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olymorphic miRNA-mediated gene regulation: contribution to
henotypic variation and disease
ichel Georges, Wouter Coppieters and Carole Charlier
The expression of at least a third of mammalian genes is post-

transcriptionally fine-tuned by �1000 microRNAs (miRNAs),

assisted by the RNA silencing machinery, comprising tens of

components. Polymorphisms and mutations in the

corresponding sequence space (machinery, miRNA precursors

and target sites) are likely to make a significant contribution to

phenotypic variation, including disease susceptibility. Here we

review basic miRNA biology in animals, survey the available

evidence for DNA sequence polymorphisms affecting miRNA-

mediated gene regulation and thus phenotype, and discuss

their possible importance in the determination of complex

traits.
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ntroduction
dentifying the genes and mutations underlying pheno-

ypic variation is one of the primary objectives of modern

enetics, especially for traits of medical or agronomic

mportance. The vast majority of causal mutations ident-

fied to date alter the primary sequence and hence the

tructure of proteins. They are either missense or non-

ense mutations, insertion–deletions in the open reading

rame, or mutations causing splicing errors. This over-

epresentation of protein-altering variants amongst

nown causative mutations does not necessarily equate

ith their true contribution to common inherited vari-

tion. It is more likely to reflect ascertainment bias due to

he fact that it is easier to predict the effect of protein-

ltering variants on gene function, and possibly to the fact

hat they cause larger allele-substitution effects that are

onsequently easier to study.
t is increasingly recognized that regulatory mutations

ould make a significant contribution to genetic variation,
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especially for complex traits, including disease suscepti-

bility. Along those lines, efforts for the systematic identi-

fication of regulatory variants (rSNPs) affecting transcript

levels in cis are ongoing (for example [1]). The most

common interpretation of such cis effects is that the corre-

sponding variants are modulating the activity of regulatory

elements, including promotors and enhancers. Recently, a

new layer of post-transcriptional miRNA-mediated gene

regulation has been discovered and shown to control the

expression levels of a large proportion of our genes. More-

over, at least two studies have demonstrated that genetic

variants might influence organismal phenotypes by per-

turbing miRNA-mediated gene regulation [2��,3��]. We

herein review and discuss the presently available evidence

for polymorphic miRNA-mediated gene regulation and its

importance for phenotypic variation and disease.

A quick tour of mammalian miRNA biology
Genomics

MicroRNAs (miRNA) are a novel class of single-stranded

regulatory RNAs of �22 nucleotides found in metazoans.

miRNAs are the final product of a multistep maturation

process that starts with the generation of a transcript —

referred to as primary miRNA (pri-miRNA) — that hosts

one or more miRNA precursors with a characteristic

hairpin structure. Most pri-miRNAs are regular RNA

polymerase II transcripts that undergo capping, splicing

and polyadenylation. At least half of them are protein-

encoding mRNAs, whereas the remainder are so-called

‘mRNA-like non-coding RNAs’. The miRNA precursor

hairpins are usually embedded in the introns of their host

genes (�80%), but can be found in exons or across exon–

intron boundaries. Tandem clusters of co-transcribed

precursors account for more than half of the known

miRNAs (reviewed in [4]). Note that some SINE-associ-

ated miRNAs have recently been shown to be pol III-

rather than pol II-dependent [5].

Although the total number of miRNA precursors in the

genome of Caenorhabditis elegans and Drosophila melano-
gaster is unlikely to exceed much more than 130 and 160,

respectively (for example [6]), the number of miRNA

precursors in the typical mammalian genome is estimated

to be of the order of 1000 (reviewed in [4]). Some authors

even dare to suggest numbers as high as 25 000 on the

basis of bioinformatics prediction [7]. Among the 439

human miRNAs known at present, 9%, 22%, 29% and

34% are conserved across invertebrates, vertebrates,

mammals and primates, respectively, and 5% are specific

to humans (for example [8]). These numbers highlight

the fact that miRNA-mediated gene regulation is an
Current Opinion in Genetics & Development 2007, 17:1–11
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ancient process, but that it is characterized by consider-

able evolutionary plasticity. In general, recently acquired

miRNAs seem to be characterized by lower or more

restricted expression than ancient miRNAs. This could

be an obligatory path towards acquisition of novel func-

tions without perturbing fitness [9].

Cropping and dicing

miRNA precursor hairpins are defined by (i) flanking

single-stranded basal segments, and (ii) an imperfect

three-helical turn stem, surmounted by (iii) a terminal

loop of 10–20 nt. The future mature miRNA occupies

either the ascending (50 donors) or descending (30 donors)

branch of the upper stem, or in exceptional cases both.

miRNA precursor hairpins do not have specific consensus

sequences. It is their secondary structure that positions

the double-stranded RNA-binding protein DGCR8

(known as Pasha in Drosophila) such that its ribonuclease

III partner Drosha cleaves the stem at approximately one

helical turn from the base. This cleavage releases the so-

called ‘pre-miRNA’ — a free hairpin characterized by a

staggered 2-nt 30 overhang defining either the 50 (50

donors) or the 30 (30 donors) end of the mature miRNA

[10]. Cropping of intronic miRNAs occurs co-transcrip-

tionally, prior to completion of the splicing reaction. This

slows the splicing process down but otherwise does not

interfere with it, because flanking exons are physically

bound in a splicing commitment complex [11]. Drosha-

dependent cropping of pri-miRNA is temporally

regulated during early mouse development and might

be inhibited during cancer development [12]. Some pre-

miRNAs have been shown to undergo A-to-I editing

mediated by ADAR deaminases. This might affect the

rate of cropping, as shown for pri-miR-142 [13], or the

sequence of the mature miRNA and hence the spectrum

of target genes, as shown for the miR-376 cluster [14].

