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Purpose: Epigenetic and transcriptional mechanisms have been shown to contribute to long-lasting functional changes
in adult neurons. The purpose of this study was to identify any such modifications in diseased retinal tissues from a
mouse model of rhodopsin mutation-associated autosomal dominant retinitis pigmentosa (ADRP), Q344X, relative to
age-matched wild-type (WT) controls.
Methods: We performed RNA sequencing (RNA-seq) at poly(A) selected RNA to profile the transcriptional patterns
in 3-week-old ADRP mouse model rhodopsin Q344X compared to WT controls. Differentially expressed genes were
determined by DESeq2 using the Benjamini & Hochberg p value adjustment and an absolute log2 fold change cutoff.
Quantitative western blots were conducted to evaluate protein expression levels of histone H3 phosphorylated at serine
10 and histone H4. qRT-PCR was performed to validate the expression patterns of differentially expressed genes.
Results: We observed significant differential expression in 2151 genes in the retina of Q344X mice compared to WT
controls, including downregulation in the potassium channel gene, Kcnv2, and differential expression of histone genes,
including the H1 family histone member, H1foo; the H3 histone family 3B, H3f3b; and the histone deacetylase 9, Hdac9.
Quantitative western blots revealed statistically significant decreased protein expression of both histone H3 phosphorylated at serine 10 and histone H4 in 3-week-old Q344X retinas. Furthermore, qRT-PCR performed on select differentially
expressed genes based on our RNA-seq results revealed matched expression patterns of up or downregulation.
Conclusions: These findings provide evidence that transcriptomic alterations occur in the ADRP mouse model rhodopsin
Q344X retina and that these processes may contribute to the dysfunction and neurodegeneration seen in this animal
model.

cell death has been shown as the route of retinal degeneration [2,5-7]. Symptoms include reduction in the peripheral
visual field, leading to tunnel vision and total blindness. In
patients, disease onset typically begins in the early teenage
years, and severe visual impairment occurs between the ages
of 45 and 60 [8]. Typically, mutations in the C-terminus of
the rhodopsin gene cause an earlier onset time course of
degeneration in patients [2]. One such mutation, Q344X, is
a naturally occurring rhodopsin ADRP mutation that causes
a truncation of the protein, effectively removing the trafficking signal VAPA and leading to rhodopsin mislocalization
and subsequent cellular apoptosis [2,9]. While it has been
shown that mutations in genes encoding retinal trafficking
proteins affect processes vital for cell function and overall
homeostasis, the underlying pathological mechanisms remain
largely unknown.

