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Incomplete penetrance and variable expressivity are
non-Mendelian phenomena resulting in the lack of
correlation between genotype and phenotype. Not with-
standing the diversity in mechanisms, differential
expression of homologous alleles within cells manifests
as variations in penetrance and expressivity of mutations
between individuals of the same genotype. These phe-
nomena are seen most often in dominantly inherited
diseases, implying that they are sensitive to concentra-
tion of the gene product. In this framework and the
advances in understanding the role of microRNA
(miRNA) in fine-tuning gene expression at translational
level, we propose miRNA-mediated regulation as a
mechanism for incomplete penetrance and variable
expressivity. The presence of miRNA binding sites at
3’ UTR, co-expression of target gene-miRNA pairs for
genes showing incomplete penetrance and variable
expressivity derived from available data lend support
to our hypothesis. Single nucleotide polymorphisms in
the miRNA target site facilitate the implied differential
targeting of the transcripts from homologous alleles.
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Introduction

The lack of correlation between phenotype and genotype is
observed in several phenomena showing non-Mendelian
inheritance such as genomic imprinting, dynamic mutations,
incomplete penetrance, variable expressivity, and maternal
inheritance.!"? Coining of the terms, incomplete penetrance
and variable expressivity (IP-VE) is attributed to Oskar Vogt,
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who recognized the inadequacy of the terminology “dom-
inance” to describe inheritance and proposed the term
“penetrance” and “expressivity”.®® He provided a distinction
between the two as follows “When there is strong penetrance,
which is a percentage increase in the manifestation of a trait
(in a population), the character can occur in weak form (weak
expressivity). Conversely, at low penetrance where there is a
percentage decrease in the rare manifestation of this
character, the character can occur in its very pronounced
form (strong expressivity)”.®® A condition is said to have
“complete penetrance” if clinical symptoms are present in all
individuals carrying the mutation and “incomplete pene-
trance” if clinical symptoms are not always present in
individuals with the same genotype (Genetics Home Refer-
ence, NLM). The fact that incomplete penetrance is seen most
often in dominantly inherited diseases indicates that these
phenotypes are vulnerable to alteration in concentration of the
gene product. On similar lines, variable expressivity has been
described as “variation” in clinical features (type or severity)
of a genetic disorder between individuals with the same
genotype, even within the same family (Genetics Home
Reference, NLM). These phenomena have been reported in
several genetic disorders, i.e., congenital heart disease,®
type Il diabetes,® cystic fibrosis,® Hirschsprung disease,”
erythropoietic protoporphyria (EPP),® retinitis pigmentosa
11, and retinoblastoma.'®'" A large family segregating
retinoblastoma was described by Dryja et al., in which a
germline deletion in the RB gene encompassing exon 4 was
detected both in the affected children and one of their
unaffected parents.('®

The lack of satisfactory mechanistic explanations for the
phenomena led Vogel and Motulsky to refer to IP-VE as
“labels of our ignorance” (Human Genetics: Principles and
Approaches, 1997, third edition). However, in the recent years
there has been considerable advances in the understanding
of the basis of IP-VE in specific cases.'"® These studies
reiterate that IP and VE are closely related phenomena
forming a continuum and sharing common mechanisms. On
the other hand, the molecular basis of differential expression
of homologous alleles has been extensively investigated in
the context of genomic imprinting and random inactivation of
X chromosome in female mammals.('2~"9)
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Molecular mechanisms of differential
expression of homologous alleles

The molecular correlates of differential expression of
homologous alleles known so far for genomic imprinting
and X chromosome inactivation illustrate the diversity of
strategies and consequences of differential epigenetic
marking that ultimately results in differential gene expression.
A few examples are discussed here to represent the variety of
mechanisms that underlie differential expression of homo-
logous alleles.

The H19/Igf2 imprinted gene pair is one of the loci
extensively studied for differential epigenetic modifications.
Differential transcription at this locus is correlated with
variation in DNA methylation at the differential methylation
region (DMR) upstream of the H19 locus, differential
DNase | hypersensitivity and replication asynchrony between
imprinted alleles."®'® The consequence of these molecular
correlates is that the enhancer present downstream of H19
gene is not accessible to Igf2 promoter on the maternal
chromosome.'®

