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ABSTRACT

Changes in chromatin accessibility regulate the expression of multiple genes by controlling transcription factor access to key gene regulatory sequences. Here, we
sought to establish a potential function for altered chromatin accessibility in control of key gene expression events during lens cell differentiation by establishing
genome-wide chromatin accessibility maps specific for four distinct stages of lens cell differentiation and correlating specific changes in chromatin accessibility with
genome-wide changes in gene expression. ATAC sequencing was employed to generate chromatin accessibility profiles that were correlated with the expression
profiles of over 10,000 lens genes obtained by high-throughput RNA sequencing at the same stages of lens cell differentiation. Approximately 90,000 regions of the
lens genome exhibited distinct changes in chromatin accessibility at one or more stages of lens differentiation. Over 1000 genes exhibited high Pearson correlation
coefficients (r > 0.7) between altered expression levels at specific stages of lens cell differentiation and changes in chromatin accessibility in potential promoter
(—7.5kbp/+2.5kbp of the transcriptional start site) and/or other potential cis-regulatory regions ( +10 kb of the gene body). Analysis of these regions identified
consensus binding sequences for multiple transcription factors including members of the TEAD, FOX, and NFAT families of transcription factors as well as HIF1a, RBPJ
and IRF1. Functional mapping of genes with high correlations between altered chromatin accessibility and differentiation state-specific gene expression changes
identified multiple families of proteins whose expression could be regulated through changes in chromatin accessibility including those governing lens structure
(BFSP1,BFSP2), gene expression (Pax-6, Sox 2), translation (TDRD?7), cell-cell communication (GJA1), autophagy (FYCO1), signal transduction (SMAD3, EPHA2), and
lens transparency (CRYBB1, CRYBA4). These data provide a novel relationship between altered chromatin accessibility and lens differentiation and they identify a
wide-variety of lens genes and functions that could be regulated through altered chromatin accessibility. The data also point to a large number of potential DNA
regulatory sequences and transcription factors whose functional analysis is likely to provide insight into novel regulatory mechanisms governing the lens differen-
tiation program.

1. Introduction

A requirement for the successful completion of the cellular differen-
tiation events leading to formation of specialized tissues and organs is the
expression of critical genes at distinct stages of their cellular differenti-
ation programs. Among the many mechanisms regulating the expression
of specific genes during cellular differentiation, transcriptional control
through binding of transcription factors to key cis-regulatory sequences is
a major control pathway (Chandler and Jones, 1988; Harrison, 1990; Roy
and Kundu, 2014). The function of transcription factors can be controlled
through access to cis-regulatory sequences as a consequence of chromatin
accessibility changes resulting from altered nucleosome occupancy at
specific DNA sequences (Jiang and Pugh, 2009). Although it is
well-established that changes in chromatin accessibility regulate a
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wide-variety of genes (Lawrence et al., 2016; Rudnizky et al., 2017;
Venkatesh and Workman, 2015), the potential role for altered chromatin
accessibility in the regulation of those gene expression events required
for the formation of organs and specialized tissues remains to be fully
elucidated.

Studies on the role of altered chromatin accessibility in the differ-
entiation of organs and specialized tissues have been limited by a scarcity
of robust model systems. A well-established model system is the lens,
whose function is to focus light onto the retina where visual information
is transmitted to the brain (Cvekl and Ashery-Padan, 2014; Cvekl and
Zhang, 2017; Piatigorsky, 1981). A major feature of the lens is that,
unlike many tissues, it grows both embryologically and throughout adult
life through execution of a continuous cellular differentiation program
reflected in morphologically distinct populations of cells at distinct stages
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of the lens differentiation program (Menko, 2002). These cell pop-
ulations include a monolayer of undifferentiated epithelial cells at the
center of the lens anterior (EC cells), a monolayer of replicative epithelial
cells at the lens equator that withdraw from the cell cycle to initiate
differentiation (EQ cells), a zone of newly formed fiber cells at the lens
cortex that undergo a series of remodeling events including elongation
(FP cells) and finally, a core of elongated fiber cells from which all or-
ganelles are eliminated and which make up the bulk of the lens (FC cells)
(Bassnett et al., 2011; Menko, 2002; Piatigorsky, 1981; Audette et al.,
2017; Chauss et al., 2014a; Cheng et al., 2017; Costello et al., 2013;
FitzGerald, 2009; Mathias et al., 2010; Perng et al., 2007; Rao and
Maddala, 2006; Robinson, 2006; Lovicu and McAvoy, 2005; Brennan
et al., 2018). These differentiation state-specific and morphologically
distinct populations of lens cells can be isolated in quantities sufficient
for molecular and biochemical analysis by microdissection (Chauss et al.,
2014; Walker and Menko, 1999).

Lens cell differentiation is hallmarked by the expression of critical
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regulatory and structural genes at key stages of the lens cell differentia-
tion program (Cvekl and Zhang, 2017) (Yang et al., 2010)). Consistently,
recent studies have employed high-throughput mRNA-sequencing to
identify the range and spectrum of genes expressed at distinct stages of
lens differentiation (Chauss et al., 2014; Zhao et al., 2018a). The differ-
entiation state-specific expression patterns of these genes suggests that
specific regulatory mechanisms operate to govern their expression levels
at specific stages of the lens cell differentiation program. Consistently,
previous studies have identified multiple transcription factors (Cvekl and
Zhang, 2017), growth factors (Lovicu and McAvoy, 2005; Robinson,
2006), translational regulatory proteins (Lachke et al., 2011), and signal
transduction pathways (McAvoy et al., 2017; Menko, 2002) that are
required for their differentiation state-specific expression patterns.

An unexplored mechanism that could play a critical role in regulating
the differentiation state-specific expression of critical genes during lens
cell differentiation is alterations in chromatin accessibility that could
control the binding and activity of important transcription factors at
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Fig. 1. Chromatin accessible DNA regions cluster in potential cis-regulatory regions of the chick eye lens genome. A. Experimental Design: Duplicate pools
(n=100) of E13 Embryonic chick lenses were micro-dissected into regions corresponding with progressive stages of lens cell differentiation including central
epithelium (EC), equatorial epithelium (EQ), newly formed fiber cells (FP), and mature fiber cells (FC). Samples were analyzed by ATAC sequencing as described in
methods. A total of 89,904 chromatin accessible regions were identified (Supplementary Table 1) B. Day 13 embryonic chick lenses stained with phalloidin and DAPI
with labeled microdissected regions. C. Representative ATAC sequencing tracks derived for chromosome 28 (1,580,876-3,161,751) showing multiple accessible
chromatin peaks throughout the indicated chromosomal region. Gene bodies are shown in the top most track labeled Refseq Genes (dark blue). Red peaks represent
chromatin accessible regions identified in undifferentiated quiescent central lens epithelial cells (EC). Purple peaks represent chromatin accessible regions identified in
differentiating lens epithelial cells that first proliferate and subsequently exit the cell cycle (EQ). Light blue peaks represent chromatin accessible regions identified in
actively differentiating nascent lens fiber cells (FP). Green peaks represent chromatin accessible regions identified in terminally differentiated core lens fiber cells (FC).
D. Distribution of sites of chromatin accessibility within 5kbp of Transcription Start Sites (TSS) and within 2 kbp of Genebodies for each differentiation-stage replicate.
E. Locations of chromatin accessibility sites (ATAC-seq peaks) relative to Promoters (—7.5kbp to +2.5kbp of the TSS), Genebodies (contained within the gene
sequence) and Intergenic regions of 10,698 annotated genes established for each stage of lens cell differentiation (EC, EQ, FP and FC). “Control” represents the
computer-generated random distribution of peaks against the same annotations. Relative percentage differences between chromatin accessible sites in Promoters,
Genebodies, and Intergenic Regions of each differentiation-stage specific lens region relative to the same three regions in the randomly generated “Control”.
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Fig. 1. (continued).
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specific stages of the lens differentiation program. In support of this
possibility, the transcript levels of the lens-specific gene oA-crystallin
have been previously linked with alterations in chromatin accessibility
(Kantorow et al., 1993).

