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Abstract
We studied 613 genes which regulate immunity and, utilizing predictive algorithms, identified 285
genes as microRNA (miRNA or miR) targets. Of these, ~250 are newly predicted gene-miR
interactions. The frequency of predicted miRNA binding sites in immune gene 3′ UTRs indicated
preferential targeting of immune genes compared to the genome. Major targets include transcription
factors, cofactors and chromatin modifiers whereas upstream factors, such as ligands and receptors
(cytokines, chemokines and TLRs), were, in general, non-targets. About 10% of the immune genes
were ‘hubs’ with eight or more different miRNAs predicted to target their 3′UTRs. Hubs were focused
on certain key immune genes, such as BCL6, SMAD7, BLIMP1, NFAT5, EP300 and others. NF-
κB and p53 do not themselves have binding sites for miRNAs but rather these pathways are targeted
by miRNAs at downstream sites. MHC class II genes lacked miRNA targets but binding sites were
identified in the CIITA gene and were shown experimentally to repress IFN-γ induced MHC class
II activation. Unexpectedly, factors involved in regulating message stability via AU-rich elements
(ARE) were heavily targeted. Moreover, multiple components involved in the generation and effector
functions of miRNAs (Dicer and Argonautes) were themselves miRNA targets suggesting that a
subset of miRNAs may indirectly control their own production as well as other miRNAs.
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1. Introduction
MicroRNAs are small, highly conserved, 20–24nt non-coding RNAs which function in cell
differentiation and development. Currently 475 human miRNA sequences are listed in the
miRNA registry (miRBase 9.2, May 2007) (Griffith-Jones, 2004) and it is estimated that there
may be 1000 or more human miRNAs (Bentwich et al., 2005) which target ~30% of the genome
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and thereby regulate ~8,000 genes. Each miRNA may suppress multiple targets (average ~200)
and one mRNA can be targeted by many miRNAs thereby controlling a broad spectrum of
cellular process (Bartel 2007). MiRNA regulate gene expression by sequence-specific targeting
of mRNA for translational repression and/or degradation. Computational methods have been
designed to identify the gene targets of miRNA (Chaudhuri and Chatterjee 2007) and nearly a
dozen algorithms designed to identify specific miRNA targets based on the location and extent
of 3′ UTR-miRNA complementarity, free-energy parameters and evolutionary conservation.
Each algorithm has somewhat different but overlapping requirements for gene target selection
and their predictive capacity and use in biology and medicine has been reviewed (Chaudhari
and Chatterjee 2007; Mazière et al., 2007). Integration of data from multiple algorithms as
employed here has been shown to enhance the reliability of predictions (to over 90%) by
reduction of the rate of false positive predictions. However, this is accompanied by increases
in the false negative rate (Sethupathy et al., 2006). Experimental validations of the in silico
predictions are essential for establishing the validity of the algorithm selection and
understanding the biological functions of miRNA.

In animals, miRNAs repress by inhibiting translational initiation or, less commonly, by
degrading mRNA. MiRNAs can also inhibit transcription although it is unclear whether they
bind directly to DNA or to nascent nuclear transcripts (Wassenegger, 2005). In either case,
these miR-gene interactions facilitate recruitment of chromatin modifying proteins to nuclear
sites mediating heterochromatic silencing (Grewal and Moazed, 2003). MiRNAs are known
to regulate gene expression during differentiation and development, but may also be involved
in acute processes that require dynamic responses to specific environmental toxins, nutritional
factors such as amino acid depletion, osmotic stress, nerve cell synaptic stimulation and stress-
dependent cardiac hypertrophy (Bhattacharyya et al., 2006; Chiou, 2007; Marsit et al., 2006;
van Rooji et al., 2007). An unresolved issue is whether miRNA expression is altered acutely
by growth factors and cytokines and data addressing this is discussed below. A recent report
(Taganov et al., 2006) demonstrating that miRNAs respond to bacterial components, such as
LPS, which activate Toll-like receptors (TLRs) supports the view that miRNAs do respond to
acute stresses including stimuli known to alter immune responses. The involvement of miRNAs
in immunity is also suggested by studies of Dicer knockdown mice showing defects in T cell
differentiation (Muljo et al., 2005) and T-regulatory cell development (Cobb et al., 2005).
Recently, single miRs have been shown to modulate germinal center responses (Thai et al.,
2007; Rodriguez et al., 2007), B cell maturation (Zhou et al., 2007) and also thymic T cell
selection and the sensitivity of T cells to antigens (Li et al., 2007).

The present study demonstrates that numerous immune genes are predicted targets of miRNAs
and identifies specific pathways, and locations within pathways, where miRNA control is likely
to be focused. For example, although MHC genes were not predicted targets of miRNAs using
multiple algorithms, the CIITA gene is shown to have 3′UTR binding sites for two miRNAs
and experimental evidence is presented for miRNA regulation of the IFN-γ response. Our
findings also suggest potential mechanisms by which miRNAs may activate genes, albeit
indirectly, via repression of inhibitors, such as transcriptional co-factors and chromatin factors.
Finally and unanticipated, was the observation of high probability miRNA targeting of the
genes involved in regulating message stability via AU-rich elements (AREs) as well as the
machinery components (Dicer/Argonaute) involved in miRNA silencing.

2. Materials and Methods
To examine miRNA targeting of immune genes, we first assembled a list of 613 immune genes
which include certain genes known to indirectly regulate immune gene expression via general
pathways and chromatin. These genes were selected from databases described below and from
the immunological literature. This list of genes was then submitted to publicly available
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websites designed to identify potential miRNA target sites in the 3′UTR of the genes. Each of
the algorithms (listed below) uses somewhat different criteria for target for target predictions
and examination of predictions from two or three independent algorithms for consensus
miRNA enhances the functional correlation. A UNIX script was written to sort the predictions
and identify those selected by multiple algorithms. Supplemental Table 1 shows our entire gene
list, the predictions of each of the three algorithms and indicates those miRs selected by 2 or
3 algorithms. The data in this table thus provides the basis for experimental studies to validate
the predictions and examine their biological significance. Validation of predicted results is
critical and the methods used to validate the miRNA selected to target CIITA and their impact
on MHC class II expression is detailed below.