Exportin-5 recognizes pre-miRNAs by their typical 2-nt

30 overhangs and moves them to the cytoplasm by means

of the Ran-GDP/Ran-GTP transport system. Once in the

cytoplasm, pre-miRNAs are further processed by Dicer.

This protein is thought to bind the 30 overhang end of a

pre-miRNA with its PAZ domain, while positioning the

pre-miRNA upper stem in the dual RNase III center with

the help of its double-stranded RNA-binding domain.

Dicer then inflicts a staggered cut akin to Drosha, gen-

erating a double-stranded miRNA–miRNA* duplex that

is freed from the terminal loop [15].

The mature miRNA is then ferried to a RNA-induced

silencing complex (miRISC or miRNP), while the comp-

lementary passenger mRNA strand is eliminated. The

miRNA is distinguished from the miRNA* by virtue of

the lower stability of the duplex at the 50 end of the

miRNA. This processing step requires the assistance of

the double-stranded RNA-binding protein TRBP (the

HIV trans-activating response RNA-binding protein)
Current Opinion in Genetics & Development 2007, 17:1–11
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[16]. Notably, as many as 103 to 104 molecules might

accumulate per cell for a given miRNA species, which is

one to two orders of magnitude more than for most

mRNAs [17].

Slicing

The best characterized components of miRISCs are the

Argonaute proteins with characteristic PAZ and PIWI

domains, of which there are four in mammals (Ago1–

Ago4). Structural studies of prokaryotic Argonaute-like

proteins strongly suggest that the phosphorylated 50 resi-

due of the miRNA is docked in a tilted position in a highly

conserved basic pocket of the PIWI domain, while contacts

with the sugar–phosphate backbone of residues 2 to 5 force

these residues into a quasi-helical configuration promoting

base-pairing. The 30-OH end of the miRNA is anchored in

a pocket of the PAZ domain (reviewed in [18]). Other

components of miRISC include the Vasa intronic gene

(VIG) protein, the Tudor-SN protein, Fragile-X-related

protein, the putative RNA helicase Dmp68, and Gemin3

and Gemin4, whose precise roles in RNA interference

remain to be determined (reviewed in [19]).

The miRNA guides the miRISC complex to target

mRNAs, which it recognizes by virtue of complementary

target sequences. In animals, target sites are preferen-

tially located in the 30 untranslated region (UTR),

whereas in plants they are mostly in the open reading

frame. If the complementarity between the miRNA and

its target is close to perfect, the two will engage in a two-

turn double helix that places the target strand facing

residues 10 and 11 of the miRNA in front of the RNase

H-like DDH catalytic triad of the PIWI domain, resulting

in target cleavage or ‘slicing’. In D. melanogaster, 50 and 30

mRNA slicing products are further degraded by the

exosome–SKI complex and by XRN1, respectively

(reviewed in [20]). Note that Ago2 is the only Argonaute

endowed with slicer activity in mammals. Moreover,

although perfect complementarity between miRNAs

and their target is in essence the rule in plants, it is

exceptional in animals having been demonstrated only

for HOXB8 and PEG11 [21,22].

Slicing-independent silencing

The typical miRNA–target interaction in animals is based

on imperfect ‘fuzzy’ complementarity. It is mainly de-

pendent on perfect Watson–Crick (WC) base-pairing

occurring in the region between bases 2 and 8 of the

miRNA — referred to as the miRNA ‘seed’ — which

corresponds closely to the residues adopting a quasi-

helical conformation when bound to Argonaute. All

known target sites show perfect WC pairing over at least

four consecutive residues in the seed. This basic four-

residue helix needs to be further stabilized by 2–3

additional perfect WC interactions in the seed, creating

so-called ‘50 dominant’ (5D) sites, or by extensive com-

plementarity on the 30 side of the miRNA, creating so-
www.sciencedirect.com
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called ‘30 compensatory’ (3C) sites. 5D sites can be

subdivided in ‘seed’ sites (5DS) that base-pair exclusively

with the miRNA seed, and ‘canonical’ sites (5DC) that

show base-pairing in the 30 end in addition to a 7- or 8-nt

seed match [23]. Whether 5D or 3C, base-pairing seems

to be avoided in the middle of the miRNA — in other

words, at the expected slice site. This observation

explains why miRNA regulation is usually not accom-

panied by target slicing in animals.

The most striking effect of miRNA–target interaction in

mammals is a reduction in the amount of detectable

protein. It was initially suggested that this reduction

was due to inhibition of the translation process after

initiation, because miRNAs and their targets were shown

to co-sediment with translating polysomes. That protein

production was nevertheless reduced was first attributed

to premature ribosome drop-off and more recently to

interference — by an unknown mechanism — with the

accumulation of growing polypeptides on otherwise nor-

mally translating polysomes. Other groups have produced

evidence supporting inhibition of cap-dependent trans-

lation initiation (reviewed in [24]).

