, 
known as the pre-miRNA. The pre-miRNA is subsequently 
exported to the cytoplasm, where it is further cleaved by 
Dicer, another RNase III endonuclease, to produce a dou-
ble-stranded RNA duplex, which contains the mature miRNA 
and its antisense strand. The Dicer cleavage process is cou-
pled with the integration of the mature miRNA into the RNA-
induced silencing complex (RISC), whose core components 
are the Argonaute family proteins (Ago1–4). The miRNA 
then directs the RISC to its target mRNA, which it recog-
nizes through partial sequence complementarity. A major 
determinant in this recognition process is a perfect match 
in the so-called seed region of 6–8 nt at the 5′ end of the 
miRNA. The usual consequence of miRNA:mRNA interaction 
is the downregulation of protein expression by translational 
repression, mRNA cleavage, or promotion of mRNA decay 
(Kim, 2005). Recent proteomic experiments in mammalian 
cells have demonstrated that single miRNAs can directly 
repress the production of hundreds of proteins, that repres-
sion is typically mild, and that it is mostly, but not always, 
due to both downregulation of mRNA levels and translation 
inhibition (Baek et al., 2008; Selbach et al., 2008). There is 
some evidence that under certain conditions miRNAs can 
also upregulate the translation of target mRNAs (Vasudevan 
et al., 2007) or even directly interfere with gene transcription 
(Kim et al., 2008). The physiological impact of such modes 
of regulation remains to be determined.
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Below, we discuss studies of the immune system, exemplify-
ing that this multitarget, subtle mode of control turns out to be 
highly efficient and versatile in mammalian cells, through the 
targeting of multiple components of regulatory networks inside 
the cell. In this context, a special aspect of miRNA control is 
of particular interest, namely its rapid evolvability. Because of 
their simple structure and mode of target recognition, miRNAs 
as well as their targets can evolve rapidly (Chen and Rajewsky, 
2007; Gardner and Vinther, 2008; Lu et al., 2008; Niwa and 
Slack, 2007). As rapid evolution is a characteristic feature and 
essential element of the interplay of the immune system with 
pathogens, one might thus predict that miRNAs may play a 
prominent role in the control of host-pathogen interactions 
and that the immune system may thus offer particularly rich 
opportunities to study mechanisms of miRNA control. Emerg-
ing experimental evidence supports this view.

In our discussion, we mainly focus on experiments in which 
genetic evidence obtained in vivo provides unequivocal evi-
dence for the impact of miRNA control.

miRNAs Control Development and Responses of the 
Immune System
After a first demonstration that overexpression of a miRNA in 
HSCs affected B lymphopoiesis in vivo upon HSC transplan-
tation (Chen et al., 2004), it became apparent from experi-
ments in which Dicer, the key enzyme in miRNA biogenesis, 
was conditionally inactivated in T or B lymphocytes of the 
mouse that miRNAs are critical for lymphocyte development 
and differentiation. In the case of T cell development, dele-
tion of Dicer in immature thymocytes (at the so-called double 
negative 3 [DN3] stage) led to a 10-fold reduction in total thy-
mocyte numbers, with a drastic reduction of the more mature 
double-positive (CD4+CD8+) and single-positive (CD4+ or 
CD8+) thymocytes, probably because of increased cell death. 
Although very few peripheral T cells were detectable in these 
animals (Cobb et al., 2005), the peripheral CD4+ T cells were 
only reduced 2-fold when Dicer was deleted at the double-
positive stage of thymocyte differentiation. The mutant cells 
exhibited reduced proliferation and increased cell death upon 
activation in vitro. When cultured under conditions that favor 
differentiation toward T helper 1 (Th1) and Th2 lineages, they 
showed a bias toward Th1 differentiation, reflecting the failure 
of these cells to repress interferon γ (IFNγ) expression (Muljo 
et al., 2005). The T cell subset most affected by the dele-
tion of Dicer at the double-positive stage are the T regulatory 
cells, whose 6-fold reduction in both thymus and periphery 
likely resulted in the severe immunopathology developing in 
the mutant mice, characterized by splenomegaly, enlarged 
intestinal lymph nodes, and colitis (Cobb et al., 2006). That 
miRNAs are essential for the homeostasis and suppressor 
function of T regulatory cells was corroborated by Dicer and 
Drosha deletion in those cells and the ensuing fatal autoim-
munity indistinguishable from that caused by deficiency in 
Foxp3, the master transcription factor controlling regulatory 
T cell differentiation (Chong et al., 2008; Liston et al., 2008; 
Zhou et al., 2008). Regulatory T cells require stronger signals 
from their TCR to be positively selected than do T cells of 
other subsets (Zheng and Rudensky, 2007), hinting at the 
possibility that miRNAs may be involved in the control of the 
sensitivity of T cells to signals from the TCR. As discussed 
further below, this seems indeed to be the case.

That a deficiency in miRNAs also affects B cell develop-
ment was first suggested by the conditional deletion of Ago2, 
a component of RISC, in hematopoietic cells, which resulted 
in a partial deficiency in miRNAs and compromised develop-
ment of B and erythroid cells (O’Carroll et al., 2007). When 
Dicer was deleted in the B cell lineage from the earliest stage 
of B cell development, an almost complete block at the pro- 
to pre-B transition resulted, which was at least in part due 
to apoptosis of Dicer deficient pre-B cells (Koralov et al., 
2008). In an attempt to elucidate the molecular basis of this 
phenotype, gene expression profiles of Dicer deficient and 
proficient pro-B cells were established, and a bioinformatic 
search was conducted for conserved nucleotide hexamers 
complementary to miRNA seed regions in the 3′ untrans-
lated regions (UTRs) of genes upregulated in Dicer deficient 
pro-B cells. Surprisingly, only a few such motifs were identi-
fied, with a corresponding small group of miRNAs predicted 
to be critical players at the pro-B cell stage. Most of these 
miRNAs belonged to three interrelated miRNA clusters, one 
of which, miR-17?92, has emerged as a critical regulator of 
cellular development in a variety of cellular contexts, as will 
be further discussed below. The six miRNAs encoded in the 
miR-17?92 cluster share four distinct seed regions, and when 
the annotated 3′ UTRs of genes in the mouse were grouped 
according to the number of corresponding conserved target 
sites, two genes on top of the list were immediately appar-
ent as potentially causally involved in the induction of apop-
tosis in Dicer deficient pre-B cells: the genes encoding the 
proapoptotic Bcl2 family member Bim and the tumor sup-
pressor Pten, which can positively control Bim expression. 
When this bioinformatic prediction was tested, Bim and Pten 
were indeed found to be strongly upregulated in Dicer-defi-
cient B cell progenitors, and, most importantly, B cell devel-
opment could be partially rescued by transgenic Bcl2 or Bim 
deficiency (Koralov et al., 2008).

These experiments exemplify a way to identify miRNAs and 
their targets in a particular biological context by combining bio-
informatic and experimental approaches and also reveal that 
targeting of multiple components of a regulatory network as one 
of the emerging principles of miRNA control. This latter notion 
will be discussed in more detail below. In a broader sense, how-
ever, the inactivation of components of the miRNA machinery 
in lymphocytes has made us realize that although miRNA con-
trol does not seem to affect lymphocyte development in every 
respect—V(D)J recombination, for example, appears to func-
tion properly in Dicer deficient B cells in a first approximation—
it operates at multiple levels in lymphocyte development and 
physiology and will have to be studied separately for individual 
miRNAs. It is important to keep in mind in this context that Dicer 
ablation by conditional gene targeting may well fail to uncover 
miRNA control in certain situations because of the persistence 
of Dicer protein or of miRNAs (whose decay in cells is known to 
vary substantially between individual miRNA species) after Dicer 
gene deletion (Cobb et al., 2005; Koralov et al., 2008; Muljo et 
al., 2005; Ramachandran and Chen, 2008). On the other hand, 
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Dicer deficiency may reveal functions of this enzyme outside of 
miRNA control, such as transcriptional gene silencing through 
the production of endogenous small interfering RNAs (siRNAs). 
Silencing of centromeric repeats through such a mechanism 
has been demonstrated in yeast (Verdel et al., 2004; Volpe et al., 

Figure 1. The miR-150-c-Myb Interaction
(A) A primary target of miR-150 is the proto-oncogene c-Myb. Ratios of 
miR-150/U6 and c-Myb/β-actin are shown for thymocytes of miR-150 trans-
genic mice. TG1–4 are four transgenic mouse strains with different miR-150 
expression levels. The miR-150/U6 ratio in wild-type CD4+ T cells and c-Myb/
β-actin ratio in wild-type thymocytes are set as 1.
(B) The splenic B cell numbers in miR-150 transgenic mice. The transgenic 
mice exhibited a dose-dependent developmental block at the pro- to pre-B 
transition and a reduction of splenic B cell numbers at young age. Each dot 
represents the average of multiple mice at similar age. Adapted from Xiao et 
al. (2007).
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2002), and there was indeed an indication in Dicer-deficient B 
cells for a derepression of a set of D elements in the IgH locus, 
which exhibit a similar repeat structure (Chakraborty et al., 2007; 
Koralov et al., 2008). Whether Dicer dependent mechanisms of 
epigenetic gene silencing play a significant role in mammalian 
cells remains to be elucidated.

