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Incorporating alternative splicing and
mRNA editing into the genetic analysis
of complex traits

Musa A. Hassan and Jeroen P. J. Saeij*
The nomination of candidate genes underlying complex traits is often focused

on genetic variations that alter mRNA abundance or result in non-conservative

changes in amino acids. Although inconspicuous in complex trait analysis,

genetic variants that affect splicing or RNA editing can also generate proteomic

diversity and impact genetic traits. Indeed, it is known that splicing and RNA

editing modulate several traits in humans and model organisms. Using high-

throughput RNA sequencing (RNA-seq) analysis, it is now possible to integrate

the genetics of transcript abundance, alternative splicing (AS) and editing with

the analysis of complex traits. We recently demonstrated that both AS and

mRNA editing are modulated by genetic and environmental factors, and

potentially engender phenotypic diversity in a genetically segregating mouse

population. Therefore, the analysis of splicing and RNA editing can expand not

only the regulatory landscape of transcriptome and proteome complexity, but

also the repertoire of candidate genes for complex traits.
alternative splicing; quantitative gene
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Introduction

Most genetic traits in humans and
model organisms are modulated by
polymorphisms (nucleotide and struc-
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tural variants) at multiple genes (poly-
genic) and do not follow simple
Mendelian patterns of inheritance. Even
where a polymorphism at a single gene
modulates a genetic trait (monogenic),
the genetic basis for the trait can be
convoluted by the effect of modifier
genes. These complex genetic networks
can further be compounded by inter-
actions with environmental and behav-
ioral factors. Consequently, the
identification of causal genes for most
genetic traits is complicated. The con-
ventional approach to finding causal
genes is to use positional cloning to
identify genomic regions that correlate
with the trait under study (quantitative
trait locus, QTL) [1] and examine all the
Periodicals, Inc.
genes under the QTL for putative
candidates. Principally, this entails the
identification of genes that contain poly-
morphisms that either change protein
sequence and function (non-conserva-
tive non-synonymous polymorphisms)
or cause variable transcriptional profiles
between individuals that display the
different phenotypes [2, 3]. However, a
single QTL, even after fine mapping,
often contains multiple genes, thus
making the identification of the causa-
tive gene an arduous task. Even where a
causative gene has been identified, the
biological mechanisms that link geno-
type and phenotype often take a long
time to elucidate.

The observation that, between ge-
netically divergent individuals, cellular
mRNA levels are variable and can be
linked to specific genomic regions
(genetical genomics) [4] has revolution-
ized complex trait genetics and provid-
ed an option for detecting all variants
affecting gene expression regardless of
functional annotation. The established
approach in genetical genomics is to
treat mRNA abundance as a quantita-
tive trait, and then, using linkage
analysis, determine the genomic
regions that regulate the expression of
each transcript (expression quantitative
trait locus, eQTL). The eQTL can then be
positionally characterized as cis or trans
based on its genomic location relative to
the relevant gene; cis-eQTL are proximal
to the gene they regulate (often�10Mb)
while trans-eQTL are located further
away from the relevant gene (often >10
Mb or on a different chromosome
from the gene it regulates). The eQTL
www.bioessays-journal.com 1
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Figure 1. Genetical genomics. Shown are two individuals “A” and “B” segregating at a
single locus (single nucleotide polymorphism, SNP). The SNP affects mRNA abundance,
which in turn modulates a genetic trait, e.g. survival time after exposure to a pathogen. In
linkage analysis, the expression quantitative trait locus (eQTL) (red curve) responsible for
gene expression and the quantitative trait locus (QTL) (black curve) responsible for the
genetic trait should co-localize at the SNP. By using functional and network analysis of
genes physically located in the QTL region and the eQTL, one can identify the causative
gene and molecular mechanism underlying the genetic trait. However, even in the absence
of a causal relationship between mRNA abundance and the genetic trait, the eQTL and QTL
would still co-localize at the SNP.
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can then be integrated into the genetic
analysis of complex traits to find puta-
tive candidate genes. In this last
step, the general assumption is that, if
a genetic variant is regulating the
expression of a gene(s), which in turn
2