Modification of histones is an epigenetic marking reported
in several cases, including Prader Willi and Angelman
syndrome (PWS and AS) region comprising of SNRPN,
IGF2R, and U2AF1-RS genes.? Differential modifications of
histones and/or DNA can be brought about by interaction of
polycomb (PcG) and trithorax (trxG) complexes, which
maintain, respectively a silenced or an active state of
expression of developmental genes.?" Members of PcG
complex like enhancer of zeste (EZH), a SET domain
containing protein, bring about histone H3K9 methylation,
which is recognized by heterochromatin protein 1 (HP1),
leading to inactivation.®® The unification of mechanisms of
epigenetic regulation is reflected by similar histone modifica-
tions through polycomb complexes to maintain X chromo-
some inactivation."*) Non-coding RNA from XIST gene, the
master regulator, initiates the process.““) Variation in
expression in different transgenic lines with the same
transgene is often encountered. This discordance is corre-
lated with copy number, the status of DNA, and histone
methylation at the site-of-integration of the transgene.24
These examples reiterate that in spite of diverse mechanisms,
the reinforcement of differential expression appears to be
principally brought about either by DNA methylation and/or
histone modifications.

Molecular basis of IP-VE

The fact that IP-VE is seen most often in dominantly inherited
diseases indicates that these phenotypes are sensitive to
concentration of the gene product. The basis of incomplete
penetrance and/or variable expressivity elucidated so far
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indicates that it varies between genes and that there may not
be a common mechanism applicable to all cases.

IP-VE of triplet repeat-associated disorders, like the fragile
X syndrome, is explained by the detection of premutation
status in carriers and in patients; manifestation of the disease
and its severity is directly correlated with CGG repeat
number.®® The length of CGG repeat in the 5'UTR of fragile
X mental retardation gene (FMR1) is also tightly correlated
with methylation of the promoter and hence transcription of
the gene.®

Apart from epigenetic regulation, the number of genetic
lesions and nature of functional domain altered by mutation or
polymorphism may contribute to phenotypic variability in
complex diseases. The loss of canonical splice site by a single
base change in the RET gene, a receptor tyrosine kinase in
Hirschsprung disease (aganglionic megacolon), results in the
absence of expression of functional protein and the severity of
the disease is related to the homozygosity of the muta-
tion.”?”) EPP inherited as an autosomal dominant disorder
also shows incomplete penetrance since affected and normal
individuals (both carrying the mutation) are observed in the
same family.?® The authors suggest that penetrance is
modulated by an intronic single nucleotide polymorphism
(SNP) at a cryptic splice site on the wild-type allele, leading to
production of an aberrant transcript that is degraded and,
therefore, results in near absence of the ferrochelatase
enzyme. Individuals carrying the dominant mutation as well as
the intronic SNP will, therefore, show a total absence of the
ferrochelatase enzyme, while those with the mutation but no
intronic SNP will have reduced levels. Thus, cryptic regulatory
variations and allelic variations can lead to clinically indis-
tinguishable phenotypes, which adequately explain the
observed deviation in penetrance and expressivity.?%3"
However, such changes are not reported in several mono-
genic dominant disorders varying in penetrance and expres-
sivity.®238 A comprehensive review of the mechanisms
known for non-Mendelian inheritance is provided by Heynin-
gen and Yeyati" and Zlotogora.®

The factors that affect gene product levels include gene-
specific transcription®®® and translation regulators.®®
Therefore, a monogenic disease could be under the influence
of gene-specific interacting partners that are referred to as
modifier genes. Epigenetic regulators like DNA and histone
methyltransferases are also included under this category.“®
Consequently, it follows that the wild-type or normal alleles of
genes are also influenced by these interacting factors.
However, when there are no mutations affecting the functional
protein, the cell achieves a steady-state level of normal
protein required for the function and, hence, manifests normal
phenotype.

The role of trans-acting modifiers is implicated in IP-VE,
although specific modifiers are identified in only a limited
number of cases.'**?) Promoter methylation is recognized as
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a cancer risk modifier in BRCA1/BRCA2 mutation carriers.*?
Genes designated as modifiers can have functions other than
catalytic activity leading to DNA and histone modifications. In
case of breast cancer, tumor occurrence due to predisposing
mutation in BRCA2 is affected by a SNP in Rad51, coding for
a DNA repair enzyme.(43) However, in many cases the identity
of modifier genes is not established.*4%)

In addition to transcriptional regulation of gene expression,
the impact of translational regulation by non-coding RNA on
phenotype is increasingly being recognized as a critical step
in disease manifestation.*¢#”