2.1 Data sets and miRNA target prediction
The list of 613 immune genes was compiled based on their known involvement in immune
processes, data mining tools and the gene ontology (GO) databases which classifies genes into
functional categories (http://www.geneontology.org/GO.database.shtml). We employed the
GO immune category (http://david.abcc.ncifcrf.gov/) to establish our set of immune genes but
also added certain genes from other existing databases of immune genes. We also compared
our selected set with other immune databases. For example seventy-three percent of our
selected genes are present in the ImmPort (https://www.immport.org/) and Gene Ontology
Wiki Immune Gene databases (http://wiki.geneontology.org/index.php/Immunology).
Importantly some genes were added which are not present in immune databases including
transcription factors, cofactors, selected signaling pathway components, apoptotic genes and
chromatin factors which although not classical immune genes were found in the literature to
be involved in immune processes. The 27% of our genes not listed in ImmPort were in these
categories.

Three algorithms TargetscanS, (http://genes.mit.edu/tscan/targetscanS2005.html) (Lewis et
al., 2003), MiRanda (http://www.microrna.org/) (John et al., 2004), and PicTar
(http://pictar.bio.nyu.edu/) (Krek et al., 2005) were employed for the prediction of miRNA
targets. Integration of miRNA target predictions from three algorithms substantially increases
the functional correlations compared to single algorithms as reported by Sethupathy
(Sethupathy et al., 2006). For most of the data discussed in this study, except when noted in
the text, we required consensus between two algorithms as it increases the stringency of the
predictions and reduces the rate of false positive target predictions although it may exclude
detection of some important functional target genes. From the databases of the three algorithms
used in this study, after exclusion of any duplication, we assembled a set of 20232 unique genes
that formed the basis for genome-wide analyses and is the overall population size used for
computing p-values. There are currently 475 identified miRNAs in the human genome
(miRBase9.2). Enrichment analyses were performed by comparing the number of miRNA
target genes in the 613 immune genes to that in the 20232 genomic set. The degree of
enrichment (p-values) of immune gene targets relative to the genome was assessed by Fisher’s
exact test.

2.2 Cells and Reagents
The human cervical carcinoma cell line HeLa was from American Type Culture Collection
(ATCC) (Manassas, VA) and cultured according to ATCC instructions. Recombinant human
IFN-γ (R&D systems, Minneapolis, MN) was used at concentrations and time periods
indicated.

2.3 CIITA 3′UTR reporters
RT-PCR primers were designed to amplify the proximal 1kb of the CIITA 3′UTR. The primers
were designed with a 5′ extension encoding a SpeI restriction endonuclease recognition site
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on the sense primer and an extension encoding a HindIII restriction site on the anti-sense primer
(CIITA 3′ UTR sense [3535SpeI] 5′-GACTAGTCAGCTGTGCTCTGGACAG-3′, CIITA 3′
UTR antisense [4549 HindIII] 5′-GCTAAGCTTAGGACCTGCCTGTGACATT-3′). IFN-γ
treated HeLa RNA was used in RT-PCR, products of the predicted size were amplified, purified
and subcloned into the SpeI and HindIII sites of the pMIR-REPORT luciferase vector
(Ambion). The sequence of reporter plasmids carrying the 1000bp CIITA 3′UTR fragment
downstream of the luciferase coding region were verified and termed pMIR-Luc-CIITA.

2.4 Reporter assays
Luciferase reporters (vector or 2C) were co-transfected (10:1) with pMIR-REPORT-βgal.
Whole cell lysates were prepared in Passive Lysis Buffer (Promega, Madison, Wisconsin) and
assayed for protein concentration (BCA, Pierce, Rockford, IL), β-galactosidase activity
(Promega) and luciferase activity (Promega). Luciferase activity was normalized to β-gal
activity and expressed as RLU/mU. For presentation, the normalized activity of the CIITA
reporter is presented relative to the luciferase control vector.

2.5 Pre-miR transfections
HeLa cells were seeded at 40% confluency in 6 well plates and transfections were carried out
using siIMPORTER™ (Millipore, Temecula, CA) according to the manufacturer’s
instructions. Pre-miR-145 and -198 (Ambion) were transfected at 5–100nM followed by IFN-
γ treatment for 24hrs and RNA isolation.

2.6 MiRNA isolation and RT-PCR for miRNA quantitation
Total RNA was isolated (miRVana™, Ambion) and used to perform real-time RT-PCR
according to the manufacturer’s protocol (Applied Biosystems, Foster City, CA). The RT-PCR
was performed in triplicate in at least three independent experiments.

2.7 RT-PCR for detection of CIITA mRNA
TaqMan real-time RT-PCR was performed to detect the CIITA transcript levels after pre-
miR-145 and 198 transfections. The RNA was isolated as described above and 2μg was used
for reverse transcription with the Superscript™ II enzyme (Invitrogen, Carlsbad, CA). Real-
Time PCR was performed as previously described (Magner et al., 2000). The experiments were
performed in triplicate in three independent experiments. Error was reported as + SEM, while
values were reported as relative fold change compared to untransfected samples.