That the genetic inactivation of individual mammalian miRNAs 
can produce discernible phenotypes became apparent early 
in 2007 from four papers (Rodriguez et al., 2007; Thai et al., 
2007; van Rooij et al., 2007; Zhao et al., 2007), two of which 
addressed a miRNA specifically expressed in the hematopoi-
etic system. Like most other cells, cells in the hematopoietic 
system express a multitude of miRNA species, which may 
or may not be shared between different cell types or devel-
opmental stages, but only a few of which are specific for the 
hematopoietic system (Merkerova et al., 2008; Monticelli et 
al., 2005; Neilson et al., 2007; Wu et al., 2007). Knockout of a 
miRNA of the latter kind, miR-155, affected a large spectrum 
of immune reactions, ranging from cytokine production by T 
and B cells to antigen presentation by dendritic cells and the 
germinal center B cell response (Rodriguez et al., 2007; Thai et 
al., 2007). There is also evidence that miR-155, together with 
others, is involved in the control of innate immune reactions. 
Expression profiling showed that stimulation of monocytes with 
lipopolysaccharide (LPS) induced the expression of miR-132, 
miR-146, and miR-155 (O’Connell et al., 2007; Taganov et al., 
2006). miR-146 targets Traf6 and Irak1, components of the Toll-
like receptor (TLR) signaling pathway that is activated by LPS, 
suggesting a negative feedback loop (Taganov et al., 2006). 
The functional importance of LPS-induced miR-155 expres-
sion in myeloid cells was further supported by the work of Tili 
et al. (2007), and the myeloproliferative disorder that develops 
in mice reconstituted with bone marrow progenitors that had 
been retrovirally transduced to express miR-155 (O’Connell 
et al., 2008). Induction of miR-155 expression by LPS could 
thus be a mechanism through which the immune system rap-
idly expands the myeloid cell population during inflammatory 
responses (O’Connell et al., 2008).

Other miRNAs control additional processes in the immune 
system. Thus, genetic ablation of miR-150 led to the expan-
sion of the B1 B cell subset, involved in natural defense against 
pathogens, in spleen and peritoneal cavity, increased steady-
state serum immunoglobulin levels, and enhanced T-depen-
dent immune responses (Xiao et al., 2007). miR-181 seems 
to control TCR signaling thresholds in T lymphocytes, as dis-
cussed further below, and may also participate in the control 
of the antibody response (Li et al., 2007; de Yébenes et al., 
2008). miR-223 is a myeloid-specific miRNA whose deletion 
leads to an increase in the numbers of neutrophil progenitors 
and mature neutrophils, as well as an increased neutrophil 
response to fungal infection, demonstrating that this miRNA 
plays important roles in the development and function of the 
myeloid lineage and innate immunity (Johnnidis et al., 2008).

Taking these findings together, miRNA control has emerged 
as a general regulatory mechanism in immune development 
and the acquired and innate immune response. In the sections 
below, we focus on what is known about mechanisms by which 
miRNAs exert their function.



Dose-Dependent Modulation of Key Targets by miRNAs
Studies are now revealing that miRNAs modulate the con-
centration of key target proteins over a narrow range in a 
dose-dependent manner. In general, the net outcome of 
miRNA binding to its target mRNAs is a reduction of the 
amounts of protein produced from these mRNAs (Baek et 
al., 2008; Selbach et al., 2008). Addressing this issue quan-
titatively, Xiao et al. (2007) studied the interaction between 
miR-150 and its chief target, c-Myb, in the context of lym-
phocyte development in vivo. miR-150 is highly expressed 
in mature B and T cells but not in their progenitors, whereas 
c-Myb is highly expressed in lymphocyte progenitors but 
downregulated upon maturation. Genetic studies had dem-
onstrated that c-Myb plays a critical role at multiple stages 
of lymphocyte development, including the transition from 
pro- to pre-B cells (Bender et al., 2004; Thomas et al., 2005). 
When miR-150 was ectopically expressed at graded con-
centrations in lymphocyte progenitors in vivo, with the high-
est concentration at about 55% of that in mature wild-type 
CD4+ T cells, a dose-dependent downregulation of c-Myb 
protein levels was observed, with a 35% reduction caused 
by the highest concentration of the transgenic miRNA. The 
transgenic mice exhibited a dose-dependent developmen-
tal block at the pro- to pre-B transition and a reduction of 
splenic B cell numbers at young age (Figure 1). That the 
developmental block was mainly caused by the reduction 
in c-Myb protein levels was supported by a similar pheno-
type in c-Myb heterozygous mice, which displayed a similar 
reduction of c-Myb levels in B cell progenitors.

These experiments suggested a few basic principles of the 
relationship between miRNAs and their target genes. First, 
the cellular concentration of a miRNA dictates the protein 
output of its target genes and is therefore of key importance 
in miRNA-mediated control. Second, small changes in the 
concentration of key cellular proteins as effected by miRNA 
control can have significant biological consequences, in 
line with the many examples of pathogenic hemizygous 
null mutations in man and mouse (Santarosa and Ash-
worth, 2004; Seidman and Seidman, 2002; Smilenov, 2006). 
miRNAs may have evolved to modulate the concentrations 
of such key cellular proteins. Third, although a single miRNA 
can repress protein production from hundreds of genes, 
only a few of these proteins may be critical for a particular 
biological process.

In studies in Caenorhabditis elegans and Drosophila mela-
nogaster, the control of single key target genes also appeared 
to largely explain the functions of individual miRNAs (Karres 
et al., 2007; Lee et al., 1993; Teleman et al., 2006; Varghese 
and Cohen, 2007; Wightman et al., 1993). As in the case of 
miR-150 in mice, these claims were largely based on the 
similarity between the phenotypes caused by loss- and/or 
gain-of function of individual miRNAs and manipulating the 
protein levels of target genes to similar degrees. This clearly 
leaves room for a contribution of additional target genes to 
the observed phenotypes. Targeted mutagenesis of miRNA 
binding sites in target mRNAs is ultimately required to directly 
address this issue, as exemplified further below for miR-155 
and its target gene AID.
Setting Signaling Thresholds by Modulating Negative 
Regulators: miR-181
To accommodate the differential needs of developing and 
mature T cells in their response to antigen (the former being 
positively and negatively selected by self-antigens, the latter 
responding to foreign antigens), thymocytes exhibit a higher 
sensitivity than mature T cells to the signal triggered by TCR 
engagement of peptide-MHC complexes. This is despite the 
fact that the TCR uses the same set of molecules for signal-
ing at different developmental stages (Germain and Stefanova, 
1999). Recent experiments indicate that miR-181 is critically 
involved in this developmental control, through its predomi-
nant expression in thymocytes and its ability to downregulate 
the protein levels of multiple phosphatases that are negative 
regulators of distinct steps of the TCR signaling pathway (Li et 
al., 2007) (Figure 2). The protein tyrosine phosphatase PTPN22 
dephosphorylates and inactivates Lck and ZAP70, two crucial 
components of proximal TCR signaling (Wu et al., 2006). Dual 
specificity phosphatases DUSP5 and DUSP6 dephosphory-
late and inactivate the kinase ERK, with the former acting in 
the nucleus and the latter acting in the cytoplasm (Owens and 
Keyse, 2007; Tanzola and Kersh, 2006). ERK1 and ERK2 are 
essential for the positive selection of double-positive thymo-
cytes, and this event is very sensitive to the dosage of ERK 
activity. Targeted deletion of both ERK1 and ERK2 leads 
to a complete block of positive selection, whereas retroviral 
expression of a dominant-negative mutant of DUSP6, which 
increases ERK activity, enhances positive selection (Bettini and 
Kersh, 2007; Fischer et al., 2005). Overexpression of miR-181 
in mature T cells similarly increases ERK activity, and this con-

Figure 2. miR-181 Sets Signaling Thresholds by Modulating 
 Multiple Negative Regulators
miR-181 is highly expressed in double positive (CD4+CD8+) thymocytes and 
downregulated upon T cell maturation. By downregulating the concentra-
tions of several negative regulators of TCR signaling, miR-181 changes the 
outcome of signaling triggered by TCR engagement by peptide-MHC com-
plexes: double-positive thymocytes, but not mature T cells, respond to self-
antigens and are positively or negatively selected.
Cell 136, January 9, 2009 ©2009 Elsevier Inc. 29



verts antagonist peptides into agonists. 
Treatment of thymocytes with antago-
mir-181, which degrades its endogenous 
counterpart, reduces ERK activity and 
impairs positive selection of thymocytes 
in a fetal thymic organ culture system (Li 
et al., 2007).