One of the overarching goals in the treatment of blinding
diseases is to determine the underlying pathological mechanisms that lead to blindness. Mutations in genes encoding
retinal trafficking proteins often manifest as blinding
diseases, such as retinitis pigmentosa (RP). RP is a heterogeneous group of hereditary disorders that lead to the progressive loss of retinal function. RP is the most common inherited
disease leading to blindness, with a worldwide prevalence of
1 in 3500 people; roughly 25% of these cases are autosomal
dominant retinitis pigmentosa (ADRP) [1-3]. To date, more
than 25 genes are known to cause ADRP, and over 1000
mutations have been reported in these genes [4]. Transgenic
mouse, rat and fly models of ADRP have been constructed
based on human rhodopsin mutations, and in mice apoptotic
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In recent years, more studies have investigated the
genetic and environmental influences associated with the
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onset and progression of retinal diseases, analyzing how these
risk factors contribute to molecular alterations that ultimately
lead to pathology [10-12]. Regulated gene expression is essential for proper cellular function and homeostasis. One method
cells use to control gene expression is the structural alteration of the chromatin complex consisting of DNA, RNA, and
protein [13,14]. Mechanisms that cause modifications of chromatin structure without changing the nucleotide sequence are
known as epigenetic mechanisms, which trigger alterations
in gene expression [10,15-17]. Histone modifications and
DNA methylation are the two most extensively investigated
epigenetic marks and contain distinct mechanisms affecting
the repression or activation of transcription, which is dependent on factors such as the type of modification, genomic
locations, and site specificity [10,14,18]. Recent studies
have shown that these epigenetic marks change within the
organism throughout its lifetime, finding that both histone
subunit composition and DNA methylation are dynamically
regulated in cells [16,19-21]. Nevertheless, it is evident that
DNA methylation and attendant changes in chromatin structure are capable of self-perpetuation and self-regeneration.
Disruption of these mechanisms can contribute to neuron and
neural circuit dysfunction.
While it is evident that transcriptional and epigenetic
processes are linked to disease and impairment in non-retinal
tissue, there is lack of gene profiling studies of RP. Indeed,
previous studies have investigated the transcriptome and novel
transcripts in the retina [22,23], including the transcriptome
from the autosomal-recessive RP model, rd10 [24]. However,
to date, the ADRP model rhodopsin Q344X has not been
profiled using whole transcriptome techniques. In this study,
we analyzed the transcriptomic alterations in the mRNA from
3-week-old mouse retina in the rhodopsin Q344X ADRP
model relative to age-matched wild-type (WT) mouse retina
to identify the potential targets of epigenetic modifications.
This time point was specifically chosen because it has already
been shown in this model that outer nuclear layer thickness
and outer segment length are maintained and display no
structural characteristics of retinal remodeling [25]. Furthermore, to investigate whether epigenetics may have a role in
driving and perpetuating persisting changes within rhodopsin
Q344X, we examined the levels of protein expression from
two histone proteins, histone H3 phosphorylated at serine 10
and histone H4.
METHODS
Rhodopsin Q344X/Q344X mice: Homozygous knock-in mice
expressing human rhodopsin Q344X (Q344X mice) have
been previously described [25]. The mice were kept on a
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12-h light/dark cycle. All procedures were performed using
Institutional Animal Care and Use Committee (IACUC)approved protocols and were conducted in full compliance
with the Association for the Assessment and Accreditation
of Laboratory Animal Care (AAALAC).
RNA sequencing and bioinformatics: For RNA sequencing
(RNA-seq), the retinas were extracted from 3-week-old
mice (n=40 Q344X; 20 females, 20 males and n=34 WT;
17 females, 17 males; samples were collected at approximately noon) and placed in stabilization reagent (RNAlater,
QIAGEN, Hilden, Germany; Catalog no. 76,104). Total RNA
was extracted (RNeasy, QIAGEN; Catalog no. 74,104) and
quality controlled (Bioanalyzer, Agilent, Santa Clara, CA). A
single WT replicate contained a RIN number <7, which was
removed from the study. Poly(A) selection was performed,
and the libraries were constructed using the NEBNext Directional RNA Library kit at the HudsonAlpha Institute for
Biotechnology. Multiplex sequencing was performed with the
Illumina HiSeq 2500 system (HudsonAlpha, v4 sequencing
reagents, paired end, 50 bp). All samples contained a
minimum of 26 million paired end reads with an average
number of 26.4 million reads across all replicates.
The FASTQ files were uploaded to the University of
Alabama at Birmingham’s high-performance computer
cluster, Cheaha, for bioinformatics analysis. First, the quality
and control of the reads were assessed using FastQC, and
trimming of the bases with quality scores of less than 20 was
performed with Trim_Galore! (v 0.4.4). Following trimming,
the reads were aligned with STAR [26] to the mm10 Ensembl
genome (v 2.5.2a. During runMode genomeGenerate, the
option sjdbOverhang was set to 49). The alignment resulted
in an average of 92.3% of reads that were uniquely mapped.
The total number of reads that were uniquely mapped per
sample is shown in Appendix 1. Gene-level counts were
generated from the binary alignment map (BAM) files using
the featureCounts [27] function in the Rsubread package
(v 1.26.1) in R with the Mus_musculus.GRCm38.90.gtf file
from the Ensembl database. The options used included:
isGTFAnnotationFile=TRUE, useMetaFeatures=TRUE,
isPairedEnd=TRUE, requireBothEndsMapped=TRUE,
strandSpecific=2, and autosort=TRUE; additional options
were kept as default. A summary of the read assignment
per sample is given in Appendix 1. Further, the gene body
coverage from the BAM files was evaluated with RSeQC (v
2.6.3) and is reported in Appendix 1.
Finally, DESeq2 [28] (v 1.16.1) in R was used to perform
count normalization and differential expression analysis.
Following count normalization, principle component analysis
(PCA) was performed and sample-to-samples distances were
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computed using the Euclidean distance. The analysis identified a replicate from the Q344 × group as an outlier, which
was removed from further analysis (Appendix 2). Therefore,
the final data set for the current study includes two Q344X
replicates and two WT replicates.
Differential expression was computed in DESeq2 with
the application of the Benjamini & Hochberg false discovery
rate (FDR) method to adjust the p values from multiple
testing. Genes were called differentially expressed genes