The effect on protein production was initially thought to

occur without an appreciable effect on target mRNA levels.

However, it has recently become apparent that in many

cases target mRNA levels are in fact reduced, albeit to a

lesser degree than the protein levels - thus certainly not

fully accounting for it. miRNAs were shown to accelerate

deadenylation of maternal targets during early embryogen-

esis in zebrafish and reporter targets in 293T cells. miRISC

components including Argonaute, miRNA and their

targets were shown to localize to P-bodies, known sites

of mRNA decapping and degradation (reviewed in

[19,20,24]). Subsequently, it has been shown that effective

miRNA-mediated silencing requires several P-body com-

ponents including GW182, the DCP1–DCP2 decapping

complex, the RCK/p54 decapping coactivator, the XRN1

50 to 30 exonuclease and the CCR4/NOT deadenylase.

Note that individuals suffering from autoimmune forms of

motor and sensory ataxic polyneuropathy and primary

biliary cirrhosis might have antibodies against P-body

components. Moreover, miR-16 was shown to function

with RISC and the sequence-specific RNA binding

protein TTP to target an mRNA containing an AU-rich

element (ARE) for degradation (reviewed in [19,20,24]).

Interestingly, miRNA-mediated downregulation and

recruitment to P-bodies of the CAT-1 mRNA has been

recently shown to be reversible in cells subjected to

different stress conditions, and this derepression requires

binding of HuR (an AU-rich-element binding protein) to

the 30 UTR of CAT-1 [25]. Along the same lines, BDNF

treatment has been shown to relieve miR-134-dependent

repression of Limk1 translation in cortical neurons [26].

Reversibility is clearly not compatible with slicer-
www.sciencedirect.com
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mediated silencing and might thus explain the preference

for slicer-independent silencing in animal cells.

Recently, miR-29b was shown in HeLa cells to be pre-

ferentially located in the nucleus [24]. The hexanucleo-

tide sequence at the 30 end of miR-29b seems to be

necessary and sufficient for nuclear localization. Nuclear

localization apparently accelerates the turnover of miR-
29b, but this was not observed for other miRNAs

appended with the hexanucleotide and consequently

directed to the nucleus. The precise meaning of these

findings remains to be determined, but they suggest that

miRNAs might have nuclear functions such as transcrip-

tional or splicing control, in addition to canonical transla-

tional control in the cytoplasm [27].

Thus, miRNA-mediated gene silencing in animals seems

to be a complex activity involving many mechanisms that

interact in ways that largely remain to be determined.

miRNA targets in animals

In plants, miRNA-mediated gene regulation is based on a

quasi one-to-one relationship between an miRNA and its

nearly perfectly complementary target. Although the

number of experimentally validated miRNA targets

remains limited in animals (compiled in TarBase [28]),

bioinformatics points towards a crowded and intricate

miRNA-based regulatory network in animals. In mam-

mals, for example, the number of evolutionary conserved

matches to 7-nt seeds in 30 UTRs exceeds that for control

heptamers by a factor of �2.2, enabling the prediction of

more than 15 000 5D target sites with a false discovery

rate (FDR) of 0.45. This corresponds to more than 200

target genes per miRNA and at least 30% of our genes

being under miRNA-mediated 5D control. The speci-

ficity of the prediction can be improved — at the cost of

sensitivity — by increasing the number of species defin-

ing conservation, by using 8-nt seeds, by requiring an ‘A

anchor’ to face the first base of the miRNA (irrespective of

its identity), by accounting for 30-pairing stability or by

demanding co-occurrence of multiple target sites in the

same 30 UTR (for example [23,29,30]).

In Drosophila, the number of sites including a conserved

seed of less than 7 nt with 30-pairing energy above specific

thresholds exceeds the number obtained with appropriate

controls, thus pointing towards the detection of 3C sites

(albeit an order of magnitude less than 5D sites) [23].

Distinct miRNAs might share the same seed sequence. It

is thought that 3C sites evolved to allow target recognition

by individual members of a seed-sharing miRNA family,

which in part explains why the interspecies conservation

of mature miRNAs usually extends over their whole

length rather than just the seed sequence.

Most studies have exploited sequence information from

known miRNAs to identify cognate target sites. By con-
Current Opinion in Genetics & Development 2007, 17:1–11
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trast, Xie et al. [31] have been able to predict putative

miRNA target sites by identifying octamer motifs in

3’UTRs characterized by unusually high motif conserva-

tion scores (i.e. proportion of conserved occurrences

amongst all occurrences of a given motif). Highly con-

served octamer motifs that didn’t match seeds of

known miRNA have in turn allowed prediction of novel

miRNAs.

Functions of animal miRNAs

The first miRNAs identified by forward genetic analysis

of developmental defects in C. elegans and D. melanogaster
highlighted their role as developmental switches

(reviewed in [32]). The subsequent identification of a

majority of developmental genes amongst miRNA targets

in plants corroborated this key role in development and

differentiation.