Significantly, the regulation of the 
response of T cells to signals from the 
TCR by miR-181 could not be fully reca-
pitulated by knockdown of the protein 
levels of any one of its proposed targets 
with shRNAs, whereas restoration of the 
protein levels of individual targets partly 
or completely reversed the effects of 
miR-181 overexpression. This suggests 
that the repression of a given target was 
essential but not sufficient for the func-
tion of miR-181 (Li et al., 2007).

Although these experiments still await 
confirmation in vivo, they suggest that 
miRNAs may target multiple compo-
nents in a common regulatory pathway, 
a concept that is also supported by the functional analysis of 
miR-155 and the miR-17?92 cluster (see below). Conceptually 
similar to the additive effect on tumor development of double 
heterozygosity of functionally related, mutant tumor suppres-
sor genes (Smilenov, 2006), this regulatory principle may con-
tribute in a major way to the overall impact of miRNA control, 
despite moderate effects on the concentrations of individual 
target proteins.

Nonsynergistic Control of Distinct Regulatory Pathways: 
miR-155
Genetic gain- and loss-of function studies of miR-155, which 
is upregulated in B and T cells upon activation, have demon-
strated that this miRNA plays a positive role in the control of 
the germinal center reaction in vivo, in addition to its mani-
fold other regulatory roles (Rodriguez et al., 2007; Thai et 
al., 2007; Vigorito et al., 2007). Curiously, a potential target 
of this miRNA is the enzyme AID, a central player in the ger-
minal center reaction, mediating class switch recombination 
(CSR) and somatic hypermutation (SHM) (Chaudhuri and 
Alt, 2004; Di Noia and Neuberger, 2007; Honjo et al., 2004). 
AID is also, however, causally involved in oncogenic recipro-
cal translocations between IgH and c-myc (c-myc-IgH), an 
unwanted byproduct of CSR in the course of the germinal 
center reaction (Muramatsu et al., 2000; Ramiro et al., 2004). 
This calls for a careful control of AID activity during this pro-
cess. To analyze whether miR-155 is involved in this control, 
a knockin mouse strain carrying a mutation in the evolution-
ary conserved miR-155 binding site in the 3′ UTR of the AID 
gene was generated (Dorsett et al., 2008). AID protein levels 
were increased 2- to 3-fold in both activated miR-155−/− and 
AID155 B cells, demonstrating that AID is a direct target of 
miR-155 in vivo. The latter was also suggested by the work 
of Teng et al. (2008), who made use of a similarly mutated 
AID transgene. Interestingly, although SHM was affected by 

neither the AID gene mutation nor the 
miR-155 knockout, the generation of 
class-switched B cells was increased 
in the former and reduced in the latter 
case. Thus, in miR-155−/− B cells, the 
effect of increased AID protein levels 
on CSR must be offset by changes in 
other target genes. Indeed, the work of 
Vigorito et al. (2007) has shown that the 
protein level of Pu.1, another miR-155 
target gene, is increased in miR-155−/− 
B cells and that this negatively affects 
the differentiation of cells undergoing 
CSR (Vigorito et al., 2007). In contra-
distinction, when c-myc-IgH transloca-
tion was analyzed, activated AID155 B 
cells exhibited a 3- to 6-fold increased 
translocation frequency compared to 
control cells, whereas the transloca-
tion frequency was increased 15-fold 
in miR-155-deficient B cells. Together, 
these data suggested that miR-155 
regulates AID and some additional 

component(s) in a pathway minimizing AID-mediated onco-
genic translocations, and in addition positively controls the 
generation of class-switched B cells in the germinal center 
reaction (Figure 3).

Paradoxically, the latter goes together with downregulation 
of the key mediator of CSR, AID. Perhaps miR-155 had origi-
nally evolved as a safeguard against AID-mediated oncogenic 
translocations and had to accommodate downregulation of 
AID acquired for this purpose in a separate functional context, 
namely the promotion of CSR. The particular risk associated 
with AID expression may also be the reason for its control by 
yet another miRNA, miR-181, perhaps at a different stage of B 
cell activation (de Yébenes et al., 2008).

Cooperation and Redundancy of Coexpressed miRNAs: 
miR-17?92
According to bioinformatic predictions, the 3′ UTRs of miRNA 
target genes often contain binding sites for several differ-
ent miRNAs (Krek et al., 2005; Lewis et al., 2005). On the 
other hand, miRNAs encoded by different genomic loci can 
have very similar mature sequences, and there are families 
of miRNAs sharing seed regions. Can coexpressed miRNAs 
regulate the expression of target mRNAs in a cooperative man-
ner? Do members of the same miRNA family regulate different 
sets of targets, because of sequence differences outside the 
seed region, or are they functionally redundant? Recent stud-
ies of the miR-17?92 cluster and related miRNA clusters begin 
to answer some of these questions.

The miR-17?92 transcript encoded by mouse chromosome 
14 is the precursor of six miRNAs (miR-17, miR-18a, miR-19a, 
miR-20a, miR-19b, and miR-92, not including miR-17*). Addi-
tionally, this cluster is homologous to the miR-106a?363 
cluster on the X chromosome and the miR-106b?25 cluster 
on chromosome 5. Together, these three clusters contain 15 
miRNA stem-loops, giving rise to 13 distinct mature miRNAs, 

Figure 3. miR-155 Controls Distinct 
 Regulatory Pathways
miR-155 controls the generation of class-switched 
B cells and c-myc-IgH translocations. In the former 
case, miR-155 downregulates AID, an essential en-
zyme for class switch recombination (CSR), and the 
transcription factor Pu.1, which counteracts the dif-
ferentiation of class-switched cells. The net effect, 
possibly involving additional miR-155 targets, is the 
promotion of this process. As for c-myc-IgH trans-
locations, miR-155 downregulates AID and other 
target genes, which synergize with AID in mediating 
these events.
30 Cell 136, January 9, 2009 ©2009 Elsevier Inc.



Figure 4. miR-17?92 Regulates Functionally Interrelated Pathways
(A) The genomic organization of miR-17?92 and homologous clusters. miRNAs of the same color have identical seed regions (nucleotides 2–7). The miR-
106b?25 cluster resides in an intronic region of the Mcm7 gene.
(B) Alignment of mature miRNA sequences. Bold letters indicate seed regions.
(C) miR-17?92 regulates components of functionally interrelated pathways. miRNA targets are indicated in bold. Pten is an inhibitor of the PI3K pathway, which 
promotes cell cycle progression, and inhibits apoptosis by negatively regulating the transcription of Bim, a proapoptotic factor and itself a miR-17?92 target. 
p21 is an inhibitor of G1/S cell cycle transition. The miR-17?92 cluster also targets Rbl2, a member of the Rb family of pocket proteins that negatively regulate 
cell cycle, and E2F1, E2F2, E2F3. Whereas a complete loss of the three E2Fs blocks G1/S transition, mice with compound mutations of E2F1 and E2F2 develop 
lymphomas.
which fall into four miRNA families (miR-17, miR-18, miR-19, 
and miR-25) (Figures 4A and 4B). This genomic organization 
is highly conserved in all vertebrates from which complete 
genome sequences are available (Tanzer and Stadler, 2004). 
The miR-17?92 and miR-106b?25 clusters are ubiquitously 
expressed, whereas expression of the miR-106a?363 clus-
ter was undetectable in the tissues examined (Ventura et al., 
2008). During lymphocyte development, miR-17?92 miRNAs 
are highly expressed in progenitor cells, with the expression 
level decreasing 2- to 3-fold upon maturation (Ventura et al., 
2008; Xiao et al., 2008).

Addressing the biological functions of these miRNAs, Ven-
tura and colleagues (2008) showed that although deficiency of 
miR-106a?363 or miR-106b?25 did not produce a detectable 
phenotype, mice deficient of miR-17?92 were 40% smaller 
than their wild-type littermates and died within minutes after 
birth, because of lung hypoplasia and a ventricular septal 
defect of the heart. In the hematopoietc system, there was a 
severe block of B cell development at the pro- to pre-B transi-
tion, with increased apoptosis of pro-B cells. When both the 
miR-17?92 and miR-106b?25 cluster were deleted, the mice 
died before embryonic day 15, with the mutant embryos dis-
playing severe cardiac developmental abnormalities and apop-
tosis in specific regions of the central nervous system and the 
fetal liver. The B cell developmental block also became more 
severe in the absence of these two miRNA clusters (Ventura et 
al., 2008). This demonstrates functional cooperation between 
the two miRNA clusters.