To investigate the potential relationship between altered chromatin
accessibility and the differentiation state-specific expression of critical lens
genes, we employed ATAC sequencing to establish genome-wide chro-
matin accessibility maps specific for distinct stages of lens differentiation
and we correlated the identified changes in chromatin accessibility with
the differentiation state-specific expression profiles of over 10,000 genes.
The resulting data establish a novel relationship between altered chro-
matin accessibility and lens cell differentiation, they identify a wide-
variety of lens genes and functions that could be regulated during lens
cell differentiation through changes in chromatin accessibility and they
implicate a differentiation-specific function for a large number of previ-
ously unidentified DNA regulatory sequences and transcription factors.

2. Methods
2.1. Lens microdissection

Lenses were isolated from chicken embryos (B&E Eggs, York Springs,
PA; Poultry Futures) at embryonic day 13 and 100 lenses microdissected
into four differentiation-stage specific regions of the lens (Fig. 1A)
including central anterior epithelial cells (EC), equatorial epithelial cells
(EQ), cortical fiber cells (FP), and central fiber cells (FC) as previously
described (Chauss et al., 2014; Walker and Menko, 1999). The resulting
microdissected tissues were pooled and frozen in CryoStor CS10 cry-
spreservation media containing 10% DMSO (Stemcell, Vancouver, Can-
ada) and stored at —80C as previously described (Corces et al., 2017).

2.2. ATAC sequencing

ATAC sequencing (Transposase-Accessible Chromatin with high
throughput sequencing) was performed on two independently prepared
samples of each stage of lens differentiation as described (Buenrostro
et al., 2013). Briefly, each of the frozen pooled samples were thawed in a
37°C water bath, pelleted, washed with cold PBS, and tagmented
(Buenrostro et al., 2013), with some modifications (Corces et al., 2017).
Cell pellets were resuspended in lysis buffer, pelleted, and tagmented
using the enzyme and buffer provided in the Nextera Library Prep Kit
(Ilumina). Tagmented DNA was then purified using the MinElute PCR
purification kit (Qiagen), amplified with 10 cycles of PCR, and purified.
The resulting material was quantified using the KAPA Library Quantifi-
cation Kit for Illumina platforms (KAPA Biosystems), and sequenced with
PE42 sequencing on the NextSeq 500 sequencer (Illumina). Reads were
aligned to the chicken genome (galGal4) using the BWA algorithm (mem
mode; default settings). Our ATAC sequencing was normalized for total
nuclear DNA isolated from each of the four differentiation states
analyzed. Duplicate reads were removed and only reads mapping as
matched pairs and uniquely mapped reads (mapping quality > 1) were
used for further analysis. The 8 samples were normalized to the same
number of unique alignments (by downsampling to 38.4 million reads).
Alignments were extended in silico at their 3'-ends to a length of 200 bp
and assigned to 32-nt bins along the genome. The resulting histograms
(genomic “signal maps”) were stored in bigWig files. Peaks were iden-
tified using the MACS 2.1.0 algorithm at a cutoff of p-value 1e-7, without
control file, and with the -nomodel option. Signal maps and peak loca-
tions were used as input data to Active Motifs proprietary analysis pro-
gram which creates Excel tables containing detailed information on
sample comparison, peak metrics, peak locations and gene annotations.
To compare peak metrics between 2 or more samples, overlapping in-
tervals were grouped into “Merged Regions”, which are defined by the
start coordinate of the most upstream Interval and the end coordinate of
the most downstream Interval. Merged regions found in only one sample
of a biological duplicate were excluded from the rest of the analysis.
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Peaks were annotated to the galGal4 genome and visualized in UCSC
Genome Browser (http://genome.ucsc.edu/s/jdisatha/galGal4atacsave).

2.3. Integration of ATAC seq and mRNA seq data

ATAC-seq data was compared with mRNA-seq data obtained from two
independently isolated sets of the same microdissected differentiation-
stage specific regions described above from 100 E13 chick lenses pre-
pared as above (Chauss et al., 2014). Total RNA was analyzed for quality
and subjected to Illumina mRNA directional sequencing library prepara-
tion (Illumina, San Diego, CA). Total RNA was also analyzed for quality
upon completion of library preparation using the Agilent Technologies
2100 Expert Bioanalyzer (Santa Clara, CA). Sequencing and analysis are
further described in (Chauss et al., 2014). Gene annotations matched to
both ATAC-seq and RNA-seq datasets were further analyzed.

2.4. Transcription factor sequence analysis in MEME-suite

Transcription factor binding motif analysis was performed in Motif-
based sequence analysis tools (MEME-suite 5.0.3) (Bailey et al., 2009)
using the AME tool (Analysis of Motif Enrichment) (McLeay and Bailey,
2010).