modulates a complex trait, then the
eQTL and the complex trait QTL should
co-localize at the causal locus [5, 6]
(Fig. 1). However, occasionally there is
deviation from this causal relationship
between gene expression and a complex
Bioessays 36: 000
trait, which can convolute the identifi-
cation of candidate genes even with the
integration of genetical genomics. For
instance, a genetic variant might inde-
pendently modulate gene expression
and a complex trait (independent rela-
tionship) or a genetic variant can
modulate a complex trait that may in
turn result in changes in gene expres-
sion (reactive relationship in which case
the gene expression is an effect of,
rather than the driver of, the complex
trait). In the causal, independent, and
reactive relationships [6], the eQTL and
QTL would still co-localize at the
variant. Nevertheless, several bioinfor-
matic and network analysis approaches
0–0000,� 2014 WILEY Periodicals, Inc.
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have been used successfully to decon-
struct this complex relationship and
logically identify candidate genes [5–8].

A major drawback to genetical
genomics is that it presupposes that
mRNA abundance represents the entire-
ty of transcriptome complexity. Emerg-
ing empirical evidence indicates that
several factors, such as alternative
splicing (AS) and mRNA editing, not
only contribute to transcriptome diver-
sity but also are variable among indi-
viduals [9]. In fact, often protein
abundance does not mirror the steady
state transcript levels [10, 11]. Conse-
quently, we submit that in addition to
transcript abundance, protein abun-
dance, AS, and mRNA editing can be
integrated with genetical genomics to
identify putative candidate genes that
modulate genetic traits. Below, we
provide a brief review on the putative
influence of AS and DNA/RNA editing
on quantitative trait genetics.
Alternative splicing
modulates a variety of
cellular phenotypes

In eukaryotes, most protein coding
genes are transcribed as precursor
messenger RNA (pre-mRNA); in which
the protein coding regions (exons) are
interrupted by non-coding regions
(introns) [12]. Consequently, the pre-
mRNA must be processed into mature
mRNA (mRNA) before translation into a
protein. A key step in the processing of
pre-mRNA is splicing, which entails the
removal of intervening introns to as-
semble the protein-coding exons into
mRNA [13]. Splicing, catalyzed by a
protein mega-complex – spliceosome –
that is sequentially assembled at specif-
ic sequences on exon-intron junctions
(splice junction) [13], is a dynamic and
highly regulated process [14]. Often, a
pre-mRNA contains more than one
putative splice site, any of which can
be a docking site for the spliceosome
complex. The choice of a splice junction
is determined by, amongst others, the
“mooring” sequences around the splice
site that are recognized by the spliceo-
some complex [15, 16]. Generally, in
certain tissues or cell types, a single
splice site is preferentially used in
processing the pre-mRNA, resulting in
Bioessays 36: 0000–0000,� 2014 WILEY
the predominance of a single mRNA
isoform in the transcriptome, the con-
stitutive isoform. However, sometimes –
for a variety of reasons such as altered
cellular physiology and cell type –
alternative splice sites may preferential-
ly produce the mRNA, resulting in the
abundance of alternative transcript iso-
forms. AS, the generation of multiple
transcript isoforms from a single gene,
is pervasive in eukaryotes, and impacts
several aspects of eukaryotic biology,
including responses to environmental
and pathogen exposure [17, 18]. For
example it has been reported that
mitotic arrest, induced by drugs or
siRNA, is often characterized by the
AS of various pro-apoptotic tran-
scripts [19]. A recent study indicates
that some tissue-specific AS signatures
are conserved across species [20].

