Cell. Mol. Life Sci. (2012) 69:3533-3541
DOI 10.1007/s00018-012-1124-0

Cellular and Molecular Life Sciences

MULTI-AUTHOR REVIEW

MicroRNA-29 in the adaptive immune system: setting

the threshold

Adrian Liston - Aikaterini S. Papadopoulou -
Dina Danso-Abeam -+ James Dooley

Received: 8 August 2012/Revised: 9 August 2012/ Accepted: 9 August 2012 /Published online: 13 September 2012

© Springer Basel AG 2012

Abstract Recent research into the role of microRNA
(miR) in the immune system has identified the miR-29
family as critical regulators of key processes in adaptive
immunity. The miR-29 family consists of four members
with shared regulatory capacity, namely miR-29a,
miR-29b-1, miR-29b-2 and miR-29c. Being expressed in
both T and B cells, as well as the main accessory cell types
of thymic epithelium and dendritic cells, the miR-29 family
has been identified as a putative regulator of immunity due
to the predicted suppression of key immunological path-
ways. The generation of a series of in vivo molecular tools
targeting the miR-29 family has identified the critical role of
these miR in setting the molecular threshold for three cen-
tral events in adaptive immunity: (1) control over thymic
production of T cells by modulating the threshold for
infection-associated thymic involution, (2) creating a neu-
tral threshold for T cell polarization following activation,
and (3) setting the threshold for B cell oncogenic transfor-
mation. These results identify the miR-29 family as potent
immune modulators which have already been exploited
through the evolution of a viral mimic and could potentially
be exploited further for therapeutic intervention.
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Introduction

MicroRNA (miR) are small noncoding RNA with the
capacity to interfere in the expression of protein-coding
mRNA. The regulation of mRNA by miR has a potent
effect on many cellular functions. Within the adaptive
immune system, several families of miR have been iden-
tified to be of elevated importance, due to functions in
regulating key immunological pathways [1]. Recent studies
have added the miR-29 family to the list of key miR in the
adaptive immune system. The miR-29 family consists of
four closely related members, miR-29a, miR-29b-1,
miR-29b-2 and miR-29¢c. Each member is characterized by
the same “seed region™ (positions two to eight of the 5’
end) and hence heavily overlap in their predicted mRNA
targeting. There are two bi-cistronic clusters of miR-29, the
miR-29a/b-1 cluster and the miR-29b-2/c cluster, which
have arisen by gene duplication [2, 3]. The miR-29a/b-1
cluster is located on the antisense strand of chromosome 7
of the human genome and chromosome 6 of the mouse
genome, while the miR-29b-2/c cluster is located on the
antisense strand of the human genome and the sense strand
of the mouse genome, and on chromosome 1 in both spe-
cies. The mature sequences of miR-29b-1 and miR-29b-2
are identical, while miR-29a and miR-29c are more dis-
tantly removed from miR-29b and are distinguished from
each other by a difference in only a single nucleotide
outside the seed sequence [4, 5]. Despite similar sequences,
the miR have different subcellular compartmentalization,
as miR-29a is mainly cytoplasmic, while miR-29b and
miR-29c¢ are concentrated in the nucleus [3, 6]. In the case
of miR-29b the nuclear localization is due to a hexanu-
cleotide motif in the 3’ end, allowing shuttling via CRM 1
[2, 3, 7]. The mature human and mouse miR-29 sequences
are identical, but the regulation of mRNA by miR-29 may
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vary across species based on expression patterns and the
presence of the anti-sense seed in the target mRNA [8, 9].