Studying the distribution of target sites across the animal

gene collection indicates, however, that animal miRNAs

are endowed with additional functions. Paradoxically,

target site avoidance has been as informative as target

site content. Quite logically, given that they have to

operate in all cell types, the 30 UTRs of housekeeping

genes are depleted in target sites in general and (presum-

ably as a means to avoid target sites) are shorter than the 30

UTRs of other genes [33]. Some genes are under evol-

utionary pressure to avoid target sites for specific rather

than all miRNAs. Again quite logically, because they have

to cohabitate peacefully, these are the genes that are

strongly expressed in the same cells as the corresponding

miRNA. In some cases, the signature of 5D target site

avoidance is strong enough to allow prediction of the tissue

where a given miRNA is expressed. Genes that are under

selective pressure to avoid target sites are referred to as

‘anti-targets’. Interestingly, signatures of target site avoid-

ance are not restricted to 30 UTRs [33,34].

Some genes are under selective pressure to maintain

target sites. Conserved target sites have been found to

be enriched among genes that are strongly expressed in

tissues that are spatially or temporally adjacent to the

domains where the cognate miRNA is preferentially

expressed. This observation suggests that miRNAs

accentuate tissue transition by dampening residual

expression of genes expressed in the precursor tissue or

dampening precocious expression of genes specifying

the derived tissue [33,34]. This role as differentiation

guards is compatible with the exquisite tissue specificity

of the expression profile of miRNAs, as observed in

zebrafish [35], and by the fact that signatures of miRNA

expression seem remarkably effective in predicting the

developmental lineage and differentiation stage of

tumors [36].

The number of non-conserved target sites exceeds that of

conserved ones by a factor of approximately ten. Most of
Current Opinion in Genetics & Development 2007, 17:1–11
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he non-conserved target sites have the potential to

ediate downregulation by the cognate miRNA, as

emonstrated in reporter silencer assays [34]. Although

ost non-conserved sites are probably non-functional

n vivo, because miRNA and target have non-overlapping

xpression domains, evidence from population genetics

see below) indicates that at least some of the non-con-

erved sites are selectively constrained and thus func-

ional. Thus, target site acquisition also seems to be an

ngoing and dynamic evolutionary process.

enes often contain multiple target sites for either the

ame or distinct miRNAs. The combination of multiple

arget sites is an effective means to fine-tune expression

ccording to the precise needs of distinct tissues, especially

t low, otherwise noisy levels. A nice illustration of this

denoising function’ has been recently provided by the

emonstration that miR-9a loss in D. melanogaster results in

he expression levels of the Senseless gene to trespass a

ritical threshold in an increased number of neuroectoder-

al progenitor cells, thereby generating surplus sensory

rgan precursor cells per proneural cluster [37]. Fine-tuning

xpression levels and buffering of genetic noise might

hus be another important function of miRNAs [38,39].

nherited variation in miRNA-mediated gene
egulation
iRNA-mediated gene silencing thus emerges as a key

egulator of cellular differentiation and homeostasis to

hich metazoans devote a considerable amount of

equence space. This sequence space is bound to suffer

ts toll of mutations, of which some will be selectively

eutral and others will be advantageous or more often at

east slightly deleterious. DNA sequence polymorphisms

DSPs) occurring in this sequence space certainly con-

ribute to phenotypic variation, including disease

usceptibility and agronomically important traits. An

mportant issue is how important their contribution

ctually is. DSPs might affect miRNA-mediated gene

egulation by perturbing core components of the silen-

ing machinery, by affecting the structure or expression

evel of miRNAs, or by altering target sites (Table 1).

SP in core components of the silencing machinery

ight affect the overall efficacy of silencing. Mutations

hat drastically perturb RNA silencing will obviously be

are, given their predictable highly deleterious con-

equences. Nevertheless, DSPs with subtle effects on

ene function might occur. Because distinct targets might

e more or less sensitive to variations in miRNA concen-

ration or silencing efficiency, such DSPs might affect

ome pathways more than others.

pecific miRNA–target interactions might be influenced by

utations affecting either the miRNA or its target. On the

iRNA side of the equation: (i) the sequence of the mature

iRNA might be altered, thereby stabilizing or destabiliz-
www.sciencedirect.com
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Table 1

Categories of DSPs affecting miRNA-mediated gene regulation.

Target miRNA Silencing machinery

DSPs altering miRNA recognition sites in

the target

DSPs altering the sequence of the miRNA DSPs altering the amino acid sequence

of silencing components

Altering existing target sites

Stabilizing or destabilizing the interaction with

the target

Stabilizing or destabilizing the interaction

with the miRNA

DSPs altering the concentration of

silencing components
Creating illegitimate target sites DSPs altering the concentration of the miRNA

CNVs encompassing the pri-miRNA Copy number variants encompassing

silencing componentsDSPs altering the 30 UTR of the target

(e.g. Polymorphic polyadenylation)

DSPs altering the transcription rate of the

pri-miRNA

Cis or trans-acting

DSPs affecting the processing efficiency of the

pri- or pre-miRNA
ing its interaction with targets; (ii) mutations in the pri- or

pre-miRNA might affect stability or processing efficiency;

(iii) mutations acting in cis or trans on the pri-miRNA

promoter might influence the transcription rate; and (iv)

copy number variants (CNVs) might affect the number of

copies of the miRNAor the integrity of the pri-miRNA host.

Onthe target sideof the equation: (i) mutations might affect

functional target sites, thereby destabilizing or stabilizing

the interaction with the miRNA; (ii) mutations might create

illegitimate miRNA target sites (in the 30 UTR or even in

other segments of the transcript) that will be particularly

relevant if occurring in anti-targets; and (iii) mutations

causing polymorphic alternative polyadenylation might

affect the content of a gene in target sites.

