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Hybrid Mice Reveal Parent-of-Origin and Cis- and Trans-
Regulatory Effects in the Retina
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Abstract

A fundamental challenge in genomics is to map DNA sequence variants onto changes in gene expression. Gene expression
is regulated by cis-regulatory elements (CREs, i.e.,, enhancers, promoters, and silencers) and the trans factors (e.g.,
transcription factors) that act upon them. A powerful approach to dissecting cis and trans effects is to compare F1 hybrids
with FO homozygotes. Using this approach and taking advantage of the high frequency of polymorphisms in wild-derived
inbred Cast/EiJ mice relative to the reference strain C57BL/6J, we conducted allele-specific mRNA-seq analysis in the adult
mouse retina, a disease-relevant neural tissue. We found that cis effects account for the bulk of gene regulatory divergence
in the retina. Many CREs contained functional (i.e., activating or silencing) cis-regulatory variants mapping onto altered
expression of genes, including genes associated with retinal disease. By comparing our retinal data with previously
published liver data, we found that most of the cis effects identified were tissue-specific. Lastly, by comparing reciprocal F1
hybrids, we identified evidence of imprinting in the retina for the first time. Our study provides a framework and resource
for mapping cis-regulatory variants onto changes in gene expression, and underscores the importance of studying cis-
regulatory variants in the context of retinal disease.
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Introduction

Photoreceptors mediate vision by converting light into an
electrical signal, which is then processed by the inner retina and
sent to the brain as visual information. Photoreceptors constitute
the vast majority (>70%) of cells in the mouse retina [1], and they
are prominent targets for disease: the majority of more than 200
genetic forms of retinal degeneration affect photoreceptors [2].
Many of the key transcriptional regulators in photoreceptor
development are known, and the transcriptomes of these cells have
been profiled over normal development as well as in disease states
[3-5]. Furthermore, the regulatory regions of mature photorecep-
tors in adult mouse retinas have been mapped genome-wide,
based on the binding patterns of two key photoreceptor
transcription factors, CRX (cone-rod homeobox) [6] and NRL
(neural retina leucine zipper) [7], as well as the patterns of
ENCODE DNasel hypersensitivity sequencing (DNase-seq) data
[8]. Photoreceptors therefore represent a disease-relevant cell type
well-suited for studying the mechanisms of mammalian gene
regulation.
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Changes in gene expression give rise to cell-type identity,
Intraspecies variation, and interspecies diversity, thereby acting as
the molecular underpinnings for development, disease, and
evolution, respectively [9,10]. Alterations in gene expression can
arise from changes in cis-regulatory elements (CREs, ie.,
enhancers, promoters, and silencers), or from changes in the {rans
factors (e.g., transcription factors) that interact with CREs. To
distinguish between c¢is and trans effects, a powerful approach is to
compare F1 heterozygous hybrids with FO homozygotes. In F1
hybrids, both alleles of a gene are contained within the same
nucleus and are exposed to the same set of trans factors. A trans-
regulatory difference (“#rans effect”) manifests as conserved
expression between the two alleles in the F1 hybrids, despite
differential expression of the gene in the FO homozygotes. In
contrast, a cis-regulatory difference (“cis effect”) manifests as an
allelic expression imbalance (AEI)—i.e., differential expression
between the two alleles of a gene in the I'1 hybrids, with an allelic
ratio that recapitulates the ratio of gene expression levels in the F0
homozygotes. By measuring allele-specific gene expression, the
relative contributions of c¢is and {rans effects can be dissected
genome-wide. AEI can also arise from parent-of-origin effects (e.g.,
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imprinting). Importantly, by conducting reciprocal crosses, parent-
of-origin effects can be identified and filtered to avoid confounding
the analysis of cis and trans effects.

Prior studies utilizing the F1 hybrid study design in yeast and
Drosophila have yielded a range of results: earlier pyrosequencing
and microarray-based studies found that cis effects predominate
[11,12], while more recent RNA-seq studies indicate a greater role
for trans effects [13,14]. Regardless, all studies acknowledge a high
prevalence of ¢is effects. The F1 hybrid study design has been used
to investigate gene regulation in one mammalian tissue thus far,
the mouse liver [15]. In that study, the authors found that c¢is and
trans effects often act together in opposite directions, with the net
effect of stabilizing gene expression. Here, we conduct an F1
hybrid study using allele-specific mRNA-seq analysis to chart the
regulatory landscape of a portion of the mature mammalian
central nervous system, the adult mouse retina. We utilize two
distantly related strains of mice, Cast/Ei] and C57BL/6], whose
retinas are known to exhibit phenotypic differences [16,17]. The
primary goal of our study is to dissect the contributions of cis and
trans eflects on gene regulation in photoreceptors. As part of our
study, we identify parent-of-origin effects in the retina, a tissue in
which imprinting has not previously been studied. By re-analyzing
available liver data [15] and comparing them to our data from the
retina, we assess the degree of tissue specificity of the observed cis-
and frans-regulatory effects. Furthermore, we integrate our gene
expression data with knowledge about the location of CREs,
thereby providing insights into the effects of cis-regulatory variants
on gene expression.

Results

The ancestors of two inbred Mus musculus strains, the standard
reference strain C57BL/6] and the wild-derived mbred strain
Cast/LEi], diverged ~1 million years ago [18]. Cast/Ei] harbors
~18 million single nucleotide polymorphisms (SNPs) and ~3
million insertions/deletions (indels) relative to C57BL/6], involv-
ing nearly 1% of the accessible genome [19]. In addition, Cast/EiJ
retinas show substantial phenotypic differences, namely reduced
photopic and scotopic electroretinogram amplitudes compared to
C57BL/6] retinas [16,17]. We reciprocally crossed these two
strains to obtain four genotypic classes for analysis (Figure 1A): FO
C57BL/6], FO Cast/Ei], F1 B6xCast (resulting from C57BL/6]
male xCast/Ei] female), and F1 CastxB6 (resulting from Cast/Ei]
male xC57BL/6] female). For each class, we analyzed three
biological replicates, each consisting of a pool of retinas.

We collected retinas from adult mice at age 8 weeks, a time
point at which mouse retinal CRX ChIP-seq [6] and ENCODE
DNase-seq [8] were previously conducted. To control for sex-
linked effects and because the X chromosome of Cast/Ei] is
preferentially expressed in F1 hybrid females [20], we used retinas
from male mice only and focused our analyses on autosomal genes.
We conducted paired-end mRNA-seq and calculated gene
expression for FO samples and allele-specific expression for F1
samples by mapping reads to the C57BL/6] and Cast/Ei]
transcriptomes using MMSEQ (Figure 1B; see Methods) [21].

We verified that biological replicates for each FO or F1 class
exhibited a high degree of agreement for gene expression or allele-
specific expression estimates, respectively (Table 1 and Table 2).
We also verified the accuracy of our mapping strategy by
examining the X chromosomal reads in the F1 samples. Since
samples derived solely from male retinas, the X chromosomal
reads should map exclusively to the maternal genome. Accord-
ingly, X chromosomal reads for 1 B6xCast should map to Cast/
EiJ, while those for F1 CastxB6 should map to C57BL/6J. In
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validation of our mapping strategy, we found high accuracy (>
99%) of X chromosomal reads for all F1 samples (Table 3).
Importantly, the accuracy of mapping to the X chromosome of F1
B6xCast and F1 CastxB6 samples was similar, indicating that
there was no substantial read-mapping bias toward the standard
reference genome, C57BL/6J, a potential confounding factor in
the allele-specific quantification [22].

Strongly imprinted genes in other tissues show evidence
of imprinting in the retina

To evaluate cis and {rans effects on gene expression in the
retina, we first needed to filter genes affected by parent-of-origin
effects (e.g., imprinting). Genomic imprinting is an epigenetic
phenomenon that causes an imbalance in allelic expression
depending on whether the allele is maternally or paternally
derived [23]. In the extreme case, one allele is completely silenced,
rendering the locus functionally monoallelic; for this reason, many
mutations in imprinted loci are associated with human disease
[24]. Differential methylation of alleles provides a molecular basis
for imprinting, but because methylation can occur in a tissue-
specific manner, a gene can be imprinted in one tissue but not
another, despite being expressed in both [25]. Although imprint-
ing has been extensively studied in a number of human and mouse
tissues, including brain and placenta [25-27], it has not previously
been studied in the retina.