Expression and regulation of the miR-29 family

The miR-29 family shows broad expression, being ubig-
uitously detected at the organ level in both humans [10]
and mice [11, 12]. The highest expression at the organ level
in humans is in the brain and heart [13], and in mice in the
brain [11, 14]. In the adaptive immune system, the miR-29
family is highly expressed in both T cells and B cells,
although relative subset expression still needs to be eluci-
dated, as well as the key accessory cell types of dendritic
cells and thymic epithelial cells [5, 15]. The transcription
factor binding sites in the promoters of the miR-29 genes
driving this gene expression pattern are conserved between
human and mouse, suggesting an explanation for the cross-
species expression concordance [2, 8, 9, 16]. There are
binding sites for the transcription factor Myc in the pro-
moter region of both clusters [2]. Eyholzer et al. [17]
describe the regulation of miR-29a/b-1 expression through
CEBPA and Mott et al. [16] reported and confirmed the
binding sites for c-Myc and further identified a Gli binding
site, involved in hedgehog signaling, as well as multiple
NF-xB sites. The miR-29a/b-1 promoter region also
includes two binding sites for TCF/LEF, factors involved
in canonical Wnt signaling [18]. In the upstream region of
the miR-29b-2/c cluster, there are binding sites for the YY1
transcription factor controlled by the activation of NF-xB
[8]. Different splice variants have been reported for the two
miR-29 primary transcripts, but the control mechanisms,
expression patterns and biological effects remain unclear
[2, 16].

Differences between the promoter regulation of the
miR-29a/b-1 and miR-29b-2/c clusters may be responsible
for the inconsistent ratio of miR-29a, miR-29b and
miR-29¢ expression across tissues [13]. However, miR-29
is also regulated in a post-transcriptional manner. A study
by Hwang et al. in HeLa cells demonstrated that while
the clusters of miR-29a/b-1 and miR-29b-2/c are cotran-
scribed, the mature miR show differential expression.
MiR-29a was found to be present in all stages of the cell
cycle, while miR-29b was detected at high levels only
during mitosis and was characterized by rapid decay in all
other stages; by contrast mature miR-29¢ was not detected
[3]. Zhang et al. used a pulse-chase experiment to accu-
rately measure the turnover rate of miR. This study showed
that the uracils that miR-29b possesses in its 9—-11 nucle-
otide positions are responsible for its observed short life-
span, and that the differences between miR-29a and
miR-29c¢ result in the relatively quicker decay of miR-29¢c
[19]. The stable expression levels of miR-29a, miR-29b
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and miR-29c in individual cell types is therefore likely to
depend on the expression of the two clusters, alternative
splicing of primary RNA and differential decay, all factors
which may vary in a cell-specific manner.

Biological functions of the miR-29a family

Based on seed sequence prediction, the miR-29 family has
up to 6,000 predicted targets, largely overlapping between
the different members [20]. While only about 50 of the
predicted targets have been experimentally validated,
analysis of the preliminary list suggests a number of pro-
cesses in which the miR-29 family may be important. A list
of about 1,000 predicted targets with a high degree of
conservation indicates that the miR-29 family is likely to
have a significant impact on three gene networks: (1) cel-
lular processes and connective tissues, (2) nervous and
cardiovascular systems, and (3) cancer and hematological
function (Table 1). The unsupervised association with
connective tissue disorder has been experimentally dem-
onstrated, with predicted targets validated from within both
constituent proteins (elastin, fibrillin, fibrinogen and per-
oxidasin) [12, 21-28] and extracellular matrix-modifying
enzymes (ADAMI12, BMP1 and MMP2) [29, 30]. Fur-
thermore, reduced miR-29 expression is associated with
fibrosis [12, 24, 31] and forced expression protects against
fibrosis [32]. The role of the miR-29 family in the nervous
and cardiovascular systems is under-investigated, but it is
notable that the brain and heart are the tissues with the
highest expression of miR-29, and several key neurological
genes, including BACE-1 [33], Arpc3 [34] and PGRN [35],
have been validated as direct targets. The third network,
cancer and hematological function, is the most relevant to
this review, as it suggests the potential for enrichment of
immunological pathway genes. Indeed, when canonical
signaling pathways are tested for enrichment of predicted
miR-29 target genes, of the ten pathways with the most
significant enrichment for predicted targets, five have a
critical role in the adaptive immune system (Table 2).
While the miR-29 family is highly expressed in adaptive
immune cells, and predicted miR-29 target genes cluster
within key signaling pathways of the adaptive immune
system, the physiological role of any miR depends not just
on molecular capacity to inhibit, but also on the coex-
pression of miR and the mRNA target, the biological
relevance of the inhibition degree and any network effects
which may neutralize or exacerbate individual effects. A
key step in understanding the effects of the miR-29 family
has thus been the development of multiple in vivo molec-
ular tools to access gain-of-function or loss-of-function in
mouse models. Gain-of-function models have been devel-
oped where miR-29 family members are overexpressed,
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Table 1 Biological pathways enriched for predicted miR-29 family targets