In humans, the miR-17?92 miRNA cluster is located at chro-
mosome 13q31, a genomic region that is frequently amplified in 
lymphomas and solid tissue cancers, and the mature miRNAs 
encoded by this locus are expressed in high amounts in those 
cancer cells (Hayashita et al., 2005; Lu et al., 2005; Ota et al., 
2004; Tagawa and Seto, 2005; Zhang et al., 2007). He and col-
leagues showed that retroviral expression of miR-17?92 on 
the Eµ-Myc transgenic background accelerated c-Myc-medi-
ated lymphomagenesis (He et al., 2005). To address whether 
miR-17?92 overexpression by itself can reproduce some of 
these pathologies, we generated transgenic mice expressing 
the human miR-17?92 cluster specifically in B and T lympho-
cytes, at levels comparable to those found in human lymphoma 
cell lines, to study the consequences of elevated miR-17?92 
expression (Xiao et al., 2008). The mutant mice exhibited spon-
taneous activation and pronounced expansion of B and T lym-
phocytes, as well as symptoms typical of lymphoproliferative 
and autoimmune disease, and died prematurely. Lymphoma 
development may have been precluded in the animals simply 
because of their short life span. Reporter assays in cell culture 
revealed that, as predicted bioinformatically, (see Koralov et al., 
2008), Pten and Bim were functional targets of miRNAs in the 
Cell 136, January 9, 2009 ©2009 Elsevier Inc. 31



miR-17?92 cluster. Indeed, mice doubly heterozygous for Pten 
and Bim partly reproduced the phenotype of the miR-17?92 
transgenics, demonstrating that downregulation of Pten and 
Bim did contribute to the transgenic phenotype, but deregula-
tion of other targets must also be involved (Xiao et al., 2008). 
Such additional targets have been identified in other cellular 
contexts, as discussed below.

These studies demonstrated additional principles of miRNA 
control. First, homologous miRNAs with similar expression pat-
terns can be functionally redundant, as exemplified by the lack of 
an obvious phenotype in mice deficient for miR-106b?25, whose 
function is apparently largely compensated by miR-17?92. (The 
phenotypic difference caused by deletion of miR-17?92 and 
miR-106b?25 may be due to the fact that only the miR-17?92 
cluster contains members of the miR-18 and miR-19 families). 
Previous studies of the let-7 family of miRNAs in C. elegans 
came to a similar conclusion (Abbott et al., 2005). Second, there 
is a dose effect among coexpressed homologous miRNAs, as 
demonstrated by the more severe phenotype produced by com-
bined miR-17?92 and miR-106b?25 deficiency than produced 
by miR-17?92 deficiency alone. Third, miRNAs organized in a 
cluster can regulate not only multiple components of a single 
pathway but also components of functionally interrelated path-
ways. Thus, miR-17?92 miRNAs target Pten and Bim in the PI3K 
pathway (Xiao et al., 2008), and a few critical cell cycle regula-
tors (such as p21, Rbl2, E2F1, E2F2, and E2F3), as suggested 
by studies in various cellular contexts (Lu et al., 2007; O’Donnell 
et al., 2005; Petrocca et al., 2008; Sylvestre et al., 2007; Wang 
et al., 2008) (Figure 4C). P21, Rbl2, E2F1, E2F2, and E2F3 regu-
late cell cycle progression at the G1 to S transition (Balomenos 
et al., 2000; Cobrinik, 2005; Field et al., 1996; Massague, 2004; 
Murga et al., 2001; Santiago-Raber et al., 2001; Yamasaki et al., 
1996; Zhu et al., 2001). The PI3K pathway promotes cell cycle 
progression through at least two mechanisms: (1) AKT-mediated 
inactivation of GSK3β, which phosphorylates and destabilizes 
cyclin D, an essential cyclin for the G1 to S transition, and (2) 
AKT-mediated phosphorylation of FOXO transcription factors, 
and their subsequent translocation to the cytoplasm from the 
nucleus, where they drive transcription of p21 and p27, two neg-
ative regulators of the G1 to S transition (Manning and Cantley, 
2007). The net outcome of regulating these targets is enhanced 
cell survival and proliferation. Finally, there was an indication 
that coexpressed miRNAs can regulate a common target in a 
cooperative manner, in accord with earlier work in cell culture 
systems (Doench and Sharp, 2004; Grimson et al., 2007; Krek 
et al., 2005). In the case of the control of Pten by miR-17 and 
miR-92, the upregulation of a reporter gene containing the Pten 
3′ UTR caused by knockdown of both miR-17 and miR-19 was 
more pronounced than that caused by knockdown of either 
miR-17 or miR-19 alone (Xiao et al., 2008).

miRNAs Control Host-Virus Interactions
As mentioned, the ability of miRNAs and their targets to rap-
idly evolve makes miRNAs ideal candidates for the control of 
host-pathogen interactions, with virus control on the top of the 
list, as viruses entirely depend on the host cellular machinery 
for their survival and propagation. Accordingly, many viruses 
express miRNAs, and a plethora of regulatory mechanisms 
32 Cell 136, January 9, 2009 ©2009 Elsevier Inc.
is emerging in which host- or virus-encoded miRNAs interact 
with virus or host mRNAs, respectively, in addition to their own 
mRNAs (Scaria et al., 2006).

Viral miRNAs can help viruses to evade the host immune 
response by regulating cellular and viral gene expression 
(Sullivan, 2008). Thus, miR-UL112 encoded by human cyto-
megalovirus (HCMV) downregulates the expression of major 
histocompatibility complex class I-related chain B (MICB), a 
stress-induced ligand of the natural killer (NK) cell activat-
ing receptor (NKG2D) that is critical for the NK cell killing of 
virus-infected cells (Stern-Ginossar et al., 2007). Interestingly, 
the same miRNA binding sites in MICB seem to be exploited 
by cellular miRNAs to maintain the expression of MICB pro-
tein under a certain threshold in normal tissues and to help 
tumor cells to escape immune attack (Stern-Ginossar et al., 
2008). miRNAs encoded by simian virus 40 (SV40) accumu-
late at late stages of infection, are perfectly complementary 
to early viral mRNAs, and target these mRNAs for cleavage. 
This reduces the expression of viral T antigens encoded by the 
early viral mRNAs, enabling the infected cells to evade killing 
by cytotoxic T cells (Sullivan et al., 2005). miRNAs expressed 
by herpes simplex virus 1 (HSV-1) facilitate the establishment 
and maintenance of viral latency through a similar mechanism 
(Umbach et al., 2008).

In turn, cellular miRNAs, in addition to their normal regula-
tory roles, can participate in antiviral defense. Thus, miR-32 
counteracts the accumulation of primate foamy virus type 1 
(PFV-1) in human cells, by directly targeting the PFV-1 genome 
and causing translation inhibition (Lecellier et al., 2005). Some 
viruses overcome miRNA-mediated antiviral defense by encod-
ing proteins that suppress RNA silencing, through mechanisms 
ranging from sequestering small RNAs to disrupting functions 
of key proteins involved in miRNA processing (Haasnoot et 
al., 2007). Viruses can also take advantage of host miRNAs. A 
liver-specific miRNA, miR-122, interacts with sequences in the 
5′ noncoding region of the hepatitis C virus (HCV) RNA, and 
this interaction is required for viral replication and maintains 
high viral RNA abundance in liver cells. The tissue specificity 
of miR-122 expression also helps HCV to establish its tissue 
selectivity (Jopling et al., 2008; Jopling et al., 2005).