It has become apparent that somatic mutations or epi-

mutations affecting miRNA-mediated silencing contrib-

ute to cancer. Dicer dysregulation and deletions of

Argonaute genes have been reported in several types

of tumor. miRNA levels have been found to be generally

decreased in tumors, possibly marking de-differentiation.

The downregulation or deletion of specific tumor-sup-

pressing miRNAs (e.g. miR-15a, miR-16-1, miR-143, miR-
145 and let-7) and overexpression of putative oncogenic

miRNAs (e.g. miR-21 and miR-155) might directly con-

tribute to cancer progression. Oncogene tenors, including

RAS, BCL2 and KIT, are targets of dysregulated miRNAs,

whereas the miR-17-19b-1 cluster is involved in a complex

interplay with MYC. Moreover, somatic mutations alter-

ing binding sites for miR-221, miR-222 and miR-146 have

been observed in the 30 UTR of the KIT oncogene in

papillary thyroid carcinoma. The contribution of somatic

perturbations of RNA silencing to cancer has been

reviewed recently [40] and will not be considered further

here.

DSPs affecting the silencing machinery

Mutations underlying two well-known inherited diseases,

DiGeorge syndrome and Fragile X syndrome, involve

components of the RNA silencing machinery.
www.sciencedirect.com
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DGCR8, Drosha’s cropping partner, was named for

‘DiGeorge syndrome critical region gene 8’ [41]. It is

indeed located within the 3-Mb or 1.5-Mb microdeletions

observed in 98% of individuals with DiGeorge, or more

precisely, del22q11 syndrome [42]. del22q11 is the most

common microdeletion syndrome, afflicting 1 in 4000 live

births. Symptoms include pharyngeal (congenital cardi-

ovascular defects, craniofacial anomalies and aplasia of

the thymus and parathyroid) and neurobehavioral (learn-

ing, cognitive, attention deficits and psychiatric disorders)

phenotypes. The syndrome is typically characterized by

variable expressivity and incomplete penetrance. Loss of

function of the Tbx1 and Crkl homologs in the mouse

recapitulate human symptomatology, at least in part, but

haploinsufficiency of other genes in the region might

contribute to the complex clinical pattern. Could this

apply to DGCR8, which is located in the 1.5-Mb critical

region? Dgcr8 knockout mice are not viable and the

phenotypic characterization of hemizygous mice awaits

further characterization. However, while homozygous

Dgcr8 knockout ES cells suffer anomalous miRNA bio-

genesis as well as proliferation and differentiation defects,

heterozygous ES cells are in essence not distinguishable

from wild type ES cells [43]. This doesn’t support DGCR8
haploinsufficiency and hence an important contribution

to del22q11 symptomatology.

Fragile X is another of the most common inherited mental

retardations, afflicting 1 in 4000 men and 1 in 8000

women. About 99% of cases result from madumnal inheri-

tance of an expanded (from pre- to full mutation length)

CGG repeat in the 50 UTR of the X-linked gene FMR1,

resulting in epigenetic gene silencing that causes a fully

penetrant disease in men and a 50% penetrant disease

in women. FMR1 encodes the RNA-binding protein

FMRP, which is thought to regulate mRNA transport

and localized translation of a selected group of mRNAs.

The Drosophila ortholog dfmr1 has been shown to associ-

ate with components of RISC complexes, suggesting

that FMRP-mediated translational suppression might
Current Opinion in Genetics & Development 2007, 17:1–11
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operate through the RNA silencing machinery (reviewed

in [44]). FMR1 has two paralogs in vertebrates: FXR1 and

FXR2.

Screening the dbSNP database for DSPs causing non-

synonymous substitutions revealed 59 coding single

nucleotide polymoprhisms (cSNPs) in the 14 proteins

involved in RNA silencing mentioned above. In addition,

consulting a recent catalogue of 1447 human CNVs found

among 270 healthy Africans, Asians and Europeans [45]

identified DSPs spanning or interrupting DGCR8 (CNV

id: 1363; 283 kb), DROSHA (CNV id 427; 174 kb) and

XRN1 (CNV id: 273; 401 kb). The corresponding DSPs

are all compiled in the Patrocles database (www.patro-

cles.org).

DSPs affecting miRNA structure or expression

Humans

Iwai and Naraba [46] sequenced 173 pre-miRNAs in 96

Japanese individuals and identified ten SNPs. One of

these mapped to nucleotide 10 of the mature miR-30c-2
and could potentially have an impact on its interaction

with targets, although this was not verified experimen-

tally. According to the authors, the nine other SNPs, of

which three mapped to the loop and seven to the stem, are

unlikely to affect miRNA processing.

Calin et al. [47] identified a C-to-T transition at a position

7-bp 30 of the miR-16-1 precursor in two individuals with

chronic lymphocytic leukemia. This SNP was not

observed in 160 control subjects. The affected individuals

were found to be heterozygous in both cancerous and

normal cells, suggesting that this is a rare SNP. The

expression level of miR-16-1 was found to be considerably

reduced in the tumors. The notion that this reduced

expression might be caused by the C-to-T SNP was

suggested by the lower levels of pre- and mature miR-
15a and miR-16-1 obtained after transfecting 293 cells

with vectors expressing the mutant versus the wild-type

sequences. Deletions and downregulation of the closely

linked miR-15a and miR-16-1 pair on 13q13.4 are common

findings in chronic lymphocytic leukemia and are thought

to promote cell proliferation by releasing downregulation

of their anti-apoptotic BCL2 target.