3. Results
Using computational analyses, we identified potential miRNA targets among 613 genes
selected on the basis of their known involvement in immune processes (see Methods and
Supplemental Table 1). Comparison of our dataset with experimentally validated functional
miRNA targets (Sethupathy et al., 2006) identified 31 miR:gene interactions and of these we
were able to predict 28 using three algorithms. This represents ~90% probability of miRNA
predictions in accord with a previous report using a similar multi-algorithm approach
(Sethupathy et al., 2006). Although agreement among three algorithms is highly predictive of
binding, its stringency may lead to the exclusion of some genes with functional miRNA targets.
Therefore, we present data that represents consensus of two algorithms and also includes single
algorithm predictions (Supplemental Table 1).

Analysis of our gene list (see Methods), although selecting immune genes as the major targets,
also identified certain general pathways including transcriptional factors and cofactors, signal
transduction, chromatin remodeling, apoptosis and inflammation. These pathways, although
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not classified by GO as immune, are intimately involved in immune processes. Additionally,
we added genes in several pathways (cell adhesion, tumor antigens, TGF-β, SNARE/vesicular
transport) known to be important in immunity (see also Methods). We call miRNAs that bind
to well-established immune targets ‘immunomiRs’ in analogy with the term oncomiRs for
miRNAs predicted to be involved in cancer (Calin and Croce, 2006). The Supplemental Table
2 indicates the top 20 miRNAs on the basis of frequency of predicted targets in the immune
genes. Alternatively, we also define immunomiRs as the miRs that preferentially target
(p<0.005) immune genes relative to other genes (Supplemental Table 2). Some immunomiRs
may be oncomiRs and both types of miRNAs often target genes in multiple general cellular
pathways.

3.1 Immune genes are differentially regulated and enriched for miRNA targets compared to
the genome

Analyses of the distribution of miRNA targets revealed three categories, depending on the
number of miRNAs targeting each gene (Supplemental Figure 1). The majority (54%) of the
613 immune genes had no targets, many (~36%) had one or a few targets while ~10% are
‘hubs’ with multiple (≥8) miRNA binding sites selected by at least two algorithms.
Representative genes in these categories are shown in Figure 1A. In our dataset, genes that
have short 3′UTR (<2000) are seldom targets (30%) while genes with long 3′UTRs (>2000nt)
are common miRNA targets (80%). The number of 3′UTR binding sites is an important
determinant of the level of inhibition achieved by miRs, with substantially enhanced repression
upon binding of multiple miRNAs (see Discussion).

As shown in Table 1, immune genes as a group are significantly enriched for miRNA targets
compared to the genome as a whole. The enrichment analyses indicated that specific pathways
were preferentially targeted by miRNAs. For example, genes related to transcription, signal
transduction and chromatin factors were highly enriched for targets of miRNA (Table 1).
Similarly, the TGF-β, JAK/STAT pathways and SNAREs were frequent targets. In contrast,
chemokines, cytokines, TLRs, complement components, costimulatory factors, adhesion
molecules and tumor antigens were generally poor or non-targets and there were no hubs in
these groups. T cell, B cell and apoptotic pathways were targeted by miRNAs but were not
enriched compared to the genome. However, it is important to note that the analyses employed
in Table 1 were based on the number of genes in the pathway having miRNA targets and did
not consider hubs. For example, in the T cell, B cell and apoptotic pathways there are multiple
hubs and specific components may be heavily targeted. It is emphasized, however, that single
miRs selected by one algorithm can have important biological properties (see below). Forty-
three of the immune genes are high probability targets of single miRNAs (for example, FAS,
CTLA4, RAG1, IL12B (Supplemental Table 1)). An analysis of immune gene targets in relation
to their cellular location, similar to that suggested by Cui et al (Cui et al., 2006) for neural
genes, is shown in Figure 2. Although the methods of analyses were somewhat different, overall
the immune and neural genes have similar patterns of miRNA targeting with ligands and
receptors being poor targets compared to the signaling and nuclear transcriptional and
chromatin pathways.

Analysis of pathways that are rich in miRNA binding sites often revealed unexpected
selectivity among structurally and functionally related genes. Examples of immune genes,
chosen to illustrate the contrast observed within the same general pathway between genes
predicted to be targets or non-targets, are shown in Figure 1B. For example, STAT1, 2 are non-
targets whereas STAT3, 4, 5 and 6 are predicted to each bind a distinct set of miRNAs.
Numerous other examples were identified (Supplemental Table 1). For instance, IL12 is
targeted by a single miRNA (miR-153) but only the IL-12 Beta-chain has a miR-153 binding
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site. Elucidation of the mechanisms governing the differential selection of miRNA targets by
pathway components may lead to enhanced insight into the regulation of immune responses.

3.2 MiRNAs in innate immunity
Of importance in understanding how miRNAs may function in the immune system is the
observation that all ten toll-like receptors (TLRs) examined have no predicted target sites.
Similarly, the genes in the complement pathway, which are important constituents of innate as
well as adaptive immunity, had no predicted miRNA targets (Supplemental Table 1).
Moreover, only 23% of the 43 chemokine & chemokine receptor genes and 29% of the 34
cytokine genes examined were miRNA targets (Supplemental Table 3). The relative paucity
of miRNA binding sites in TLRs, chemokines and most cytokines compared to the genome
(Table 1), suggests that other elements may regulate message stability in these genes. It is well
known that AU-rich elements (AREs) located in the 3′UTRs mediate mRNA stability (Bakheet
et al., 2006). Examination of the mRNAs of TLRs and the majority of chemokines revealed
no AREs (Supplemental Table 1), however, 16 (~49%) of the cytokines studied have AREs
(Figure 3). Thus, overall 63% of the cytokines examined are potentially regulated by message
stability via miRNAs and/or AREs. Furthermore regulation of ARE-binding proteins by
miRNAs may add another layer of control (discussed below).