By analyzing the reciprocal F1 hybrids, we identified autosomal
genes that exhibited a significant maternal bias (maternally
expressed, paternally silenced) or paternal bias (paternally
expressed, maternally silenced) (Figure 2A and 2B; Supporting
Information S1). To determine whether these genes have been
identified as imprinted in other tissues, we searched for known
imprinted mouse genes in four databases (see Methods). Using a
Bayesian model selection approach implemented in the MMDIFF
program [28], we ranked genes in our dataset by the probability of
imprinting and observed a clear enrichment of known imprinted
genes among highly-ranked genes (Figure 2C). Among the top-
ranked genes, the vast majority were well-characterized imprinted
genes listed in multiple imprinting databases (see Methods) and
displayed the same allelic bias as previously reported (Figure 2D).

We identified 75 genes as highly likely to be imprinted (Bayes
factor =10). Among these, 39 genes were extremely likely to be
imprinted (Bayes factor =30), of which 29/39 (74%) were known
imprinted genes. In 27 out of 29 cases, the direction of parental
bias that we observed was consistent with that reported in the
literature. For instance, Peg3 (paternally expressed 3) and Meg3
(maternally expressed 3) were our 2" and 3™ ranked imprinting
genes, respectively. Igf2 and Igf2r were our 30™ and 34" ranked
imprinted genes, respectively. Igf2 and its receptor Igf2r were the
first imprinted mouse genes discovered and remain among the
best-characterized, with paternally expressed Igf2 promoting
growth and maternally expressed [gf2r inhibiting growth
[29,30]. Consistent with an emerging view of imprinting occurring
on a spectrum rather than being an all-or-none event [15,27], we
found varying degrees of allelic bias even for well-characterized
imprinted genes, ranging from subtle (e.g., <2-fold preference for
the maternal over the paternal allele of Igf2r) to extreme (e.g., >
1000-fold preference for the maternal over the paternal allele of
Rian).

Rtl1, also known as Pegll, is a gene in the DIkI-Dio3
imprinted cluster [31]. In our dataset, reads mapped preferentially
to the maternal allele at the RtlI locus. Previous studies in other
tissues found that Rtl] is expressed from the paternal allele, while
an antisense RNA, anti-Ril1, is transcribed from the same locus
on the maternal allele and gives rise to two maternally expressed
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Figure 1. Study design. (A) FO and F1 mice were generated via the depicted crosses. The schematic diagram illustrates example expression
patterns for a cis effect, trans effect, and parent-of-origin effect. For a cis effect, in the F1 hybrids, the Cast/EiJ allelic expression relative to the C57BL/
6J allelic expression recapitulates the ratio of gene expression levels in the FO homozygotes. For a trans effect, the F1 hybrids express the Cast/EiJ and
C57BL/6J alleles equally. For a parent-of-origin effect, there is preferential expression of the maternal allele (as depicted) or the paternal allele, as seen
by comparison of the reciprocal F1 hybrids. (B) An overview of the workflow is shown.

doi:10.1371/journal.pone.0109382.g001

microRNAs [31,32]. Since our RNA-seq was not strand-specific,
we could not discern whether Rt/ or anti-Rtll is maternally
expressed in the adult mouse retina.

Grb10 is unique among imprinted genes in that it exhibits
opposite patterns of imprinting depending on the tissue where it is
expressed. In adult mice, Grb10 is maternally expressed in some
tissues, such as muscle and adipose, where it plays a role in glucose
metabolism [33]. However, it is paternally expressed in the brain,
where it affects social behavior [34]. This tissue-specific parent-of-
origin effect is associated with usage of a paternal-specific Grb10
promoter during neural fate commitment [35]. Interestingly, in
the retina, we found that Grb10 follows the pattern of muscle and
adipose tissue, with preferential expression of the maternal allele.
Thus, although the retina belongs to the central nervous system, it
does not follow the imprinting pattern observed in the brain for
this locus.

Together, these analyses indicate that imprinting occurs in the
retina, and that the pattern of imprinting is largely, but not always,
concordant between the retina and the brain. Notably, the
developing retina expresses the DNA methyltransferase
DNMT3A, which is required for the germline methylation of
imprinted loci [36,37]. Methylation analysis (e.g., bisulfite
sequencing) of the retina would confirm whether the parent-of-
origin effects identified here correspond to differentially methyl-
ated regions (DMRs), as methylation-independent parent-of-origin
effects have also been reported [26,38].

One-third of differentially expressed genes between
Cast/EiJ and C57BL/6)J retinas are associated with
photoreceptor CREs

Previous microarray studies have suggested substantial gene
expression differences between C57BL/6] and Cast/Ei] retinas
[17]. Thus, we surveyed differentially expressed (DE) genes
between the adult male IO Cast/Ei] and FO C57BL/6]J retinas.
We identified 3,799 autosomal DE genes between the FO samples
at a false discovery rate (FDR) of 5% using DESeq [39]
(Supporting Information S2). Among these, 1,701/3,799 (45%)
showed higher expression in Cast/Ei].

CRX is a key photoreceptor transcription factor required for
the expression of many rod and cone genes [40,41]. Previous CRX
ChIP-seq studies conducted in adult C57BL/6 mouse retinas
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demonstrated that CRX-bound regions (CBRs) demarcate both
known and putative photoreceptor CREs [6]. CBRs have a
propensity to cluster around genes expressed in photoreceptors,
and knowledge of CBR locations has helped pinpoint novel
human retinal disease genes [42,43].

We used available adult mouse retinal CRX ChIP-seq data to
determine whether the differentially expressed genes were CBR-
associated [6]. We found that among all 34,964 autosomal genes,
6,257 (18%) had at least one CBR assigned to them. However,
among the 3,799 DE genes between the two strains, 1,275 (34%)
were CBR-associated, representing a significant enrichment (P<
10™"*, hypergeometric distribution). Thus, among all autosomal
genes, those that were differentially expressed between Cast/Ei]
and C57BL/6] were more likely to be CBR-associated.

Furthermore, differentially expressed CBR-associated genes
more often had lower expression in Cast/Ei] than C57BL/6]
when compared to differentially expressed non-CBR-associated
genes (Figure 3A). This effect was especially pronounced for genes
with greater fold change between the two strains. Together, these
findings suggest that Cast/Ei] overall has lower expression of
photoreceptor genes than C57BL/6]J, consistent with a previous
microarray analysis [17]. The physiological function of rods,
which constitute >97% of the photoreceptors in the mouse retina
[44], can be measured by the a-wave of the scotopic electroret-
inogram (ERG). Interestingly, the gene expression differences may
be reflected in the rod photoreceptor physiology of Cast/Ei],
which has a scotopic a-wave amplitude ~40-50% that of C57BL/
6], despite intact morphology [17,45].

Cis-regulatory effects account for the bulk of gene
regulatory divergence between Cast/EiJ and C57BL/6J
retinas

Next, we determined whether gene expression divergence was
attributable to cis effects, trans effects, or a combination of both.
For this analysis, we examined allele-specific expression in the F1
hybrids in conjunction with gene expression in the FO parents
(Figure 4A; Supporting Information S3). After excluding 306
genes with an imprinting Bayes factor >3, we were able to classify
11,484 autosomal genes with high confidence (see Methods).
Among these, 6,380/11,484 (56%) were best modelled as
conserved (i.e., no significant difference), 3,537/11,484 (31%) as
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Table 3. Accuracy of X chromosomal read mapping in F1 samples.

F1 B6xCast

F1 CastxB6

Maternal allele: Cast/EiJ

Maternal allele: C57BL/6J

R1 99.4%
R2 99.5%
R3 99.5%

R1 99.5%
R2 99.5%
R3 99.5%

reads should derive only from the maternal allele.
doi:10.1371/journal.pone.0109382.t003