(DEGs) if they passed a statistical cutoff of FDR p<0.05 and
if they contained an absolute log2 fold change (FC) >=1. Functional annotation enrichment analysis was performed in the
NIH Database for Annotation, Visualization and Integrated
Discovery (DAVID, v 6.8) by submitting all DEGs identified.
The Benjamini & Hochberg FDR correction was also applied
to determine gene ontology (GO) terms and KEGG pathways
with the cutoff of an FDR p<0.05.
The FASTQ files for the current study have been
uploaded to NCBI’s Gene Expression Omnibus under accession number GSE102247. Figures, including the heatmaps,
scatter plot, volcano plot, and box plots were made in R with
the following packages: ggplot2 (v 2.2.1), ggforce (v 0.1.1),
pheatmap (v 1.0.8), and gplots (v 3.0.1). The heatmap of the
DEG used the Euclidean clustering method shown in the
dendrograms.
Quantitative Immunoblotting: Retinas from mice (n=5
Q344X, 3 females, 2 males; n=5 WT, 3 females, 2 males;
samples were collected at approximately noon) were
homogenized in sample application buffer as previously
described [25], separated by standard PAGE, transferred to
a nitrocellulose-supported membrane (GVS North America,
Sanford, ME; Catalog no. 1,212,590), blocked for 1 h at room
temperature with 4% non-fat dry milk in TBST [20 mM
Tris-Cl, pH 7.6 and 0.1% (v/v) Tween-20] supplemented with
0.02% sodium azide, and then incubated overnight at 4 °C in
the same solution containing primary antibody (anti-phosphohistone H3 (Ser10) cloneE173, Millipore, Billerica, MA;
Catalog no. 04–1093; anti-histone H4, Millipore; Catalog
no. 7–108; anti-histone H3, Millipore; Catalog no. 06–599).
Binding of secondary antibody conjugated to horseradish
peroxidase (Invitrogen, Carlsbad, CA; Catalog no. 65–6120)
was detected using chemiluminescent reagents by exposure
to film. For quantification, individual band intensity was
measured using ImageJ. Each band was normalized to its
relevant loading control.
Quantitative PCR: Retinas of Q344X and WT mice (n=12
Q344X; 6 females, 6 males and n=12 WT; 6 females, 6
males; samples were collected at approximately noon) were
placed in stabilization reagent (RNAlater, QIAGEN; Catalog
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no. 76,104). Total RNA was extracted (RNeasy, QIAGEN;
Catalog no. 74,104) and reverse transcribed using a HighCapacity cDNA Reverse Transcription Kit (Thermo Fischer
Scientific, Waltham, MA; Catalog no. 4,368,814). Individual
gene assays were purchased from Applied Biosystems,
Foster City, CA for each of the RNAs analyzed. ΔΔCt
values were generated using Hist1h2be (Mm01166416_s1),
Hist2H4 (Mm01952224_u1), Hist3h2a (Mm01701417_s1),
Kcnv2 (Mm00807577_m1), Pax7 (Mm01354484_m1), and
Prss33 Mm00617657_m1). TaqMan gene assays with Actb
(Mm02619580_g1) served as internal standards. qPCR results
are shown as the average of three different amplifications of
cDNAs that were generated. The ΔΔCT method was applied
to determine relative cDNA levels [29]. Unpaired Student t
tests were conducted on ΔΔCT values from each genotype to
determine their significance.
Statistics: Statistical analyses for quantitative western
blots were performed in JMP software (SAS Institute Inc.).
Statistical analyses for qRT-PCR were performed in R (The
R Foundation). For all studies where an n is reported, the
n represents the number of separate animals. A Student’s
unpaired t test was used, and significance was set at p<0.05.
RESULTS
RNA-seq profiling of the ADRP mouse model Q344X relative to WT mice shows that 2151 genes are differentially
expressed (FDR p<0.05, absolute log2 FC >=1); 1386 genes
were downregulated, and 765 genes were upregulated in
Q344X (Figure 1A,B). As expected, RNA-seq indicates
the downregulation of the rhodopsin gene, Rho, in Q344X
animals (Figure 1C). It is interesting to note that H1foo, a
H1 histone family gene that is commonly expressed in early
development, was identified among the top upregulated genes
in Q344X animals, indicating that epigenetic mechanisms
may have a role in RP. Further, additional histone genes were
identified, including the histone deacetylase Hdac9, the H3
histone gene H3f3b, and the H4 histone gene Hist2h4 (Figure
1C). A complete list of all histone genes is given in Table 1.
In addition, Kcnv2, a voltage-gated potassium channel gene
found in high levels in the retina, was found to be downregulated in Q344X. Additional DEGs found that are functionally related to transcriptional regulation include Egr1 (early
growth response 1), Taf4b (TATA-box binding protein associated factor 4b), and Med20 (mediator complex subunit 20),
suggesting that Q344X may alter specific targets affecting
the transcriptional mechanism within this animal model. All
genes found to be differentially expressed are represented in
Figure 2, Appendix 3, and their normalized counts are shown
in Appendix 4.
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To identify genes that are functionally related among
our DEGs, functional annotation clustering was performed
on gene ontology (GO) terms using the Benjamini & Hochberg correction. Of the 2151 DEGs submitted to DAVID,
1927 were identified in the database. The analysis indicates
transcriptomic alterations in the Q344x model are linked to
the following terms: extracellular matrix (GO:0031012, 92
genes, FDR p=2.7×10 −10), metal ion binding (GO:0046872,
394 genes, FDR p=1.6×10−6), visual perception (GO:0007601,
34 genes, FDR p=2.7×10 −5), and photoreceptor outer segment
(GO:0001750,17 genes, FDR p=2.7×10 −3). A KEGG pathway
for phototransduction (12 genes, FDR p=1.3×10 −4) was also
identified. The list of genes within the visual perception and
photoreceptor GO terms and the genes within the KEGG
pathway are presented in Table 2.
To determine the specificity of transcriptional alterations in the ADRP model, Q344X, the current results were
compared to the published list [24] of DEGs in the autosomalrecessive RP model, rd10. The results indicate that 250 genes
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were present in both lists, and 196 genes were expressed in
the same direction of change (up or downregulated) in both
RP models. Of these, 178 genes were downregulated and 18
were upregulated in Q344X and rd10 mice. Therefore, 1955
genes (1901 genes not detected to be DEGs in rd10 + 54 genes
with a dissimilar direction of change) in the rhodopsin Q344X
mouse retina represent transcriptional alterations specific to
Q344X. The genes that were found to be common between
both models are indicated in Appendix 3.
To further investigate the role that histones may have in
ADRP, we quantified the levels of two well studied histone
proteins, histone H3 phosphorylated at serine 10 and histone
H4. Quantitative western blots reveal statistically significant
(p<0.05) decreased expression of both histone H3 phosphorylated at serine 10 and histone H4 (Figure 3A–D, Appendix
5). These data are associated with the decreased expression
found in the RNA-seq results, indicating the proper function
of these proteins is slightly inhibited in Q344X retinas.