3.3 MiRNA in adaptive immunity
Multiple miRNAs are predicted to be involved in Th1, Th2, Th17 and Treg differentiation and
are localized to at least eight specific steps in these pathways (Figure 4 and Supplemental Table
4). Undoubtedly this minimalistic representation of T cell differentiation is oversimplified. For
example, we predict no miRNA targets in FOXP3, but high probability sites in IL-10 and
CTLA4 genes that play a role in the development of Treg (Li et al., 2006;Rudensky et al.,
2006 and Read et al., 2006). As mentioned above single miRNAs can dramatically effect gene
expression and function and an important recent study (Li et al., 2007) has shown that miR-181a
is critical in T cell development and regulates the quantitative levels of the T cell response to
antigens. These effects were attributed to repression of several phosphatases by miR-181a but
definitive targets were not identified. We find that miR-181a targets ~600 genes (single
algorithm prediction -PicTar) which include 10 phosphatases but also other factors that could
influence T cell function, including CD4, BCL6, MECP2, and TGFBR1 (Supplemental Table
1).

The genes for TGF-β1 and its receptors, TGF-βRII, Endoglin and Cripto-1, have no miRNA
binding sites. However, all 7 SMADs examined are predicted miRNA targets and also TGIF,
a SMAD pathway co-repressor, has multiple high probability miRNA binding sites. MiRNAs
which repress these TGF-β inhibitors would be expected to enhance TGF-β signaling. Thus,
the TGF-β pathway is a rich source of miRNA binding sites; of 24 components analyzed, 17
were predicted targets and of those nine were hubs for a total of 64 different miRNAs
(Supplemental Table 5).

B cell differentiation and activity are also potentially regulated by multiple miRNAs. For
example, the miRNA hub BCL6 binds several co-repressors (BCOR, NCOR, SMRT), as well
as the remodeling complex NURD/Mi2 (Fugita et al., 2004), which are all likely sites of
miRNA regulation (Supplemental Table 6). A recent publication demonstrated that miR-127
translationally inhibits Bcl6 protein levels in cancer cells (Saito et al., 2006). One algorithm,
miRanda, identified a binding site for miR-127 again emphasizing the necessity of examining
the results from individual algorithms (Supplemental Table 1). The Bcl6 repressor also binds
and recruits HDAC4 which is a miRNA hub with 14 target sites (Lemercier et al., 2002)
(Supplemental Table 1). The Blimp1 transcription factor which has been implicated in
chromatin mediated repression during B cell to plasma cell differentiation and specifically in
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silencing the CIITA gene (Gyorgy et al., 2004) is targeted by 3 miRNAs (Supplemental Table
1). Thus, induction of plasma cell differentiation might be expected to be associated with down-
regulation of miRNAs targeting Blimp, a testable thesis using RT-PCR detection of miRNA
levels and anti-miRs. The unique patterns of miRNA targets, illustrated by the above data are
likely important clues to some of the underlying regulatory mechanisms in T and B cell
differentiation and function.

3.4 MiRNA involved in general pathways (transcription factors, cofactors and chromatin
modifiers) that also regulate immunity

3.4.1 MiRNA targeting of transcription factors—We surveyed 96 transcription factors
thought to be important in immune pathways (Supplemental Tables 1 and 7). Even in this
relatively small group interesting relationships emerge. For example, the NFAT family consists
of 5 members (NFAT1-5) and all, except NFAT3, are expressed in cells of the immune system.
Although they are required for T cell activation, NFAT1 and NFAT2 do not have miRNA
binding sites, but rather NFAT4 and NFAT5 are likely targets. All of the NFATs are regulated
by calmodulin (4 miRNA sites) and calcineurin (15 miRNA sites) and thus, the calcium
pathway appears to be heavily targeted by miRNAs (Supplemental Table 8).

The NF-κB family of transcription factors regulates the expression of a large number of genes,
many of which are involved in apoptosis, inflammatory processes and stress response, as well
as in T and B cell responses (Karin and Greten, 2005). LPS signaling through TLR-4 activates
NF-κB and induces miR-146. The molecular targets for miR-146 include the downstream
factors IL-1 receptor associated kinase (IRAK-1) and the TNF receptor associated factor 6
(TRAF6) (Taganov et al., 2006). We also predict these targets of miR-146 and, in addition,
NFKB1 itself, but not other NF-κB species, has a high probability binding site for miR-9. The
transcription factor p53 is a central player in cell proliferation and apoptosis and has extensive
cross-talk with NF-κB (Huang et al., 2007). The paucity of miRNA binding sites in TP53 3′
UTRs (Supplemental Table 1) was therefore surprising. Perhaps, like NF-κB, miRNAs also
affect p53 pathways via downstream targets such as the cell cycle inhibitors p21 and p27.
Indeed, our algorithms predict that both the p21 and p27 repressive factors but not p53 are
regulated by miRNAs (Supplemental Table 9). Moreover, the miR-34 family (miR-34a, b, &
c) has recently been found to target multiple downstream genes involved in the p53 tumor
suppressor pathways and transfection of miR-34 leads to cell cycle arrest and senescence (He
et al., 2007). Thus, it appears from the above data that the regulation by miRNAs of both the
NF-κB and p53 pathways may occur at downstream targets.