A

Percentages of X chromosomal unique hits (i.e., read pairs mapping uniquely to C57BL/6J or Cast/EiJ) that mapped to the correct genome. Since only males were used,
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Figure 2. Characterization of parent-of-origin effects in the retina. Autosomal genes polymorphic between C57BL/6J and Cast/EiJ were
analyzed in retinas from reciprocal F1 hybrids. Higher Bayes factors indicate greater likelihood of imprinting. (A) Non-imprinted genes with Bayes
factor <0.1 (gray) and <0.001 (orange) are depicted. (B) Parent-of-origin effects with preferential expression of the paternal (blue) or maternal (red)
allele with Bayes factor =10 (light) and =30 (dark) are depicted. (C) Top-ranked (low rank number) genes are enriched for known imprinted genes. (D)
Genes with strong evidence of imprinting in the retina (Bayes factor =30) that exhibit preferential expression of the paternal (blue) or maternal (red)
allele are depicted. Green, special cases—see text for discussion of Rt/7 and Grb10. Filled squares, genes previously reported as imprinted in other
tissues. Empty triangles, not previously reported as imprinted. A230006K03Rik appears twice because it is associated with two Ensembl ID’s, a

protein-coding gene and a lincRNA.
doi:10.1371/journal.pone.0109382.9002
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Figure 3. Comparison of differentially expressed and cis-effect genes associated with photoreceptor CREs. Genes were classified as
being associated with CRX ChlIP-seq peaks (CBR-associated) or not. (A) Differentially expressed (DE) autosomal genes were identified using DESeq at
5% FDR. The proportions of genes with higher expression in FO Cast/EiJ than FO C57BL/6J at various fold changes are shown. (B) Cis-effect autosomal
genes were identified using MMDIFF. Proportions of genes with higher expression in F1 Cast/EiJ allele than F1 C57BL/6J allele at various fold changes
are shown. P-values were calculated with two-tailed Fisher's exact test. N.S.=not significant, ¥*<0.05, **<<0.01, ***<0.001, **** <0.0001.

doi:10.1371/journal.pone.0109382.9003

divergent due to cis effects, 850/11,484 (7%) as divergent due to
trans effects, and 717/11,484 (6%) as divergent due to a
combination of cis and trans effects. Therefore, cis-regulatory
effects were the primary mechanism of gene regulatory divergence
between Cast/Ei] and C57BL/6] retinas.

We then subcategorized the genes whose divergence was due to
a combination of ¢is- and trans effects into the following classes: (1)
CIS—trans (cis and trans effects acting in opposite directions, with
cis effects stronger) had 195/717 (27%) of the genes, (2)
TRANS—cis (cis and trans effects acting in opposite directions,
with trans effects stronger) had 327/717 (46%) of the genes, (3)
CIS+trans (cis and trans effects acting in the same direction, with
cis effects stronger) had 60/717 (8%) of the genes, and (4)
TRANS+cis (cis and trans effects acting in the same direction, with
trans effects stronger) had 135/717 (19%) of the genes (Figure 4B).

When cis and trans effects acted together in the retina, they
acted In opposite directions to stabilize gene expression in the
majority (522/717 or 73%) of cases, while they acted in the same
direction to shift gene expression in a minority (195/717 or 27%)
of cases. However, the primary mechanism of gene regulatory
divergence was cis-regulatory effects acting with little or no
contribution from frans-regulatory effects, accounting for 3,537/
5,104 (69%) of gene regulatory divergence. This suggests that
functional cis-acting sequence variants in the Cast/Ei] genome
often drive altered gene expression.

We further examined the 3,537 cis-effect genes, of which 1,751/
3,537 (50%) showed higher expression of the Cast/Ei] allele than
the C57BL/6] allele, and of which 1,256/3,537 (36%) were CBR-
associated. We found that cis-effect genes that were CBR-
associated more often had lower Cast/Ei] allele expression than
cis-effect genes that were not CBR-associated, for genes with
higher fold change between the two alleles (Figure 3B). These
results are consistent with the notion that the Cast/Ei] genome
overall harbors many cis-regulatory variants whose net effect is to
diminish photoreceptor gene expression.

PLOS ONE | www.plosone.org

Trans effects could arise from differential activity of transcrip-
tion factors. Therefore, we inspected the rod photoreceptor
transcriptional network, whose members include the transcription
factors CRX, ROR, NRL, and NR2E3 [5]. We found that Crx
and N7l transcript levels were both conserved in the FO and F1
retinas. Rorb was a solely trans-effect gene, with lower expression
in Cast/Ei], suggesting that the upstream regulators of ROR in
the retina (whose identities are unknown) have altered activity in
Cast/Ei]. Nr2e3 was also a solely trans-effect gene, with higher
expression in Cast/EiJ. Since NR2E3 is known to be regulated by
CRX and NRL [46], and the mRNA levels of Crx and N1l were
unaltered, we examined whether CRX or NRL harbored coding
mutations that might alter their protein activity. However, we did
not find any non-synonymous mutations in N7l or in the best-
characterized isoform of Crx [41,47]. Thus, we identified
differential trans-regulation of Rorb and Nr2e3 in Cast/Ei]
relative to CG57BL/6], but the reasons for these frans effects are
unknown.

Higher frequency of variants in photoreceptor CREs
correlates with differential expression

Whereas frans-regulatory effects are due to the levels or
activities of upstream signaling cascades and transcriptional
regulators (e.g., transcription factors), cis-regulatory effects can
arise from functional c¢is-acting variants within CREs. We
undertook a survey of Cast/Ei] variants relative to C57BL/6]J
that fell within CBRs. First, we asked whether CBRs were depleted
or enriched for Cast/Ei] variants by tabulating the number of
SNPs and indels across the 2 kb region centered on CBRs. We
found that the frequency of variants decreased toward the center
of CBRs (Figure 5A). The bulk of the depletion occurred within
the central 300 bp, consistent with the previous finding that
phylogenetic conservation, as measured by PhastCons scores [48],
1s markedly elevated within the central region of CBRs [6]. Also
consistent with this result, a recent functional analysis of ~1,300
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Figure 4. Classification of genes by mechanism of gene regulatory divergence. (A) Genes were classified as conserved (yellow; largely
obscured), cis (green), trans (red), or cis and trans (purple). (B) Cis- and trans-effect genes were further subcategorized as to whether the cis and trans
effects acted in the same (“+"” sign; pink and brown) or opposite (“—" sign; orange and blue) directions, and whether the cis (CAPS; orange and pink)
or trans (CAPS; blue and brown) effect was stronger. Insets, magnified views.

doi:10.1371/journal.pone.0109382.g004

CBRs in the mouse retina demonstrated that short fragments
corresponding to the central 84 bp of CBRs possess substantial cis-
regulatory activity [49]. When we conducted the same analysis of
variant depletion for Spret/EiJ, an inbred strain of Mus spretus
that diverged from Mus musculus ~2 million years ago [50], we
obtained similar results (Figure 5A). Thus, CBRs are functionally
constrained and have likely undergone selection in the mouse
lineage, particularly in the central-most portion of the CBR.

If cis effects are due to altered transcriptional activity driven by
cis-regulatory variants, we would expect to find a higher frequency
of functional variants in the CREs around cis-effect genes
compared to the trans-effect genes. We first observed that the
proportion of genes that were CBR-associated was approximately
equal across categories: 2,149/6,380 (34%) of conserved genes,
1,256/3,537 (36%) of cis-effect genes, 300/850 (35%) of trans-
effect genes, and 242/717 (34%) of cis- and trans-effect genes. We
then tabulated the Cast/Ei] variants (SNPs and indels) within the
central 1 kb centered on the CBRs associated with each gene
(Supporting Information S4). For all 10,212 CBRs, we found
86,389 variants, for a frequency of 8.46 variants per kb. When we
examined the cis-effect genes, we found 21,174 variants in the
2,185 associated CBRs, for a frequency of 9.69 variants per kb.
This was significantly higher than the variant frequency in all

PLOS ONE | www.plosone.org

CBRs (P<10™", hypergeometric distribution). In contrast, for the
trans-effect genes, we found 4,068 variants in 487 CBRs,
corresponding to a frequency of 8.35 variants per kb, which was
not significantly different from the variant frequency in all CBRs
(P=0.2, hypergeometric distribution). The tendency for CBRs
associated with cis-effect genes to have a higher frequency of
variants than CBRs associated with frans-effect genes is also
evident from the distributions of variants across individual CBRs
(Figure 5B). Collectively, we find that CBRs associated with cis-
effect genes are enriched for variants, whereas CBRs associated
with lrans-effect genes are not. These results suggest that CBRs
contain functional ¢is-regulatory variants that alter transcriptional
activity, but future empirical testing is needed to demonstrate the
causality of specific variants.