MicroRNAs as regulators of gene
expression

MicroRNAs (miRNAs) are an important class of endogen-
ously expressed non-coding RNAs that can bring about
regulation at the post-transcriptional level, resulting in
apparent lack of correlation between genotype and pheno-
type.“*® miRNAs are transcribed as long primary transcripts
(pri-miRNA) from intergenic or intronic sequences of the
genome (Fig. 1). The gene that gives rise to miRNA is called
the source gene, while the target gene is one whose 3'UTR is
recognized by the miRNA. The pri-miRNA is processed in the
nucleus by an RNaselll complex of Drosha and DiGeorge
syndrome critical region 8 (DGCR8), to give ~70-100-
nucleotide-long pre-miRNA that is transported to the
cytoplasm by a RNA-binding, Ras-related nuclear protein
(Ran)-GTP-dependent protein called Exportin5. In the
cytoplasm, the pre-miRNA is further cleaved into a small
21-25-nucleotide duplex by the RNaselll complex of Dicer
and transactivating response RNA-binding protein (TRBP).
Single strand from the duplex, i.e., the mature miRNA is then
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incorporated into an miRNA-associated ribonucleoprotein
(miRNP) complex containing argonaute and other proteins,
which binds to 3'UTR region of target mRNA through partial or
complete complementarity.“®) Thus, one miRNA can have
multiple targets within the same cell. miRNAs can regulate
translation either by degradation of the mRNA or by
translational repression. The 2-8 nucleotides at the 5'end
of miRNA that is completely complementary to the target
region in the 3'UTR of target gene is called the “seed” region
(Fig. 1).

There are numerous examples showing the effect of
miRNA on gene expression.“9°% In several instances,
3'UTR of a target gene may carry sites for multiple miRNAs,
allowing for combinatorial regulation by these miRNAs.
Recently, experimental evidence for the implied cooperativity
of miRNAs acting on the same target has been reported.®®
One miRNA can directly bind to hundreds of targets, which
entails competition between targets for the same miRNA.®?
Both cooperativity and competition are concentration-depen-
dent phenomena. Furthermore, miRNA-target interaction
does not require complete complementarity. Typically, com-
plete complementarity at the seed sequence and additional
interrupted interactions along the length, add to the affinity of
the target for the miRNA and determine the stability of
mRNA-miRNA interaction. In vivo, with several targets
competing for the same miRNA, the number of sites, affinity,
accessibility, and noise in transcription of miRNA and target
gene are factors likely to influence miRNA-target interac-
tion.%859 These attributes of miRNA-mediated regulation
presumably introduce stochasticity to the regulatory network
of gene expression. However, it is proposed that transcrip-
tional noise could be reduced by miRNA regulation, leading to
canalization of development.®® In cases where the expres-
sion of target gene and miRNA are in mutually exclusive cells

Seed region

.—&:ﬂg\'
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mRNA block
degradation

Figure 1. Outline of miRNA biogenesis and function. The functions of the proteins, DICER, DGCR8, Exportin, and TRBP are described in the

text.
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miRNA can abolish ectopic leaky expression of genes.®”
Accordingly, perturbations in interaction between miRNA and
its target could affect the robustness of developmental
processes.

A model for the role of miRNA in IP-VE

We propose that miRNA-mediated regulation of protein levels
brings about non-equivalence of homologous alleles at the
translational level within the same cell, and when one of the
alleles is mutated as in monogenic diseases, the phenotypic
outcome depends upon which of the two alleles is affected by
miRNA. Based on this proposition, we suggest a model for
miRNA-mediated regulation of IP-VE (Fig. 2). The miRNAs
target the 3'UTR of mMRNA and lead to either degradation of
mRNA or to inhibition of translation, but given that IP-VE
entails variability in the expression level of the two alleles
rather than complete silencing of one of them, we consider
translational block as the consequence of miIRNA-mRNA
interaction.

Under normal circumstances the homologous alleles are
expected to have a nearly identical sequence and, therefore,
any one of them may be targeted for translational regulation

by the cognate miRNA. At this step the property of miRNA-
mediated regulation to operate even in the absence of
complete sequence complementarity is of significance. In the
absence of any mutation in the target gene, the cellular level of
the protein coded by the target gene is adequate to establish a
normal phenotype. However, when there is a mutation in a
heterozygous state, the phenotype is dictated by which of the
two products of transcription from the homologous alleles is
targeted by miRNA, thus resulting in IP-VE. miRNA-mediated
regulation is now known to be a cell-autonomous process.
Therefore, the outcome at the tissue level will depend upon
which of the allelic products is suppressed in the majority of
the cells that make up the tissue, thus bringing about variable
expressivity between tissues/organ systems. The allele
selection for miRNA targeting can be augmented by SNP
at the target sequence in one of the alleles, as illustrated in
Fig. 3. SNP in the 3'UTR could alter the stability of mRNA-
miRNA duplex. In addition, the expression level of the miRNA
source gene can also influence tissue level variation of
regulatory miRNA and, hence, the severity and penetrance of
the disease.