3.4.2. MiRNA targets of transcription cofactors and chromatin modifier—In
addition to regulating transcription factors, miRNAs may alter immunity by targeting cofactors,
as well as chromatin modifiers, which frequently function as cofactors. MiRNAs target both
coactivators and corepressors and thus can potentially regulate gene expression both positively
and negatively. Chromatin regulators are known to be involved in diverse immune pathways
(Tomasi et al., 2006; Smale and Fisher, 2002) and are frequent components of cofactor
complexes. The chromatin pathways and their specific miRNAs are illustrated in Figure 5 and
specific miRNA targets are listed in Supplemental Table 10. It is notable that both HATs and
HDACs are targets and therefore miRNAs may also mediate activation or silencing via
chromatin effects. The closely related HATs, CBP and p300, have binding sites for 19 and 31
individual miRNAs respectively and of these ten are common to both genes (Supplemental
Table 10). Striking selectivity was found in HDAC targets with miRNA sites in class II
(HDAC4, 5, 9), especially the hub HDAC4, but not class I HDACs. SIRT1, a sirtuin class III
HDAC, is a predicted target of 29 individual miRNAs (Supplemental Table 10). Selective
targeting by miRNAs is also shown for the enzymes that regulate histone methylation
(Supplemental Table 10), such as SUV39H1 and EZH2, which methylate H3K9 and H3K27
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respectively. MiRNAs also target Jmjc domain histone demethylases (Supplemental Table 10).
For example, miR-23 is predicted to bind JMJD2A which removes trimethyl groups from
H3K9me3 and H3K36me3. The effect of miR-23 targeting of JMJD2A is unknown but would
be expected to enhance histone methylation. Although Jmjc proteins are likely involved in
immunity there are, to our knowledge, no reports of this to date.

3.4.3. MiRNAs targeting DNA methylation—DNA methylation is initiated and
maintained in mammalian cells by three major enzymes; the de novo DNA methyltransferases
DNMT3A/B and the maintenance enzyme DNMT1 (Baylin, 2005) each of which has predicted
miRNA targets, and DNMT3A is a hub (Supplemental Table 11). Both methyltransferases are
targeted by a common miR (miR-29) and a recent report (Fabbri et al., 2007) demonstrates
that in lung cancers having low miR-29 and high Dnmts, the enforced expression of miR-29
restores normal methylation patterns. DNA methylation is also associated with gene repression
mediated by methyl-CpG binding domain (MBD) proteins. We find that MECP2 mRNA is
predicted to bind 76 individual miRNAs and is the most highly targeted gene in our data set.

3.5 The machinery components involved in the generation of ARE mediated message
stability are targeted by miRNAs

Since both miRNAs and AREs regulate message stability, the question arises as to the relation
between these two post-transcriptional mechanisms. At least one miRNA (miR-16) binds to
an ARE and degrades mRNA by an Argonaute 2 dependent mechanism (Jing et al., 2005).
MiR-16 has 801 gene targets (single algorithm prediction-PicTar) of which 217 potentially
contain AU-rich sequences in their 3′UTR (ARED registry) (http://rc.kfshrc.edu.sa/ared).
MiR-16 is ubiquitous, present at high levels in cells and is therefore potentially a ‘master miR’
involved in determining mRNA stability via AREs. However, only three of the genes in our
data set with miR-16 target sites have AREs (SOCS2, AGO1, RARB). Interestingly,
examination of the SOCS2 miR-16 target (miRanda) (Supplemental Figure 2) indicates that
the ARE binding site is at position 11–15 and therefore outside the 5′ seed region of miR-16
(see Discussion). Message stability is influenced by several protein factors (ARE binding
proteins - ARE-BP) which bind directly or indirectly with other protein factors at or near the
ARE and either stabilize or destabilize the message (Barreau et al., 2005). These proteins
regulate distinct types of AREs and are thought to function by recruitment and/or affecting the
activity of deadenylation and exosome enzymes (Hau et al., 2007; Mukerjee et al., 2002).
Importantly, the AU binding proteins TTP, AUF1 and the ELAV family members (HuA/HuR,
HuB, HuC and HuD) are miRNA targets (Figure 3 and Supplemental Table 12). MiRNA
regulation of the components of the ARE machinery factors potentially has broad implications
(see discussion).

3.6 Regulation of Dicer and Argonaute by miRNAs
We recently found that Dicer levels of human cells vary substantially between cell types (data
not shown) and several reports demonstrate that Dicer may be up or down-regulated in different
cancer types (Chiosea et al., 2006; Karube et al., 2005). Unexpectedly, we found that key
components of the miRNA machinery were themselves predicted targets of specific sets of
miRNAs (Supplemental Table 13). The RNase III enzyme, Drosha, and its RNA binding
partner, Pasha/DGCR8, were not targets of miRNAs. However, Exportin-5, required for pre-
miRNA transport from the nucleus to the cytoplasm, was the target of two miRNAs. Strikingly,
the DICER1 3′UTR was found to have 25 individual miRNA binding sites of which 6 were
selected by all three algorithms. Notably, an intense focus of miRNAs occurred at AGO1, with
62 potential miRNA binding sites in its 5682 bp 3′UTR. Of these, 20 high probability sites
were selected by three algorithms. AGO 2, 3 and 4 had 4, 1 and 12 miRNA binding sites
respectively.
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The let-7 miRNA targeted all four Argonaute family members and one algorithm (PicTar) also
indicated a let-7d site in DICER1. Other common miRNAs between DICER1 and AGO1
include miR-122, -103, -107, -124, -130, and -29. These findings suggest feedback regulation
of miRNA synthesis and have broad implications. Additional experiments, currently in
progress, are obviously required to clarify the functional significance of the miRNA targets
we identified in the RNAi machinery components.

3.7 The MHC class II response to IFN-γ is regulated by miRNAs; functional validation
The large menu of immune genes potentially targeted by miRNAs, discussed above, represents
a rich source of gene-miRNA interactions which have important implications in immunity.
However, the computational approach represents but a first step in elucidating the scope of
immune regulation by miRNAs and establishing the function of miRNA targets defined
computationally is essential. We have selected the MHC class II genes for further investigation
since class II is a critical factor in the initiation of antigen presentation and this pathway is a
major determinant of immune surveillance to infectious agents and tumors (Dunn et al.,
2004).