2.5. Computational analysis

Quantification of chromatin accessibility was established for each
gene annotation at each stage of lens differentiation. The average peak
intensity was calculated for all peak regions within —7.5kbp/+2.5kbp of
the transcription start site (value labeled as “promoter”) and within +
10kbp of the gene body (value labeled as “proximal to genebody™). The
average calculated regional intensity values were compared to establish
changes in chromatin accessibility for each gene at each stage of lens
differentiation. Chromatin accessibility values (calculated as above) and
gene expression levels (as FPKM calculated values) for each gene at each
stage of lens differentiation were correlated using Pearson's correlation
coefficient analysis. Chi-square and Pearson correlation coefficient sta-
tistical analyses were performed in R. A cutoff threshold of >0.7 was
defined as “high” correlation. All heatmaps shown were generated with
the Morpheus tool (https://software.broadinstitute.org/morpheus).
Batch gene analysis was executed via the pantherdb gene list analysis tool
set to Gallus gallus (Mi et al., 2017) to determine statistically over-
represented biological processes. The “GO biological process complete”
was used as the “Annotation Data Set”. Test type was set to Fisher's Exact.
Correction was set to “Calculate False Discovery Rate”. Only biological
processes with FDR adjusted p-value < 0.05 were reported. Biological
processes associated with non-lens tissues were not included in the re-
sults. The AME tool from MEME-Suite (McLeay and Bailey, 2010) was
used to determine statistically overrepresented transcription factor
binding motifs. DNA sequences corresponding to open chromatin regions
were extracted from UCSC Genome Browser Table Browser tool (Karol-
chik et al., 2004) and used as input for the AME tool. Shuffled input
sequences were used as control sequences to distinguish significant
transcription factor motifs from statistical noise. The shuffled input se-
quences are a computer-generated background from which the sequences
of interest can be measured against to find statistically significant over-
represented transcription factor motifs. JASPAR (non-redundant) CORE
Vertebrates transcription factor motif database (Khan et al., 2018) was
used as the motifs input for the AME tool. All other settings were set to
the default AME tool settings. Motifs with an E-value > 0.05 were
excluded from further analysis. The MAST tool from MEME-Suite (Bailey
and Gribskov, 1998) was used to identify the most statistically significant
potential transcription factor binding sites within regions of altered
chromatin accessibility matched to five selected genes. DNA sequences
corresponding to open chromatin regions matched to the selected genes
were extracted from UCSC Genome Browser Table Browser tool and used
as input for the MAST tool. 25 Transcription factor motifs from the
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JASPAR (non-redundant) CORE Vertebrates database and detected by (100 per sample) were microdissected into four differentiation stage-
the AME tool (E-value < 0.05) was used as the motifs input for the MAST specific regions (EC, EQ, FP, FC) and duplicate samples of each region

tool. All other settings were set to the default MAST tool settings. Po- were subjected to ATAC sequencing as shown in Fig. 1A. Regions of the
tential transcription factor sites with a p-value < 1E-4 were excluded lens analyzed included morphological zones containing a monolayer of
from further analysis. Some transcription factors had multiple potential undifferentiated epithelial cells of the anterior central region of the lens
binding sites with p-value < 1E-4 matched to one gene. In these situa- facing the light path (EC), epithelial cells of the lens equator undergoing
tions, only the most statistically significant (lowest p-value) binding site proliferation followed by cell cycle exit to initiate differentiation (EQ),
was reported. nascent fiber cells of the lens cortex undergoing cellular elongation (FP)
and terminally differentiated fiber cells that become organelle-free in the

3. Results lens core (FC) (Fig. 1B). ATAC sequencing analysis of duplicate samples
of each region identified 89,904 transposase TN5-accessible DNA se-

3.1. Differences in chromatin accessibility characterize distinct stages of quences in the chick lens genome (Supplementary Table 1). Genomic
the lens cell differentiation program alignment of the identified chromatin accessible regions was employed to
assemble chromatin accessibility profiles specific for each stage of lens

To map the chromatin accessibility profile of the lens genome at cell differentiation (can be viewed at http://genome.ucsc.edu/s/jdisatha

distinct stages of lens cell differentiation embryonic day 13 (E13) lenses /galGal4atacsave). An example is shown in Fig. 1C that depicts
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Fig. 2. Specific stages of lens cell differentiation are marked by key differences in chromatin accessibility most abundant between differentiating lens
epithelial cells and nascent lens fiber cells. A. Distribution of peak tag numbers between biological duplicates of samples (intra-sample variation), and between lens
micro-dissected regions (inter-sample variation) indicating low intrasample variation and significant intersample differences that increase as lens cell differentiation
proceeds (EC to EQ, EQ to FP, FP to FC). B. Number of differentiation stage-specific sites of chromatin accessibility (ATACseq peaks) detected in each micro-dissected
lens region. Peaks that were found in two adjacent lens regions are also indicated. C. Bar graph of the number of altered sites of chromatin accessibility determined for
each stage of lens cell differentiation. Number of sites common to adjacent stages of lens differentiation and common to all four stages of lens differentiation are also
included. D. Differential analysis of sites of chromatin accessibility reveals altered levels of chromatin accessibility (open or closed) in specific stages of lens cell
differentiation analyzed by pairwise comparison and displayed as volcano plots (red dots indicate sites with |Log2 fold change average peak intensity| > 1, FDR adj p-
value < 0.05). A differential analysis of sites of chromatin accessibility differences common to combined epithelial cell stages of differentiation and combined fiber cell
states of differentiation is also shown for comparison (E vs. F).
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Fig. 2. (continued).

representative ATAC seq tracks detected at chromosome 28 between
1,580,876bp and 3,161,751bp at each stage of lens cell differentiation.
The vast majority of chromatin accessible regions were contained within
5 kb of transcription start sites (TSS) or within 2 kb of their gene bodies of
10,698 annotated Gallus gallus genes (Fig. 1D). 15-18% of DNA acces-
sible regions were found within + 5kb of the transcription start site of
each gene as calculated for each stage of lens differentiation (Fig. 1E).
The data was normalized for genomic size and compared to a simulated
control sample with randomly distributed ATAC-peaks. This analysis
revealed an asymmetric positive distribution of chromatin accessible
sites near transcriptional start-sites and a negative distribution of chro-
matin accessible sites in intergenic regions (Fig. 1E). These data suggest a
higher density of chromatin accessible regions in potential DNA regula-
tory sequences upstream of transcriptional start sites relative to inter-
genic DNA regions.