Network Predicted miR-29 targets within network
Cellular processes and ADAM19, ADAMTS2, ADAMTSS, AGTR2, AHR, AKT3, ANK3, ARNT, BAK1, BBC3, BCL11A,
connective tissues BTG2, CAMKK2, CCND2, CDK6, COL15A1, COL16A1, COL1A2, COL1A1,COL2A1, COL3Al,

COL4A1, COL4A3, COL4A2, COL5A1, COL5A2, COL6A3, COL7A1, CX3CL1, DICERI,
DNMT3A, DNMT3B, DUSP2, FKBP4, FOS, FOX03, FOX04, FSTL1, G6PC, GAB1, GLIS2,
GSK3B, HIF3A, HIP1, HMGCR, ICOS, IGF1, ILIRAP, IRS1, ITGB1, JARID2, KDMS5A, LEP, LIF,
LOX, LPL, LRP6, MAP2K4, MAPK10, MCL1, MMP2, MSTN, MYBL2, MYCN, NCOA3, NFATC4,
PDGFA, PDGFB, PDGFRB, PIK3R1, PMP22, POU2F2, PPARD, PPM1D, PRKGI, PTEN, PTX3,
SERPINHI, SOCS7, SP1, SPARC, TBX21, TFEC, TNFRSF1A, TP53INP1, TPM1, TRAF3, TRIM63,
VCL, VEGFA, WISP1, YWHAE, YY1, ZFP36

Nervous and cardiovascular ADCYAPIRI1, AHR, ATPIBI1, BDHI, CCDC88A, CNOT6, COL11A1, COL9A1, CSPG4, DDX3X,
systems DPYSLS5, E2F7, ELN, ENHO, EPHB3, ERCC6, FBN2, FRAS1, FREM1, GAS7, GNG2, GRIP1,
HEXA, HSPG2, IREB2, ISLR2, KCTD20, KIF3B, KLF4, LAMCI, LARP4, MAP2K4, MAP2K6,
MATIA, MCF2L, NFIB, NPAS3, NRAS, PER1, PER3, PGAPI, PIK3R3, PURA, QKI, RAB12,
RAB30, RARB, RORA, RPS6KA3, SH3RF3, SHB, SLC1A2, STMN2, STX16, SYNCRIP, TIAM1,
TNFAIP1, TRAF4, TRIB2, TSPAN4, TUBB2A, VAMP3, VPS26B, ZFX

Cancer, hematological function AKAPI13, ANTXR2, ARPP19, ASIC1, ATP7A, BAK, BMP1, BMPR1A, CCDC80, CDC42BPA, CDC7,
CLDNI, COL6A2, CYP21A2, DIABLO, DNAJB2, DOTIL, DPP4, DTX4, EIF2S2, ELF2, ELL2,
EN1, ETV6, FERMT2, FGA, FRMD4A, GPCPD1, HAPLN1, HTR7, IFI30, IFNAR?2, IGF1, ITGA11,
KCNMAI, KDM6B, KPNA1, LIF, LOX, MARK3, MOG, NCOR2, NFATC3, OXTR, PDGFC,
PITPNA, PLP1, PPIC, PPP1R13B, PRELP, PRKRA, PTHLH, REST, REV3L, SCMH1, SCN3B,
SGK1, SYT7, TGFB2, TLL1, TSC22D3, ZNF346

IPA (Ingenuity® Systems, http://www.ingenuity.com) was used to analyze 919 mRNA with a predicted conserved binding site for miR-29
(TargetScan) to detect disproportionate representation of target genes within biological networks. The three most enriched networks and the
predicted miR-29 targets within these networks are shown.