MiRNA target predictions failed to detect sites in the 3′UTR of 20 MHC class I and II genes
(Supplemental Table 1), although several sites were found in the MHC co-activator CIITA
(Figure 6). DeLerma Barbaro et al. characterized a segment of the CIITA 3′UTR that regulates
mRNA stability during phorbol ester induced differentiation of U937 cells (DeLerma Barbaro
et al., 2005) and contains two non-canonical AREs. The target sites for miR-145 and -198,
although in this distal segment (nucleotides 3893–4543) of the CIITA 3′UTR, were distinct
from the putative AREs. A second miR-198 site was identified proximal to the translation
terminator (Figure 6). At each of the CIITA binding sites, the miR-145 and -198 5′ seeds showed
perfect complementarity with their targets. To confirm these observations, we engineered
luciferase reporter constructs which included the predicted miRNA target sites. HeLa cells co-
transfected with these reporters and pre-miR-145 or -198 displayed decreases in luciferase
activity relative to cells carrying the reporter without a miRNA target site (Figure 6).
Transfection of combinations of miR-145 and -198 did not, however, enhance repression over
that observed for the individual miRNAs (data not shown).

To determine whether miR-145 and -198 were capable of functionally regulating CIITA, we
transfected pre-miRs-145 and 198 into HeLa cells and analyzed MHC class II expression in
response to IFN-γ. Since active CIITA protein is required for the IFN-γ induction of MHC
class II genes, inhibition of CIITA translation by miR-145 transfection can be assessed by
monitoring HLA-DRα mRNA. As shown in Figure 6, miR-145 transfection of HeLa cells
inhibited the induction of MHC class II mRNA by IFN-γ with little change in CIITA mRNA.
This data also suggests that miR-145 is primarily repressing translation. Since active CIITA
protein is required for the IFN-γ induction of MHC class II genes, the inhibition of HLA-
DRα mRNA by miR-145 transfection demonstrated the functional repression of CIITA.
MiR-198 transfection also inhibited the induction of HLA-DRα, though less efficiently than
miR-145, without affecting CIITA mRNA levels (data not shown).

None of the predictive algorithms used here identified miR-145 targets in five other interferon
responsive genes (GBP1, ICAM1, IRF1, ISG54, 2′5′OAS). Interestingly however, one
algorithm (TargetScanS) predicts that miR-198 targets the CIITA, GBP, ICAM, ISG54 and 2′
5′OAS but not IRF1 genes. This suggests that miR-198, but not -145, could have broader
specificity for the IFN-γ regulated genes and further studies are needed to clarify this issue.

It is noteworthy that, in addition to CIITA, miRNAs may regulate other components of the
MHC class II enhanceosome. A count of all miRNAs predicted in our study that focus on the
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components of the class II enhanceosome (Supplemental Table 14) indicated the potential for
regulation by ~50 different miRNAs.

4. Discussion
Since little information is currently available on immune gene regulation by miRNAs, we
initially utilized a bioinformatics approach to predict immune gene targets of miRNAs. Forty-
six percent (285) of the 613 immune genes studied were targets of one or several miRNAs. Of
the 285 immune genes targeted by miRNAs in our study, 26 are currently in TARBase
(Sethupathy et al., 2006) and several others have been separately reported (Jing et al., 2005;
Taganov et al., 2006; Si et al., 2007). Our data therefore identifies ~250 immune genes which
are newly predicted miRNA targets. Additionally, in this study we provide functional data and
verification of miRNA regulation of CIITA and thereby the MHC class II genes. It should be
emphasized however that our dataset does not encompass all immune genes and, moreover,
the multi-algorithm approach employed, although highly predictive, may well miss some
functionally relevant miR-gene interactions.

Of the 285 immune genes we predict as miRNA targets, 65 are hubs with eight or more 3′UTR
binding sites. The potential significance of the number of binding sites is suggested by previous
reports indicating that the level of gene repression is enhanced by multiple 3′UTR binding sites
for the same miRNAs (Pillai et al., 2005; Mayr et al., 2007) as well as the observation of
exponential enhancement of gene repression when different miRNAs target different sites on
the same UTR (Doench and Sharp, 2004). In this study, we did not determine the number of
binding sites for a given miRNA except for the CIITA gene. The data obtained indicates that
immune genes are targeted by miRNAs statistically more frequently than the genome as a
whole (Table 1). The analyses also show that miRNAs generally tend to avoid upstream factors
in that ligands and receptors are poor or non-targets of miRNAs. It is emphasized that the data
in Table 1, which presents an overview of miRNA gene targets, does not necessarily indicate
a functional activity of miRNAs in regulating each pathway but rather the potential for
regulation.

MiRNAs are known to regulate many important cellular pathways but in many the identity of
the direct miRNA targets is elusive. For example, miR-155 has been identified as a requirement
for normal immune function and regulation of a spectrum of genes in germinal centers,
including cytokines and chemokines. However, its exact gene targets have not been defined
(Rodriguez et al., 2007; Thai et al 2007). We find that miR-155 likely does not directly target
cytokines, or their receptors, and have identified several potential targets, including the hub
BCL11A. The BCL11A repressor is an attractive target since it interacts with Bcl6, is expressed
abundantly in germinal centers and is required for germinal center differentiation of T and B
cells (Liu et al., 2003).

Transcriptional and chromatin cofactors are common miRNA targets and can act as sensors
which integrate numerous signals from environmental stimuli to generate appropriate tissue
specific responses (Rosenfeld et al., 2006). While miRNAs probably function solely by
repression, the various cofactors they target can repress or activate gene expression. Therefore
miRNAs, by regulating cofactors, may either activate or inhibit gene expression albeit
indirectly. Surprisingly, class I HDACs, often components of immune pathways, are non-
targets of miRs, while HDAC4 and SIRT1 are hubs. HDAC4 is involved in muscle
differentiation but also in MHC class II expression (Wang et al., 2005) while SIRT1 serves as
a sensor for the metabolic state of a cell and has been implicated in stress, aging and cancer
(Longo and Kennedy, 2006). Both are excellent candidates for miRNA regulation of important
immune and other pathways. SIRT1 synergizes with other HDACs, including HDAC4, and
preferentially deacetylates H3K9, H4K16 and H4K20 in mammalian cells. It has widespread
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affects on cellular processes through modulation of NF-κB and FOXO transcription factors.
Despite the involvement of SIRT1 in many important pathways (Anastasiou and Krek, 2006)
its immune function remains largely unexplored. Moreover, since little is known of the pathway
that regulates sirtuins, the finding of multiple high probability miRNA binding sites is of
substantial interest.