However, allelic selection can be speculated to be under
the control of the organ-specific network of regulatory factors,
which will include the regulators of target gene transcription,
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Figure 2. A model for miRNA-mediated regulation of penetrance and/or variable expressivity. The homologous alleles and their mRNA are
shown as differently colored symbols. The levels of protein products from the genes are shown with graded colors: green for normal and pink for
mutant protein. The mutation on the gene and the mRNA is shown with a blue star. The level of the protein product from the two alleles will vary
depending on which of the allelic mRNAs is targeted by miRNA and when there is a mutation in heterozygous state in the gene, the differential
targeting will result in mutant or normal phenotype depending on which allele is targeted. Further SNP in the target site will enhance the
differential expression of the homologous alleles at the protein level and is described in Figure 3.
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Figure 3. Consequence of the presence of SNP in the miRNA target site. SNP is shown as yellow box. The levels of protein products from the
genes are shown with graded colors: green for normal and pink for mutant protein. The mutation on the gene and the mRNA is shown with a blue
star. Occurrence of SNP in the absence of disease causing mutation is of no consequence on the phenotype (top panel). Various ways of
strengthening differential regulation in mutation background are shown: SNP at target site can lead to either an increase or decrease in affinity
between mRNA and miRNA, SNP can occur in the normal or the mutant allele. The consequence of each variable on the phenotype is depicted.

the number and transcriptional level of alternative targets of
the same miRNA, transcriptional level of the miRNA source
gene and its regulators.

As mentioned earlier, modifier genes can influence
gene expression and, hence, penetrance and expressivity.
We consider the possibility that miRNAs can also regulate the
product level of modifier genes like DNA methyl transferase,
which in turn can modulate methylation of upstream
sequences of genes. By utilizing the data available in the
public domain we have examined the possible targeting of
IP-VE and modifier genes by miRNA and evaluated the
correlations between the miRNA and its target mRNA
predicted by our hypothesis.

Table 1. A representative list of genes retrieved for analysis

Are IP-VE genes targeted by miRNA?

We retrieved genes implicated in autosomal single gene
disorders showing incomplete or reduced penetrance and/or
variable expressivity from literature available at Online
Mendelian Inheritance in Man (OMIM), http://www.ncbi.nIm.-
nih.gov/Omim/). The sequences of genes listed by Surani
et al. as modifier genes were retrieved from ENSEMBL.“?
A representative list of genes is given in Table 1 and the
complete list is given in Supporting Information Table 1. We
generated a list of 143 genes implicated in autosomal
single gene disorders that show incomplete or reduced
penetrance and/or variable expressivity and screened them

Gene Function Disease Phenomenon
BESTT1 lon transport Macular dystrophy, vitelliform; VMD IP

PAX3 Transcription factor Waardenburg syndrome, type I; WS1 IP

FLT4 Signal transduction Lymphedema, hereditary, | P

CRB1 Calcium lon binding Pigmented paravenous chorioretinal atrophy; PPCRA VE

MSX1 Transcription factor Orofacial cleft 5; Witkop syndrome VE

NIPBL Structural role in chromatin Cornelia De Lange syndrome 1; CDLSH1 VE

RB1 Transcription factor Retinoblastoma; RB1 IP-VE
HOXD10 Transcription factor Vertical talus, congenital; CVT IP-VE

TOR1A ATP binding Torsion Dystonia 1, autosomal dominant; DYT1 IP

TTR Signal transduction Amyloidosis, senile systemic IP

DNMT1 DNA methylase - Modifier
HDAC1 Histone deacetylase - Modifier
BioEssays 31:981-992, © 2009 Wiley Periodicals, Inc. 985
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Table 2. Identification of miRNA targets

miRNA target prediction

Gene class Total genes Genes with ENST? Target genes miRNA Gene-miRNA pairs
IP-VE 143° 128 88 167 233
Modifiers 29° 29 21 47 49
Control 516° 516 297 277 750

#Number of genes having Ensembl Transcript ID (ENST) annotation including 3'UTR sequence at Ensembl.

PNumber of genes retrieved from OMIM showing IP-VE.
°Number of modifier genes taken from Surani et al.“?

9Number of house-keeping genes used as control set’®” (p value<0.05 IP-VE to control).

for the presence of putative miRNA binding sites in their
3'UTR. The consensus of three miRNA target prediction tools,
miRanda,®") TargetScan,®® and RNAhybrid,®® was used for
miRNA target prediction to reduce the false-positive predic-
tions known to be associated with each of the tools.®* The
procedure followed was according to Hariharan et al. and is
detailed under methods.®® We found that amongst the 128
genes of the IP-VE set for which the 3'UTR sequences were
retrieved, 70% of the genes (88 of 128) contained miRNA
binding site(s) (Table 2, Supporting Information Table 2).