Table 2 Canonical signaling pathways enriched for predicted miR-29 family targets

Canonical pathway p value Enrichment Predicted targets

April signaling 0.0004 8/40 (20 %) MAP2K4, FOS, TRAF3, NFAT5, NFATC3, MAPK10, NFATC4,
ELK1,

IL-6 signaling 0.0004 15/118 (13 %) MAP2K4, MAP2K6, NRAS, TNFRSF1A, PIK3R1, MAP4K4,

VEGFA, PIK3R3, FOS, COL1A1, MAPK10, AKT3, ELKI,
IL1RAP, MCL1

BAFF signaling 0.0005 8/42 (19 %) MAP2K4, FOS, TRAF3, NFATS, NFATC3, MAPK10, NFATC4,
ELK1

Glioma signaling 0.0005 13/102 (13 %) NRAS, CAMKI1D, PDGFA, PIK3R1 CDK6, PDGFC, PDGFB,
PTEN, PIK3R3, IGF1, AKT3, PDGFRB, CAMK2G

Axonal guidance signaling 0.0006 33/398 (8 %) DPYSL2, NFATC3, PDGFA, PIK3R1 ROBO1 PDGFC, TUBB2B,

VEGFA, NFATS, IGF1, PLXNA1, EFNAS, BAIAP2, ADAMI9,
AKT3, SRGAP2, GSK3B, GNG12, BMP1, EFNA2, ITGBI,
NRAS, EPHAI, TUBB2A, DPYSLS, NFATC4, PDGFB, PIK3R3,
GLIS2, ADAM12, EPHB3, FZD5, GNG2

TR/RXR activation 0.0006 12/87 (14 %) PIK3R3, COL6A3, PIK3R1, SLC16A2, AKT3, NCOA4, SYT2,
G6PC, NCOR2, FGA, DIO2, NCOA3

BCR signaling 0.001 16/143 (11 %) MAP2K4, MAP2K6, NRAS, POU2F2, NFATC3, PIK3R1, NFATC4,
CREBS, PTEN, PIK3R3, NFATS5, GAB1, AKT3, GSK3B, ELKI,
CAMK2G

Intrinsic prothrombin 0.002 6/29 (21 %) COL1A2, COL1A1, COL5A3, COL2A1, FGA, COL3A1

activation pathway

PDGF signaling 0.002 10/72 (14 %) MAP2K4.PIK3R3.FOS.NRAS.PDGFA.
PIK3R1.ELK1.PDGFC.PDGFB.PDGFRB

Estrogen-dependent breast 0.002 9/62 (15 %) PIK3R3, FOS, NRAS, IGF1, SP1, PIK3R1, AKT3, CREBS, ELK1

cancer signaling

IPA (Ingenuity® Systems, http:/www.ingenuity.com) was used to analyze 919 mRNA with a predicted conserved binding site for miR-29
(TargetScan) to detect disproportionate representation of target genes within canonical signaling pathways. The ten most significantly enriched
canonical pathways, p value of enrichment, representation of miR-29 targets within the pathway and the list of predicted targets are shown.
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through a transgenic model, such as the B cell-specific
overexpression of the miR-29a/b-1 cluster under the VH
promoter-IgH-Eu enhancer [25], a viral transfection model,
such as the retroviral transfection of bone-marrow stem
cells with miR-29a [36] or sleeping beauty-mediated
transfection of lung epithelium [32], or systemic delivery
of miR-29a [37]. Loss-of-function models have been
developed as classical knockout mice of the miR-29a/b-1
cluster [15], a Cre-Lox-inducible knockout of the miR-29a/
b-1 cluster [38] or the expression of a miR-29 “sponge”
sequence (either by transgene or lentivirus), capable of
acting as a decoy to preserve the expression of bona fide
miR-29 targets [39]. These in vivo tools have allowed the
discovery of three key roles of the miR-29 family in the
adaptive immune system: setting the threshold in thymic
involution, helper T cell differentiation and lymphocyte
oncogenesis.

Setting the threshold for thymic involution

Analysis of miR-29a/b-1-deficient mice indicates that miR-
29a/b-1 are not essential for the T cell-intrinsic differen-
tiation pathways, with lineage commitment, f-selection
and positive selection all intact in knockout mice [15].
Nevertheless, miR-29a/b-1 does have a critical function in
supporting T cell production in a T cell-extrinsic manner,
namely a function in preventing inappropriate thymic
atrophy.