The Cast/EiJ genome harbors both activating and
silencing cis-regulatory variants associated with retinal
disease genes

Given that hundreds of genes can contribute to retinal disease,
we asked whether any of the cis-effect genes were associated with
human retinopathies (Supporting Information S5). We found 62
cis-effect genes with human orthologues that were listed in the
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Figure 5. Analysis of variant density in photoreceptor CREs. (A) The number of Cast/EiJ (top) or Spret/EiJ (bottom) SNPs and indels relative to
C57BL/6J was determined in 50 bp windows (sliding 25 bp at a time) across the 2 kb region centered on CBRs. Phylogenetic conservation for CBRs is
based on PhastCons scores as found in [6]. The highlighted area corresponds to the central 300 bp region. (B) Histogram showing frequency of
variants (SNPs+indels) in the 1 kb region centered on all CBRs (black), CBRs associated with cis-effect genes (green), and CBRs associated with trans-
effect genes (red). Total bar height was normalized to 1 for each category.

doi:10.1371/journal.pone.0109382.9005

RetNet database, an up-to-date and comprehensive compendium associated. Of these CBR-associated genes, 20/38 (53%) showed
of retinal disease genes [51]. Of these, 30/62 (48%) showed higher higher expression of the Cast/EiJ allele.

expression of the Cast/Ei] allele. Therefore, although Cast/Ei] One of the CBR-associated cis-effect genes was Sag, which
mice have diminished rod and cone ERG responses compared to encodes S-arrestin, a protein important for the recovery phase of
C57BL/6], they harbor both activating and silencing cis- the phototransduction cascade in rods [52,53]. Loss-of-function
regulatory variants. coding mutations in Sag are associated with Oguchi disease,

We further focused on the cis-effect genes associated with retinal whose clinical features include night blindness and delayed rod

disease that are CBR-associated (Figure 6A). Consistent with adaptation [54]. We found that the Cast/Ei] allele drives ~2-fold
previous observations that CBRs are enriched around retinal higher Sag expression than the C57BL/6] allele, suggesting the

disease genes [6,42,43], we found that 38/62 (61%) were CBR- presence of cis-regulatory variants conferring increased activity.
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doi:10.1371/journal.pone.0109382.9006
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Upon inspection of the Sag locus, we identified a CRX ChIP-seq
peak located in the promoter/5’ UTR region and present in both
CRX ChIP-seq biological replicates. This CBR corresponds to a
DNasel-hypersensitivity site (DHS) that is present at three
developmental time points and is highly specific to the retina
(Figure 6B) [8].

We hypothesized that Sag promoter variants contributed to the
differential gene expression between C57BL/6] and Cast/Ei]. To
test this hypothesis, we compared the activity of a 0.7 kb promoter
region cloned from C57BL/6] genomic DNA (“B6 allele”) or from
Cast/Ei] genomic DNA (“Cast allele”). This 0.7 kb region
encompassed 5 known SNPs and 1 indel (Figure 6B). We cloned
the 0.7 kb fragment upstream of a reporter gene, DsRed, and
conducted a retinal explant electroporation assay to quantify CRE
activity based on fluorescence (see Methods) [55].

Consistent with our hypothesis, we found that the Cast allele
showed ~22% higher CRE activity than the B6 allele (Figure 6C
and 6D; P=10.036, one-tailed Wilcoxon rank-sum test). Since Sag
had ~2-fold higher expression in Cast than B6, additional variants
beyond this 0.7 kb promoter region likely contribute to the
differential gene expression. Three other CBRs besides the
promoter region were assigned to the Sag gene, containing 37
variants in the 1 kb windows centered on these CBRs (Supporting
Information S4). Therefore, the higher expression of Sag in Cast
compared to B6 likely results from variants in both the assayed
region and other regions.

The majority of isolated cis effects and isolated trans

effects are tissue-specific

To determine whether the isolated cis effects and isolated rans
effects we identified were confined to the retina, we compared our
data from retina with previously published data from liver [15]
(Supporting Information S6). To ensure uniformity of analysis, we
reprocessed the previously published liver data using our analytic
pipeline, beginning with raw reads. After filtering 571 possibly
imprinted polymorphic autosomal genes (Bayes factor >3), we
were able to classify 9,865 polymorphic autosomal genes with high
confidence (Figure 7A and 7B).

We found 5,494/9,865 (56%) were best modelled as conserved,
2,371/9,865 (24%) were best modelled as divergent due to cis
effects, 1,495/9,865 (15%) as divergent due to trans effects, and
505/9,865 (5%) as divergent due to a combination of ¢is and trans
effects. For genes in the latter category, 145/505 (29%) were best
modelled as CIS —trans, 278/505 (55%) as TRANS —cis, 26/505
(5%) as CIS+trans, and 56/505 (11%) as TRANS+cis. Thus, as
previously reported for liver, and as we found for retina, when cis
and trans effects act together, they more often act to stabilize (423/
505 or 84%) than to destabilize (82/505 or 16%) gene expression
[15].

We then compared the classification of genes between liver and
retina. To avoid misattributing tissue-specific gene expression as
tissue-specific cis or trans effects, we restricted our analysis to genes
classifiable in both liver and retina. In particular, for comparison
of cis-effect genes, we required that genes be classified as cis-effect
in one tissue and conserved in the other tissue, or ¢is-effect in both
tissues. Similarly, for the comparison of trans-effect genes, we
required that genes be classified as {rans-effect in one tissue and
conserved in the other tissue, or {rans-effect in both tissues. Using
these criteria, we found that the vast majority of c¢is effects (1,661/
2,242 or 74%) were tissue-specific. Additionally, most trans effects
(8717976 or 89%) were tissue-specific (Figure 7C and 7D;
Supporting Information S7). Thus, most of the isolated cis and
1solated trans effects identified were tissue-specific.
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Recent studies suggest that variants in a given CRE may
modulate target gene expression in a tissue-dependent manner;
i.e., different tissues may show differential susceptibility to CRE
variants [56]. To test for tissue-specific variant effects in our
system, we examined the 581 genes classified as cis-effect in both
liver and retina. We found a positive correlation between the
expression estimates for the FO liver and FO retina samples
(Pearson r = 0.56, two-tailed P<107>), and between the expression
estimates for the F1 liver and F1 retina samples (Pearson r=0.58,
two-tailed P<10™°) (Figure 7E). This suggests that there exists
differential susceptibility between the liver and retina to CRE
variants, but that there is also significant shared susceptibility.

For the 105 genes classified as trans-effect in both tissues, we
found a positive correlation between the expression estimates for
the FO liver and FO retina samples (Pearson r = 0.76, two-tailed P<<
107°) (Figure 7F), suggesting that the same {rans-acting factors
regulate many of these trans-effect genes in both tissues. In
contrast, there was no correlation between the F1 liver and F1
retina samples (Pearson r=0.089, two-tailed P=10.37) for these
genes. This is not surprising, since by definition, trans-effect genes
do not show AEI in F1 hybrids, and hence the log, (Cast allele/B6
allele) ratios are all close to 0. Collectively, these analyses
underscore the notion that cis effects and trans effects are largely
tissue-specific, but when they are shared, they tend to have similar
effects on gene expression.

Discussion

Genomic techniques such as ChIP-seq and DNase-seq have
greatly expanded our knowledge of cis-regulatory regions in
various tissues and cell types in recent years [8]. Concurrently,
whole-genome sequencing of thousands of individuals [57] and
genome-wide association studies (GWAS) have catalogued thou-
sands of disease-associated variants, many of which fall within
regulatory regions [58]. The next phase of genomic medicine will
require mapping of regulatory variants onto disease-relevant
phenotypes. Here, we have taken a first step toward understanding
the role of regulatory variants in retinal disease by dissecting cis-
and {rans-regulatory effects in the mouse retina, a tissue that
models many key aspects of human retinal biology [59].

In contrast to expression quantitative trait loci (eQTL) studies,
which are feasible in the human population and are largely
powered to detect cis effects, the F1 hybrid study approach in
model organisms provides tremendous power to detect both cis
effects and trans effects [60]. A major finding in our study is that
cis effects predominate in the mouse retina. While estimates of the
relative contributions of ¢is effects and trans effects based on F1
hybrid studies in Drosophila and yeast vary [11-14], all studies
acknowledge a substantial contribution of c¢is effects. The
variability of estimates is likely due at least in part to methodo-
logical differences in gene expression estimates and statistical
modelling. For instance, when we re-analyzed the raw data from
the previously published study of cis and frans effects in mouse
liver [15], we assigned a greater fraction of gene regulatory
divergence to isolated c¢is and isolated #rans effects than the
original study, which assigned a greater fraction of gene regulatory
divergence to combined cis and trans effects. These differences
may be attributable to the fact that in our analysis pipeline, we
used an updated reference transcriptome and Bayesian statistical
models instead of maximum likelihood estimates (MLE).