Although general rules of miRNA control are unlikely to 
emerge from the analysis of host-virus interactions, such stud-
ies should lead to major new insights into mechanisms of viral 
latency, tropism, and escape from innate and adaptive immune 
responses, and thus potentially new therapeutic approaches.

miRNAs and Hematopoietic Malignancies
Deregulation of miRNA expression has become a recurrent 
theme in the cancer field. Gene expression profiling of human 
cancer cells has revealed specific miRNA expression signa-
tures in many human cancers (Calin et al., 2004a; Lu et al., 
2005). A global downregulation of mature miRNAs was fre-
quently observed in such experiments, often accompanied by 
upregulation of specific groups of miRNAs (Calin and Croce, 
2006; Lu et al., 2005). In addition, miRNA genes are frequently 
located at fragile sites and genomic regions involved in car-
cinogenesis (Calin et al., 2004b), and recent evidence indicates 
that miRNAs can directly contribute to various aspects of this 



process, including tumor metastasis and cancer stem cell 
maintenance (Huang et al., 2008; Kent and Mendell, 2006; Ma 
et al., 2007; Tavazoie et al., 2008; Yu et al., 2007).

miRNAs appear also to be heavily involved in the pathogen-
esis of leukemias and lymphomas. This topic has been recently 
reviewed (Garzon and Croce, 2008), and we limit our discus-
sion in this context to the two cases in which genetic evidence 
in mouse models points to a causal role of miRNAs in these 
diseases. Thus, miR-155 and the miRNAs of the miR-17?92 
cluster (also called oncomir-1) are highly expressed in many 
kinds of human cancers, including lymphomas. Retroviral 
expression of miR-17?92 in mice on the Eµ-myc transgenic 
background accelerated c-Myc-mediated lymphomagenesis 
(He et al., 2005), and transgenic mice with elevated miR-17?92 
expression in lymphocytes died prematurely from a lymphop-
roliferative and autoimmune disease, as discussed earlier (Xiao 
et al., 2008). In the case of miR-155, transgenic mice overex-
pressing this miRNA in B cells developed polyclonal pre-B cell 
proliferation followed by B cell malignancy (Costinean et al., 
2006). In addition, a subset of human patients with acute myel-
oid leukemia (AML) have elevated miR-155 expression in their 
bone marrow, and retroviral expression of miR-155 in bone 
marrow progenitor cells caused a myeloproliferative disorder 
in mice (O’Connell et al., 2008).

Although this field is still in its infancy, the mechanistic study 
of the role of miRNAs in malignancies of the hematopoietic 
system promises not only to lead to a better understanding of 
miRNA control in normal physiology but also to allow the prob-
lem of hematopoietic malignancies to be approached from a 
new clinical angle.

Conclusions
miRNAs have emerged in the immune system as regulatory ele-
ments involved in the control of cellular development, homeo-
stasis, and response in highly specific ways. Key features of 
this control are a dose-dependent regulation of target protein 
concentrations over a mostly modest range and the targeting of 
multiple functionally related proteins. Subtle changes of intrac-
ellular protein concentrations can have profound physiological 
effects as documented by the many pathologies arising from 
haploinsufficiency, and the targeting of several components of a 
functional network may further enhance the functional impact of 
miRNA control. It is therefore not surprising that the genetic abla-
tion as well as ectopic or overexpression of individual miRNAs 
can have severe physiological consequences, ranging, in the 
immune system, from cell death and impairment of immune 
functions to autoimmunity, lymphoproliferation, and cancer.

A major challenge in the field is the identification of the criti-
cal miRNA targets in a particular biological in vivo context. This 
can ultimately only be done by combining bioinformatic, bio-
chemical, and genetic approaches: (1) using bioinformatics to 
predict possible targets and to organize targets into functional 
networks, (2) using proteomic and gene expression analysis, 
as well as reporter assays and the (still challenging) isolation of 
miRNA:mRNA complexes, to identify “real” miRNA targets, and 
(3) using genetic experiments like the overexpression or inac-
tivation of target genes or of miRNA target sequences within 
these genes to address the biological relevance of such targets 
in a particular biological context. Interdisciplinary approaches 
have thus become indispensable in the pursuit of the biological 
impact of miRNA control.

The unique ability of miRNAs and their target sequences to 
rapidly evolve seems to be reflected in a plethora of miRNA-
based control mechanisms operating in host-virus interac-
tions. In the medical context, this together with the notion that 
miRNAs control, in a dose-dependent manner, cellular states 
or responses rather than single or collections of functionally 
unrelated proteins, makes these molecules attractive candi-
dates or targets for future medical therapies.

ACkNowleDgMeNTS

We thank H. von Boehmer and N. Rajewsky for critical reading of this manu-
script. K.R. is supported by grants from the National Institutes of Health and 
the European Union, through MUGEN. C.X. was supported by a Cancer Re-
search Institute postdoctoral fellowship and a T32 training grant awarded to 
the Joint Program in Hematology and Transfusion Medicine at Harvard Medi-
cal School.

ReFeReNCeS

Abbott, A.L., Alvarez-Saavedra, E., Miska, E.A., Lau, N.C., Bartel, D.P., Hor-
vitz, H.R., and Ambros, V. (2005). The let-7 MicroRNA family members mir-48, 
mir-84, and mir-241 function together to regulate developmental timing in 
Caenorhabditis elegans. Dev. Cell 9, 403–414.

Ambros, V. (2004). The functions of animal microRNAs. Nature 431, 350–355.

Baek, D., Villen, J., Shin, C., Camargo, F.D., Gygi, S.P., and Bartel, D.P. (2008). 
The impact of microRNAs on protein output. Nature 455, 64–71.

Balomenos, D., Martin-Caballero, J., Garcia, M.I., Prieto, I., Flores, J.M., Ser-
rano, M., and Martinez, A.C. (2000). The cell cycle inhibitor p21 controls T-cell 
proliferation and sex-linked lupus development. Nat. Med. 6, 171–176.

Bartel, D.P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and func-
tion. Cell 116, 281–297.

Bender, T.P., Kremer, C.S., Kraus, M., Buch, T., and Rajewsky, K. (2004). Criti-
cal functions for c-Myb at three checkpoints during thymocyte development. 
Nat. Immunol. 5, 721–729.

Bettini, M.L., and Kersh, G.J. (2007). MAP kinase phosphatase activity sets 
the threshold for thymocyte positive selection. Proc. Natl. Acad. Sci. USA 
104, 16257–16262.

Bushati, N., and Cohen, S.M. (2007). microRNA functions. Annu. Rev. Cell 
Dev. Biol. 23, 175–205.

Calin, G.A., and Croce, C.M. (2006). MicroRNA signatures in human cancers. 
Nat. Rev. Cancer 6, 857–866.

Calin, G.A., Liu, C.G., Sevignani, C., Ferracin, M., Felli, N., Dumitru, C.D., Shi-
mizu, M., Cimmino, A., Zupo, S., Dono, M., et al. (2004a). MicroRNA profiling 
reveals distinct signatures in B cell chronic lymphocytic leukemias. Proc. Natl. 
Acad. Sci. USA 101, 11755–11760.

Calin, G.A., Sevignani, C., Dumitru, C.D., Hyslop, T., Noch, E., Yendamuri, 
S., Shimizu, M., Rattan, S., Bullrich, F., Negrini, M., and Croce, C.M. (2004b). 
Human microRNA genes are frequently located at fragile sites and genomic 
regions involved in cancers. Proc. Natl. Acad. Sci. USA 101, 2999–3004.

Chakraborty, T., Chowdhury, D., Keyes, A., Jani, A., Subrahmanyam, R., 
Ivanova, I., and Sen, R. (2007). Repeat organization and epigenetic regulation 
of the DH-Cmu domain of the immunoglobulin heavy-chain gene locus. Mol. 
Cell 27, 842–850.

Chaudhuri, J., and Alt, F.W. (2004). Class-switch recombination: interplay 
of transcription, DNA deamination and DNA repair. Nat. Rev. Immunol. 4, 
541–552.
Cell 136, January 9, 2009 ©2009 Elsevier Inc. 33



Chen, C.Z., Li, L., Lodish, H.F., and Bartel, D.P. (2004). MicroRNAs modulate 
hematopoietic lineage differentiation. Science 303, 83–86.

Chen, K., and Rajewsky, N. (2007). The evolution of gene regulation by tran-
scription factors and microRNAs. Nat. Rev. Genet. 8, 93–103.

Chong, M.M., Rasmussen, J.P., Rundensky, A.Y., and Littman, D.R. (2008). 
The RNAseIII enzyme Drosha is critical in T cells for preventing lethal inflam-
matory disease. J. Exp. Med. 205, 2005–2017.

Cobb, B.S., Nesterova, T.B., Thompson, E., Hertweck, A., O’Connor, E., God-
win, J., Wilson, C.B., Brockdorff, N., Fisher, A.G., Smale, S.T., and Merken-
schlager, M. (2005). T cell lineage choice and differentiation in the absence of 
the RNase III enzyme Dicer. J. Exp. Med. 201, 1367–1373.

Cobb, B.S., Hertweck, A., Smith, J., O’Connor, E., Graf, D., Cook, T., Smale, 
S.T., Sakaguchi, S., Livesey, F.J., Fisher, A.G., and Merkenschlager, M. (2006). 
A role for Dicer in immune regulation. J. Exp. Med. 203, 2519–2527.

Cobrinik, D. (2005). Pocket proteins and cell cycle control. Oncogene 24, 
2796–2809.