Figure 1. Transcriptomic alterations in the RP mouse model Q344X. A: Volcano plot of the fold changes and adjusted p values of all genes
detected by DESeq2. The horizontal line indicates the statistical cutoff point (FDR p<0.05), and the vertical lines indicate the cutoff values
used from FC. The blue points indicate genes that were downregulated (1386 genes), and the orange points indicate genes that were upregulated (765 genes). B: Relative changes in transcription for all DEGs. C: Box plots displaying the expression levels as normalized counts for
Rho, H1foo, Kcnv2, Hdac9, H3f3b, and Hist2h4.
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Ensembl ID

ENSMUSG00000042279

ENSMUSG00000047246

ENSMUSG00000036181

ENSMUSG00000060639

ENSMUSG00000069270

ENSMUSG00000091405

ENSMUSG00000081058

ENSMUSG00000018102

ENSMUSG00000004698

ENSMUSG00000078851

ENSMUSG00000016559

ENSMUSG00000064288

ENSMUSG00000020086

ENSMUSG00000099583

ENSMUSG00000069300

ENSMUSG00000091383

ENSMUSG00000000031

ENSMUSG00000051627

ENSMUSG00000052565

ENSMUSG00000114456

ENSMUSG00000058385

ENSMUSG00000060678

ENSMUSG00000063954

ENSMUSG00000044927

Gene ID

H1foo

Hist1h2be

Hist1h1c

Hist1h4i

Hist1h2ac

Hist2h4

Hist2h3c2

Hist1h2bc

Hdac9

Hist3h2a

H3f3b

Hist1h4k

H2afy2

Hist1h3d
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Hist1h2bj

Hist1h2al

H19

Hist1h1e

Hist1h1d

Hist1h2bh

Hist1h2bg

Hist1h4c

Hist2h2aa2

H1fx

H1 histone family, member X

histone cluster 2, H2aa2

histone cluster 1, H4c

histone cluster 1, H2bg

histone cluster 1, H2bh

histone cluster 1, H1d

histone cluster 1, H1e

H19, imprinted maternally expressed transcript

histone cluster 1, H2al

histone cluster 1, H2bj

histone cluster 1, H3d

H2A histone family, member Y2

histone cluster 1, H4k

H3 histone, family 3B

histone cluster 3, H2a

histone deacetylase 9

histone cluster 1, H2bc

histone cluster 2, H3c2

histone cluster 2, H4

histone cluster 1, H2ac

histone cluster 1, H4i

histone cluster 1, H1c

histone cluster 1, H2be

H1 histone family, member O, oocyte-specific

Description

Table 1. List of differentially expressed histone genes in Q344x.
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Figure 2. Heatmap and hierarchical clustering dendrogram of all DEGs across the Q344X and WT biologic replicates. Each column represents
a DEG (FDR p<0.05, absolute FC>=1) where the values represent normalized counts that were standardized to z-scores. The color indicates
the standard deviation increasing (orange) or decreasing (blue) relative to the mean (black). Row and column dendrograms represent the
Euclidean clustering method.