There are suggestions that differen-
tial mRNA splicing may be more impor-
tant than differential gene expression in
modulating human genetic traits [21]. A
case in point is the variable efficacy of
statins that is modulated by differences
in 3-hydroxy-3-methylglutaryl coen-
zyme A reductase (HMGCR) isoform
usage [22]. Even though the examples
highlighted above accentuate a puta-
tive role for AS in quantitative trait
genetics, large-scale studies investigat-
ing differential isoform usage in geneti-
cally divergent individuals or studies
that use the variability in AS to identify
candidate genes modulating genetic
traits are still rare [23]. This paucity in
large-scale isoform usage analysis can
partly be attributed to the lack of
reliable means for measuring differen-
tial ASwithout the confounding effect of
the fluctuations in the expression of the
parent transcripts. Previously, most
studies relied on exon arrays to capture
the inclusion or exclusion of exons in
mRNA pools [24–26]. However, in addi-
tion to the common limitations of array-
based gene expression technology, this
method cannot reliably distinguish
between differential AS and overall
transcript abundance. Additionally,
while exon-arrays may capture exon
inclusion or exclusion, there are several
types of AS, such as alternative splice
acceptor or donor sites, that do not
change exon counts, and thus cannot be
accurately captured by exon-arrays. A
surge in bioinformatics tools that can,
with improved certitude, estimate dif-
Periodicals, Inc.
ferential isoform usage [27, 28] is
currently fueling studies that incorpo-
rate AS in complex trait studies.
Genetic analysis of
isoform usage can
facilitate the identification
of candidate genes for
complex traits

Although non-synonymous polymor-
phisms dominate complex trait genetic
analysis, polymorphisms in the splice
donor/acceptor sites, intronic splice
enhancers/suppressors (ISE/ISS), or
branch point can lead to AS of pre-
mRNA, leading to alternative transcript
and protein isoforms. However, the
polymorphisms that influence pre-
mRNA splicing may be located in
introns, and are often considered in-
consequential in modulating transcript
and protein abundance or function. This
may lead to the erroneous categoriza-
tion of such polymorphisms as non-
causal. Take as an example gene “A”
that does not have any non-synony-
mous polymorphisms, and which pro-
duces the constitutive and alternative
isoform A1 and A2, respectively, one of
which is non-functional. Consider two
models for gene “A” isoform usage in
two individuals exhibiting different
phenotypes for a genetic trait. In the
first model, the usage of A1 and A2 is the
same, thus “A” is non-variable. In the
second model, due to a polymorphism
that affects splicing of “A”, one individ-
ual predominantly expresses isoform A1
while the second individual mostly
expresses isoform A2, without changing
the overall transcript abundance of “A”
(Fig. 2). In both models, unless we
examine isoform usage, it is impossible
to conceptualize the contribution of
gene “A” to the phenotypic difference.
In the first model, based on the absence
of non-synonymous polymorphisms,
it is unlikely that the trait under
investigation is influenced by gene
“A”. In the second model, with every-
thing else being constant, it is possible
that gene “A” is a putative candidate,
even though it lacks a non-synonymous
polymorphism.

Information about alternative isoforms
for individual transcripts modulating
3



Figure 2. Genetics of alternative splicing. During the processing of pre-mRNA, multiple splice-
junctions have the potential to be bound by the spliceosome. However, under normal
physiology, a single splice junction is preferred, resulting in the dominance of the constitutive (C)
over the alternative (A) transcript isoform in the transcriptome. A polymorphism proximal to the
splice site may affect the binding of the spliceosome to the canonical splice site, leading to
variable isoform usage between individuals. By quantifying the reads that map to the exon-exon
junctions and the exon-bodies, one can estimate the fraction of reads that support each isoform
in genetically divergent individuals. These isoform usage estimates can then be used in linkage
analysis, similarly to mRNA abundance, to identify the genomic regions modulating splicing.
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differences in complex traits is now
commonplace [23, 29–31]. However, for
AS to be incorporated into quantitative
trait genetics, it must be variable, herita-
ble, and feasible to reliably capture the
genome-wide splicing architecture. In fact,
it can be argued that the success of
4