Costinean, S., Zanesi, N., Pekarsky, Y., Tili, E., Volinia, S., Heerema, N., and 
Croce, C.M. (2006). Pre-B cell proliferation and lymphoblastic leukemia/high-
grade lymphoma in E(mu)-miR155 transgenic mice. Proc. Natl. Acad. Sci. 
USA 103, 7024–7029.

de Yébenes, V.G., Belver, L., Pisano, D.G., Gopnzález, S., Villasante, A., Croce, 
C., He, L., and Ramiro, A.R. (2008). miR-181b negatively regulates activation-
induced cytidine deaminase in B cells. J. Exp. Med. 205, 2199–2206.

Di Noia, J.M., and Neuberger, M.S. (2007). Molecular mechanisms of antibody 
somatic hypermutation. Annu. Rev. Biochem. 76, 1–22.

Doench, J.G., and Sharp, P.A. (2004). Specificity of microRNA target selection 
in translational repression. Genes Dev. 18, 504–511.

Dorsett, Y., McBride, K.M., Jankovic, M., Gazumyan, A., Thai, T.H., Robbiani, 
D.F., Di Virgilio, M., San-Martin, B.R., Heidkamp, G., Schwickert, T.A., et al. 
(2008). MicroRNA-155 suppresses activation-induced cytidine deaminase-
mediated Myc-Igh translocation. Immunity 28, 630–638.

Field, S.J., Tsai, F.Y., Kuo, F., Zubiaga, A.M., Kaelin, W.G., Jr., Livingston, D.M., 
Orkin, S.H., and Greenberg, M.E. (1996). E2F-1 functions in mice to promote 
apoptosis and suppress proliferation. Cell 85, 549–561.

Fischer, A.M., Katayama, C.D., Pages, G., Pouyssegur, J., and Hedrick, S.M. 
(2005). The role of erk1 and erk2 in multiple stages of T cell development. 
Immunity 23, 431–443.

Gardner, P.P., and Vinther, J. (2008). Mutation of miRNA target sequences dur-
ing human evolution. Trends Genet. 24, 262–265.

Garzon, R., and Croce, C.M. (2008). MicroRNAs in normal and malignant he-
matopoiesis. Curr. Opin. Hematol. 15, 352–358.

Germain, R.N., and Stefanova, I. (1999). The dynamics of T cell receptor sig-
naling: complex orchestration and the key roles of tempo and cooperation. 
Annu. Rev. Immunol. 17, 467–522.

Grimson, A., Farh, K.K., Johnston, W.K., Garrett-Engele, P., Lim, L.P., and 
Bartel, D.P. (2007). MicroRNA targeting specificity in mammals: determinants 
beyond seed pairing. Mol. Cell 27, 91–105.

Haasnoot, J., de Vries, W., Geutjes, E.J., Prins, M., de Haan, P., and Berkhout, 
B. (2007). The Ebola virus VP35 protein is a suppressor of RNA silencing. 
PLoS Pathog. 3, e86.

Hayashita, Y., Osada, H., Tatematsu, Y., Yamada, H., Yanagisawa, K., Tomida, 
S., Yatabe, Y., Kawahara, K., Sekido, Y., and Takahashi, T. (2005). A polycis-
tronic microRNA cluster, miR-17-92, is overexpressed in human lung cancers 
and enhances cell proliferation. Cancer Res. 65, 9628–9632.

He, L., Thomson, J.M., Hemann, M.T., Hernando-Monge, E., Mu, D., Good-
son, S., Powers, S., Cordon-Cardo, C., Lowe, S.W., Hannon, G.J., and Ham-
mond, S.M. (2005). A microRNA polycistron as a potential human oncogene. 
Nature 435, 828–833.

Honjo, T., Muramatsu, M., and Fagarasan, S. (2004). AID: how does it aid 
34 Cell 136, January 9, 2009 ©2009 Elsevier Inc.
antibody diversity? Immunity 20, 659–668.

Huang, Q., Gumireddy, K., Schrier, M., le Sage, C., Nagel, R., Nair, S., Egan, 
D.A., Li, A., Huang, G., Klein-Szanto, A.J., et al. (2008). The microRNAs 
miR-373 and miR-520c promote tumour invasion and metastasis. Nat. Cell 
Biol. 10, 202–210.

Johnnidis, J.B., Harris, M.H., Wheeler, R.T., Stehling-Sun, S., Lam, M.H., Kirak, 
O., Brummelkamp, T.R., Fleming, M.D., and Camargo, F.D. (2008). Regulation 
of progenitor cell proliferation and granulocyte function by microRNA-223. 
Nature 451, 1125–1129.

Jopling, C.L., Yi, M., Lancaster, A.M., Lemon, S.M., and Sarnow, P. (2005). 
Modulation of hepatitis C virus RNA abundance by a liver-specific MicroRNA. 
Science 309, 1577–1581.

Jopling, C.L., Schutz, S., and Sarnow, P. (2008). Position-dependent function 
for a tandem microRNA miR-122-binding site located in the hepatitis C virus 
RNA genome. Cell Host Microbe 4, 77–85.

Karres, J.S., Hilgers, V., Carrera, I., Treisman, J., and Cohen, S.M. (2007). The 
conserved microRNA miR-8 tunes atrophin levels to prevent neurodegenera-
tion in Drosophila. Cell 131, 136–145.

Kent, O.A., and Mendell, J.T. (2006). A small piece in the cancer puzzle: mi-
croRNAs as tumor suppressors and oncogenes. Oncogene 25, 6188–6196.

Kim, D.H., Saetrom, P., Snøve, O., Jr., and Rossi, J.J. (2008). MicroRNA-di-
rected transcriptional gene silencing in mammalian cells. Proc. Natl. Acad. 
Sci. USA 105, 16230–16235.

Kim, V.N. (2005). MicroRNA biogenesis: coordinated cropping and dicing. 
Nat. Rev. Mol. Cell Biol. 6, 376–385.

Koralov, S.B., Muljo, S.A., Galler, G.R., Krek, A., Chakraborty, T., Kanellopou-
lou, C., Jensen, K., Cobb, B.S., Merkenschlager, M., Rajewsky, N., and Ra-
jewsky, K. (2008). Dicer ablation affects antibody diversity and cell survival in 
the B lymphocyte lineage. Cell, in press.

Krek, A., Grun, D., Poy, M.N., Wolf, R., Rosenberg, L., Epstein, E.J., MacMe-
namin, P., da Piedade, I., Gunsalus, K.C., Stoffel, M., and Rajewsky, N. (2005). 
Combinatorial microRNA target predictions. Nat. Genet. 37, 495–500.

Landgraf, P., Rusu, M., Sheridan, R., Sewer, A., Iovino, N., Aravin, A., Pfef-
fer, S., Rice, A., Kamphorst, A.O., Landthaler, M., et al. (2007). A mammalian 
microRNA expression atlas based on small RNA library sequencing. Cell 129, 
1401–1414.

Lecellier, C.H., Dunoyer, P., Arar, K., Lehmann-Che, J., Eyquem, S., Himber, 
C., Saib, A., and Voinnet, O. (2005). A cellular microRNA mediates antiviral 
defense in human cells. Science 308, 557–560.

Lee, R.C., Feinbaum, R.L., and Ambros, V. (1993). The C. elegans hetero-
chronic gene lin-4 encodes small RNAs with antisense complementarity to 
lin-14. Cell 75, 843–854.

Lewis, B.P., Burge, C.B., and Bartel, D.P. (2005). Conserved seed pairing, 
often flanked by adenosines, indicates that thousands of human genes are 
microRNA targets. Cell 120, 15–20.

Li, Q.J., Chau, J., Ebert, P.J., Sylvester, G., Min, H., Liu, G., Braich, R., Mano-
haran, M., Soutschek, J., Skare, P., et al. (2007). miR-181a Is an Intrinsic Mod-
ulator of T Cell Sensitivity and Selection. Cell 129, 147–161.

Liston, A., Lu, L.F., O’Carroll, D., Tarakhovsky, A., and Rudensky, A.Y. (2008). 
Dicer-dependent microRNA pathway safeguards regulatory T cell function. J. 
Exp. Med. 205, 1993–2004.

Lu, J., Getz, G., Miska, E.A., Alvarez-Saavedra, E., Lamb, J., Peck, D., Sweet-
Cordero, A., Ebert, B.L., Mak, R.H., Ferrando, A.A., et al. (2005). MicroRNA 
expression profiles classify human cancers. Nature 435, 834–838.

Lu, J., Shen, Y., Wu, Q., Kumar, S., He, B., Shi, S., Carthew, R.W., Wang, S.M., 
and Wu, C.I. (2008). The birth and death of microRNA genes in Drosophila. 
Nat. Genet. 40, 351–355.