In addition to Rho, which was confirmed to be downregulated in Q344X animals in our RNA-seq, we performed
qPCR on reverse-transcribed RNA (qRT-PCR) isolated from
the retinas of 3-week-old Q344X and WT mice. The downregulated genes tested were: potassium channel, subfamily V,
member 2, Kcnv2 (p=0.0008); histone cluster 2 H4, Hist2H4
(p=0.032); and histone cluster 3 H2a, Hist3h2a (p=0.017). The
upregulated genes tested were: protease, serine 33, Prss33
(p=0.0023) and paired box 7, Pax7 (p=0.034). All genes tested
were found to be expressed in the same direction of change
(down or upregulated), matching the results found from our
RNA-seq data (Appendix 6).
DISCUSSION
We have shown that transcriptional mechanisms contribute
to retinal degeneration in the ADRP mouse model rhodopsin
Q344X. Through RNA-seq profiling, we have identified 2151
DEGs linked to ADRP by using a stringent statistical cutoff
(FDR p<0.05). Intriguingly, our results show an increase
in the RNA levels of the histone subunit H1foo, a subunit
typically only expressed early in development. Meanwhile,
there was a downregulation in the potassium channel gene,
Kcnv2, which has also been shown to be downregulated in
the rd10 model [24]. Furthermore, transcriptional regulatory
genes were also identified, including the upregulation of
Egr1, which has also been linked to RP in the rd10 model
and in additional models of retinal disorders, including the

retinal degeneration slow mouse model and the retinoschisin
knockout model [24,30-32]. Furthermore, the results suggest
that we found not only genes related to the visual perception,
photoreceptor outer segment, and phototransduction pathway
but also a vast majority of genes related to the extracellular
matrix, neuron differentiation, and neuron projection [33-37].
Given the abundance of work indicating the presence of
epigenetic modifications in neuro-specific genes, the current
findings suggest that epigenetic mechanisms may have a role
in RP [13,14,21,38-42].
Interestingly, relative to the transcriptomic profile from
the autosomal-recessive RP model, rd10, our results show
an overlap of 196 genes with the same directional change
[24]. This suggests that the overlapping genes are ideal candidates for studying RP across distinct genotypic models. The
data also indicate that there is specificity in transcriptional
patterns in relation to the heterozygous Q344X knock-in
mouse model that may serve as candidates in relation to the
autosomal dominant form of RP.
Our data indicate transcripts from several histone family
genes were downregulated in Q344X. To characterize the
role that histones may have in ADRP at the protein level, we
performed quantitative western blots to measure the levels of
the proteins from post-translationally modified histone H3
phosphorylated at ser10 and the chromatin core histone H4.
The results indicate that both histones are downregulated to a
large degree. Post-translational modification, phosphorylation
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KEGG: Phototrasnduction
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GO: Visual
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Description

Gene name

Table 2. Genes in visually related GO terms and KEGG pathway.
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Figure 3. Quantitative western blot analyses. A: Histone H3 phosphorylated at serine 10 (H3.phospho) and B: histone H4 (H4) expression
significantly reduced in Q344X retinas. Band intensities were normalized to histone H3 (H3ac) expression. C: Loading control histone H3
was used to normalize band intensity. D: Statistical analyses of protein expression level; both histone H3 phosphorylated at serine 10 and
histone H4 are significantly reduced (p<0.05) based on a Student t test. n=5 per group, ±SEM, significance determined by a Student’s t test:
*p<0.05.

of serine 10 of the N-terminal arm of histone H3, has been
shown to be fundamental for mitotic chromosomal segregation and condensation; however, it has also been shown to
play a role in regulating transcription [43-45]. Other studies
have shown in vivo that several residues within histone H3
and H4 cores are vital for heterochromatin integrity [46].
Therefore, these results strongly support the disruption of the
histone core particle in ADRP and that it potentially drives
transcriptional changes that contribute to retinal degeneration
and its severity.
These data support the idea that the histone subunit
composition of the chromatin particle can be modified in
response to an ADRP-inducing gene mutation and that
chromatin remodeling may be a crucial regulator of lasting
functional change in the retina in ADRP. Individual histone
variants differ in their capacity to support specific transcriptional modifications, with some likely more associated with increased epigenetic “plasticity” and others more
closely allied to epigenetically stable genomic regions [47].
Understanding the molecular mechanisms of transcriptional
modifications within retinal degenerations will provide
pivotal information for future therapeutic interventions, thus
improving the quality of life for patients.
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To access the data, click or select the words “Appendix 2”
APPENDIX 3. LIST OF DEG IN Q344X MODEL
WITH SIMILARITIES IN RD10 INDICATED.
To access the data, click or select the words “Appendix 3”
APPENDIX 4.
To access the data, click or select the words “Appendix 4”
APPENDIX 5. STATISTICAL ANALYSES OF
NORMALIZED PROTEIN EXPRESSION LEVEL.
Quantitative western blot analyses of Histone H3 phosphorylated at serine 10 (H3.phospho) and histone H4 (H4)
expression were normalized to Histone H3 (H3ac) expression levels. Protein expression levels of Histone H3 (H3ac)
between Q344X and WT retinal extracts were found to be
stable, therefore H3ac protein expression level was used
to normalize Western Blot data. n=5 per group, ±SEM,
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significance determined by Student t test: *p<0.05. To access
the data, click or select the words “Appendix 5”
APPENDIX 6. QRT-PCR ON SELECT
DIFFERENTIALLY EXPRESSED GENES.
Quantitative polymerase chain reaction on reverse-transcribed RNA (qRT-PCR) isolated from retinas of 3-weekold Q344X and WT mice. Downregulated genes tested
were: potassium channel, subfamily V, member 2, Kcnv2
(p=0.0008); histone cluster 2 H4, Hist2H4 (p=0.032); histone
cluster 3 H2a, Hist3h2a (p=0.017). Upregulated genes tested
were: protease, serine 33, Prss33 (p=0.0023) and paired box 7,
Pax7 (p=0.034). All genes tested were found expressed in the
same direction of change (down or upregulated) matching the
results found from our RNA-seq data. n=12 per group, ±SEM,
significance determined by Student t test: *p<0.05. To access
the data, click or select the words “Appendix 6”
ACKNOWLEDGMENTS
This work was supported by the National Eye Institute
(R01EY019311, AKG), the Civitan Institute Research Center
Precision Medicine Pilot Grant (AKG), and the National
Institute of Mental Health (R01MH57014, JDS). We thank
Dr. Scott Wilson for qPCR materials and insight, Dr. Jeremy
Day for antibodies and helpful discussions, and Evan Boitet
for technical support.
REFERENCES
1.