These 88 IP-VE genes were targeted by 167 human
encoded miRNAs giving rise to 233 target gene—miRNA pairs,
which indicated that some genes are targeted by multiple
miRNA; 66% of the genes (58 of 88) contained multiple non-
overlapping miRNA binding sites in their 3UTR. For example,
TOR1A (torsin family 1, member A; torsin A) contains six
non-overlapping miRNA binding sites within 1 kb, while TTR
(transthyretin, prealbumin, amyloidosis type I) has three
such sites within 150 bases. This suggests a possible
combinatorial regulation where varying combinations of
miRNA binding to a target transcript could bring about
variation in expression.

We used housekeeping genes as a control set to compare
our list of IP-VE genes as potential targets of miRNA
regulation, as expression of these essential genes is
subjected to minimum stochasticity or noise as shown in
Saccharomyces cerevisiae.®® We retrieved the sequences of
a set of housekeeping genes given by Eisenberg and
Levanon.®®” In this comparison, IP-VE genes had a higher
probability of being under miRNA-mediated regulation
(p value<0.05, Fisher's exact test, 88 of 128 IP-VE and
297 of 516 housekeeping genes, Table 2).

Epigenetic modifiers are targeted
by miRNA

The modifier gene list contains 31 epigenetic modifiers
including histone and DNA methylases, histone acetylases,
and deacetylases.*®? Two of these modifiers, DNMT3B

986

(OMIM 242860) and SMARCB1 (OMIM 601607) were also
retrieved as IP-VE genes and were targets of miRNA. Of the
29 modifier genes, 21 were also targeted by miRNA
(Supporting Information Table 2); 12 of these contained
multiple non-overlapping miRNA-binding sites, including
dicer 1, ribonuclease type lll (DICER1) and PR domain
containing 1, with ZNF domain (PRMD1) that contained five
exclusive miRNA-binding sites each.

miRNAs can also arise from intronic sequences of
genes.®® We examined if any of the genes in our list was
also a source of miRNA and found that euchromatic histone-
lysine N-methyltransferase 1 (EHMT1), a modifier gene
encodes an intronic miRNA, hsa-mir-602, which targets 30
other genes in the human genome, according to the
consensus miRNA target prediction. Thus, the network effect
of a target gene for one miRNA being the source of a different
miRNA by itself can also bring in an additional layer of
variability in miRNA-mediated regulation of IP-VE.

Functional classification of IP-VE genes

The functional classification of the 88 IP-VE target genes
using Database for Annotation, Visualization and Integration
Discovery (DAVID), http:/david.niaid.nih.gov)*® a tool that
implements Gene Ontology (GO) term clustering, indicated
that the IP-VE target genes are predominantly involved in
biological processes of development and neurophysiology.
In molecular function, the major category is transcription
regulation (Table 3). The modifier target genes are enriched
in cellular metabolism (biological process), transferase,
and DNA binding activity (molecular function).

Co-expression of miRNA and the
target gene

It has been suggested that miRNA can regulate translation

either by degradation of mRNA or by translational repres-
sion.®® In the former case, miRNA and its target mRNA

BioEssays 31:981-992, © 2009 Wiley Periodicals, Inc.
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Table 3. GO functional classification of IP-VE genes targeted by
miRNA

Level p value
Biological process
Skeletal development 3 1.30E-08
Sensory perception of sound 4 1.51E-08
Sensory perception of mechanical stimulus 3 1.73E-08
Neurophysiological process 3 1.11E-04
Regulation of cellular metabolism 4 1.62E-04
Regulation of cellular physiological process 3 2.74E-04
Regulation of metabolism 3 3.49E-04
Organ morphogenesis 3 5.29E-04
Regulation of cell size 4 7.71E-04
Cell growth 3 8.30E-04
Visual perception 4 1.25E-03
Sensory perception of light stimulus 3 1.34E-03
Cellular morphogenesis 4 1.67E-03
Molecular function

Transcription factor activity 4 9.68E-05
Sequence-specific DNA binding 4 1.49E-04
Alpha-type channel activity 3 5.49E-04
Adenyl nucleotide binding 4 1.37E-03
Purine nucleotide binding 3 2.59E-03
DNA binding 3 8.88E-03

are not expected to co-express.’? However, preferential
co-expression of target mRNA and miRNA has been
experimentally demonstrated in some cases.®'™%® Since
the description of IP-VE implies modulation rather than
complete silencing of bi-allelic expression, we consider that
for the miRNA to function as a post-transcriptional regulator,
co-occurrence with target mMRNA is required. Consequently,
subtle changes in levels of the co-occurring target gene—
miRNA pair, under different cellular conditions in different
individuals, may lead to variable expressivity.