In order to investigate the chromatin accessibility differences be-
tween differentiation stage-specific regions, we performed pairwise
comparison of peak tag numbers between individual stages of lens dif-
ferentiation and the data was analyzed by Pearson's correlation analysis.
The analysis revealed a very high (r > 0.98) Pearson correlation coeffi-
cient between biological duplicate samples indicating low intrasample
variation (Fig. 2A). Pairwise comparison of peak tag numbers between
epithelial cell-specific (EC vs. EQ) or fiber cell-specific regions (FP vs. FC)
revealed greater Pearson's correlation coefficients for epithelial cell to
epithelial cell and fiber to fiber cell comparisons suggesting that chro-
matin accessible regions are more similarly conserved between epithelial
cells or between fiber cells relative to epithelial cell to fiber cell cross-
comparisons (Fig. 2A). Step-wise comparison of individual lens differ-
entiation stage-specific regions indicated a higher similarity between
adjacent lens regions (Fig. 2A) relative to non-adjacent regions suggest-
ing that differences in chromatin accessibility characterize the progres-
sive stages of lens differentiation from undifferentiated lens epithelial
cells (EC) to terminally differentiated lens fiber cells (FC).
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Of the 89,904 open chromatin regions detected for the combined
zones of the lens (Supplementary Table 1), 26% of chromatin accessible
regions contained a detectable ATAC peak in only a single stage of lens
cell differentiation. Specifically, 5.49% of chromatin accessible regions
contained a detectable ATAC peak only in undifferentiated central lens
epithelial cells (EC), 4.95% of chromatin accessible regions contained a
detectable ATAC peak only in lens epithelial cells initiating their differ-
entiation program at the lens equator (EQ), 8.76% of chromatin acces-
sible regions contained a detectable ATAC peak only in newly formed
lens fiber cells undergoing remodeling (FP), and 6.91% of chromatin
accessible regions contained a detectable ATAC peak only in terminally
differentiated lens fiber cells of the lens core (FC) (Fig. 2B and C). The
remaining 74% of chromatin accessible regions contained a detectable
ATAC peak in at least two of the four stages of lens cell differentiation.
Specifically, 11.92% of chromatin accessible regions contained a
detectable ATAC peak only in both epithelial cell stages of differentiation
(EC and EQ), 7.58% of chromatin accessible regions contained a
detectable ATAC peak only in both fiber cell stages of differentiation (FP
and FC), and 3.03% of chromatin accessible regions contained a detect-
able ATAC peak only in both differentiating lens epithelial cells and
nascent lens fiber cells (EQ and FP) (Fig. 2B and C). Additionally, a large
majority of open chromatin regions (31.77%) contained a detectable
ATAC peak in all four stages of lens cell differentiation (Fig. 2C). The
observation that a majority of chromatin accessible regions (74%) were
detected in at least two of the four differentiation state-specific regions
suggests that most differences in chromatin accessibility patterns are not
based on a simple binary definition of “open” or “closed” chromatin.
Instead, individual chromatin accessible regions detected in multiple
differentiation state-specific regions of the lens are relatively more open
in one lens region compared to another region of the lens in which the
chromatin accessible region is relatively more closed. Thus, in order to
fully characterize chromatin accessibility changes during lens cell dif-
ferentiation, we quantified ATAC peak intensities at all 89,904 individual
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chromatin accessible sites by calculating average peak value intensities of
these unique sites and analyzed the differences in peak intensity by pair-
wise comparison of adjacent lens differentiation-specific zones (Supple-
mentary Table 1). Volcano plots of the data were prepared based on mean
peak intensities using a |log 2 fold change cutoff| of >1 and FDR adjusted
p <0.05 (Fig. 2D). Consistent with the data showing unique chromatin
maps for differentiation stage-specific regions of the lens (Fig. 2 B and C),
929 chromatin accessible regions exhibited higher peak intensities in
undifferentiated lens epithelial cells (EC) relative to differentiating lens
epithelial cells (EQ); 126 chromatin accessible regions exhibited higher
peak intensities in differentiating lens epithelial cells (EQ) relative to
undifferentiated lens epithelial cells (EC); 10,378 chromatin accessible
regions exhibited higher peak intensities in differentiating lens epithelial
cells (EQ) relative to nascent lens fiber cells (FP); 19,381 chromatin
accessible regions exhibited higher peak intensities in nascent lens fiber
cells (FP) relative to differentiating lens epithelial cells (EQ); 9,536
chromatin accessible regions exhibited higher peak intensities in nascent
lens fiber cells (FP) relative to terminally differentiated lens fiber cells
(FQ); 16,196 chromatin accessible regions exhibited higher peak in-
tensities in terminally differentiated lens fiber cells (FC) relative to
nascent lens fiber cells (FP). Analysis of mean peak intensity differences
between combined lens epithelial cell zones and combined lens fiber cell
zones revealed 26,541 chromatin accessible regions that exhibited higher
peak intensities in lens epithelial cells (EC and EQ) relative to lens fiber
cells (FP and FC) and 47,547 chromatin accessible regions that exhibited
higher peak intensities in lens fiber cells (FP and FC) relative to lens
epithelial cells (EC and EQ). These data further confirm the differences in
chromatin accessibility between different differentiation stage-specific
zones of the lens shown in Fig. 2B and C and they provide evidence
that the majority of chromatin accessibility differences arise during the
transition from differentiating lens epithelial cells (EQ) to nascent lens
fiber cells (FP) also called the lens transition zone.

3.2. Chromatin accessibility changes correlate with the transcript levels of a
wide range of lens differentiation markers and other important genes

In order to examine the specific chromatin accessibility changes
characteristic of individual genes, we quantified chromatin accessibility
proximal to the transcription start site (—7.5kbp/+2.5kbp of the TSS) for
10,423 annotated genes across the four progressive stages of lens cell
differentiation (Supplementary Table 2A). We used Pearsons correlation
analysis to compare chromatin accessibility changes proximal to the TSS
with gene expression changes obtained from RNAseq data for the same
10,423 annotated genes (Chauss et al., 2014). A representation of this
analysis can be seen in Fig. 3. We quantified chromatin accessibility
changes proximal to the TSS of the gene encoding the lens structural
protein beaded filament protein 1 (BFSP1) (Fig. 3A and B) and found that
chromatin accessibility increases as lens cell differentiation proceeds
from undifferentiated lens epithelial cells (EC) to terminally differenti-
ated lens fiber cells (FC). In parallel with increasing regions of chromatin
accessibility, BFSP1 gene expression levels also increase as lens cell dif-
ferentiation proceeds (Fig. 3C). Using Pearsons correlation analysis, we
found a high correlation (r=0.94) between chromatin accessibility
changes and gene expression levels of BFSP1 throughout the four pro-
gressive stages of lens differentiation (Fig. 3D). Similar trends were also
observed for the lens structural protein beaded filament protein 2
(BFSP2) (Fig. 3E-H), gamma crystallin (CRYGN) (Fig. 3I-L), and delta
crystallin (ASL1) (Fig. 3Q-T) that exhibited increased zones of chromatin
accessibility in parallel with increased gene expression during lens cell
differentiation. By contrast opposite trends were observed for the tran-
scription factor paired box 6 (PAX6) (Fig. 3M-P). A high correlation
(r > 0.7) between chromatin accessibility changes and gene expression
level changes were calculated for all four genes. Analysis of all 10,423
annotated genes, revealed that 31.87% (3322 genes) exhibited a high
correlation (r > 0.7) between chromatin accessibility changes proximal
to transcription start sites and their specific gene expression level
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changes during lens cell differentiation. These data suggest that changes
in chromatin accessibility are linked to the expression of the analyzed
genes and implicate chromatin accessibility in the regulation of these
genes during lens cell differentiation.

To establish a relationship between alterations in chromatin acces-
sibility during lens differentiation and the expression levels of key lens
differentiation markers and other genes, we compared the percentage of
genes exhibiting positive correlations between chromatin accessibility
changes (r>0.7) and gene expression levels (|[Log2 fold change
FPKM| > 1 between any two adjacent lens differentiation state-specific
regions and false discovery rate adjusted p-value < 0.05) during lens
cell differentiation relative to the percentage of genes that exhibited
positive correlations between altered chromatin accessibility (r > 0.7)
but did not exhibit changes in expression levels (Fig. 4A). This analysis
revealed that a higher percentage of genes exhibiting changes in gene
expression during lens cell differentiation (Chi-square, p < 1le-5) also
exhibited alterations in chromatin accessibility (50%) during lens cell
differentiation relative to genes that did not exhibit changes in gene
expression levels (26%). This data suggests that chromatin accessibility
changes are significantly correlated with the differentiation state-specific
expression levels of multiple genes during lens cell differentiation.