Highly selective targeting by miRNAs was also suggested for the enzymes that regulate histone
methylation (Supplemental Table 11) including SUV39H1 and EZH2 which methylate H3K9
and H3K27 respectively. H3K9me3 is a repressive modification whereas H3K27me3, a
polycomb binding site, has been characterized as a memory mark (Bernstein et al., 2006) and
also may be an epigenetic signature of cancer stem cells (Widschwendter et al., 2007).

In cancer cells DNMTs mediate DNA methylations which repress tumor suppressor and
immune genes, via methyl binding proteins and HDAC, and these factors are frequently
targeted by miRNAs. The miR-29 family members (29a and 29b) which target DNMTs are
deficient in lung cancer and this has been related to enhanced DNA methylation and gene
silencing of tumor suppressor genes. The levels of DnmT3A/B in lung cancer are inversely
correlated with miR-29 and overexpression of miR-29 in lung cancer lines induces re-
expression of silenced tumor suppressor genes and inhibits tumors in vivo (Fabbri et al.,
2007). The Let-7 miRNA is also reported to be deficient in poor prognosis lung cancer (Karube
et al., 2005; Harris et al., 2006). Since the RAS oncogene is a target of Let-7 (Johnson et al.,
2005) it has been suggested that let-7 is a tumor suppressor (Takamizawa et al., 2004) which
functions by repressing RAS. In sum, most pathways of chromatin regulation examined,
including HAT, HDAC, histone methyltransferases and demethylases, DNA methylases,
methyl binding proteins and chromatin remodeling factors, are heavily targeted by miRNAs
(Supplemental Tables 10 and 11). It appears likely therefore, that a major focus of miRNA
targeting of immune gene expression occurs via chromatin and that both gene activating and
repressing chromatin factors are regulated.

There are numerous examples in this data in which the rationale for the cell’s choice of
miRNA:gene targets is not obvious (Figure 1B). These may be ‘clues’ and future in-depth
studies of these miRNA:gene interactions may enhance our understanding of important
regulatory pathways. For example, the differential targeting of the methyl binding proteins
MBD2 and MBD3 by miRNAs led us to identify five other pairs of duplicated genes in which
only one gene of the pair has a miRNA target site (data not shown). Speculatively, miRNAs
could have evolved to regulate the overlapping functions of closely related duplicated genes
and studies of selected duplicated genes are ongoing to evaluate this thesis. However, this
phenomenon is not restricted to duplicated genes, and RAG1/2 and HRAS/KRAS are also
examples where only one member of the gene pair is a miRNA target (Supplemental Table 1).
As mentioned, structurally and functionally closely related genes are most often targeted by
quite different sets of miRNAs. However, as illustrated by DnmT3a/b, CBP/p300 and all four
argonaute genes, certain genes with related functions are targeted by one or more common
miRNAs.

Recent reports of miRNA regulation by LPS (Taganov et al., 2006), amino acid depletion
(Bhattacharyya et al., 2006), folate deficiency and sodium arsenite (Marsit et al., 2006) suggest
the existence of stress miRNAs. Importantly, these data also indicate that stress may induce
transcriptional factors, such as NF-κB and p53 which bind to promoter sequences in both
coding and non-coding (miRNA) genes. This could lead to gene activation on the one hand
and miRNA repression of a different set of downstream genes on the other. Since miRNAs
often target hundreds of genes, miRNA induction may be a rapid and efficient means (without
making protein) of silencing a bank of genes following various stresses. Additionally, miR-127
and let-7 have promoter CpG islands and are upregulated by inhibitors of DNA methylation
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(Saito et al., 2006; Brueckner et al., 2007). HDACi have also been shown to alter miRNA
levels in a breast cancer cell line (Scott et al., 2006). Our recent studies show a rapid
enhancement of miR-127, -122a and several other miRNA following histone deacetylase
inhibitor treatment but this is highly contextual and dependent on the cell type (unpublished
data). Additional studies are required to elucidate this mechanisms and pathways by which
acute stresses regulate miRs and genes.

This study also establishes a cytokine mediated pathway in which miRNAs directly modulate
MHC expression. Both miR-145 and -198 inhibit the function of CIITA, but do not affect
mRNA levels, suggesting translational inhibition. MiR-145 is not predicted to target other
components of the IFN-γ pathway. However, miR-198 has homology sites in multiple IFN-γ
regulated genes suggesting the possibility of two types of control mechanisms by miRNAs; a
broader pathway (miR-198) encompassing several components and gene specific (miR-145)
regulation. These results suggest a novel mechanism of MHC class II regulation not previously
recognized. MiR-145 is a tumor suppressor whose levels are reduced in certain colon cancers
(Calin and Croce, 2006) and thus, miR-145 may be both an oncomiR and an immunomiR.