We (M Georges et al., unpublished) have screened dbSNP

to identify additional DSPs that might affect the structure

or processing of human miRNAs. Ninety SNPs were found

within pre-miRNAs. The mature miRNA is affected by 18

of these SNPS, of which six are located within the seed

(http://www.patrocles.org). We also searched for miRNA

host genes with evidence for inherited variation in expres-

sion levels (http://www.patrocles.org). As an example,

Spielman et al. [48] reported 1097 genes with expression

levels (in lymphoblastoid cell lines) that differ significantly

between Caucasians and Asians. Eight of these genes are

host genes of one miRNA each. Previously, Morley et al.
Current Opinion in Genetics & Development 2007, 17:1–11
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[49] used linkage analysis to search for cis- and trans-acting

expression quantitative trait loci (eQTLs) affecting the

expression level of 3554 genes in lymphoblastoid cell lines.

They reported 984 eQTLs with a genome-wide P value of

0.05, corresponding to an FDR of �0.18. Five of the

corresponding genes corresponded to known miRNA host

genes. In addition, we searched for miRNA hosts among

genes showing allelic expression imbalance in heterozy-

gous individuals. Pant et al. [50] identified 732 genes

showing allelic differential expression in white blood cells

with an estimated FDR of 0.116. Six of these genes

corresponded to known miRNA host genes. Likewise,

Chakravarti et al. have identified 193 genes showing allelic

imbalance at the mRNA level, of which one proved to be a

miRNA host (A. Chakravarti et al., personal communi-

cation). It clearly remains to be established whether vari-

ations in host gene expression level translate into variation

in miRNA concentration, but such an assertion seems

reasonable. Lastly, we identified 43 miRNAs mapping

to the previously mentioned catalogue of 1447 human

CNVs [45]. Along similar lines, Wong et al. [51] have

recently reported 14 CNVs encompassing 21 known

human miRNAs.

Non-humans

Obviously, mutations affecting miRNAs underlie the

developmental defects that led to the discovery of miR-

NAs in the first place, including lin-4, let-7 and lsy-6 in C.
elegans and bantam in D. melanogaster (reviewed in [32]).

But what about non-model organisms? A sequence com-

parison of miRNAs in the genome of the Kaposi’s-sar-

coma-associated herpesvirus (KSHV) in latently infected

cell lines revealed a G-to-A transition in the passenger

branch of the miR-K5 stem that disrupts base-pairing and

DROSHA-mediated processing [52]. As a consequence,

the mature miR-K5 is not expressed in cells containing

KSHV with the A genotype. Neither the phenotypic

consequences of this miRNA loss nor the target genes

of the 11 KSHV miRNAs, however, are known. The same

study reported DSPs in three other KSHV miRNAs

including two polymorphisms that alter the sequence

of the mature miR-K10 at positions 2 and 16. Assuming

that miR-K10 targets a 5D site, the first of these DSPs has

a high likelihood of affecting recognition of the target.

An interesting example of how perturbed miRNA expres-

sion might contribute to phenotypic variation is provided

by the callipyge phenotype in sheep. This muscular

hypertrophy results from ectopic expression of the

DLK1 protein in skeletal muscle, caused by a mutation

(CLPG) in a silencer regulating the imprinted DLK1–
GTL2 gene cluster. Individuals inheriting the CLPG
mutation from their father have increased transcript levels

of the paternally expressed DLK1 and PEG11 genes,

whereas those receiving the mutation from their mother

have higher levels of maternally expressed mRNA-like

non-coding RNA genes (GTL2, MEG8 and MIRG). The
www.sciencedirect.com
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maternally expressed non-coding RNA genes are host to a

large cluster of C/D small nucleolar RNAs and miRNAs

[53,54]. Surprisingly, DLK1 protein and consequently the

phenotype are only observed in +Mat/CLPGPat sheep

(‘polar overdominance’). This observation is intriguing

because CLPG/CLPG sheep have received the CLPG
mutation from their father and show the expected

increase in DLK1 mRNA. There is strong evidence that

the lack of DLK1 protein and thus phenotype in homo-

zygous mutant sheep is due to translational inhibition of

the DLK1 transcripts by miRNAs that are hosted by the

maternally expressed non-coding RNA genes. Such

miRNA-mediated trans-inhibition has indeed been

formally demonstrated in the same locus for the pater-

nally expressed PEG11 gene [55�,56�].

DSPs affecting miRNA target sites

Humans

The first direct evidence that mutations in target sites

might affect phenotype came from studies of the gene

SLITRK1 (Slit and Trk-like family member 1) [2��].
SLITRK1 was considered to be a strong candidate for

Tourette’s syndrome because of its proximity to a de novo
inversion observed in an affected child. Mutation scan-

ning in 174 unrelated individuals with Tourette’s syn-

drome revealed a frameshift mutation generating a grossly

truncated protein and, remarkably, two independent

occurrences of the same G-to-A transition in the 30

UTR of the gene (var321) that was not encountered in

1800 healthy controls. var321 is predicted to stabilize the

interaction of SLITRK1 with miR-189 by changing a G:U

wobble pair to an A:U WC pair at position nine of the

miRNA. This assertion is supported by the observations

that the 30 UTR of SLITRK1 indeed facilitates miR-189-

mediated downregulation of a luciferase reporter, by the

finding that the var321 mutation significantly accentuates

this downregulation, and by the overlapping expression

domains of SLITRK1 and miR-189 in the central nervous

system. Taken together, these observations support the

idea that var321 has a direct role in causing Tourette’s

syndrome [2��].