Lu, Y., Thomson, J.M., Wong, H.Y., Hammond, S.M., and Hogan, B.L. (2007). 
Transgenic over-expression of the microRNA miR-17-92 cluster promotes 
proliferation and inhibits differentiation of lung epithelial progenitor cells. Dev. 



Biol. 310, 442–453.

Ma, L., Teruya-Feldstein, J., and Weinberg, R.A. (2007). Tumour invasion 
and metastasis initiated by microRNA-10b in breast cancer. Nature 449, 
682–688.

Manning, B.D., and Cantley, L.C. (2007). AKT/PKB signaling: navigating 
downstream. Cell 129, 1261–1274.

Massague, J. (2004). G1 cell-cycle control and cancer. Nature 432, 298–306.

Merkerova, M., Belickova, M., and Bruchova, H. (2008). Differential expression 
of microRNAs in hematopoietic cell lineages. Eur. J. Haematol. 81, 304–310.

Monticelli, S., Ansel, K.M., Xiao, C., Socci, N.D., Krichevsky, A.M., Thai, T.H., 
Rajewsky, N., Marks, D.S., Sander, C., Rajewsky, K., et al. (2005). MicroRNA 
profiling of the murine hematopoietic system. Genome Biol. 6, R71.

Muljo, S.A., Ansel, K.M., Kanellopoulou, C., Livingston, D.M., Rao, A., and 
Rajewsky, K. (2005). Aberrant T cell differentiation in the absence of Dicer. J. 
Exp. Med. 202, 261–269.

Muramatsu, M., Kinoshita, K., Fagarasan, S., Yamada, S., Shinkai, Y., and 
Honjo, T. (2000). Class switch recombination and hypermutation require ac-
tivation-induced cytidine deaminase (AID), a potential RNA editing enzyme. 
Cell 102, 553–563.

Murga, M., Fernandez-Capetillo, O., Field, S.J., Moreno, B., Borlado, L.R., Fu-
jiwara, Y., Balomenos, D., Vicario, A., Carrera, A.C., Orkin, S.H., et al. (2001). 
Mutation of E2F2 in mice causes enhanced T lymphocyte proliferation, lead-
ing to the development of autoimmunity. Immunity 15, 959–970.

Neilson, J.R., Zheng, G.X., Burge, C.B., and Sharp, P.A. (2007). Dynamic regu-
lation of miRNA expression in ordered stages of cellular development. Genes 
Dev. 21, 578–589.

Niwa, R., and Slack, F.J. (2007). The evolution of animal microRNA function. 
Curr. Opin. Genet. Dev. 17, 145–150.

O’Carroll, D., Mecklenbrauker, I., Das, P.P., Santana, A., Koenig, U., Enright, 
A.J., Miska, E.A., and Tarakhovsky, A. (2007). A Slicer-independent role for 
Argonaute 2 in hematopoiesis and the microRNA pathway. Genes Dev. 21, 
1999–2004.

O’Connell, R.M., Taganov, K.D., Boldin, M.P., Cheng, G., and Baltimore, D. 
(2007). MicroRNA-155 is induced during the macrophage inflammatory re-
sponse. Proc. Natl. Acad. Sci. USA 104, 1604–1609.

O’Connell, R.M., Rao, D.S., Chaudhuri, A.A., Boldin, M.P., Taganov, K.D., Ni-
coll, J., Paquette, R.L., and Baltimore, D. (2008). Sustained expression of mi-
croRNA-155 in hematopoietic stem cells causes a myeloproliferative disorder. 
J. Exp. Med. 205, 585–594.

O’Donnell, K.A., Wentzel, E.A., Zeller, K.I., Dang, C.V., and Mendell, J.T. 
(2005). c-Myc-regulated microRNAs modulate E2F1 expression. Nature 435, 
839–843.

Ota, A., Tagawa, H., Karnan, S., Tsuzuki, S., Karpas, A., Kira, S., Yoshida, 
Y., and Seto, M. (2004). Identification and characterization of a novel gene, 
C13orf25, as a target for 13q31-q32 amplification in malignant lymphoma. 
Cancer Res. 64, 3087–3095.

Owens, D.M., and Keyse, S.M. (2007). Differential regulation of MAP ki-
nase signalling by dual-specificity protein phosphatases. Oncogene 26, 
3203–3213.

Petrocca, F., Visone, R., Onelli, M.R., Shah, M.H., Nicoloso, M.S., de Martino, 
I., Iliopoulos, D., Pilozzi, E., Liu, C.G., Negrini, M., et al. (2008). E2F1-regulat-
ed microRNAs impair TGFbeta-dependent cell-cycle arrest and apoptosis in 
gastric cancer. Cancer Cell 13, 272–286.

Ramachandran, V., and Chen, X. (2008). Degradation of microRNAs by a fam-
ily of exoribonucleases in Arabidopsis. Science 321, 1490–1492.

Ramiro, A.R., Jankovic, M., Eisenreich, T., Difilippantonio, S., Chen-Kiang, S., 
Muramatsu, M., Honjo, T., Nussenzweig, A., and Nussenzweig, M.C. (2004). 
AID is required for c-myc/IgH chromosome translocations in vivo. Cell 118, 
431–438.
Rodriguez, A., Griffiths-Jones, S., Ashurst, J.L., and Bradley, A. (2004). Identi-
fication of mammalian microRNA host genes and transcription units. Genome 
Res. 14, 1902–1910.

Rodriguez, A., Vigorito, E., Clare, S., Warren, M.V., Couttet, P., Soond, D.R., van 
Dongen, S., Grocock, R.J., Das, P.P., Miska, E.A., et al. (2007). Requirement of 
bic/microRNA-155 for normal immune function. Science 316, 608–611.

Santarosa, M., and Ashworth, A. (2004). Haploinsufficiency for tumour sup-
pressor genes: when you don’t need to go all the way. Biochim. Biophys. Acta 
1654, 105–122.

Santiago-Raber, M.L., Lawson, B.R., Dummer, W., Barnhouse, M., Koun-
douris, S., Wilson, C.B., Kono, D.H., and Theofilopoulos, A.N. (2001). Role 
of cyclin kinase inhibitor p21 in systemic autoimmunity. J. Immunol. 167, 
4067–4074.

Scaria, V., Hariharan, M., Maiti, S., Pillai, B., and Brahmachari, S.K. (2006). 
Host-virus interaction: a new role for microRNAs. Retrovirology 3, 68.

Seidman, J.G., and Seidman, C. (2002). Transcription factor haploinsufficien-
cy: when half a loaf is not enough. J. Clin. Invest. 109, 451–455.

Selbach, M., Schwanhausser, B., Thierfelder, N., Fang, Z., Khanin, R., and 
Rajewsky, N. (2008). Widespread changes in protein synthesis induced by 
microRNAs. Nature 455, 58–63.

Smilenov, L.B. (2006). Tumor development: haploinsufficiency and local net-
work assembly. Cancer Lett. 240, 17–28.

Stern-Ginossar, N., Elefant, N., Zimmermann, A., Wolf, D.G., Saleh, N., Biton, 
M., Horwitz, E., Prokocimer, Z., Prichard, M., Hahn, G., et al. (2007). Host im-
mune system gene targeting by a viral miRNA. Science 317, 376–381.

Stern-Ginossar, N., Gur, C., Biton, M., Horwitz, E., Elboim, M., Stanietsky, 
N., Mandelboim, M., and Mandelboim, O. (2008). Human microRNAs regulate 
stress-induced immune responses mediated by the receptor NKG2D. Nat. 
Immunol. 9, 1065–1073.

Sullivan, C.S. (2008). New roles for large and small viral RNAs in evading host 
defences. Nat. Rev. Genet. 9, 503–507.

Sullivan, C.S., Grundhoff, A.T., Tevethia, S., Pipas, J.M., and Ganem, D. 
(2005). SV40-encoded microRNAs regulate viral gene expression and reduce 
susceptibility to cytotoxic T cells. Nature 435, 682–686.

Sylvestre, Y., De Guire, V., Querido, E., Mukhopadhyay, U.K., Bourdeau, V., 
Major, F., Ferbeyre, G., and Chartrand, P. (2007). An E2F/miR-20a autoregula-
tory feedback loop. J. Biol. Chem. 282, 2135–2143.

Taganov, K.D., Boldin, M.P., Chang, K.J., and Baltimore, D. (2006). NF-kap-
paB-dependent induction of microRNA miR-146, an inhibitor targeted to sig-
naling proteins of innate immune responses. Proc. Natl. Acad. Sci. USA 103, 
12481–12486.