Another key finding in our study is that the cis efects are largely
tissue-specific, with only 26% being shared between liver and
retina. Importantly, for this comparison, we included only genes
with sufficient power for analysis in both tissues, and hence the
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Figure 7. Comparison of cis effects and trans effects between liver and retina. (A) Using the same analytic pipeline as for retina, genes in the
liver were classified as conserved (yellow; largely obscured), cis (green), trans (red), or cis and trans (purple). (B) Cis- and trans- regulated genes were

"u__n

further subcategorized as to whether the cis and trans effects acted in the same (“+” sign; pink and brown) or opposite (“—" sign; orange and blue)
directions, and whether the cis (CAPS; orange and pink) or trans (CAPS; blue and brown) effect was stronger. (C) Number of genes classified as cis in
liver and conserved in retina, cis in both tissues, or cis in retina and conserved in liver. (D) Number of genes classified as trans in liver and conserved in
retina, trans in both tissues, or trans in retina and conserved in liver. (E) Correlation between genes classified as cis in both tissues. Pearson r values for
FO samples (left) and F1 samples (right) are shown. (F) Correlation between genes classified as trans in both tissues. Pearson r values for FO samples

(left) and F1 samples (right) are shown. Insets, magnified view.
doi:10.1371/journal.pone.0109382.9007

observed tissue specificity is not an artifact of tissue-specific
expression. Our estimate agrees well with an eQTL study of
lymphoblastoid cell lines, skin, and adipose tissue in human twins,
which found that 30% of cis-eQTLs were shared by the three
tissues [61].

Predicting the effect of any given regulatory variant is a
challenge, even in the face of complete genetic information, and
even at the level of a molecular phenotype such as transcription
factor binding [62] or, as in our case, gene expression. Moreover,
regulatory variants act in combination, rather than in isolation, to
modulate gene expression. Furthermore, gene expression is not
always a reliable surrogate for protein levels [63,64], and the path
from protein to organismal phenotype is even more convoluted.
With these layers of complexity in mind, we have taken a step
toward understanding the links between cis-regulatory variants
and retinal phenotypes by prioritizing variants within photore-
ceptor CREs that are associated with cis-effect genes.

Our work reveals that cis-regulatory effects predominate in the
murine retina and are associated with functional cis-regulatory
variants, with implications for retinal disease. In an approach
complementary to eQTL studies, we have demonstrated a strategy
for mapping cis-regulatory variants onto changes in gene
expression by harnessing the power of inbred model organisms.
Future empirical testing of such variants in living tissue, e.g., using
high-throughput massively parallel reporter assays [65,66], will
further elucidate the precise causal effects of specific ¢is-regulatory
variants on gene expression.

Methods

Ethics Statement

All experiments were conducted in strict accordance with the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health (NIH), and were approved by the Washington
University in St. Louis Institutional Animal Care and Use
Committee (IACUC) (protocol #20110089). Animals were
euthanized with COy anesthesia followed by cervical dislocation,
and all efforts were made to minimize suffering.

Animals

C57BL/6] (stock #664) and Cast/Ei] (stock #928) mice were
purchased from Jackson Laboratory. Mice were maintained on a
12-hour light/dark cycle at ~20-22°C with free access to food and
water. Mating cages were maintained on 5K54 diet (LabDiet) and
supplemented with autoclaved shepherd shacks (Shepherd Spe-
cialty Papers). Offspring were weaned at age 3 weeks and
maintained on 5053 diet (PicoLab) until age 8 weeks, at which
point they were sacrificed. Eyes were enucleated immediately after
sacrifice. To minimize circadian effects [67], samples were
collected at approximately the same time of day (late evening).

Sample collection and sequencing

Each biological replicate consisted of a pool of 6-8 retinas from
8 week old male mice. Retinas were dissected in cold sterile HBSS
with calcium and magnesium (Gibco) and stored at —80°C until
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use. Total RNA was extracted using TRIzol (Invitrogen) and
purified using the RNeasy Mini Kit (Qiagen) with on-column
DNasel digestion (Qiagen). Integrity of total RNA was verified on
the Agilent 2100 Bioanalyzer. Polyadenylated mRNA was
captured from total RNA using Dynabeads (Invitrogen). The
mRNA was fragmented and reverse-transcribed to double-
stranded cDNA using random hexamers. The cDNA was blunt-
ended and 3'-adenylated before ligation to sequencing adapters.
Ligated fragments were amplified for 12 cycles with primers to
incorporate unique sample barcodes. Libraries were subjected to
paired-end 2x101 bp sequencing on the Illumina HiSeq 2000 at
the Genome Technology Access Center at Washington University
School of Medicine. One lane of sequencing was conducted for all
FO and F1 samples, and a second lane of sequencing was
conducted for the F1 samples only.

Read alignment and quantification

Reads were filtered and trimmed with Trim Galore! v0.2.6 [68]
prior to alignment with Bowtie v0.12.9 [69] to a strain-specific
reference transcriptome (for FO data) or a hybrid reference
transcriptome (for F1 data). Transcriptomes were constructed
using the mouse_strain_transcriptomes.sh script within the
MMSEQ package [21]. The reference transcriptomes were based
on the Ensembl Release 67 cDNA files and the Wellcome Trust
Mouse Genomes Project Release 2 VCF files (which use mm9/
NCBI37 as the reference genome) based on November 2012
HiSeq 2x100 bp sequencing with 39x coverage of the Cast/Ei]
genome [19]. MMSEQ v1.0.0 beta was used to estimate gene
expression levels for the FO samples and allele-specific gene
expression levels for the F1 samples [21]. Of the 37,991 Ensembl
Release 67 mouse genes, 34,964 were autosomal, of which 29,160
had known exonic polymorphisms between Cast/Ei] and C57BL/
6]. Gene-level expression estimates in units roughly equivalent to
FPKM (fragments per kb of transcripts per million mapped read
pairs) were derived from exponentiation of the log expression
estimates. For differential expression analysis of FO samples with
DESeq v1.10.1 [39], normalized count equivalents were used and
a negative binomial test was performed.

Identification of imprinted genes

Using MMDIFF, a null model (no imprinting) was compared to
an imprinting model, as recently described [28]. In brief, the null
model assumes that allelic expression differences are the same in
F1 B6xCast and F1 CastxB6, while the imprinting model assumes
that allelic expression differences have equal magnitude but
opposite signs in F1 B6xCast as in F1 CastxB6. Only autosomal
genes with known exonic polymorphisms between Cast/Ei] and
C57BL/6] were included in this analysis.

Mouse imprinting databases

We examined four online databases that are continually
updated with known imprinted mouse genes: WAMIDEX (atlas.-
genetics.kcl.ac.uk) [70], MouseBook Imprinting Catalog (www.
mousebook.org) [71], Geneimprint (www.geneimprint.com) [72],
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and Catalogue of Parent of Origin Effects (igc.otago.ac.nz) [73].
For each database, we excluded genes whose imprinting status was
listed as ambiguous or disproven. To resolve nomenclature
disparities between databases, we converted gene names to Mouse
Genome Informatics (MGI) gene names. We combined the gene
lists from the four databases into a master gene list of 189 genes, of
which 143 had Ensembl Release 67 IDs and 137 were autosomal.
After filtering out non-polymorphic genes, we were left with 120
autosomal Ensembl ID’s, corresponding to 116 MGI genes. Each
Ensembl 67 gene was then assigned a “database score” ranging
from 0 to 4, indicating the number of databases that listed the gene
as being imprinted (see Supporting Information S1).

Categorization of genes according to cis and trans effects

A comparison of four models (conserved model, ¢is model, trans
model, and ¢is and trans model) was performed using MMDIFF,
as recently described [28]. In brief, the conserved model assumes
there is no differential expression (DE) between the FO’s and no
allelic expression imbalance (AEI) in the F1’s. The cis model
assumes there is DE between the IO’s that is equal to the AEI in
the F1’s. The ¢rans model assumes there is DE between the F0’s
but no AEI in the F1’s. The cis and {rans model assumes that there
is DE in the FO’s, but it is unequal to the AEI in the FI’s.

Included in the analysis were the 29,160 autosomal genes
polymorphic between C57BL/6] and Cast/Ei]. In our retinal
dataset, after excluding 306 possibly imprinted polymorphic
autosomal genes (imprinting Bayes factor >3), we had sufficient
statistical power to classify 11,484 genes confidently as conserved,
cis, trans, or c¢is and trans based on the following criteria: the
winning model must have a posterior probability >0.5, and the
posterior probability of the winning model must be at least twice
that of the second-best model, assuming an equal prior probability
of 0.25 for each of the four models. In the previously published
liver dataset [15], after excluding 571 possibly imprinted
polymorphic autosomal genes (imprinting Bayes factor >3), we
had sufficient statistical power to classify 9,865 genes confidently
using these criteria.