To further establish a relationship between changes in chromatin
accessibility and changes in lens cell gene expression levels, we analyzed
2,549 of the 10,423 annotated genes that exhibited differential expres-
sion between at least two adjacent stages of lens cell differentiation
(cutoff was |Log2 fold change FPKM|>1, and false discovery rate
adjusted p-value < 0.05) (Supplementary Table 2B). Of these genes, 508
genes were differentially expressed between undifferentiated lens
epithelial cells (EC) and differentiating lens epithelial cells (EQ), 2,252
genes were differentially expressed between differentiating lens epithe-
lial cells (EQ) and nascent lens fiber cells (FP), and 22 genes were
differentially expressed between nascent lens fiber cells (FP) and termi-
nally differentiated lens fiber cells (FC) (Fig. 4B). We then calculated the
percentage of genes in each group that had a high Pearson correlation
coefficient (r > 0.7) between chromatin accessibility changes proximal to
the transcription start site (—7.5kbp/+2.5kbp of the TSS) and changes in
gene expression level (Fig. 4B). We found that 36% of differentially
expressed genes between EC and EQ, 52% of differentially expressed
genes between EQ and FP, and 27% of differentially expressed genes
between FP and FC were highly correlated (r > 0.7) with chromatin
accessibility changes throughout progressive stages of lens cell differ-
entiation (Fig. 4B). Chi-square analysis between differentiation-stage
transitions (EC-EQ, EQ-FP, and FP-FC) and proportion of genes with
highly correlated chromatin accessibility profiles revealed a statistically
significant (p < 1le-5) relationship. This analysis revealed that the per-
centage of genes exhibiting both a positive correlation between chro-
matin accessibility and differentiation state-specific changes in gene
expression was highest between the EQ-FP regions of the lens that make
up the lens transition zone where epithelial cells are exiting the cell cycle
and initiating their differentiation into lens fiber cells relative to other
stages of lens cell differentiation.

To identify potential lens functions that could be regulated by alter-
ations in chromatin accessibility, we performed functional gene clus-
tering analysis on genes exhibiting a positive correlation between
chromatin accessibility changes and gene expression levels at specific
stages of lens differentiation (Fig. 4C) Comparisons were made between
undifferentiated lens epithelium (EC) and differentiating lens epithelial
cells of equatorial epithelium (EQ) (184 genes) and between equatorial
epithelium (EQ) and nascent lens fiber cells (FP) (1183 genes) using the
functional gene clustering tool from Pantherdb that enriches for statis-
tically overrepresented biological processes (FDR corrected p-
value < 0.05). The analysis revealed a number of critical lens processes
that could be regulated by alterations in chromatin accessibility. In the
EQ, cells must migrate from the anterior-most to posterior-most aspects
of this region as they first withdraw from the cell cycle (Shi et al., 2015),
initiate their differentiation program and begin to elongate. Pathways
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Fig. 3. Differentiation state-specific expression patterns of key lens genes correlate with changes in chromatin accessibility in potential gene regulatory
regions. A. Chromatin accessibility map of the lens structural gene filensin (BFSP1) during progressive stages of lens cell differentiation (Red-EC, Violet-EQ, Blue-FP,
Green-FC). Highlights and arrows indicate regions of altered chromatin accessibility within —7.5kbp/+2.5kbp of the transcription start site (TSS). B. The average peak
intensity of chromatin accessible peaks within —7.5kbp/+2.5kbp of the TSS of BFSP1 across progressive stages of lens cell differentiation. Peak intensity data is
provided by the ATACseq analysis. C. The corresponding gene expression profile of BFSP1 during progressive stages of lens cell differentiation. Gene expression data is
taken from RNAseq analysis and quantified as FPKM. D. Plot of BFSP1 transcript FPKM vs Average peak intensity within —7.5kbp/+2.5kbp of the TSS of BFSP1 across
the four progressive stages of lens differentiation. Data was correlated via Pearson correlation coefficient and is included in the plot. The same analysis was performed
on the lens structural gene CP49 (BFSP2, E-H), the lens crystallin gene gamma-crystallin (CRYGN, I-L), the lens transcription factor paired box 6 (PAX6, M-P), and the
lens cystallin gene delta-cystallin (ASL1, Q-T).

93



J. Disatham et al.

Developmental Biology 453 (2019) 86-104

I Scale 10 kb} | galGal4
chrz: 6,225,000 6,230,000 6,235,000| 6,240,000| 6,245,000 6,250,000
RefSeq Genes
CRYGN
CpG Islands (Islands < 300 Bases are Light Green)
EC-1_ATAC EC-1ATA
EC-2_ATAC EC-2_ATAC
EQ-1_ATAC EQ-1_ATAC
ST [ T—
EQ-2_ATAC EQ-2_ATAC
"
FP-1_ATAC FP-1_ATAC
il
FP-2 ATAC FP-2_ATAC
il
FC-1_ATAC FC-1_ATAC
p— .
FC-2_ATAC
R —— —— S - H\ m ——
+2.5kbp -7.5kbp
c:Tv:cN Av:raie CRYGN RNAseq FPKM CRYGN Correlation of ATACseq and
seq Peal
Intensity RNAseq data
-7.5kbp/+2.5kbp of 1000 1200
Tss ®
300 800 1000 r=0.97
J 250 K L g s °
200 600 & 600
4
150 400 o 400
100 200
200
50 0 ° o
° 0 0 50 100 150 200 250 300
EC EQ FP FC EC EQ FP FC ATACseq
M  scile 10 kb} ¢ | galGal4
chis:  5,220,000| 5,225,000| 5,230,000] 5,235,000| 5,240,000 5,245,000
RefSeq Genes
PAXs] ¢

CpG Islands (Islands < 300 Bases are Light Green)

CpG: 29 \

EETATAC | EC-1_ATAC
mnull\NWI‘ il il il il
EC2 ATAC EC-2_ATAC
i il “""H‘mlmwh‘ o il ““””HIHII\I\W i b I
EQ-1_ATAC :
0 aillcu i T — il i
EQ-2_ATAC |H EQ-2
" i il ' mIH\"H Hh\ sl il - il ol
FP-1_ATAC i
il .
PPz, ATAG FP-2_ATAC
alll e
FC-1_ATAC
FC-1_ATAC 0 -
— E— — - o
FC-2_ATAC ‘ FC-2_ATAC
S — - - .
+2.5kb -7.5kbp
PAX6 Average ATACseq PAX6 RNAseq FPKM PAX6 Correlation of ATACseq and RNAseq
Peak Intensity 5 d
-7.5kbp/+2.5kbp of TS 20 250 ata
350 200
N 300 o P 200 | r=0.86 °
250 150 2 150
[ 1]
200 £
150 100 = 100
© 5
100 50 ° ®
50 0
0 0 0 50 100 150 200 250 300 350
EC EQ FP FC EC EQ FP FC ATACseq

Fig. 3. (continued).

associated with this process included the Wnt signaling pathway, which
has been linked to the maintenance of planar cell polarity of the cells in
the EQ (Chen et al., 2008) and the early stages of lens differentiation that
occur in this zone (Martinez et al., 2009; Stump et al., 2003). Analysis of
the transition from equatorial epithelium (EQ) to the highly elongated
lens fiber cells of the FP region (FP) reveals many biological processes
linked in general to cell differentiation and development, as well as a

particularly high concentration of processes linked to cell morphogen-
esis. This morphogenetic process requires growth factor signaling,
especially pathways activated by FGF (Lovicu et al., 2011; Lovicu and
McAvoy, 2005). Our analysis shows transition to the FP zone involves
upregulation of genes associated with the cellular response to growth
factor stimulus and signaling through serine/threonine kinases that
function as their downstream effectors. Together, this analysis suggests
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Fig. 3. (continued).
that changes in chromatin accessibility may be crucial for regulating the 2017), SMAD3 (Meng et al., 2018), HIF1A (Shui et al., 2008a), SOX2

expression levels of multiple genes important for a wide-range of key
biological processes at distinct stages of lens differentiation.