genetical genomics and its incorporation
into the genetics of complex traits is
largely due to the heritability of mRNA
abundance, not to mention the simplici-
ty of performing large-scale transcrip-
tional analysis. Recently, we integrated
isoform usage and linkage analyses in a
Bioessays 36: 000
genetically divergent set of recombinant
inbred (RI) mice, and showed that
isoform usage varies with both the
macrophage genetic background and
physiological state [9]. For instance, we
observed that the C-type lectin domain
family 7 member a (Clec7a or Dectin-1)
gene, fromwhich an alternative transcript
that lacks the 4th exon can be pro-
duced [32], is differentially spliced in bone
marrow-derived macrophages (BMDM)
obtained from the classical laboratory
inbred A/J (AJ) and C57BL/6J (B6) mice.
Even though the overallClec7a expression
is non-variable and there are no known
non-synonymous polymorphisms be-
tween AJ and B6, due to a cis-acting
0–0000,� 2014 WILEY Periodicals, Inc.
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polymorphism, we observed that B6
macrophages expressed mostly the trun-
cated alternative Clec7a isoform. Conse-
quently, despite the lack of non-
synonymous polymorphisms, Clec7a –
which has been implicated in the immune
response to a variety of pathogens
including Salmonella and Candida albi-
cans – is a viable candidate gene for the
differential response of AJ and B6 to such
pathogens. Indeed, the truncated Clec7a
isoform has previously been associated
with increased B6 susceptibility to Cocci-
dioides [32]. Based on the genomic
location of the genetic variant and the
splicing event, we further categorized the
genetic loci that modulate splicing (splic-
ing QTL, sQTL) as cis or trans. cis-sQTL,
like theClec7a sQTL, are generally defined
as proximal (in our case �10Mb) to the
alternatively spliced exon, while trans-
sQTL were located (>10Mb) away from
the relevant splicing event. The 5 RNAs
and about 300 distinct proteins that
constitute the splicing complex [33] can
affect splicing in trans. In eQTL analysis,
when a polymorphic transcription factor
regulates the expression ofmultiple genes
in trans, a trans-eQTL hotspot is observed
at the physical location of the transcrip-
tion factor [34]. Similarly, when poly-
morphisms in these trans-splicing factors
affect the splicing of multiple transcripts,
a trans-sQTL hotspot can be observed at
the physical position of these trans-
factors [9]. If these trans-sQTL co-localize
with a complex trait QTL, the local splice
factor can be considered a candidate
gene for the trait. In addition, similar to
transcript analysis, sQTL in the trans-
sQTL hotspot can be used in network
analysis, in which the splice factor and
the spliced genes form the network core
and nodes, respectively, to delineate the
molecular mechanisms modulating a
trait. A similar AS linkage analysis in
humans recently identified several causa-
tive single nucleotide polymorphisms
(SNPs), 13 of which were associated with
about 84 common human genetic
traits [23], underscoring the significant
role that AS may play in determining
phenotypic diversity in humans.

In addition to the quantitative trait
genetics value of AS, differential splic-
ing can also be useful in delineating the
cellular response to various stimuli. For
example using the same BMDM from AJ
and B6, we observed that compared to
interferon gamma (IFNG)-stimulated
Bioessays 36: 0000–0000,� 2014 WILEY
BMDM, Toxoplasma gondii-infected mu-
rine macrophages expressed mostly the
unstable alternative isoform of sterile
alpha motif domain- and HD domain-
containing gene (Samhd1), which lacks
the 14th exon and produces a catalyti-
cally inactive protein [35]. However, the
expression level and isoform usage for
Samhd1 was not variable between the
mouse strains following individual
stimulations. SAMHD1 is a triphospho-
hydrolase that depletes the cellular pool
of deoxynucleoside triphosphates, and
has been implicated in cancer patho-
genesis and intracellular retroviral rep-
lication [36, 37]. T. gondii is an obligate
intracellular parasite that infects virtu-
ally all nucleated cells, from which it
needs to scavenge purines because it is
a purine auxotroph. It is thus plausible
that by promoting the canonical splic-
ing of Samhd1, IFNG, which is indis-
pensable in the resistance to T. gondii,
controls intracellular parasite replica-
tion by depleting cellular nucleotides, a
possibility that is otherwise indiscern-
ible when we only consider the overall
expression of Samhd1. The differential
splicing of Samhd1 may also modulate
intracellular retroviral replication,
which also relies on the availability of
intracellular pools of nucleotides. In-
deed, several studies have indicated
that Samhd1 is a key regulator for HIV-1
replication in murine cells [38, 39]; cells
lacking Samhd1 are more permissible to
the virus [38]. These examples highlight
the possibility of expanding the putative
candidate gene pools in complex trait
genetic analysis. However, because AS
tends to be tissue and/or cell-specific,
one needs to be cautious when estab-
lishing links between splicing events
and phenotypes, particularly where
there is divergence on tissue and/or
cell types. Indeed, this is one factor that
may continue to hinder the incorpo-
ration of AS in quantitative trait genet-
ics, particularly in humans, where it can
often be difficult to obtain different
types of tissues and/or cells.
DNA and/or mRNA editing
can influence individual
phenotypic differences