The data, we utilized, were generated from different
tissues, and we have considered only those tissues where the
data for both mRNA and the miRNA were available. mRNA
expression data for tissues and developmental stages are
available at Unigene, EST ProfileViewer (www.ncbi.nim.nih.
gov/UniGene), while miRNA data are from human tissues
from commercial sources.””" Based on this, we have
considered co-expression of mMiRNA and mRNA in 27 adult
tissues. However, the most relevant stage-specific co-
expression would be at fetal stage for both mRNA and
miRNA in the light of predominant representation of IP-VE
genes in the developmental pathway. Secondly, the data refer
to the tissue as a whole and not to any specific cell type within
the tissue. In the light of these limitations, we have considered
co-expression as minimal necessary criteria. Our rationale is
that the lack of co-expression would negate the hypothesis of
miRNA-mediated regulation within the framework of variable
expressivity.

BioEssays 31:981-992, © 2009 Wiley Periodicals, Inc.

We carried out an analysis of the expression of miRNA and
the target genes using data given by Liang et al" and
Unigene, EST ProfileViewer (www.ncbi.nlm.nih.gov/UniGene),
respectively, and screened for co-expressed target gene—
miRNA pairs. We considered Boolean criteria for expression/
non-expression states and not the level of expression, as
variable expression itself is the phenomenon under analysis.
We obtained 120 and 36 target gene—-miRNA pairs for IP-VE
and modifier genes, respectively, co-expressed in at least one
tissue (Table 4, Supporting Information Table 3).

We applied another filter to prioritize mMRNA—miRNA pairs
for experimental validation by examining whether the target
gene—miRNA pair is co-expressed in the tissue affected by
the disease attributed to target gene mutation. The data for
this analysis were available at OMIM for 40 genes in our list, of
which 24 genes accounting for 43 target gene—-miRNA pairs
co-occurred in the affected tissue. Sample data are shown in
Table 5 and complete data in Supporting Information Table 3.
The observations can be illustrated in the case of JAGT,
involved in cell communication during early embryonic
development, mainly in cardiovascular development and
cell-fate determination during hematopoiesis. Defects in
JAGT lead to Alagille syndrome (OMIM 118450), an
autosomal dominant disorder with highly variable severity
of heart or liver disease between individuals with the same
genotype. The disease also affects eyes, skin, and other
tissues. We observed that JAG T mRNA occurred in numerous
tissues, but is co-expressed with the targeting miRNA, hsa-
mir-124a, in brain and with hsa-mir-214 in brain, liver, heart,
and kidney, which are generally affected tissues in Alagille
syndrome. It is to be noted that one cannot expect the
absence of the miRNA in the unaffected or non-target tissues
since a few hundred miRNAs are expected to regulate
thousands of targets in various tissues and tissue-specific
expression is reported for only a limited number of miRNA.("?

We carried out a comparison of expression for miRNA,
target mRNA, and the protein product using the available
data. Figure 4 shows a contrast in the expression levels of
hsa-mir-520a*, -491, and -199a” versus RB1, FLT4, and
TGFB1, respectively, suggesting miRNA-mediated post-
transcriptional regulation of the mRNA.

Table 4. Summary of co-expression analysis. The number of miRNA
and target genes contributing to co-expressed target pairs in the
IP-VE and modifiers in different tissues are given. Co-expression of
target gene—miRNA pairs in affected tissue is shown for IP-VE genes.
The numbers in parenthesis are the total number of genes/miRNA/
pairs for which expression data is available in the public domain

Co-expression

Gene class Genes miRNA Pairs
IP-VE 62 (68) 90 (113) 120 (152)
IP-VE in affected tissue 24 (40) 34 43 (79)
Modifiers 19 (19) 34 (37) 36 (39)
987
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Table 5. Examples of IP-VE genes co-expressed with their targeting miRNAs in disease-affected tissue

miRNA co-expressed with

Gene Disease OMIM ID Targeting miRNA target gene (affected tissue)

JAGT Alagille syndrome 118450 hsa-mir-124a, 214 hsa-mir-124a (brain), hsa-mir-214
(brain, liver, heart, kidney)

SPG3A Spastic paraplegia 3 182600 hsa-mir-370 hsa-mir-370 (brain)

PTPN11 Noonan syndrome 163950 hsa-mir-302c, 187, 24, 646 hsa-mir-302c (heart), hsa-mir-187 (brain, heart),
hsa-mir-24 (brain, heart, muscle)