While the thymus is essential for T cell differentiation
and the production of a normal peripheral T cell repertoire,
constitutive function is not required. Atrophy of the thy-
mus, termed thymic involution, results in a >90 %
reduction in thymus size and a corresponding reduction in
T cell generation. There are multiple triggers for thymic
involution, including infection, age, pregnancy and stress,
and no consensus on whether the physiological function is
primarily immunological (i.e., to halt T cell differentiation)
or metabolic (i.e., to shut down a metabolically expensive
process [40-42]. Despite this, the molecular mechanisms
that underpin thymic involution are becoming increasingly
well defined [43]. One of the key mechanisms by which
thymic involution is driven during infection is through type
I interferons (IFNa and IFNJ) produced by the pathogen-
sensing pathway.

During an infection, type I IFN is produced in response
to pathogen-associated molecular patterns (PAMPs), via
several discrete pathways including the Toll-like receptor
(TLR) family, the nucleotide-oligomerization domain
(NOD)-like receptors and the retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs). Following production, type
I IFN signaling occurs through a common heterodimeric
receptor, known as the IFNa/f receptor (IFNAR), which is
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expressed by nearly all cell types. Binding to IFNAR
activates the Jak/Stat pathway, leading to the induction of
interferon response factors (IRFs), which protect the cell
against infection [44]. In addition to the system-wide anti-
infection function, the type I IFN pathway has been
coopted by the thymus as the trigger for thymic involution.
Thymic epithelial cells detect type I IFN produced during
an infection, and drive a coordinated process of thymic
involution, keeping thymic size and function at a minimum
until the infection resolves [15, 45].

Utilization of the type I IFN pathway allows the thymic
epithelium to respond to infections by minimizing thymic
function, either to prevent the creation of immunological
tolerance against the infectious organism or to divert
metabolic responses from development to immunity [46].
However, the exploitation of an evolutionarily conserved
pathway creates the potential issue of perpetual thymic
involution. Epithelial cells outside the thymus are exqui-
sitely sensitive to type I IFN allowing rapid protection
against infection. However, the thymus produces a basal
level of IFNo independent of infection, which is thought to
be important for T cell differentiation [47]. Furthermore,
commensal bacteria can trigger low levels of type I IFN.
Thus, thymic epithelial cells are under opposing forces to
ensure rapid involution during a high-risk infection, while
“ignoring” the basal production of type I IFN. The
mechanism for tuning type I IFN signaling in thymic epi-
thelial cells is set by miR-29a/b-1 expression, which
inhibits the production of IFNARI [15]. Through the
expression of miR-29a/b-1, sensitivity to type I IFN is
reduced in the thymus to the point where involution does
not occur in response to baseline or commensal production,
but the capacity to appropriately respond to major infec-
tions is maintained (Fig. 1). When miR-29a/b-1 is deleted
in thymic epithelial cells, IFNAR expression and signaling
is increased to the point where the thymus undergoes
chronic involution, preventing the future production of T
cells [15]. Notably, loss of the entire miR network through
Dicer deletion in thymic epithelial cells phenocopies
miR-29a/b-1, indicating that miR-29a/b-1 is the dominant
miR in this pathway [15].

Setting the threshold for T cell polarization

Following T cell maturation, the miR-29 family has a
critical T cell-intrinsic function in setting the threshold for
polarization into different effector T cell fates. Upon CD4
T cell activation, the lineage fate decision is critical to
determine the function of the activated T cell, with one of
the most fundamental decisions being between the fates of
Thl cellular immunity, with strong IFNy production,
or Th2 humoral immunity, with strong IL-4 production.
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Fig. 1 Setting the threshold of
thymic involution. a Epithelial
cells outside the thymus
maintain a high sensitivity to
type I IFN, responding to minor
and major infections and
changes in commensal
microflora. Replicated in the
thymus this would result in
chronic thymic involution,

>

Type I IFN serum levels
%

preventing normal T cell
production. b To establish a
level of sensitivity appropriate
for thymic involution, thymic

baseline epithelial sensitivity

epithelial cells express miR-
29a/b-1, reducing sensitivity to
type I IFN. This elevates the B
threshold for thymic involution
to the point where major
infectious events can trigger
involution, but normal function
is maintained throughout minor
infectious events and changes in

