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Abstract We have used ChIP-seq to map the distribution of two important histone 
H3 modifications, H3K4me2 and H3K27me3, over the whole genome at multiple 
time points during late mouse retina development. We merged these data with our 
previous retina developmental expression profiles and show that there are several 
epigenetic signatures specific for different functional groups of genes. The main 
conclusion from our study is that epigenetic signatures defined by H3K4me2 and 
H3K27me3 can distinguish cell-type specific genes from widespread transcripts 
and may be reflective of cell specificity during retina maturation. Rod photorecep-
tor-specific genes have a striking signature, a de novo accumulation of H3K4me2 
and a complete absence of H3K27me3. We were able to use this signature in an 
unbiased search of the whole genome and identified essentially all the known rod 
photoreceptor genes as well as a group of novel genes that have a high probability 
of being rod photoreceptor specific. Comparison of our genome-wide chromatin 
signature maps with available data sets for Polymerase-II (Pol-II) and CRX binding 
sites and DNase1 Hypersensitive Sites (DHS) for retina shows great agreement. 
Because our approach is not dependent on high levels of gene expression, it pro-
vides a new way of identifying cell type-specific genes, particularly genes that may 
be involved in retinal diseases.
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The retina begins as an early compartment of the forebrain and has frequently 
served as a model of CNS development [1, 2]. Retinal cell types are formed in a 
characteristic sequence from E12 to PN5 with ganglion cells, amacrine cells, and 
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horizontal cells among the early formed types and rod photoreceptors and bipolar 
cells formed predominantly during the later postnatal period. Control of retinogene-
sis is a complex process involving changing levels of expression regulation of large 
groups of genes. Change in chromatin structure around promoters and genes is an 
important factor in tissue specification, but knowledge about this epigenetic contri-
bution to retina development is just beginning to emerge. Previously, studies have 
focused on chromatin changes in promoter areas of individual genes, for example 
rhodopsin [3, 4]. New genome-wide technologies provide the opportunity to study 
simultaneously developmental changes in large groups of genes during retinogen-
esis and to better understand how tissue-specific gene expression is established and 
maintained in retina. Here we have combined and reviewed both our and several 
other recently published genome-wide data sets for retina development. We have 
created custom tracks in the UCSC Mouse Genome Browser by using data from 
our study for H3K4me2 ChIP-Seq [5], Pol-II ChIP-on-Chip data from [6], data for 
CRX ChIP-Seq [7], and ENCODE project tracts for retina’s DHS (University of 
Washington). This approach provides a new way of identifying cell type-specific 
genes, particularly genes that may be involved in retinal diseases.

We generated a comprehensive genomic map of H3K4me2 and H3K27me3 us-
ing ChIP-seq on mouse retinas of various ages [5]. When the H3K4me2 and H3K-
27me3 reads were mapped to the genome it was clear that most of these two-histone 
modifications were in gene-rich regions of the genome (Fig. 1.1a, b). The accumu-
lation of H3K4me2 reads in the genome were primarily localized in the area around 
the transcription start site (TSS), showing two sharp peaks (Fig. 1.1c) of enrich-
ment approximately ± 1 Kb surrounding the TSS as defined for the 25,158 genes 
from the NCBI RefSeq database, including splice variants and alternative TSS. The 
peaks of H3K27me3 were less pronounced and were even less distinct at PN15 than 
at E17.5 (Fig. 1.1d). A small set of genes from this large collection was used for 
confirmation by ChIP-qPCR analysis and the results perfectly matched those of the 
ChIP-Seq experiments. Analysis of these data has revealed a number of important 
and surprising results.

First, genes that are never expressed in retina, such as erythrocyte-specific glo-
bin or olfactory receptor genes, showed no accumulation of either H3K4me2 or 
H3K27me3. This appears to be a good diagnostic criterion for whether a gene is 
ever expressed in retina. Interestingly, when we examined available databases of 
other cell types (ChIP-Seq analysis of C2C12 myogenic cell line, LICR Histone 
Track, UCSC Genome Informatics) that do not express these genes we found a 
similar lack of both H3K4me2 and H3K27me3, suggesting that this criterion may 
be general.