SPAST Spastic paraplegia 4, 182601 hsa-mir-92, 367, 421, 453 hsa-mir-92 (brain)

autosomal dominant
SFTPC Surfactant metabolism 610913 hsa-mir-320, 331 hsa-mir-320 (lung), hsa-mir -331 (lung)

dysfunction, pulmonary, 2

Differential regulation of products of
homologous alleles: polymorphism in
miRNA target site

SNP in the miRNA binding site can alter the interaction
between the target site and miRNA,”>7 and SNP in pre-
miRNA can alter the biogenesis or the structure of the
resulting mature miRNA® and, hence, the phenotype in
question. When the source of miRNA is an intron, sequence
polymorphism within the miRNA per se does not alter the
mRNA of the source gene. In target MRNA, SNP can be in the
seed region (Fig. 3) or the region flanking the target site.
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Depending on the nature of the base altered, SNP can change
the intramolecular structure of the target transcript and, thus,
affect its accessibility to miRNA as well as the stability of
miRNA and mRNA interaction. This has been analyzed
and the data for the known SNP in the 3'UTR are available
in the dbSMR database (http:/miracle.igib.res.in/polyreg).’®
Amongst the list of IP-VE genes, we found 21 target gene—
miRNA pairs (contributed by 16 genes and 20 miRNAs) that
show either gain or loss of miRNA binding due to occurrence
of validated SNP(s) within a 200-bp region spanning the target
site (Table 6 and Supporting Information Table 4). For
example, 3UTR of SPAST (SPG4, OMIM 182601) and

*
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Figure 4. Comparison of expression of target mRNA (lane 1), miRNA (lanes 2—4), and the protein (lane 5) for (A) RB1, (B) FLT4, and
(C) TGFb1. ®Protein expression data were retrieved from www.proteinatlas.org. The protein level is inversely related to miRNA level, for instance,
RB1 protein level is high in all cases except in placenta where the level of mir-520a™ is high.
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Table 6. Occurrence of SNP affecting miRNA binding to the targeted IP-VE genes

SNP Effect
Gene Disease OMIM ID miRNA SNP ID position® of SNP
TRPM7 Amyotrophic lateral sclerosis-parkinsonism/ 105500 hsa-mir-642 rs11070795 —20 Gain
dementia complex 1
TP73L Ankyloblepharon-ectodermal defects-clefting 106260, 103285 hsa-mir-491 rs35659283 —110 Loss
syndrome, adult syndrome rs35785527 —67 Loss
rs36099321 -27 Loss
TORI1A Torsion dystonia 1 128100 hsa-mir-133b  rs1182 74 Gain
TGFBR2 Aortic aneurysm, Familial Thoracic 3 608967 hsa-mir-642 rs11466534 15 Gain
hsa-mir-34b rs11466532 8 Loss
SPAST® Spastic paraplegia 4, autosomal dominant 182601 hsa-mir-453 rs9789593 —67 Loss
hsa-mir-92 —41 Loss
SMPD1 Niemann-Pick disease, type A 257200 hsa-mir-34a rs1803160 —160 Loss
SFTPC® Surfactant metabolism dysfunction, pulmonary, 2 610913 hsa-mir-331 rs8192331 20 Loss
PNKD Paroxysmal nonkinesigenic dyskinesia 1 118800 hsa-mir-452°  rs921970 —56 Loss
PLN Cardiomyopathy, dilated, 1P 609909 hsa-mir-449 rs12198461 89 Loss
NOS1 Pyloric stenosis, infantile hypertrophic 1 179010 hsa-mir-362 rs9658563 —-117 Loss
LMBR1 Acheiropody 200500 hsa-mir-448 rs12530942 48 Loss
EYA4 Cardiomyopathy, dilated, 1J 605362 hsa-mir-136 rs3734279 —-107 Gain
EXT1 Exostoses, multiple, type | 133700 hsa-mir-655 rs6988932 —26 Gain
EVC Weyers acrofacial dysostosis 193530 hsa-mir-588 rs11939264 127 Gain
COL1A1 Caffey disease 114000 hsa-let-7d rs1061947 12 Gain
hsa-let-7g 12 Gain
hsa-let-7a 13 Gain
hsa-let-7f 13 Gain
CFTR Cystic fibrosis transmembrane conductance 602421 hsa-mir-645 rs17140308 15 Gain
regulator
SUV39H2 (m) 606503 hsa-mir-383 rs11594111 62 Loss

SNP in target gene within the 200-bp up- or downstream region of miR target site, causing gain or loss of miRNA binding is shown.

Disease refers to that caused by mutation in the respective gene.

@Position of SNP in the target site considering the first base pairing with miRNA as +1.
PMarks the target genes co-expressed with miRNA in affected tissue shown in Table 5.