Weleber RG. Inherited and orphan retinal diseases: phenotypes, genotypes, and probable treatment groups. Retina
2005; 25:SupplS4-7. [PMID: 16374328].

2.

Hollingsworth TJ, Gross AK. Defective trafficking of
rhodopsin and its role in retinal degenerations. Int Rev Cell
Mol Biol 2012; 293:1-44. [PMID: 22251557].

3.

Bales KL, Gross AK. Aberrant protein trafficking in retinal
degenerations: The initial phase of retinal remodeling. Exp
Eye Res 2016; 150:71-80. [PMID: 26632497].

4.

Daiger SP, Bowne SJ, Sullivan LS. Genes and Mutations
Causing Autosomal Dominant Retinitis Pigmentosa. Cold
Spring Harb Perspect Med 2014; 5:[PMID: 25304133].

5.

Galy A, Roux MJ, Sahel JA, Leveillard T, Giangrande A.
Rhodopsin maturation defects induce photoreceptor death
by apoptosis: a fly model for RhodopsinPro23His human
retinitis pigmentosa. Hum Mol Genet 2005; 14:2547-57.
[PMID: 16049034].

6.

Lewin AS, Drenser KA, Hauswirth WW, Nishikawa S,
Yasumura D, Flannery JG, LaVail MM. Ribozyme rescue
of photoreceptor cells in a transgenic rat model of autosomal
dominant retinitis pigmentosa. Nat Med 1998; 4:967-71.
[PMID: 9701253].

© 2018 Molecular Vision

7.

Rana T, Shinde VM, Starr CR, Kruglov AA, Boitet ER, Kotla
P, Zolotukhin S, Gross AK, Gorbatyuk MS. An activated
unfolded protein response promotes retinal degeneration and
triggers an inflammatory response in the mouse retina. Cell
Death Dis 2014; 5:e1578-[PMID: 25522272].

8.

Daiger SP, Bowne SJ, Sullivan LS. Perspective on genes and
mutations causing retinitis pigmentosa. Arch Ophthalmol
2007; 125:151-8. [PMID: 17296890].

9.

Concepcion F, Chen J. Q344ter mutation causes mislocalization of rhodopsin molecules that are catalytically active: a
mouse model of Q344ter-induced retinal degeneration. PLoS
One 2010; 5:e10904-[PMID: 20532191].