Second, we found different histone signatures for retinal genes with the same 
gene expression pattern. In our earlier developmental gene expression studies we 
had identified a group of 123 genes whose expression increased in parallel with 
maturation of rod photoreceptors, and a pool of 119 genes whose expression de-
creased between E16.5 and PN15. When we carried out a hierarchical cluster analy-
sis on the upregulated genes they fell into four distinct clusters, each with its own 
epigenetic signature (Fig. 1.1e). Similarly the downregulated genes fell into three 
distinct clusters.
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Third, we found that a unique signature of H3K4me2 and H3K27me3 marks rod 
photoreceptor-specific genes. Our initial analysis identified a cluster that contained 
a group of known rod-specific genes. The signature of this cluster (C3 on Fig. 1.1e) 
was a de novo increase in H3K4me2 and no H3K27me3 at any stage. To test wheth-
er this was a signature for rod-specific genes we did an unbiased cluster analysis 
of all 25,158 genes in the RefSeq database. This analysis identified 107 genes with 
the “rod signature”. This cluster contained all known rod-specific genes, including 
rho, Nrl, and Nr2E3, mouse orthologues of recently described disease genes such 
as BC027072, and genes such as Ppef2, Lrit1, and Lrit2 that have been implicated 
in phototransduction but whose exact function is unknown. Many other genes in 
this cluster are predominantly expressed in the retina (data sets from [8]; Stanford 
SOURCE; MGI from Jackson Lab), but exact localization has yet to be carried out. 
Since the epigenetic signatures are unrelated to the level of gene expression, we 
have suggested that they may be a novel way of identifying cell type-specific genes 
particularly those expressed at low levels.

Fourth, the accumulation of H3K4me2 at rod-specific genes was over the whole 
gene, not just the TSS, as indicated for the example genes in Fig. 1.2. We have 
suggested that this histone modification is involved in the maintenance of rod gene 
expression not its initial onset. This is in agreement with other recent genome-wide 

Fig. 1.2  Combine genome-wide tracks of H3K4me2 ChIP-Seq analysis, DNase1 Hypersensitive 
Sites (DHS) and CRX- and Pol-II-binding sites for known rod-specific genes
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studies, that genes specially expressed in blood cells displayed high levels of H3K-
4me2 over the whole gene bodies [9, 10].

The conclusion from our study is that epigenetic signatures defined by H3K-
4me2 and H3K27me3 can distinguish cell type-specific genes from widespread 
transcripts and may be reflective of cell specificity during retina maturation.

We then compared our genome-wide chromatin signature maps with available 
data sets for retina for ChIP-on-Chip study of Polymerase-II (Pol-II) binding sites 
[6], ChIP-Seq study for CRX binding sites [7], and DHS (University of Washington 
data, available on UCSC mouse Genome Browser as a part of ENCODE project) 
with a focus on the cluster of genes with a “rod signature”. In this cluster of 107 
genes, 95 genes (or 89 %) have CRX binding site around the TSS and gene, with 
average ~ 2 CRX binding sites per gene. ENCODE project retina’s DHS tracks are 
available for three developmental stages: PN1, PN7, PN56. During development 
DHS could spread widely, for example at the promoter or TSS of developmentally 
upregulated genes, or could disappear at the TSS and promoter of downregulated 
genes. We monitored developmentally upregulated DHS for our rod-specific cluster 
genes and 105 of them (or 98 %) have such DHS around gene or its promoter with 
average three upregulated DHS per gene. Pol-II binding data is available for retina 

Fig. 1.3  Combine genome-wide tracks of H3K4me2 ChIP-Seq analysis, DNase1 Hypersensitive 
Sites (DHS), and CRX- and Pol-II-binding sites for newly predicted rod-specific genes

 



E. Y. Popova et al.8

at PN2 and PN25 developmental stages with a list of genes that have ratio of Pol-II 
PN25/ Pol-II PN2 more than 1.8. 67 genes (or 63 %) from our cluster of rod-specific 
genes are in this list with the average level of Pol-II PN25/Pol-II PN2 around 4.2. 
When compared, combination of tracks (CRX and Pol-II binding sites, DHS and 
H3K4me2 accumulation) for known rod-specific genes (Fig. 1.2) looks very similar 
to the tracks of newly predicted genes (Fig. 1.3).

The agreement between our whole-genome data and other data sets shows the 
predictive power of epigenetic signatures and the importance of studying changes in 
the epigenome and chromatin structure of promoters and genes during retina devel-
opment. Rod photoreceptors also provide us with an almost unique model to address 
the question of whether epigenetic changes are controlled by the same transcription 
factors that regulate gene expression or by some as yet unknown mechanism.
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