The relationship between chromatin accessibility and changes in gene
expression during lens cell differentiation (cutoff was |Log2 fold change
FPKM| > 1, and false discovery rate adjusted p-value < 0.05) was also
analyzed for 189 genes with established lens functions. Relative gene
expression levels for these genes are shown as Morpheus plots (Fig. 5A, C,
E, G) with increased gene expression levels shown as red and decreased
levels shown as blue. Chromatin accessibility changes were quantified at
the region proximal to the transcription start site (—7.5kbp/+2.5kbp of
the TSS) and the region proximal to the gene body ( +-10kbp of their gene
bodies) as described in methods. Chromatin accessibility changes at the
region proximal to the transcription start site and also the region prox-
imal to the gene body were each correlated with gene expression levels of
the 189 genes via Pearsons correlation analysis (Fig. 5B, D, F, H). 91
genes with known lens functions were found to have a high correlation
(r > 0.7) between altered chromatin accessibility at the region proximal
to their transcriptional start sites and their differentiation state-specific
gene expression levels. 94 genes with known lens functions were found
to have a high correlation (r > 0.7) between altered chromatin accessi-
bility at the region proximal to their gene bodies and their differentiation
state-specific gene expression levels. 73 genes with known lens functions
were found to have a high correlation (r > 0.7) between differentiation
state-specific gene expression levels and altered chromatin accessibility
at both the region proximal to their transcriptional start sites and the
region proximal to their gene bodies.

The identified lens genes exhibiting a high correlation with chromatin
accessibility changes and gene expression levels have a multitude of
important cellular functions and included those required for lens cyto-
skeletal structure (BFSP1, BFSP2) (Perng et al., 2007), gap junctions
(GJA1) (Beyer and Berthoud, 2014), post-transcriptional control
(TDRD7) (Lachke et al., 2011), lens refractive index regulation (EPHA2)
(Shi et al., 2012), lens crystallins (CRYBB1, CRYBA4, ASL1, CRYGN,
CRYGS, CRYL1) (Wistow, 2012), transcription factors (HSF4 (Gao et al.,
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(Smith et al., 2009)), autophagy regulation and lysosomal transport
(FYCO1) (Chen et al., 2011), notch-signaling regulation (NOTCH1, HES5
(Jia et al., 2007; Rowan et al., 2008)) and Wnt-signaling regulation
(WNT5a, WNT2B, WNT7B, LGR4, LGR5, CER1 (Stump et al., 2003)). The
analysis suggests that multiple cellular functions including those previ-
ously established to be important for lens regulation, homeostasis and
structure may be dependent on gene regulation controlled by alterations
in chromatin accessibility in potential DNA regulatory regions.

3.3. Multiple transcription factor binding consensus sequences are
contained within regions of altered chromatin accessibility

The above analysis identified 73 genes with established important
lens functions that exhibited high Pearson correlations (r > 0.7) between
altered levels of gene expression and chromatin accessibility changes
during lens cell differentiation. Since the differences in chromatin
accessibility could point to transcription factor binding sequences spe-
cific for transcription factors that could be regulated at least in-part
through chromatin regulated access to their DNA binding sites, we
analyzed the identified regions of altered chromatin accessibility in po-
tential promoter (—7.5kb/+2.5kbp to the start of transcription) and +
10 kb of the gene body regions of the 73 genes for specific transcription
factor binding consensus sequences using the AME tool (MEME-suite
5.0.3) as described in methods.

The analysis revealed a wide variety of transcription factor binding
motifs in these DNA regions including consensus sequences for members
of the nuclear factor of activated T-cells family of transcription factors
(NFATSs), the forkhead box family of transcription factors (FOXs), and
among others HIF1A, IRF1, RBPJ, SP2 and TEAD1 (Fig. 6A). Analysis of
the corresponding gene expression profiles of these transcription factors
revealed multiple differences in their expression patterns during lens cell
differentiation (Fig. 6B). Detailed analysis of predicted transcription
factor binding sites for several key lens genes are shown in Fig. 6C-G.
Genomic positions of potential transcription factor binding sites relative
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Fig. 4. Differentiation state-specific expression patterns of multiple genes are highly correlated with chromatin accessibility changes in potential DNA
regulatory regions. A. Barplot showing the percentage of differentially expressed genes (|[Log2 fold change FPKM| >1 between any two adjacent stages of lens cell
differentiation, and adj p-value < 0.05) that are highly correlated (r > 0.7) with chromatin accessibility changes proximal to the transcription start site (within
—7.5kbp/+2.5kbp of the TSS). Chi-squared analysis was performed to compare the result to the percentage of non-differentially expressed genes (|Log2 fold change
FPKM <1/, and/or adj-p-value > 0.05) that were highly correlated with chromatin accessibility changes proximal to the transcription start site. B. Barplot showing the
percentage of differentially expressed genes at each stepwise comparison (EC/EQ, EQ/FP, FP/FC) that are highly correlated (r > 0.7) with chromatin accessibility
changes proximal to the transcription start site. Chi-squared analysis was performed to compare the results of each stepwise comparison to each other. ***p < 0.001,
*p<0.05, ns p>0.05. C. 1373 genes with a high pearson correlation (r > 0.7) between chromatin accessibility changes and statistically significant gene expression
changes between progressive stages of lens cell differentiation (EC/EQ, EQ/FP, FP/FC) were analyzed for statistical overrepresentation of key Biological Processes
associated with these genes. This gene enrichment analysis revealed 5 overrepresented biological processes associated with the genes differentially expressed between
quiescent epithelial cells (EC) and differentiating epithelial cells (EQ), 15 overrepresented biological processes associated with the genes differentially expressed
between differentiating epithelial cells (EQ) and nascent lens fiber cells (FP), O overrepresented biological process associated with the genes differentially expressed
between nascent lens fiber cells (FP) and terminally differentiated lens fiber cells (FC).
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Fig. 5. Expression patterns of important lens genes correlate with chromatin accessibility changes in potential DNA regulatory regions. A. Morpheus
heatmaps demonstrating expression profiles of specific lens genes most highly expressed in quiescent lens epithelial cells (EC, quantified by FPKM from RNAseq) across
the four stages of lens differentiation (red high expression, blue low expression). B. Barplots showing pearson correlation coefficient values calculated between average
peak intensity of chromatin accessibility regions proximal to the transcription start site (dark blue) and proximal to the gene body (orange) of these specific lens genes
compared to their gene expression profiles. The same analysis was performed for specific lens genes most highly expressed in differentiating lens epithelial cells (EQ, C-
D), nascent lens fiber cells (FP, E-F), and terminally differentiated lens fiber cells (FC, G-H).