Besides AS, eukaryotic transcriptome
diversity can further be achieved
Periodicals, Inc.
through DNA and/or RNA editing.
Editing, which involves the interchange
of two-ring purines or one-ring pyrimi-
dines in RNA post-transcriptionally or in
DNA, is generally catalyzed by either
adenosine deaminase acting on RNA
(ADAR) or apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-
like (APOBEC). While the former deam-
inates adenosine to inosine, which is
interpreted as guanosine by the mRNA
translation machinery (A-to-G), the
latter deaminates cytosine to thymidine
in DNA or uracil in RNA (C-to-T/U) [40–
42]. In addition to APOBECs, cytidine
deaminases also include the activation-
induced cytidine deaminase (AID or
AICDA) that primarily deaminates cyti-
dine to thymidine in DNA (C-to-T). The
APOBEC deaminases include APOBEC1,
APOBEC2, APOBEC3, and APOBEC4.
Due to AS, APOBEC3 exists in various
alternative isoforms in humans (A3A,
A3B, A3C, A3D, A3F, A3G, and A3H).
While APOBEC1 and 3 have been
associated with several phenotypes,
the biological function for APOBEC2
and 4 is yet to be defined. Nevertheless,
ADAR-catalyzed editing dominates in
higher eukaryotes [43, 44]. Although
Adar is the best characterized, the
mammalian genome encodes two addi-
tional Adar genes (Adarb1 and Adarb2)
[45, 46]. Editing has been implicated in
a variety of phenotypes, including
antibody diversification [47], cell prolif-
eration [41], and responses to viruses
[48]. Indeed, editing-induced hypermu-
tation of the viral genome has been
implicated in the failure of the HIV
provirus to exit latency in the memory
pool of CD4þ T cells [49]. Considering
that viral latency significantly affects
HIV therapy [50, 51], it can be presumed
that editing modulates the efficacy of
antiretroviral drugs. Besides the editing
of the viral genome, DNA/RNA editing
can also influence the cellular response
to pathogens by directly targeting and
influencing the function of host genes.
However, apart from the well-studied
ADAR enzyme, the biological signifi-
cance of APOBEC-catalyzed editing on
host genes is not well understood.
APOBEC1-mediated editing has been
noted to preferentially occur at the
mRNA 30UTR [9, 42], within the
miRNA-binding seed sequence [42]. It
is thus plausible that editing influences
mRNA stability, translation, cellular
5
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localization, or 30UTR splicing, which
can have profound effects on the host
biological pathways and response to
pathogens. Importantly, a recent study
observed that some viruses, such as
human cytomegalovirus, produce miR-
NAs that specifically bind and degrade
host mRNAs [52]. Indeed, the literature
is replete with repertoires of viral
miRNAs that target host genes within
important biological pathways such as
cell growth and differentiation [53, 54].
Although anecdotal, together with the
preferential editing within the miRNA
mooring sequence at the mRNA 30UTR
and the correlation of editing with
viral replication, it is plausible that
editing evolved as a mechanism to
counter viral encoded miRNAs that
target host genes.