Tagawa, H., and Seto, M. (2005). A microRNA cluster as a target of genomic 
amplification in malignant lymphoma. Leukemia 19, 2013–2016.

Tanzer, A., and Stadler, P.F. (2004). Molecular evolution of a microRNA cluster. 
J. Mol. Biol. 339, 327–335.

Tanzola, M.B., and Kersh, G.J. (2006). The dual specificity phosphatase tran-
scriptome of the murine thymus. Mol. Immunol. 43, 754–762.

Tavazoie, S.F., Alarcon, C., Oskarsson, T., Padua, D., Wang, Q., Bos, P.D., 
Gerald, W.L., and Massague, J. (2008). Endogenous human microRNAs that 
suppress breast cancer metastasis. Nature 451, 147–152.

Teleman, A.A., Maitra, S., and Cohen, S.M. (2006). Drosophila lacking microR-
NA miR-278 are defective in energy homeostasis. Genes Dev. 20, 417–422.

Teng, G., Hakimpour, P., Landgraf, P., Rice, A., Tuschl, T., Casellas, R., and 
Papavasiliou, F.N. (2008). MicroRNA-155 is a negative regulator of activation-
induced cytidine deaminase. Immunity 28, 621–629.

Thai, T.H., Calado, D.P., Casola, S., Ansel, K.M., Xiao, C., Xue, Y., Murphy, 
A., Frendewey, D., Valenzuela, D., Kutok, J.L., et al. (2007). Regulation of the 
germinal center response by microRNA-155. Science 316, 604–608.
Cell 136, January 9, 2009 ©2009 Elsevier Inc. 35



Thomas, M.D., Kremer, C.S., Ravichandran, K.S., Rajewsky, K., and Bender, 
T.P. (2005). c-Myb is critical for B cell development and maintenance of fol-
licular B cells. Immunity 23, 275–286.

Tili, E., Michaille, J.-J., Cimino, A., Costinean, S., Dumitru, C.D., Adair, B., 
Fabbri, M., Alder, H., Liu, C.G., Calin, G.A., and Croce, C.M. (2007). Modu-
lation of miR-155 and miR-125b levels following lipopolysaccharide/TNF-a 
stimulation and their possible roles in regulating the response to endotoxic 
shock. J. Immunol. 179, 5082–5089.

Umbach, J.L., Kramer, M.F., Jurak, I., Karnowski, H.W., Coen, D.M., and Cul-
len, B.R. (2008). MicroRNAs expressed by herpes simplex virus 1 during latent 
infection regulate viral mRNAs. Nature 454, 780–783.

van Rooij, E., Sutherland, L.B., Qi, X., Richardson, J.A., Hill, J., and Olson, 
E.N. (2007). Control of stress-dependent cardiac growth and gene expression 
by a microRNA. Science 316, 575–579.

Varghese, J., and Cohen, S.M. (2007). microRNA miR-14 acts to modulate a 
positive autoregulatory loop controlling steroid hormone signaling in Droso-
phila. Genes Dev. 21, 2277–2282.

Vasudevan, S., Tong, Y., and Steitz, J.A. (2007). Switching from repression to 
activation: microRNAs can up-regulate translation. Science 318, 1931–1934.

Ventura, A., Young, A.G., Winslow, M.M., Lintault, L., Meissner, A., Erkeland, 
S.J., Newman, J., Bronson, R.T., Crowley, D., Stone, J.R., et al. (2008). Target-
ed deletion reveals essential and overlapping functions of the miR-17 through 
92 family of miRNA clusters. Cell 132, 875–886.

Verdel, A., Jia, S., Gerber, S., Sugiyama, T., Gygi, S., Grewal, S.I., and Moazed, 
D. (2004). RNAi-mediated targeting of heterochromatin by the RITS complex. 
Science 303, 672–676.

Vigorito, E., Perks, K.L., Abreu-Goodger, C., Bunting, S., Xiang, Z., Kohlhaas, 
S., Das, P.P., Miska, E.A., Rodriguez, A., Bradley, A., et al. (2007). microR-
NA-155 regulates the generation of immunoglobulin class-switched plasma 
cells. Immunity 27, 847–859.

Volpe, T.A., Kidner, C., Hall, I.M., Teng, G., Grewal, S.I., and Martienssen, 
R.A. (2002). Regulation of heterochromatic silencing and histone H3 lysine-9 
methylation by RNAi. Science 297, 1833–1837.

Wang, Q., Li, Y.C., Wang, J., Kong, J., Qi, Y., Quigg, R.J., and Li, X. (2008). 
miR-17-92 cluster accelerates adipocyte differentiation by negatively 
regulating tumor-suppressor Rb2/p130. Proc. Natl. Acad. Sci. USA 105, 
2889–2894.
36 Cell 136, January 9, 2009 ©2009 Elsevier Inc.
Wightman, B., Ha, I., and Ruvkun, G. (1993). Posttranscriptional regulation of the 
heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. el-
egans. Cell 75, 855–862.

Wu, H., Neilson, J.R., Kumar, P., Manocha, M., Shankar, P., Sharp, P.A., and Man-
junath, N. (2007). miRNA profiling of naive, effector and memory CD8 T cells. 
PLoS ONE 2, e1020.

Wu, J., Katrekar, A., Honigberg, L.A., Smith, A.M., Conn, M.T., Tang, J., Jeffery, 
D., Mortara, K., Sampang, J., Williams, S.R., et al. (2006). Identification of sub-
strates of human protein-tyrosine phosphatase PTPN22. J. Biol. Chem. 281, 
11002–11010.

Xiao, C., Calado, D.P., Galler, G., Thai, T.H., Patterson, H.C., Wang, J., Rajewsky, 
N., Bender, T.P., and Rajewsky, K. (2007). MiR-150 controls B cell differentiation 
by targeting the transcription factor c-Myb. Cell 131, 146–159.

Xiao, C., Srinivasan, L., Calado, D.P., Patterson, H.C., Zhang, B., Wang, J., Hen-
derson, J.M., Kutok, J.L., and Rajewsky, K. (2008). Lymphoproliferative disease 
and autoimmunity in mice with increased miR-17-92 expression in lymphocytes. 
Nat. Immunol. 9, 405–414.

Yamasaki, L., Jacks, T., Bronson, R., Goillot, E., Harlow, E., and Dyson, N.J. (1996). 
Tumor induction and tissue atrophy in mice lacking E2F-1. Cell 85, 537–548.

Yu, F., Yao, H., Zhu, P., Zhang, X., Pan, Q., Gong, C., Huang, Y., Hu, X., Su, F., 
Lieberman, J., and Song, E. (2007). let-7 regulates self renewal and tumorigenicity 
of breast cancer cells. Cell 131, 1109–1123.

Zhang, B., Pan, X., Cobb, G.P., and Anderson, T.A. (2007). microRNAs as onco-
genes and tumor suppressors. Dev. Biol. 302, 1–12.

Zhao, Y., Ransom, J.F., Li, A., Vedantham, V., von Drehle, M., Muth, A.N., Tsuchi-
hashi, T., McManus, M.T., Schwartz, R.J., and Srivastava, D. (2007). Dysregulation 
of cardiogenesis, cardiac conduction, and cell cycle in mice lacking miRNA-1-2. 
Cell 129, 303–317.

Zheng, Y., and Rudensky, A.Y. (2007). Foxp3 in control of the regulatory T cell 
lineage. Nat. Immunol. 8, 457–462.

Zhou, X., Jeker, L.T., Fife, B.T., Zhu, S., Anderson, M.S., McManus, M.T., and 
Bluestone, J.A. (2008). Selective miRNA disruption in T reg cells leads to uncon-
trolled autoimmunity. J. Exp. Med. 205, 1983–1991.

Zhu, J.W., Field, S.J., Gore, L., Thompson, M., Yang, H., Fujiwara, Y., Cardiff, R.D., 
Greenberg, M., Orkin, S.H., and DeGregori, J. (2001). E2F1 and E2F2 determine 
thresholds for antigen-induced T-cell proliferation and suppress tumorigenesis. 
Mol. Cell. Biol. 21, 8547–8564.


	MicroRNA Control in the Immune System:Basic Principles
	Introduction
	miRNAs Control Development and Responses of theImmune System
	Dose-Dependent Modulation of Key Targets by miRNAs
	Setting Signaling Thresholds by Modulating NegativeRegulators: miR-181
	Nonsynergistic Control of Distinct Regulatory Pathways:miR-155
	Cooperation and Redundancy of Coexpressed miRNAs:miR-17?92
	miRNAs Control Host-Virus Interactions
	miRNAs and Hematopoietic Malignancies

	Conclusions
	Acknowledgments
	References