Time

thymic epithelial sensitivity

commensal microflora

|

Type I IEN serum levels

The balance of IFNy production is of particular importance,
due to the role of IFNy in stabilizing Thl and inhibiting
Th2 differentiation [48], and directly increasing resistance
against intracellular infections during cellular immunity
[49]. MiR play a critical role in this cell fate decision, as
Dicer-deficient T cells show an innate polarization towards
IFENy-producing Thl cells in vitro [50]. Surprisingly, this
innate polarization is reversed in vivo, where Dicer-defi-
cient T cells show reduced entry into the IFNy-producing
Thl lineage [51]. Nevertheless, individual miR can have
effects opposite to the network as a whole.

In a recent study, Steiner et al. used an innovative
genetic strategy to determine the miR responsible for the
Thl polarization in miR-deficient T cells in vitro. This
study used a miR replacement approach, starting with
DGCRS8™~ miR-deficient CD4 T cells (with the same
innate in vitro polarization to the Thl lineage as Dicer-
deficient cells) and screening pools of miR for the capacity
to restore the miR-deficient phenotype back to the wild-
type phenotype [52]. This screen identified miR-29a and
miR-29b as capable of correcting the Thl bias of
DGCRS8™~ miR-deficient CD4 T cells, thus identifying the
miR-29 family as critical suppressors of the Thl cell fate.
A concurrent study assessed the role of the miR-29 family
in vivo, through the transgenic expression of a miR-29
“sponge” sequence. Building on the in vitro results, these

Time

mice, with a loss of miR-29-dependent inhibition, showed
a large increase in the number of Thl cells and IFNy
production [39]. The miR-29 family likely suppresses entry
into the Th1 fate by regulating several key targets. Steiner
et al. [52] identified T-bet and Eomes as validated direct
targets of miR-29. Ma et al. [39], by contrast, did not see
increased T-bet and Eomes, and instead demonstrated that
IFNy is a direct target of the miR-29 family. It is likely that
miR-29 suppresses the Thl fate by targeting all three
genes—IFNy, T-bet and Eomes—and that enhanced
expression of T-bet and Eomes largely functions to
reduce the threshold of Thl induction, with expression
levels normalized following polarization by feedback
mechanisms.

Together, these two studies suggest three functions of
miR-29a/b in mature T cells. Firstly, the expression of
miR-29a/b in mature CD4 T cells is critical for setting the
threshold for the Th1/Th2 cell fate decision. In the pres-
ence of miR-29a/b, the cell fate decision is finely balanced,
allowing microenvironmental influences to determine the
effector cell type produced, while in the absence of
miR-29a/b, the cell fate decision is skewed towards the
Thl lineage (Fig.2). Secondly, downregulation of
miR-29a/b following exposure to intracellular bacteria
removes this counterbalancing force and initiates a positive
feedback loop of enhanced IFNy production and increased
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Fig. 2 Setting the threshold for —
Thl polarization. a Through the
expression of miR-29a/b, T cells
are finely balanced in the
Th1-Th2 cell fate decision. This
fine balance allows external
microenvironmental factors to
influence the cell fate decision,
allowing the adaptive immune

response to be highly responsive
to the context of infection. b In
the absence of miR-29a/b, IFN7y,
Eomes and T-bet are
derepressed, allowing stochastic
effects to drive the cell fate T
decision towards the Thl fate. B
This induction of a strong

default reduces the capacity of

the undifferentiated T cell to

respond to appropriate
microenvironmental cues,

resulting in a less context-

dependent immune response

} response to Ty; 2 cues

Influence of Tyl ch/

TIFNy
1 Eomes
1 T-bet

resistance to infection [39]. Thirdly, miR-29a/b likely plays
a similar role in the CD8 T cell and NK cell lineages, as
both of these cell types reduce miR-29a/b following
exposure to intracellular bacteria and have enhanced IFNy
production in miR-29 “sponge” mice [39].