10. Pennington KL, DeAngelis MM. Epigenetic Mechanisms of
the Aging Human Retina. J Exp Neurosci 2015; 9:Suppl
251-79. [PMID: 26966390].
11. Aldiri I, Xu B, Wang L, Chen X, Hiler D, Griffiths L, Valentine M, Shirinifard A, Thiagarajan S, Sablauer A, Barabas
ME, Zhang J, Johnson D, Frase S, Zhou X, Easton J, Zhang
J, Mardis ER, Wilson RK, Downing JR, Dyer MA. St. Jude
Children’s Research Hospital-Washington University Pediatric Cancer Genome P. The Dynamic Epigenetic Landscape
of the Retina During Development, Reprogramming, and
Tumorigenesis. Neuron 2017; 94:550-68. [PMID: 28472656].
12. Daiger SP, Bowne SJ, Sullivan LS, Blanton SH, Weinstock
GM, Koboldt DC, Fulton RS, Larsen D, Humphries P,
Humphries MM, Pierce EA, Chen R, Li Y. Application of
next-generation sequencing to identify genes and mutations
causing autosomal dominant retinitis pigmentosa (adRP).
Adv Exp Med Biol 2014; 801:123-9. [PMID: 24664689].
13. Sweatt JD, Tamminga CA. An epigenomics approach to
individual differences and its translation to neuropsychiatric
conditions. Dialogues Clin Neurosci 2016; 18:289-98.
[PMID: 27757063].
14. Day JJ, Sweatt JD. Epigenetic mechanisms in cognition.
Neuron 2011; 70:813-29. [PMID: 21658577].
15. Chahrour M, Jung SY, Shaw C, Zhou X, Wong ST, Qin J,
Zoghbi HY. MeCP2, a key contributor to neurological
disease, activates and represses transcription. Science 2008;
320:1224-9. [PMID: 18511691].
16. Meaney MJ, Szyf M. Environmental programming of stress
responses through DNA methylation: life at the interface
between a dynamic environment and a fixed genome.
Dialogues Clin Neurosci 2005; 7:103-23. [PMID: 16262207].
17. Sweatt JD. Experience-dependent epigenetic modifications in
the central nervous system. Biol Psychiatry 2009; 65:191-7.
[PMID: 19006788].
18. Jones PA. Functions of DNA methylation: islands, start sites,
gene bodies and beyond. Nat Rev Genet 2012; 13:484-92.
[PMID: 22641018].
19. Di Ruscio A, Ebralidze AK, Benoukraf T, Amabile G, Goff
LA, Terragni J, Figueroa ME, De Figueiredo Pontes LL,
Alberich-Jorda M, Zhang P, Wu M, D’Alo F, Melnick A,
Leone G, Ebralidze KK, Pradhan S, Rinn JL, Tenen DG.

162

Molecular Vision 2018; 24:153-164 <http://www.molvis.org/molvis/v24/153>

© 2018 Molecular Vision

DNMT1-interacting RNAs block gene-specific DNA methylation. Nature 2013; 503:371-6. [PMID: 24107992].
20. Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, Silva AJ,
Fan G. Dnmt1 and Dnmt3a maintain DNA methylation and
regulate synaptic function in adult forebrain neurons. Nat
Neurosci 2010; 13:423-30. [PMID: 20228804].
21. Ianov L, Riva A, Kumar A, Foster TC. DNA Methylation of
Synaptic Genes in the Prefrontal Cortex Is Associated with
Aging and Age-Related Cognitive Impairment. Front Aging
Neurosci 2017; 9:[PMID: 28824413].
22. Lord-Grignon J, Tetreault N, Mears AJ, Swaroop A, Bernier
G. Characterization of new transcripts enriched in the
mouse retina and identification of candidate retinal disease
genes. Invest Ophthalmol Vis Sci 2004; 45:3313-9. [PMID:
15326156].
23. Gamsiz ED, Ouyang Q, Schmidt M, Nagpal S, Morrow EM.
Genome-wide transcriptome analysis in murine neural retina
using high-throughput RNA sequencing. Genomics 2012;
99:44-51. [PMID: 22032952].
24. Uren PJ, Lee JT, Doroudchi MM, Smith AD, Horsager A. A
profile of transcriptomic changes in the rd10 mouse model
of retinitis pigmentosa. Mol Vis 2014; 20:1612-28. [PMID:
25489233].
25. Sandoval IM, Price BA, Gross AK, Chan F, Sammons JD,
Wilson JH, Wensel TG. Abrupt onset of mutations in a developmentally regulated gene during terminal differentiation of
post-mitotic photoreceptor neurons in mice. PLoS One 2014;
9:e108135-[PMID: 25264759].
26. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C,
Jha S, Batut P, Chaisson M, Gingeras TR. STAR: ultrafast
universal RNA-seq aligner. Bioinformatics 2013; 29:15-21.
[PMID: 23104886].
27. Liao Y, Smyth GK, Shi W. featureCounts: an efficient
general purpose program for assigning sequence reads to
genomic features. Bioinformatics 2014; 30:923-30. [PMID:
24227677].
28. Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2.
Genome Biol 2014; 15:550-[PMID: 25516281].
29. Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001; 25:402-8. [PMID: 11846609].
30. Sharma YV, Cojocaru RI, Ritter LM, Khattree N, Brooks M,
Scott A, Swaroop A, Goldberg AF. Protective gene expression changes elicited by an inherited defect in photoreceptor
structure. PLoS One 2012; 7:e31371-[PMID: 22363631].
31. Rohrer B, Pinto FR, Hulse KE, Lohr HR, Zhang L, Almeida
JS. Multidestructive pathways triggered in photoreceptor cell
death of the rd mouse as determined through gene expression profiling. J Biol Chem 2004; 279:41903-10. [PMID:
15218024].
32. Gehrig A, Langmann T, Horling F, Janssen A, Bonin M, Walter
M, Poths S, Weber BH. Genome-wide expression profiling