(m), modifier gene.

hsa-mir-452*: nomenclature for miRNA given at http://microrna.sanger.ac.uk.

SFTPC (SMPD2, OMIM 610913) have SNP rs9789593 (G/T)
and rs8192331(C/G), respectively, that can result in loss of
binding of hsa-mir-92 (SPAST) and -331 (SFTPC). This alters
the pairing pattern of bases in the mRNA-miRNA binding
region, resulting in a structural change and hence loss
of binding (http://miracle.igib.res.in/polyreg). As shown in
Table 5, hsa-mir-92 and hsa-mir-331 are co-expressed with
the respective genes in the affected tissue. Thus, in the
background of a mutation in the gene, variable stability of
miRNA-mRNA interaction due to SNP in the target region
may result in variable expressivity seen in SPG4 and SMPD2.
The predicted consequences of SNP-mediated allele distinc-
tion are depicted in Fig. 3.

We identified four SNPs in the miRNA binding site of
modifier genes, three of which map to the “seed region” in the
target site. We also examined the presence of SNP(s) in
the pre-miRNA sequences that could possibly alter the
biogenesis or the structure of the resulting mature miRNA and
detected seven SNPs mapping to six pre-miRNA targeting
twelve IP-VE genes (data not shown).

BioEssays 31:981-992, © 2009 Wiley Periodicals, Inc.

Concluding remarks

miRNAs have emerged as a new class of post-transcriptional
regulators that participate in various processes, such as
development, cell differentiation, apoptosis, and cancer. Our
analysis of the possible role of miRNA in IP-VE, adds to the
repertoire of regulatory circuits in which miRNA exert their
influence. The stochasticity and affinity of multiple miRNAs
binding to a transcript or the occurrence of polymorphism
in the target or the miRNA-source sequence could add to
the conditional expression of the product of one of the
homologous alleles. Our results strongly suggest that
miRNA-mediated regulation can underlie the mechanism of
IP-VE of genes. Our analysis offers a theoretical frame-
work for experimental validation and the need for network
analysis of miRNA-mediated regulation of diseases showing
IP-VE.

It is significant to note the predominance of developmental
genes among the miRNA-targeted IP-VE genes. This could
tender an explanation for the lasting effect of this mechanism
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of differential expression of homologous alleles at early
developmental stages, as a discernable effect on the
phenotype can be brought about through regulatory cascades
during development.

Methods

Dataset source

A list of 143 IP-VE genes was generated using OMIM (http://
www.ncbi.nIm.nih.gov/Omim/) using the following keywords
and criteria: single gene autosomal disorder, showing
incomplete penetrance and/or “variable expressivity” of the
disease phenotype, mutation, or gene. Thirty-one epigenetic
modifiers reported by Surani et al. were taken;“? and their
human orthologs were taken from HomoloGene, NCBI. The
list of housekeeping genes used as control was taken from
Eisenberg and Levanon.®”)

miRNA target prediction

3'UTR sequences for the genes were downloaded from
ENSEMBL release 42. Mature miRNA sequences were
downloaded for the 470 miRNAs available at miRBase
release 9.0 (http://microrna.sanger.ac.uk/).””” miRNA target
predictions were carried out by taking a consensus®® of
miRanda,®" TargetScan,®® and RNAhybrid.®® Redundant
target gene—miRNA pairs generated due to alternate
transcripts of gene were removed to obtain unique pairs.

Analysis of expression data

Tissue expression profiles of miRNA were taken from Liang
et al,"V and those of target mRNAs were retrieved from
Unigene, EST ProfileViewer (www.ncbi.nim.nih.gov/Uni-
Gene) as transcripts per million (TPM). We screened for
co-expressed target gene—miRNA pairs in 27 tissues with the
following criteria: copy number of miRNA as well as TPM
count of its target gene in a tissue above “zero” signifies co-
expression of the miRNA and its target gene. Information in
context to disease phenotype or clinical symptom was
obtained from OMIM. Protein expression data were retrieved
from (www.proteinatlas.org) Protein Atlas version 3.0 —
2007.10.09. For the tissues having TPM above zero, target
gene, miRNA, and protein expressions were compared.

SNP analysis

Information on SNPs occurring within 200bp (up- and
downstream) of target site and their effect on miRNA binding
was retrieved from dbSMR database (http://miracle.igib.re-
s.in/polyreg).”® SNP(s) in pre- or mature miRNA were
retrieved from UCSC genome browser.
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Functional clustering

DAVID®® was applied for functional classification and
clustering of genes. Default cut-offs given at DAVID and p
value < 0.01 was considered for gene enrichment, at levels 3
and 4.
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