Recently, Sethupathy et al. [57�] searched the databases for

SNPs mapping to experimentally confirmed miRNA tar-

get sites compiled in TarBase [28]. They identified one

SNP (rs5186) located in a non-conserved miR-155 5D site

in the 30 UTR of the gene encoding the angiotensin II

type-1 receptor (AGTR1). The A-to-C transversion

replaces an A:U WC match with a C:U mismatch at

position 5 of the miRNA seed, and can thus confidently

be predicted to suppress the miRNA–target interaction.

Consistently, miR-155-dependent downregulation of

reporter vectors endowed with the AGTR1 30 UTR was

reduced by the A-to-C transversion. Interestingly, in sev-

eral studies, the rs5186 C-allele of AGTR1 has been associ-

ated with hypertension, which might result from AGTR1
overexpression. Moreover, because miR-155 maps to
www.sciencedirect.com
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chromosome 21, Setupathy et al. speculate that miR-155
overexpression in trisomics — which they confirmed

experimentally — accounts for the lower levels of diastolic

and systolic blood pressure associated with Down syn-

drome [57�].

Züchner et al. [58] have identified two point mutations in

the 30 UTR of the gene encoding receptor expression-

enhancing protein 1 (REEP1) in individuals suffering

from hereditary spastic paraplegia. REEP1 is a strong

candidate gene because protein-disrupting mutations

have been reported among individuals affected with this

disorder. The two 30 UTR mutations are located 7-bp

apart in a highly conserved segment that shows perfect

WC complementarity to the seed sequence (nt 2–8) of

miR-140, which is known to be expressed in the central

nervous system. The c.606+50G!A mutation replaces a

G:U wobble match with a A:U WC match at position 9 of

miR-140 and could thus stabilize the interaction. The

c.606+43G!T replaces a G:U wobble match with a U:U

mismatch at position 15 of miR-140. Züchner et al. [55�]
surmise that both mutations might stabilize the miRNA–

target interaction, thereby downregulating REEP1,

which would cause the disease. The hypothesis seems

reasonable, especially for the c.606+50G!A mutation,

but further experimental support is certainly needed.

To facilitate the identification of additional DSPs that

might modulate miRNA–target interactions, we and

others have searched the databases for SNPs that alter

the 30 UTR content in 5D miRNA target sites [3��,59��].
We defined 5D target sites either as one of the 540

octamer motifs identified by Xie et al. [28] on the basis

of their unusual motif conservation score or by their

complementarity to known miRNA seeds in accordance

with Lewis et al. [26]. Among the �120 000 known 30

UTR SNPs, 19 913 modified the 30 UTR content in

putative targets. We refer to these SNPs as ‘Patrocles

SNPs’ or pSNPs (http://www.patrocles.org). The corre-

sponding derived alleles (determined from the ortholog in

chimpanzee) destroy 785 conserved target sites, destroy

9470 non-conserved target sites and create 10 283 novel

sites. pSNPs destroying conserved target sites have the

highest likelihood of affecting gene function and thus are

prime candidates for further studies. To assist in the

identification of functionally relevant pSNPs affecting

non-conserved sites, we generated coexpression scores

for all miRNA–target pairs. Indeed, for a pSNP to have a

chance to be functionally relevant, miRNA and target

need to have overlapping expression profiles.

Signatures of selection

What is the evidence that any of the candidate pSNPs

listed above truly affect gene function and thus pheno-

type? Indirect evidence that a significant proportion of

them are functional can be obtained from population

genetics. Indeed, pSNPs without an appreciable effect
Current Opinion in Genetics & Development 2007, 17:1–11
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on gene function will evolve neutrally, subject only to the

vagaries of random genetic drift, whereas pSNPs affecting

gene function might undergo positive, negative or balan-

cing selection by means of their effect on phenotype.

Selection might leave distinct signatures on the level of

inter-species divergence, intra-species variability, allelic

distribution and linkage disequilibrium (reviewed in [60]).

Evidence for strong signatures of selection has been

recently obtained for pSNPs [59��]. This work first

showed that conserved target sites are more severely

depleted in SNPs than are other conserved sequences

in the 30 UTR and that this effect is strongest at the 30 end

(matching the miRNA seed). These results are to be

expected if it assumed that these sites are subject to

selective constraints causing both reduced polymorph-

isms and divergence. Less expected is the observation

that pSNPs that either destroy or create non-conserved

target site are also underrepresented [61]. This finding

strongly suggests that a significant proportion of human

target sites have the potential to be functional even if they

are not conserved across mammals. It is important to

stress that by ‘functional’ we do not mean that the target

sites have the potential to respond to the presence of a

cognate miRNA if artificially exposed to it, but that they

truly interact with the miRNA in vivo.