to the transcription start site of their respective genes are labeled. Only
potential sites with p < 1le-4 are reported and only one site per tran-
scription factor per gene is included. The gamma crystallin gene CRYGN
exhibits increasing chromatin accessibility defined by increasing peak
intensities at the two highlighted regions (Fig. 6C). Potential binding
sites for the transcription factors RBPJ, SPIC, and CTCF are found
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proximally upstream to the transcription start site (TSS), and a potential
binding site for the transcription factor MYOD1 was found in the gene
body at a potential enhancer region. The lens structural gene BFSP1 ex-
hibits increasing chromatin accessibility defined by increasing peak in-
tensities at the three highlighted regions (Fig. 6D). Potential binding sites
for the transcription factors CTCF, SPIC, and MEF2C are found upstream
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Fig. 5. (continued).

to the TSS, potential sites for SP2 and MYOD1 are found proximally
downstream of the TSS, and a potential site for TEAD1 was found in the
gene body at a potential enhancer region. Similar analysis was also
performed for the lens structural gene BFSP2, the lens transcription factor
PAX6, the lens cell membrane protein of the notch signaling pathway
NOTCH]1, and the delta crytallin gene ASL1.

Interestingly, the majority of these transcription factors have not yet
been studied in the lens and this analysis suggests they may play an
important role in regulating the expression of these genes during lens cell
differentiation. Consistently, other transcription factors identified in this
analysis have established functions in the differentiation and/or devel-
opment of the lens and other tissues. For instance, NFATs (Horsley and
Pavlath, 2002; Serrano-Pérez et al., 2015; Wang et al., 2011) and the
forkhead box family of transcription factors (Tuteja and Kaestner, 2007a,
2007b) have been widely studied for their roles in epithelial cell differ-
entiation in non-lens tissues. Lens-specific conditional knockout of
FOXP1 in mice resulted in normal lens development, however, the
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mature lenses of the FOXP1 conditional knock-out mice exhibit disrupted
fiber cell structure, suggesting an important function for FOXP1 in lens
cell differentiation (Suzuki-Kerr et al., 2017). Similarly, lens specific
conditional HIF1 knockout mice exhibit normal lens development but
their lenses disintegrate shortly after birth suggesting altered differenti-
ation in these mice (Shui et al., 2008b). Lens-conditional knockout of the
Notch signaling effector RBPJ provided evidence that RBPJ regulates
growth and differentiation of the lens though regulation of key cell cycle
control pathways (Rowan et al., 2008). Interestingly, ARID3B which is
both a transcription factor (Fig. 6A) and chromatin modifier (Fig. 7) has
been predicted to regulate fiber cell differentiation through bioinfor-
matics analysis of transcription factors whose expression is enriched in
the epithelium and fiber cells of the mouse lens (Zhao et al., 2018b).
Collectively, these data provide evidence that the identified alterations in
chromatin accessibility could regulate the binding and function of mul-
tiple transcription factors that likely coordinate the expression of a
wide-variety of genes during lens cell differentiation.
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Fig. 6. Multiple transcription factor binding sites are located in regions of altered chromatin accessibility in potential DNA regulatory regions of important
lens genes. A. The chromatin accessibility profiles proximal to the TSS (—7.5kbp/+2.5kbp) and Genebodies ( 10 kbp) of 73 genes with associated lens functions
were highly correlated with their respective gene expression profiles across the four stages of lens differentiation (Fig. 5). Analysis of chromatin accessible regions of
these genes (AME tool MEME-suite 5.0.3) revealed 25 transcription factor binding motifs with high statistically significant representation (E-value < 0.05) in the
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heatmaps demonstrating expression profiles of these 25 transcription factors (quantified by FPKM from RNAseq) across the four stages of lens differentiation (red is
high expression, blue is low expression). C. Chromatin accessibility map of the lens crystallin gene crystallin gamma-N (CRYGN) during progressive stages of lens cell
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3.4. Chromatin modifying proteins exhibit asymmetric expression levels suggesting a critical role for these proteins in this key stage of lens cell
during lens cell differentiation differentiation.

At present, the mechanism(s) underlying the detected changes in 4. Discussion
chromatin accessibility remain to be identified. However, a previous
study established a relationship between the levels of the chromatin A key component towards advancing fields ranging from regenerative
remodeling enzyme Snf2h (SMARCAS5) and lens development (He et al., medicine to cancer therapy is the identification of novel pathways
2016). To identify additional chromatin remodeling enzymes that could driving cellular differentiation. A well-studied model system is the lens
coordinate the changes in chromatin accessibility detected in the present that is composed of easily isolatable cell populations in distinct stages of
study, we interogated our RNA sequencing for the expression patterns of cellular differentiation. These cell populations include a monolayer of
over 60 genes implicated in chromatin remodeling or modification. Our quiescent cuboidal epithelial cells at the lens anterior, a monolayer of
analysis identified that genes encoding a wide range of chromatin replicative epithelial cells at the lens equator that withdraw from the cell
remodeling enzymes and DNA modification proteins exhibited altered cycle to initiate differentiation, a zone of newly formed fiber cells at the
expression during lens differentiation (Fig. 7). Analysis of their expres- lens cortex that undergo a series of remodeling events including elon-
sion patterns revealed that a large number exhibit lens cell gation and, a central core of elongated fiber cells that lose their organ-
differentiation-state specific expression patterns. These include CITED2, elles as they undergo terminal differentiation and make up the bulk of the

and HDACI that are mainly expressed in undifferentiated epithelial cells lens (Bassnett et al., 2011; Menko, 2002; Piatigorsky, 1981; Audette
(EC); SMARCA2, SMARCAS, and ARID3B that are mainly expressed in et al., 2017; Chauss et al., 2014; Cheng et al., 2017; Costello et al., 2013;
the transition zone of the lens where epithelial cells are proliferating and FitzGerald, 2009; Mathias et al., 2010; Perng et al., 2007; Rao and
exiting the cell cycle to initiate differentiation (EQ); CHD2, and CHD1L Maddala, 2006; Robinson, 2006; Lovicu and McAvoy, 2005; Brennan

that are mainly expressed in nascent lens fiber cells undergoing cellular et al., 2018).
elongation (FP); and BRD4, ARID3A, and BAZ2A that are mainly Although previous studies have identified multiple requirements for
expressed in terminally differentiated lens fiber cells (FC). Interestingly, lens cell differentiation including the essential roles of growth factors

the majority of the differentiation specific expression patterns of these (Lovicu and McAvoy, 2005; Robinson et al., 1995; Xu et al., 1998),
genes, in particular the SWI/SNF family and ARID family, are detected in integrins (Walker et al.,, 2002) and transcription factor-mediated
EQ where lens differentiation is initiated and cellular remodeling begins signaling pathways (Rowan et al., 2008; Song et al., 2014; Stump
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Fig. 7. Expression patterns of selected chromatin modifying proteins at distinct stages of lens cell differentiation. Morpheus heatmaps demonstrating
expression profiles of genes encoding chromatin remodeling enzymes and DNA modification proteins (quantified by FPKM from RNAseq) across the four stages of lens
differentiation (red high expression, blue low expression). The genes are sorted by the differentiation state-specific region each gene is most highly expressed in.

et al., 2003), the potential role for chromatin accessibility in the regu-
lation of lens cell differentiation has not been previously examined. Here,
we examined the genome-wide changes in chromatin accessibility spe-
cific for four distinct stages of lens differentiation, we correlated the
identified changes in chromatin accessibility with the differentiation
stage-specific expression profiles of over 10,000 genes and we mapped
the potential DNA regulatory sequences and transcription factor binding
sequences that could control their differentiation state-specific expres-
sion patterns.