of the retinoschisin-deficient retina in early postnatal mouse
development. Invest Ophthalmol Vis Sci 2007; 48:891-900.
[PMID: 17251492].
33. Thomas M, Tyers P, Lazic SE, Caldwell MA, Barker RA,
Beazley L, Ziman M. Graft outcomes inf luenced by
co-expression of Pax7 in graft and host tissue. J Anat 2009;
214:396-405. [PMID: 19245506].
34. Thomas MG, Barker RA, Beazley LD, Ziman MR. Pax7
expression in the adult rat superior colliculus following
optic nerve injury. Neuroreport 2007; 18:105-9. [PMID:
17301672].
35. Navet S, Buresi A, Baratte S, Andouche A, Bonnaud-Ponticelli
L, Bassaglia Y. The Pax gene family: Highlights from cephalopods. PLoS One 2017; 12:e0172719-[PMID: 28253300].
36. Chen C, Darrow AL, Qi JS, D’Andrea MR, Andrade-Gordon
P. A novel serine protease predominately expressed in macrophages. Biochem J 2003; 374:97-107. [PMID: 12795636].
37. Whitmore SS, Wagner AH, DeLuca AP, Drack AV, Stone
EM, Tucker BA, Zeng S, Braun TA, Mullins RF, Scheetz
TE. Transcriptomic analysis across nasal, temporal, and
macular regions of human neural retina and RPE/choroid
by RNA-Seq. Exp Eye Res 2014; 129:93-106. [PMID:
25446321].
38. Day JJ, Sweatt JD. DNA methylation and memory formation.
Nat Neurosci 2010; 13:1319-23. [PMID: 20975755].
39. Guo JU, Ma DK, Mo H, Ball MP, Jang MH, Bonaguidi MA,
Balazer JA, Eaves HL, Xie B, Ford E, Zhang K, Ming GL,
Gao Y, Song H. Neuronal activity modifies the DNA methylation landscape in the adult brain. Nat Neurosci 2011;
14:1345-51. [PMID: 21874013].
40. Debski KJ, Pitkanen A, Puhakka N, Bot AM, Khurana I, Harikrishnan KN, Ziemann M, Kaspi A, El-Osta A, Lukasiuk
K, Kobow K. Etiology matters - Genomic DNA Methylation
Patterns in Three Rat Models of Acquired Epilepsy. Sci Rep
2016; 6:25668-[PMID: 27157830].
41. Lister R, Mukamel EA, Nery JR, Urich M, Puddifoot CA,
Johnson ND, Lucero J, Huang Y, Dwork AJ, Schultz MD, Yu
M, Tonti-Filippini J, Heyn H, Hu S, Wu JC, Rao A, Esteller
M, He C, Haghighi FG, Sejnowski TJ, Behrens MM, Ecker
JR. Global epigenomic reconfiguration during mammalian
brain development. Science 2013; 341:1237905-[PMID:
23828890].
42. Park CS, Rehrauer H, Mansuy IM. Genome-wide analysis
of H4K5 acetylation associated with fear memory in mice.
BMC Genomics 2013; 14:539-[PMID: 23927422].
43. Hendzel MJ, Wei Y, Mancini MA, Van Hooser A, Ranalli T,
Brinkley BR, Bazett-Jones DP, Allis CD. Mitosis-specific
phosphorylation of histone H3 initiates primarily within pericentromeric heterochromatin during G2 and spreads in an
ordered fashion coincident with mitotic chromosome condensation. Chromosoma 1997; 106:348-60. [PMID: 9362543].
44. Wei Y, Mizzen CA, Cook RG, Gorovsky MA, Allis CD.
Phosphorylation of histone H3 at serine 10 is correlated with
chromosome condensation during mitosis and meiosis in

163

Molecular Vision 2018; 24:153-164 <http://www.molvis.org/molvis/v24/153>

Tetrahymena. Proc Natl Acad Sci USA 1998; 95:7480-4.
[PMID: 9636175].
45. Barratt MJ, Hazzalin CA, Cano E, Mahadevan LC. Mitogenstimulated phosphorylation of histone H3 is targeted to a
small hyperacetylation-sensitive fraction. Proc Natl Acad
Sci USA 1994; 91:4781-5. [PMID: 8197135].

© 2018 Molecular Vision

46. Hyland EM, Cosgrove MS, Molina H, Wang D, Pandey A,
Cottee RJ, Boeke JD. Insights into the role of histone H3 and
histone H4 core modifiable residues in Saccharomyces cerevisiae. Mol Cell Biol 2005; 25:10060-70. [PMID: 16260619].
47. Sweatt JD. The emerging field of neuroepigenetics. Neuron
2013; 80:624-32. [PMID: 24183015].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 15 February 2018. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.
164