An unanticipated finding was the identification of numerous high probability miRNA targets
in several of the machinery components of the ARE binding proteins regulating message
stability. As the ARE sequences are present in the 3′ UTR of many cytokines and interferons,
we propose that message levels of these inflammatory genes can be indirectly controlled by
miRNAs via their effects on the ARE binding proteins. Since, about 8% of human mRNA
contain ARE, these sequences may affect many important biological processes including cell
growth, DNA binding, transcription, signal transduction, host defense (inflammation and
immune response), cell cycle, apoptosis and energy metabolism (Khabar et al., 2005). Thus
miRNA regulation of the ARE binding proteins may indirectly affect diverse biological
processes and cellular stresses. Additionally, many of the ARE-BPs are regulated by
phosphorylation which is linked to stress pathways; for example, MAPK phosphorylation of
TTP inactivates this destabilizing protein and enhances mRNA expression levels for TNF-α
and other inflammatory cytokines (Deleault et al., 2008; Hitti et al., 2006; Dean et al., 2004).
Considering that the miRNAs themselves may be indirectly activated by various stresses
suggests that complex circuitries with potential feedback mechanisms may regulate ARE
function (Leung et al., 2007). Defects in these ARE-mediated processes, as illustrated by the
autoimmune syndrome following TTP knockdown, could be involved in inflammatory
disorders (Taylor et al., 1996; Carrick et al., 2007). The finding of a potential ‘collaboration’
between the miR-16 seed region and an ARE at position 11–15 of the target site in the
SOCS2 gene is also of interest. These additional interactions may be necessary for the
functional activity of miR-16: SOCS2 interactions, similar to that described for miR-16: TNF-
α (Jing et al., 2005). Our findings are consistent with the previous report of Jing et al (Jing et
al., 2005) showing that TTP does not by itself bind miR-16 but does associate with the RISC
complex and assists in ARE mediated degradation. Speculatively, this type of cooperative
activity could have arisen to extend the functional activity of miRNAs and AREs.

The Dicer/Argonaute pathway is currently under intensive investigation and the data presented
here suggests a level of regulation not previously appreciated. These results, if verified by
functional studies currently in progress, introduce the possibility of feedback loops whereby
activation or repression of specific miRNAs, by a set of ‘master miRNAs’ targeting exportin-5/
Dicer-1/Ago components, could alter overall levels of miRNA and potentially affect gene
expression levels of ~30% of the genome estimated to be regulated by miRNAs.

The findings in this study implicate miRNAs in the regulation of a broad landscape of immune
genes. The data suggests a novel explanation (i.e. repression via miRNA) for the failure of
certain immune genes to respond to external stimuli and, helps explain how a general signal
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via a receptor and its pathway, that activates multiple genes (e.g. IFN-γ), can, in certain cells
and conditions, mediate a restricted response in one or a small subset of its regulated genes.
Such a system, mediated by miRNAs, would add substantial plasticity to regulatory pathways.
The study also outlines additional mechanisms by which chromatin, inflammation and perhaps
immune memory may be regulated and therefore potentially provides data helpful in the design
of agents that target miRNAs as treatment modalities in immune and other diseases including
cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Examples of miRNA targeting of immune genes
A, Genes were placed in three categories according to the number of miRNA binding sites in
the 3′UTR. B, MiRNA regulation of major cellular and immune pathways showing the contrast
between genes which are targets versus non-targets in the same general pathway. (* indicates
genes in the pathway that do not have miRNA target sites)
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Figure 2. Cellular distribution of miRNA targets in immune pathways
The protein targets are classified based on their cellular localization in four categories. The
percentages are based on the number of genes in each location predicted to be targeted by
miRNAs by at least 2 algorithms. A number of important pathways (RNA stability, apoptosis
and RNAi pathway) could not be distributed into these spatial categories and were not included
in the analysis. Figure patterned after the neuronal pathways reported by Cui, Q. et al., 2006.
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Figure 3. MiRNAs and MAP Kinase may indirectly regulate multiple inflammatory genes by
regulating the components of the ARE machinery
The expression of multiple inflammatory molecules and immune genes is known to be
regulated by mRNA stability mediated by AU-rich elements located in their 3′UTRs. The
predictions suggest that the expression of the machinery components for ARE are regulated
by miRNA. The specific miRNAs targeting the ARE machinery are listed in Supplemental
Table 7.
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Figure 4. Potential miRNA regulation of T cell differentiation
The schematic diagram describes the primary effectors of Th1, Th2, Th17 and Treg
differentiation pathways and indicates the predicted miRNA targeting of these pathways. The
specific miRNAs predicted to target each of the effector genes can be found in Supplemental
Table 3.
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Figure 5. Role of miRNA in chromatin regulation
Multiple pathways contribute to the regulation of chromatin structure and thereby gene
expression. For each category of chromatin regulator, the number of genes found to have
miRNA targets (consensus of two algorithms) and the total number of genes analyzed in that
category are shown in parentheses. Our predictions suggest significant contributions to
chromatin regulation in multiple pathways from miRNA. See Supplemental Table 11 for
specific miRNA targets.
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Figure 6. MiRNA regulation of CIITA and MHC class II induction
A, Schematic representation of the CIITA transcript illustrating the predicted miRNA binding
sites and AREs in the 3′UTR. The black bar indicates the fragment present in the pMir-Luc-
CIITA reporter construct. B, miR-145 inhibits the IFN- γ induction of HLA-DR in HeLa cells.
HeLa cultures were transfected with pre-miR-145, treated with IFN- γ and, after 24hrs, total
RNA (mirVana, Ambion) was analyzed for CIITA and HLA-DR α expression by real time
RT-PCR. The negative control, NC1, non-targeting pre-miR, and untransfected cells are shown
as controls. C, miR-145 and 198 inhibit a heterologous reporter when the CIITA 3′UTR is
present. HeLa cells were transfected with reporter constructs carrying 1kb of the CIITA 3′UTR
(pMir-Luc-CIITA) or no insert (pMir-Luc) along with 100nM pre-miR-145 or 198 and, 24hr
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later, whole cell lysates were analyzed for luciferase activity. Co-transfection with pMIR-
βgal allowed normalization to β-galactosidase activity.
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