Polymorphisms in the editosome-
binding sequences or the deaminases
are likely to result in differential level of
DNA/RNA editing events between indi-
viduals, and can be used as genetic
markers in the analysis of quantitative
genetic traits. However, since several
factors, including the RNA duplex
structure [55, 56] converge to regulate
ADAR-mediated editing, it maybe diffi-
cult to incorporate A-to-I editing activity
into quantitative trait genetics. Never-
theless, as described above for AS, the
main challenge in incorporating editing
in quantitative trait genetics is the
dearth of evidence that it is either
variable or genetic. Even though several
studies have explored the DNA or RNA
editing background of cells and tissues
from a variety of species and cellular
physiology [40, 42, 57, 58], few have
performed comparative studies on the
level of editing in genetically divergent
individuals. Recently, we showed that
the extent of RNA edited species is
variable and genetically transmissible
in murine BMDM [9]. This observation
raises a few possibilities, including the
use of editing as a variable component
in the genetic analysis of complex traits.
For instance, if a QTL for a genetic trait,
such as disease susceptibility or tran-
script abundance, overlaps a polymor-
phic editing enzyme, then editing can
be included as a possible biological
mechanism regulating the trait under
study, and the editing enzyme can be
considered a viable candidate gene. The
former scenario is exemplified by APO-
BEC1, which is known to modulate
6

plasma cholesterol levels by editing
apolipoprotein B (Apob) [59]. In our
study, we found editing QTL (edQTL) for
several editing events, mainly C-to-T,
that mapped in trans at the Apobec1
locus on mouse chromosome 6. Inter-
estingly, this region on chromosome 6
includes QTL for several complex traits
such as atherosclerosis, cytomegalovi-
rus resistance, and obesity, all of which
are thought to be at least modulated by
DNA/mRNA editing. Among the genes
edited by APOBEC1, and which contain
a trans-edQTL at this locus, is the
amyloid precursor protein (App), which
has been associated with several phe-
notypes including Alzheimer’s disease
and diabetes [60, 61]. We reasoned that
a polymorphism in Apobec1 was re-
sponsible for the trans-edQTL hotspot
at the Apobec1 locus. Indeed we found
Apobec1 to be differentially expressed
and alternatively spliced between AJ
and B6 BMDM, in which both the
differential expression and AS map in
cis (cis-eQTL and cis-sQTL). We specu-
lated that this differential isoform
usage was due to a polymorphism in
its splice-junction resulting in an
alternative splice acceptor site in the
3rd exon. Although this alternative
isoform does not result in an alterna-
tive protein isoform, the change in the
exon structure can affect Apobec1
mRNA translation efficiency. It is also
possible that the differential expres-
sion of Apobec1 is the source of the
variable C-to-T transitions between AJ
and B6. Indeed, variable expression of
Apobec has been associated with dif-
ferential level of editing in human
cells [41]. It is thus plausible that
Apobec1 is the causative gene for traits
such as Alzheimer’s disease, which
have QTL at the Apobec1 locus on
chromosome 6, and that edited genes
such as App act downstream of Apo-
bec1. Therefore, by comparing the level
of edited events in individuals segre-
gating for a phenotype, new candidate
genes can be identified.
How can we test these
hypotheses?