Setting the threshold for lymphoid oncogenesis

The miR-29 family has important functions in B cells, as
suggested by the significant enrichment of B cell signaling
pathways among miR-29 targets (Table 2). Unlike the
other cellular lineages of the adaptive immune system, no
obvious phenotype has yet been observed for B cells in
miR-29-deficient mice [15, 39]. By contrast, an important
phenotype in the B cell lineage has been observed in cases
where the miR-29 family is overexpressed—the onset of
oncogenesis.

MiR-29a is upregulated in aggressive B cell chronic
lymphocytic leukemia (B-CLL), and further upregulated in
indolent B-CLL [25], compared to nontransformed B cells.
This upregulation is likely to be a key event in transforma-
tion, as transgenic mice overexpressing miR-29a/b-1 in B
cells show an expansion of CD5TCD19"IgM™ B cells that is
similar to the findings in indolent B-CLL [25]. In a fasci-
nating “natural experiment” of ectopic expression, the
bovine leukemia virus, which causes a B-CLL-like leuke-
mia, expresses a viral miR, BLV-miR-B4, with an identical
seed region to the miR-29 family [53]. While these
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overexpression events both suggest an oncogenic function
for miR-29 in B cells, Tcll, an important oncogene in
aggressive B-CLL, is a direct target of miR-29, which would
be more consistent with a tumor suppressor function of miR-
29 [54]. Indeed, miR-29 downregulation is a poor prognostic
marker in aggressive B-CLL [55], although notably this level
of expression is still higher than that of normal B cells [25].

The seemingly paradoxical association of elevated
expression with both tumor formation and nonaggressive
growth indicates the complex nature of the miR-29 family
in B cell oncogenesis. One plausible explanation lies in the
high levels of expression of miR-29a in hematopoietic stem
cells. Elevated expression in mature B cells may thus
replicate the hematopoietic stem cell phenotype; indeed,
ectopic expression can promote a stem cell-like prolifera-
tive and self-renewal capacity [36]. The initiation of a stem
cell-like program would act as an oncogenic event, but the
controlled proliferative nature of stem cells would result in
a nonaggressive tumor, such as indolent B-CLL. Alterna-
tive oncogenic events may have the effect of freeing up the
tumor cell line from a dependence on a miR-29-driven
stem cell-like phenotype, at which point miR-29 expression
would become a limiting factor in proliferation through
downregulation of oncogenes such as Bcll-2, Mcll, Tecll
and SKI [54, 56, 57] and the activation of the p53 pathway
through the repression of p85a and CDC42 [58]. B cells
that transformed into miR-29-independent cancers would
therefore demonstrate selective pressure to downregulate



miR-29 in adaptive immunity

3539

miR-29 expression. This complex relationship would
explain why ectopic expression of miR-29 can drive
oncogenesis in B cells [25] and myeloid cells [36], yet
downregulation is associated with more aggressive forms
of cancer in both lineages [55, 59-61].

Beyond the adaptive immune system, it is worth noting
that the function of the miR-29 family can act in either an
oncogenic or a tumor suppressor fashion. For example,
miR-29 acts as oncomirs in B cells, as described above, and
cervical epithelium [62], while acting as a tumor suppres-
sor miR in hepatocytes, skin epithelium [63] and gastric
epithelium [64]. The confluence of capacity to repress both
oncogenes, as described above, and proapoptotic genes
such as Bak, Bim, Bmf, Hrk and Puma [65], mean that the
tumorigenic function of miR-29 needs to be experimentally
determined in each cell lineage.

Concluding remarks

The miR-29 family has been implicated in regulation of the
adaptive immune system by virtue of its expression in all its
cellular constituents and the enrichment of adaptive
immune pathways in the unbiased analysis of predicted
targets. Through the recent development of a raft of dif-
ferent molecular tools, important functions of the miR-29
family have been uncovered, identifying miR-29 as a cru-
cial regulator of thymic function, T cell polarization and B
cell oncogenesis. Additional functions of miR-29 in adap-
tive immunity are bound to be discovered through further
research. Perhaps the best illustration of the importance of a
mere 22 base pairs is the evolution of a viral miR-29 mimic
to exploit its function in setting thresholds for the adaptive
immune system.
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