An under-representation of pSNPs in miRNA target sites

indicates that selection has wiped out several functional

pSNPs. Does this mean that the pSNPs that are still

segregating in human populations are devoid of function?

To address this idea, Chen and Rajewski [59��] have

compared the distributions of derived allele frequencies

of pSNPs with those of synonymous and non-synonymous

coding SNPs and other 30 UTR SNPs. pSNPs are charac-

terized by an excess of low derived allele frequencies

when compared with all other classes, consistent with the

notion that at least a fraction of the derived alleles are

deleterious. This has been found to be the case for pSNPs

that destroy conserved target sites, but also (albeit to a

lesser extent) for pSNPs that destroy or create non-con-

served target sites for coexpressed miRNAs. Remarkably,

conserved target sites seem to be more constrained than

non-synonymous coding SNPs or SNPs affecting other

conserved 30 UTR sequences, whereas non-conserved

target sites for coexpressed miRNAs are at least as con-

strained as other conserved 30 UTR sequences. Using the

so-called ‘Poisson random field framework’, Chen and

Rajewski [59��] estimate that as many as 85% of con-

served sites and 30–50% of non-conserved sites (for

coexpressed miRNAs) are under negative selection. It

can thus be concluded that a significant fraction of pSNPs

has an effect on phenotype, probably including disease

susceptibility.

The argument developed above is restricted to derived

alleles with deleterious effects. Some neo-mutations must
Current Opinion in Genetics & Development 2007, 17:1–11
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be selectively advantageous. Chen and Rajewski [59��]
looked for signatures of positive selection affecting

pSNPs in conserved target sites, by means of the Fst

parameter measuring population differentiation. They

found that one SNP (rs1054528) in a conserved binding

site for miR-204 and miR-211 in the Map1lc3b gene

is present in 87% of Africans but is almost absent in

Europeans and Asians, and noted that post-transcrip-

tional misregulation of Map1lc3b has been implicated

in giant axonal neuropathy and Fragile X syndrome.

An alternative approach for the identification of pSNPs

undergoing positive selection is the ‘long-range haplo-

type test’ (reviewed in [60]), and genotyping of the

HapMap population with pSNPs is progressing towards

that goal.

Non-humans

In mammals, the most convincing example of a pheno-

type resulting from the perturbation of miRNA–target

interaction is probably the muscular hypertrophy of Texel

sheep [3��]. A QTL scan was undertaken to identify

the genes and mutations underlying the polygenic hyper-

muscularity of Texel sheep. A QTL accounting for

a quarter of the muscular hypertrophy was mapped to

chromosome 2 and then fine-mapped to a chromosome

segment containing the GDF8 gene encoding a muscle-

specific chalone known as myostatin.

Subsequent detailed genetic analysis pinpointed a G!A

substitution in a poorly conserved part of the GDF8 30

UTR that showed perfect association with QTL geno-

type. This point mutation has been shown to create (by

substituting an A:U WC match for a G:U wobble match at

seed position 6) an illegitimate 5D target site for miR-1
and miR-206, two seed-sharing miRNAs highly expressed

in skeletal muscle. The G!A substitution has been

found to be associated with a threefold reduction in

circulating myostatin levels and a 1.5-fold reduction in

GDF8 transcript levels, and to enhance miR-1- and miR-
206-dependent downregulation of luciferase reporters.

Conclusions
Given the pervasiveness of miRNA-mediated gene regu-

lation, in the future we will almost certainly witness a

flurry of reports describing mutations that affect disease

susceptibility and other phenotypes by modulating

miRNA-mediated gene regulation. Whereas loss of

specific miRNAs has been associated with severe devel-

opmental defects in model organisms such as C. elegans
and D. melanogaster, highly penetrant mutations seem

more and more the exception rather than the rule in

animals. As a matter of fact, the systematic knock down

of C. elegans miRNAs does not yield an obvious phenotype

in most cases, which probably highlights both the high

degree of redundancy built into the miRNA regulatory

network and the fine-tuning rather than switching func-

tion of most miRNAs.
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Mutations affecting miRNA–target interactions seem

more likely to have subtle phenotypic effects, creating

hyper- or hypomorphic alleles as opposed to causing simple

loss or gain of function — akin to the findings for Tourette’s

syndrome, hypertension and the Texel muscular hyper-

trophy. A significant contribution to the inheritance of

traits and defects showing Mendelian inheritance can be

more or less excluded. DSPs perturbing miRNA-mediated

silencing might, however, have a more significant impact

on complex traits, which — after all — encompass most

inherited phenotypes. It can indeed be argued, on evol-

utionary grounds (for example [62]), that mutations with

modest effects account for most of the standing variation

underlying adaptive traits. Polymorphisms affecting the

interaction between miRNAs and their targets are unlikely

to cause drastic perturbations, but rather they probably

underlie modest alterations of gene output and hence

phenotype, providing a more effective gradual path for

adaptation and maybe even speciation (for example [63]).

Update
A database, PolymiRTS (http://compbio.utmem.edu/

miRSNP/), has been established that compiles pSNPs

in human and mice and provides information about co-

localization with reported cis-acting eQTLs as well as

physiological QTLs [64]. Also, an additional compilation

of human SNPs affecting miRNA precursors and target

sites has been reported, and includes preliminary evi-

dence based on the long-range haplotype test for positive

selection acting on three pSNPs [65].
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