It is now clear that AS and editing can be
used as markers in the genetic analysis
of complex traits. However, before
Bioessays 36: 000
splicing or editing factors and alterna-
tively spliced or edited genes are
considered candidates, confirmatory
experiments must be performed. Since
the polymorphisms modulating these
events are mostly in non-coding regions
or, in the case of editing, involve single
nucleotide substitutions; the key chal-
lenge is how to perform confirmatory
experiments. Linkage analysis will re-
veal loci that modulate splicing or
editing, and when integrated with the
complex trait (e.g. susceptibility to
disease) QTL, it may reveal loci that
regulate splicing or editing and the
complex trait under study. With the
advent of genome editing technology
such as clustered regularly interspersed
short palindromic repeats-associated
genes (CRISPR/Cas), it is now possible
to engineer single nucleotide substitu-
tions and test their effects in vitro
and in vivo [62, 63]. Take as an
example the AS of the Apobec1 gene,
which we speculate is due to a SNP near
a splice junction. It is plausible that a
guanosine proximal to the splice junc-
tion promotes the expression of the
truncated Apobec1 isoform in the B6
BMDM, which in turn leads to lower
rates of editing. Therefore, it is possible
to investigate isoform usage and editing
activity of Apobec1 by using CRISPR/
Cas system to change the guanosine to
thymidine in the B6 BMDM. This would
essentially introduce a site-specific
substitution in the B6 Apobec1 allele
and convert it to an AJ allele without
changing the rest of the nucleotide
sequence or knocking out the entire
gene. We can then investigate quanti-
tative traits, such as susceptibility to
cytomegalovirus, with QTLs overlap-
ping the Apobec1 locus. A similar
approach can be used to test the
possibility that editing is an evolution-
ary mechanism directed against viral
miRNA-mediated degradation of host
genes.
Conclusions and outlook

Naturally occurring genetic polymor-
phisms may lead to variable and
heritable phenotypes within species.
In addition to the well-studied fluctua-
tions in transcript levels, such variants
may also affect AS and RNA editing,
both of which contribute to phenotypic
0–0000,� 2014 WILEY Periodicals, Inc.
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diversity. Variants that modulate splic-
ing or editing are often excluded from
quantitative genetic analyses because
they are mostly outside of the coding or
promoter regions. This omission may
hinder the discovery of causative genes,
which can partly explain the failure to
confirm most candidate variants identi-
fied in genome-wide association stud-
ies. It can be argued that the complexity
of accurately capturing isoform usage
and RNA editing has partly impeded the
incorporation of these events in quan-
titative trait genetics. However, we
anticipate that the precipitous drop in
the cost of DNA/RNA-seq will simplify
research into these events and motivate
their incorporation into quantitative
genetics. Besides, RNA-seq can be
utilized for de novo transcript assem-
bly [64, 65] to expand the transcrip-
tional landscape and discover novel
coding or non-coding transcripts that
Box 1

The influence of epigenetic
splicing

There is a growing body of evidence
which include DNA methylation and
tions [66], is not only heritable but c
quantitative traits [67], such as transcrip
splicing [68–70], disease development
DNAmethylation, which is the addition o
cytosine residues, mostly when it is follo
(CpG) [66], is reported to facilitate ex
cotranscriptional splicing [72]. Because
more highly methylated than intron
methylation is often considered a str
exon-intron boundaries during splicing [
ically, variations in the exon-intron met
may result in exon skipping. Howe
suggested that alternative exon recogn
may have evolved in genes with equal e
methylation ratios, which is one of the b
tions given for the variation in alternative
between species [20, 76]. Interestingly,
that DNA methylation is enriched in alter
and splicing regulatory motifs [77], and
methylation expedites elongation and
transcripts [78], further giving credence
potential of DNA methylation in RNA
chromatin structure, which involves DNA
a nucleosome, has a potential to re
splicing. For instance, nucleosomes, w
along a chromosome can be modified
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impact genetic traits. Even though we
have restricted this review to the impact
of heritable genetic variants modulat-
ing AS and RNA editing, it will be
remiss not to mention the important
role that epigenetic memory plays in
modulating these events (see Box 1).
In fact in an ideal experimental setup,
in order to capture the complete
regulatory landscape underlying a ge-
netic trait, one should capture the
transcriptome (transcript levels, AS,
and mRNA editing), the proteome,
and the epigenetic architecture. Al-
though the cost and sample availability
may not permit the capture of all these
data in a single experiment, exploiting
the increasingly large public data
depositories, may help circumvent this
problem. However, care must be taken
when comparing data obtained from
different cells/tissues since these
events are often tissue/cell-specific.
memory and population gene
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