Genes best modelled by a combination of cis and trans effects
were then subdivided into the following categories, where x is the
weighted log fold change between the strains within the F1’s, and y
is the weighted log fold change between the strains within the F0’s

[15]:

CIS—trans (opposite direction with ¢is stronger than trans):
x*y>0 and |x|>]y]|

TRANS —cis (opposite direction with frans stronger than cis):
x*y<<0

CIS+trans (same direction with cis stronger than {rans): x*y>0
and |x|<|y|<|2x]|

TRANS+cis (same direction with ¢rans stronger than cis):
x*y>0 and |y|>]|2x]|

Calculation of weighted log fold change

The weighted log fold change for each gene was calculated by
weighting the allele-specific posterior mean of the log expression
parameter by the inverse of its posterior variance across biological
replicates for each strain and subtracting the results. Let By, By,
and Bj be the log expression parameters for the FO C57BL/6]
samples, and let G}, Gy, and Cs be the log expression parameters
for the FO Cast/Ei] samples. Then the weighted log fold change
between the FO C57BL/6] samples and the FO Cast/Ei] samples is
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Zle Bi/var(Bi) B ZLI Ci/Var(Ci).
ijl 1/var(Bi) Zle 1/var(Ci)

approach was used to compare the two sets of F1 samples.

given by The same

Assignment of genes to CRX ChlIP-seq peaks

Previously published CRX ChIP-seq data conducted on 8 week
old C57BL/6 retinas [6] were used to assign wild-type (WT)
CRX-bound regions (CBRs) to genes. CBRs were assigned to all
autosomal and sex chromosomal Ensembl Release 67 gene
transcripts using custom Perl scripts following a proximity-based
algorithm as previously described: if a CBR was located within a
gene, it was assigned to that gene; otherwise, it was assigned to the
gene with the nearest transcriptional start site (T'SS) [6].

Batch identification of variants

Variant calls (SNPs and indels) were downloaded as Variant
Call Format (VCF) files from the Wellcome Trust Sanger
Institute’s Mouse Genomes Project. These calls (December 2012
release) were based on the latest high-quality, high-coverage
HiSeq sequencing data of the strains. The Cast/Ei] variants
relative to the reference genome (C57BL/6] NCBI Build 37) were
extracted at regions of interest using VCFtools v0.1.10 [74] and
BEDtools v2.19.1 [75]. Only variant sites where the genotype was
homozygous were included. The genomic coordinates of CBRs
based on NCBI Build 37 were used. Custom Perl scripts were
written to tabulate the variants for CBRs associated with Ensembl
Release 67 genes.

Identification of variants at individual regions

Individual loci of interest were manually inspected for variants
by querying an online database, the Wellcome Trust Sanger
Institute’s Mouse Genomes Project Mouse SNP Viewer Release
1211 (NCBI Build 37), available at http://www.sanger.ac.uk/
sanger/Mouse_SnpViewer/rel-1211.

RetNet genes

Genes associated with human retinal disease in the RetNet
database [51] were retrieved. Human gene symbols were
converted to Mouse Genome Informatics (MGI) symbols using

the MGI Batch Query [76].

DNA constructs

Polymerase chain reaction (PCR) with Phusion High-Fidelity
DNA Polymerase (New England BioLabs) was used to amplify the
0.7 kb Sag promoter region at —558 to +105 (mm9
chr1:89,699,697-89,700,359) relative to the TSS. Genomic
DNA purified from C57BL/6] and Cast/EiJ liver tissue was used
as the template for the B6 and Cast construct, respectively. The
forward primer 5-TGAGGCAATGACACTTGGTC-3" and
reverse primer 5-GCAGGGAGCTGATTGGATTA-3" with
Xhol and EcoRI restriction enzyme site overhangs, respectively,
were used. The fragments were subcloned upstream of DsRed in
the no-basal vector (described previously in [4]) using the Sall
(compatible with Xhol) and EcoRI sites. Constructs were
confirmed with Sanger sequencing that encompassed the entire
0.7 kb region. We note that based on our high-quality Sanger
sequencing of this region, the genomic DNA of our Cast/Ei] mice
differed from the reference Cast/Ei] sequence [19] by two bases at
chr1:89,700,191 (A—C) and chrl:89,700,187 (A—C), as con-
firmed by Sanger sequencing three different Cast/Ei] mice
(representing the three Cast/EiJ RNA-seq biological replicates)
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Retinal explant electroporation and quantification of
promoter activity

Electroporation and explant culture of mouse retinas were
performed as described previously [55]. In brief, retinas were
dissected from newborn (PO) CD-1 mouse pups and coelectropo-
rated with one of the Sag promoter DsRed constructs and a
control green fluorescent protein (GFP) reporter that expresses in
rod photoreceptors, Rho-CBR3-¢GFP [6], each at a concentration
of 0.5 ug/uL. Retinas were grown in explant culture and
harvested 8 days later, whereupon they were fixed and whole-
mounted for quantitative imaging of DsRed fluorescence intensity
normalized to GFP fluorescence intensity using a monochromatic
camera (Hamamatsu ORCA-AG), as described [55]. For each Sag
promoter construct, 10-11 retinas were quantified. Representative
images using a color camera (Olympus DP70) were also taken (see
Figure 6C). For all retinal imaging, 4X magnification was used,
and the exposure times for the red and green channels were
consistent across retinas.

Data Access

RNA-seq, MMSEQ, and MMDIFF data have been deposited
in Gene Expression Omnibus (GEO, http://www.ncbhi.nlm.nih.
gov/geo/) (accession number GSE60545).

Supporting Information

Supporting Information S1 Analysis of parent-of-origin
effects in the retina. This Excel file summarizes the analysis of
all 29,160 polymorphic autosomal genes (ranked by Bayes factor)
for parent-of-origin effects, as determined by allele-specific
expression estimates in the reciprocal F1 hybrids using MMSEQ
and MMDIFF. Red shading, log. expression measures for
maternally derived alleles. Blue shading, log. expression measures
for paternally derived alleles. Yellow shading, weighted logs fold
change values.

(XLSX)

Supporting Information S2 RNA-seq differential expres-
sion analysis of FO0 C57BL/6] and F0 Cast/Ei] adult
retinas. This Excel file summarizes the DESeq analysis of FO
samples. The first sheet contains all 37,991 genes, the second sheet
contains all 34,964 autosomal genes, and third sheet contains the
3,799 autosomal genes found to be differentially expressed at 5%
false discovery rate (FDR). Each sheet is sorted on FDR-adjusted
P-values. Unique CBR identifiers and tally of CBR read counts are
based on data from [6].

(XLSX)

Supporting Information 83 Classification of gene regu-
latory divergence in the retina. This Excel file summarizes
the classification of cis and (rans effects in the FO and F1 retinal
samples based on MMDIFF. The first sheet contains the primary
classification (conserved, cis, trans, or cis and trans) of the 11,484
classifiable genes. The second sheet contains the subcategorization
of the 717 genes whose regulatory divergence is due to a
combination of ¢is and trans effects. Orange shading, posterior
probability of model based on prior probability of 0.25. Yellow
shading, weighted logy fold change values. Unique CBR identifiers
and tally of CBR read counts are based on data from [6].
(XLSX)

Supporting Information S4 Analysis of Cast/Ei] variants
within CBRs. This Excel file summarizes the analysis of Cast/
Ei] variants (SNPs and indels) within CBRs. The first sheet
contains a list of information for all 10,212 CBRs, including the
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locations of variants within the central 1 kb of each CBR [6].
“Doublehit” CBRs are those found in both CRX ChIP-seq
replicates. “Singlehit” CBRs are those found in one CRX ChIP-
seq replicate. The second sheet contains a list of all 37,991
Ensembl 67 genes, the unique CBR identifiers assigned to each
gene, and the number of variants within the central 1 kb of all
CBRs associated with each gene. The third sheet gives the number
of variants within the central 1 kb of CBRs associated with cis-
effect genes in the retina. The fourth sheet gives the number of
variants within the central 1 kb of CBRs associated with frans-
effect genes in the retina.

(XLSX)

Supporting Information S5 C(is effect genes associated
with retinal disease. This Excel file lists the 62 genes that were
classified as cis-effect in the retina and whose human orthologues
were found in the RetNet [51] database of human retinal disease
genes. Yellow shading, weighted log, fold change values. Unique
CBR identifiers and tally of CBR read counts are based on data
from [6]. Note that the unique CBR identifiers can be cross-
referenced with the first sheet in Supporting Information S4,
which lists the locations of the CBRs by CBR identifier.
Expression level values (in FPKM units) are provided. Light gray
shading, FO C57BL/6] values. Light brown shading, FO Cast/Ei]
values. Dark gray shading, I'1 B6 allele values. Dark brown
shading, F1 Cast allele values.