Our analysis identified 89,904 regions of chromatin accessibility
correlating with distinct stages of lens cell differentiation. Although the
data do not establish a direct cause and effect relationship between
altered chromatin accessibility and lens cell differentiation, the data do
establish that changes in chromatin accessibility are a major feature of
lens differentiation and they demonstrate that specific changes in chro-
matin accessibility parallel a wide-range of differentiation state-specific
gene expression patterns. Although multiple normalization procedures
were employed in our analysis to eliminate possible differences in
chromatin accessibility at specific sites arising as a consequence of dif-
ferences in cell number between samples, we cannot entirely rule out this
potential effect on individual changes in chromatin accessibility detec-
ted. Consistent with chromatin accessibility changes being specific for
distinct stages of the lens cell differentiation program, the bulk of specific
chromatin accessibility changes were detected in the transition zone of
the lens where lens epithelial cells are dividing, exiting the cell-cycle, and
initiating their differentiation program.

Our results are also in line with previous studies linking chromatin
accessibility changes to cell-type specificity in non-lens cells. For
instance, differences in chromatin accessibility were detected between
terminally differentiated pancreatic alpha and beta and acinar cells
(Ackermann et al., 2016) and another study that reported differences in
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chromatin accessibility between specific myeloid lineages at distinct
stages of differentiation in an artificially induced cell culture model
(Ramirez et al., 2017). Finally, genome wide-chromatin accessibility
profiles have also been established for differentiating CD8 T-cell pop-
ulations isolated from different aged-donors (Moskowitz et al., 2017).

The specific changes in chromatin accessibility identified in the pre-
sent report suggest that changes in chromatin accessibility could be
important for regulating key trends in gene expression levels specific for
distinct stages of the lens cell differentiation program. Consistent with
this possibility, 50% of genes whose expression levels are distinct for one
or more stages of lens cell differentiation displayed high correlations
(r > 0.7) with chromatin accessibility changes. Consistent with the pos-
sibility that changes in chromatin accessibility contribute towards
regulating the function of these genes, over 73 genes with established
important lens functions exhibited a high correlation (r > 0.7) between
specific changes in chromatin accessibility and their mRNA expression
levels during lens differentiation.

Lens genes exhibiting a high correlation between chromatin acces-
sibility changes and gene expression levels have a multitude of impor-
tant cellular functions. These genes included those required for lens
cytoskeletal structure (BFSP1, BFSP2) (Perng et al., 2007), gap junc-
tions (GJA1) (Beyer and Berthoud, 2014), post-transcriptional control
(TDRD7) (Lachke et al., 2011), lens refractive index regulation (EPHA2)
(Shi et al., 2012), lens crystallins (CRYBB1, CRYBA4, ASL1, CRYGN,
CRYGS, CRYL1) (Wistow, 2012), transcription factors (HSF4 (Gao et al.,
2017), SMAD3 (Meng et al., 2018), HIF1A (Shui et al., 2008a), SOX2
(Smith et al., 2009)), autophagy regulation and lysosomal transport
(FYCO1) (Chen et al., 2011), notch-signaling regulation (NOTCH1,
HES5 (Jia et al., 2007; Rowan et al., 2008)) and Wnt-signaling regu-
lation (WNT5a, WNT2B, WNT7B, LGR4, LGR5, CER1 (Stump et al.,
2003)).
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Consistent with changes in chromatin accessibility being important
for the differentiation state-specific expression of these genes, our re-
sults also indicate that the majority of chromatin accessibility changes
correlating with differentiation state-specific gene expression are most
abundant during the transition from lens epithelial cells to lens fiber
cells in the lens transition zone. These chromatin accessibility changes
are mainly found within —7.5 kb/+2.5kbp to the transcriptional start
sites and/or between + 10 kb from the gene body of the identified
genes. Although further functional studies will be required to establish
the regulatory importance of these regions for control of individual
genes, the identified sequences nevertheless provide clues as to what
chromatin-regulated DNA sequences are likely important for control of
their expression patterns during lens cell differentiation. Analysis of
sequences with altered chromatin accessibility at potential promoter
(—7.5kb/+2.5kbp to the transcriptional start site) and potential cis-
regulatory regions (within + 10 kb from the gene body) of these
genes identified a number of consensus transcription factor binding
sequences that point to a number of transcription factors that could
regulate the expression of these genes. These include potential binding
sites for transcription factors for PAX6 (Cvekl and Zhang, 2017; Sun
et al., 2015), TEAD1, the FOX family of transcription factors (Medi-
na-Martinez and Jamrich, 2007), RBPJ, HIF1A (Shui et al., 2008a),
and the NFAT family of transcription factors. Although these positive
correlations implicate chromatin accessibility as a potential regulator
of the binding of these transcription factors during lens differentiation,
the galGal4 genome lacks well-established annotations for distinct
promoters or other cis-acting regulatory regions, and lacking these
annotations, we cannot rule out that more proximal or distal regions
from the gene body could also be important for the regulation of these
genes.

To date, the mechanisms regulating altered chromatin accessibility
during lens cell differentiation are not known. However, our analysis of
the expression patterns of multiple chromatin modifying proteins iden-
tified differences in their expression patterns at progressive stages of the
lens cell differentiation program that could indicate differentiation state-
specific functions including their playing important regulatory roles in
governing the chromatin accessibility landscape at different stages of lens
cell differentiation. Consistently, a previous study showed that deletion
of the chromatin remodeling enzyme SNF2H resulted in altered embry-
onic lens differentiation in association with changes in the levels of
PAX6, P27 and HSF4 (He et al., 2016).

In summary, the present data implicate changes in chromatin acces-
sibility as an essential feature of lens cell differentiation and they identify
a wide-variety of lens genes whose altered expression during lens dif-
ferentiation is likely regulated by changes in chromatin accessibility. The
data also identify specific DNA sequences and transcription factors that
could be critical for regulating the differentiation state-specific expres-
sion patterns of multiple important lens genes and they point to chro-
matin modifying proteins that could be important for remodeling the
chromatin landscape at distinct stages of the lens cell differentiation
program. The findings provide the basis for future experiments to further
establish the role of chromatin accessibility in the control of lens cell
differentiation and they provide a blueprint for understanding the po-
tential role for chromatin accessibility in the differentiation and function
of more complex tissues.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ydbio.2019.04.020.
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