(XLSX)

Supporting Information S6 Classification of gene regu-
latory divergence in the liver. This Excel file summarizes the
re-analysis of previously published FO and F1 liver data [15]. Note
that I'11 is equivalent to F1 B6xCast (resulting from B6 male xCast
female) and Flr is the reciprocal cross. The first sheet contains the
9,865 classifiable genes after filtering non-polymorphic genes and
genes with imprinting Bayes factor >3. The second sheet contains
the subcategorization of the 505 genes whose regulatory
divergence is due to a combination of c¢is and {rans effects.
Orange shading, posterior probability of model based on prior
probability of 0.25. Yellow shading, weighted log, fold change
values.

(XLSX)

Supporting Information S7 Comparison of cis and trans
effects in the liver and retina. This Excel file summarizes the
comparison of cis-effect genes and trans-effect genes in the liver
and retina. The first sheet contains the Ensembl ID’s of cis effects
and frans effects specific to, or shared between, the liver and
retina. The second sheet contains the FO and F1 weighted log, fold
change values for genes classified as cis-effect in both tissues. The
third sheet contains the FO and F1 weighted logy fold change
values for genes classified as rans-effect in both tissues.

(XLSX)

Acknowledgments

We thank members of the Corbo lab for input and support during the
course of this work, and to Jennifer Enright and Shuyi Ma for critical
reading of the manuscript. We thank the Genome Technology Access
Center (GTAC) in the Department of Genetics at Washington University
School of Medicine for sequencing services.

Author Contributions

Conceived and designed the experiments: SQS JCC. Performed the
experiments: SQS. Analyzed the data: SQS ET. Wrote the paper: SQS ET
Jcc.

October 2014 | Volume 9 | Issue 10 | €109382


http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/

References

1.

2.

22.

23.

24.

26.

27.

28.

Young RW (1985) Cell differentiation in the retina of the mouse. Anat Rec 212:
199-205.

Daiger SP, Rossiter BF, Greenberg J, Christoffels A, Hide W (1998) Data
services and software for identifying genes and mutations causing retinal
degeneration. Investigative Ophthalmology and Visual Science 39: S295.

. Corbo JC, Myers CA, Lawrence KA, Jadhav AP, Cepko CL (2007) A typology

of photoreceptor gene expression patterns in the mouse. Proc Natl Acad
Sci U S A 104: 12069-12074.

. Hsiau TH, Diaconu C, Myers CA, Lee J, Cepko CL, et al. (2007) The cis-

regulatory logic of the mammalian photoreceptor transcriptional network. PLoS
One 2: e643.

Swaroop A, Kim D, Forrest D (2010) Transcriptional regulation of
photoreceptor development and homeostasis in the mammalian retina. Nat
Rev Neurosci 11: 563-576.

. Corbo JC, Lawrence KA, Karlstetter M, Myers CA, Abdelaziz M, et al. (2010)

CRX ChIP-seq reveals the cis-regulatory architecture of mouse photoreceptors.
Genome Res 20: 1512-1525.

. Hao H, Kim DS, Klocke B, Johnson KR, Cui K, et al. (2012) Transcriptional

regulation of rod photoreceptor homeostasis revealed by in vivo NRL targetome
analysis. PLoS Genet 8: ¢1002649.

. ENCODE Project Consortium (2012) An integrated encyclopedia of DNA

elements in the human genome. Nature 489: 57-74.

. Wittkopp PJ, Kalay G (2012) Cis-regulatory elements: molecular mechanisms

and evolutionary processes underlying divergence. Nat Rev Genet 13: 59-69.

. Wray GA (2007) The evolutionary significance of cis-regulatory mutations. Nat

Rev Genet 8: 206-216.

. Tirosh I, Reikhav S, Levy AA, Barkai N (2009) A yeast hybrid provides insight

into the evolution of gene expression regulation. Science 324: 659-662.

. Wittkopp PJ, Haerum BK, Clark AG (2004) Evolutionary changes in cis and

trans gene regulation. Nature 430: 85-88.

. Emerson JJ, Hsich LC, Sung HM, Wang TY, Huang CJ, et al. (2010) Natural

selection on cis and trans regulation in yeasts. Genome Res 20: 826-836.

. McManus CJ, Coolon JD, Duff MO, Eipper-Mains J, Graveley BR, et al. (2010)

Regulatory divergence in Drosophila revealed by mRNA-seq. Genome Res 20:
816-825.

. Goncalves A, Leigh-Brown S, Thybert D, Stefflova K, Turro E, et al. (2012)

Extensive compensatory cis-trans regulation in the evolution of mouse gene
expression. Genome Res 22: 2376-2384.

. Haider NB, Zhang W, Hurd R, Ikeda A, Nystuen AM, et al. (2008) Mapping of

genetic modifiers of Nr2e3 rd7/rd7 that suppress retinal degeneration and
restore blue cone cells to normal quantity. Mamm Genome 19: 145-154.

. Jelcick AS, Yuan Y, Leechy BD, Cox LC, Silveira AC, et al. (2011) Genetic

variations strongly influence phenotypic outcome in the mouse retina. PLoS One

6: €21858.

. Wade CM, Kulbokas EJ 3rd, Kirby AW, Zody MC, Mullikin JC, et al. (2002)

The mosaic structure of variation in the laboratory mouse genome. Nature 420:
574-578.

. Keane TM, Goodstadt L, Danecek P, White MA, Wong K, et al. (2011) Mouse

genomic variation and its effect on phenotypes and gene regulation. Nature 477:
289-294.

. Chadwick LH, Pertz LM, Broman KW, Bartolomei MS, Willard HF (2006)

Genetic control of X chromosome inactivation in mice: definition of the Xce
candidate interval. Genetics 173: 2103-2110.

. Turro E, Su SY, Goncalves A, Coin L], Richardson S, et al. (2011) Haplotype

and isoform specific expression estimation using multi-mapping RNA-seq reads.
Genome Biol 12: R13.

Degner JF, Marioni JC, Pai AA, Pickrell JK, Nkadori E, et al. (2009) Effect of
read-mapping biases on detecting allele-specific expression from RNA-
sequencing data. Bioinformatics 25: 3207-3212.

Reik W, Walter J (2001) Genomic imprinting: parental influence on the genome.
Nat Rev Genet 2: 21-32.

Falls JG, Pulford DJ, Wylie AA, Jirde RL (1999) Genomic imprinting:
implications for human disease. Am J Pathol 154: 635-647.

. Prickett AR, Oakey R] (2012) A survey of tissue-specific genomic imprinting in

mammals. Mol Genet Genomics 287: 621-630.

Court F, Tayama C, Romanelli V, Martin-Trujillo A, Iglesias-Platas I, et al.
(2014) Genome-wide parent-of-origin DNA methylation analysis reveals the
intricacies of human imprinting and suggests a germline methylation-
independent mechanism of establishment. Genome Res.

Xie W, Barr CL, Kim A, Yue F, Lee AY, et al. (2012) Base-resolution analyses of
sequence and parent-of-origin dependent DNA methylation in the mouse
genome. Cell 148: 816-831.

Turro E, Astle WJ, Tavare S (2014) Flexible analysis of RNA-seq data using
mixed effects models. Bioinformatics 30: 180-188.

. Moore T, Haig D (1991) Genomic imprinting in mammalian development: a

parental tug-of-war. Trends Genet 7: 45-49.

. Wilkins JF, Haig D (2003) What good is genomic imprinting: the function of

parent-specific gene expression. Nat Rev Genet 4: 359-368.

. da Rocha ST, Edwards CA, Ito M, Ogata T, Ferguson-Smith AC (2008)

Genomic imprinting at the mammalian Dlk1-Dio3 domain. Trends Genet 24:
306-316.

PLOS ONE | www.plosone.org

32.

33.

36.

37.

38.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

58.

59.

60.

61.

Gene Regulatory Effects in the Mouse Retina

Seitz H, Youngson N, Lin SP, Dalbert S, Paulsen M, et al. (2003) Imprinted
microRNA genes transcribed antisense to a reciprocally imprinted retro-
transposon-like gene. Nat Genet 34: 261-262.

Smith FM, Holt L], Garfield AS, Charalambous M, Koumanov F, et al. (2007)
Mice with a disruption of the imprinted Grbl0 gene exhibit altered body
composition, glucose homeostasis, and insulin signaling during postnatal life.
Mol Cell Biol 27: 5871-5886.

Garfield AS, Cowley M, Smith FM, Moorwood K, Stewart-Cox JE, et al. (2011)
Distinct physiological and behavioural functions for parental alleles of imprinted
Grb10. Nature 469: 534-538.

Sanz LA, Chamberlain S, Sabourin JC, Henckel A, Magnuson T, et al. (2008) A
mono-allelic bivalent chromatin domain controls tissue-specific imprinting at
Grb10. EMBO J 27: 2523-2532.

Kaneda M, Okano M, Hata K, Sado T, Tsujimoto N, et al. (2004) Essential role
for de novo DNA methyltransferase Dnmt3a in paternal and maternal
imprinting. Nature 429: 900-903.

Nasonkin 10, Lazo K, Hambright D, Brooks M, Fariss R, et al. (2011) Distinct
nuclear localization patterns of DNA methyltransferases in developing and
mature mammalian retina. J Comp Neurol 519: 1914-1930.

Mott R, Yuan W, Kaisaki P, Gan X, Cleak J, et al. (2014) The architecture of
parent-of-origin effects in mice. Cell 156: 332-342.

. Anders S, Huber W (2010) Differential expression analysis for sequence count

data. Genome Biol 11: R106.

. Furukawa T, Morrow EM, Li T, Davis FC, Cepko CL (1999) Retinopathy and

attenuated circadian entrainment in Crx-deficient mice. Nat Genet 23: 466-470.

. Chen S, Wang QL, Nie Z, Sun H, Lennon G, et al. (1997) Crx, a novel Otx-like

paired-homeodomain protein, binds to and transactivates photoreceptor cell-
specific genes. Neuron 19: 1017-1030.

. Langmann T, Di Gioia SA, Rau I, Stohr H, Maksimovic NS, et al. (2010)

Nonsense mutations in FAMI61A cause RP28-associated recessive retinitis
pigmentosa. Am ] Hum Genet 87: 376-381.

Ozgul RK, Siemiatkowska AM, Yucel D, Myers CA, Collin RW, et al. (2011)
Exome sequencing and cis-regulatory mapping identify mutations in MAK, a
gene encoding a regulator of ciliary length, as a cause of retinitis pigmentosa.
Am ] Hum Genet 89: 253-264.

Jeon CJ, Strettoi E, Masland RH (1998) The major cell populations of the mouse
retina. J Neurosci 18: 8936-8946.

Grubb SC, Bult CJ, Bogue MA (2014) Mouse phenome database. Nucleic Acids
Res 42: D825-834.

Oh EC, Cheng H, Hao H, Jia L, Khan NW, et al. (2008) Rod differentiation
factor NRL activates the expression of nuclear receptor NR2E3 to suppress the
development of cone photoreceptors. Brain Res 1236: 16-29.

Freund CL, Gregory-Evans CY, Furukawa T, Papaioannou M, Looser ], et al.
(1997) Cone-rod dystrophy due to mutations in a novel photoreceptor-specific
homeobox gene (CRX) essential for maintenance of the photoreceptor. Cell 91:
543-553.

Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, et al. (2005)
Evolutionarily conserved elements in vertebrate, insect, worm, and yeast
genomes. Genome Res 15: 1034-1050.

White MA, Myers CA, Corbo JC, Cohen BA (2013) Massively parallel in vivo
enhancer assay reveals that highly local features determine the cis-regulatory
function of ChIP-seq peaks. Proc Natl Acad Sci U S A 110: 11952-11957.
Dejager L, Libert C, Montagutelli X (2009) Thirty years of Mus spretus: a
promising future. Trends Genet 25: 234-241.

RetNet. Available: http://www.sph.uth.tmc.edu/RetNet/

Song X, Vishnivetskiy SA, Seo J, Chen J, Gurevich EV, et al. (2011) Arrestin-1
expression level in rods: balancing functional performance and photoreceptor
health. Neuroscience 174: 37-49.

Xu J, Dodd RL, Makino CL, Simon MI, Baylor DA, et al. (1997) Prolonged
photoresponses in transgenic mouse rods lacking arrestin. Nature 389: 505-509.
Fuchs S, Nakazawa M, Maw M, Tamai M, Oguchi Y, et al. (1995) A
homozygous 1-base pair deletion in the arrestin gene is a frequent cause of
Oguchi disease in Japanese. Nat Genet 10: 360-362.

. Montana CL, Myers CA, Corbo JC (2011) Quantifying the activity of cis-

regulatory elements in the mouse retina by explant electroporation. J Vis Exp.

. Erceg J, Saunders TE, Girardot C, Devos DP, Hufnagel L, et al. (2014) Subtle

changes in motif positioning cause tissue-specific effects on robustness of an
enhancer’s activity. PLoS Genet 10: ¢1004060.

Genomes Project Consortium (2012) An integrated map of genetic variation
from 1,092 human genomes. Nature 491: 56-65.

Schaub MA, Boyle AP, Kundaje A, Batzoglou S, Snyder M (2012) Linking
disease associations with regulatory information in the human genome. Genome
Res 22: 1748-1759.

Dalke C, Graw J (2005) Mouse mutants as models for congenital retinal
disorders. Exp Eye Res 81: 503-512.

Gaffney DJ (2013) Global properties and functional complexity of human gene
regulatory variation. PLoS Genet 9: ¢1003501.

Nica AC, Parts L, Glass D, Nisbet J, Barrett A, et al. (2011) The architecture of
gene regulatory variation across multiple human tissues: the MuTHER study.

PLoS Genet 7: €1002003.

October 2014 | Volume 9 | Issue 10 | €109382


http://www.sph.uth.tmc.edu/RetNet/

62.

63.

64.

66.

67.

68.

Maurano MT, Wang H, Kutyavin T, Stamatoyannopoulos JA (2012)
Widespread site-dependent buffering of human regulatory polymorphism. PLoS
Genet 8: ¢1002599.

Greenbaum D, Colangelo C, Williams K, Gerstein M (2003) Comparing protein
abundance and mRNA expression levels on a genomic scale. Genome Biol 4:
117.

McManus CJ, May GE, Spealman P, Shteyman A (2014) Ribosome profiling
reveals post-transcriptional buffering of divergent gene expression in yeast.

Genome Res 24: 422—430.

. Kwasnieski JC, Mogno I, Myers CA, Corbo JC, Cohen BA (2012) Complex

effects of nucleotide variants in a mammalian cis-regulatory element. Proc Natl
Acad Sci U S A 109: 19498-19503.

Shlyueva D, Stampfel G, Stark A (2014) Transcriptional enhancers: from
properties to genome-wide predictions. Nat Rev Genet 15: 272-286.

Storch KF, Paz C, Signorovitch J, Raviola E, Pawlyk B, et al. (2007) Intrinsic
circadian clock of the mammalian retina: importance for retinal processing of
visual information. Cell 130: 730-741.

Krueger F. Trim Galore! Available: http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/

PLOS ONE | www.plosone.org

16

69.

70.

71.

72.

73.

74.

76.

77.

Gene Regulatory Effects in the Mouse Retina

Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome Biol
10: R25.

Schulz R, Woodfine K, Menheniott TR, Bourc’his D, Bestor T, et al. (2008)
WAMIDEX: a web atlas of murine genomic imprinting and differential
expression. Epigenetics 3: 89-96.

Williamson CM BA, Thomas S, Beechey CV, Hancock J, Cattanach BM, et al.
(2014) MouseBook Imprinting Catalog. http://www.mousebook.org/
mousebook-catalogs/imprinting-resource

Jirtle RL (2012) Geneimprint. Available: http://www.geneimprint.com/.
Morison IM, Paton CJ, Cleverley SD (2001) The imprinted gene and parent-of-
origin effect database. Nucleic Acids Res 29: 275-276.

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, et al. (2011) The variant
call format and VCFtools. Bioinformatics 27: 2156-2158.

Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics 26: 841-842.

Blake JA, Bult CJ, Eppig JT, Kadin JA, Richardson JE, et al. (2014) The Mouse
Genome Database: integration of and access to knowledge about the laboratory
mouse. Nucleic Acids Res 42: D810-817.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, et al. (2002) The
human genome browser at UCSC. Genome Res 12: 996-1006.

October 2014 | Volume 9 | Issue 10 | €109382


http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.mousebook.org/mousebook-catalogs/imprinting-resource
http://www.mousebook.org/mousebook-catalogs/imprinting-resource
http://www.geneimprint.com/

	Hybrid mice reveal parent-of-origin and cis- and trans- regulatory effects in the retina
	Please let us know how this document benefits you.
	Recommended Citation

	pone.0109382 1..16

