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Purrosk. Transition from lens epithelial cells to lens fiber cell is accompanied by numer-
ous changes in gene expression critical for lens transparency. We identify expression
patterns of highly prevalent genes including ubiquitous and enzyme crystallins in the
embryonic day 13 chicken lens.

MerHops. Embryonic day 13 chicken lenses were dissected into central epithelial cell
(EQ), equatorial epithelial cell (EQ), cortical fiber cell (FP), and nuclear fiber cell (FC)
compartments. Total RNA was prepared, subjected to high-throughput unidirectional
mRNA sequencing, analyzed, mapped to the chicken genome, and functionally grouped.

Resurrs. A total of 77,097 gene-specific transcripts covering 17,450 genes were expressed,
of which 10,345 differed between two or more lens subregions. Ubiquitous crystallin gene
expression increased from EC to EQ and was similar in FP and FC. Highly expressed
crystallin genes fell into three coordinately expressed groups with R > 0.93: CRYAA,
CRYBB2, CRYAB, and CRYBA2; CRYBB1, CRYBA4, CRYGN, ASL1, and ASL; and CRYBB3
and CRYBAL. The highly expressed transcription factors YBX1, YBX3, PNRC1, and BASP1
were coordinately expressed with the second group of crystallins (7* > 0.88).

Concrusions. Although it is well known that lens crystallin gene expression changes
during the epithelial to fiber cell transition, these data identify for the first time three
distinct patterns of expression for specific subsets of crystallin genes, each highly corre-
lated with expression of specific transcription factors. The results provide a quantitative
basis for designing functional experiments pinpointing the mechanisms governing the
landscape of crystallin expression during fiber cell differentiation to attain lens trans-
parency.

Keywords: RNA-sequencing, chicken, eye, lens, differentiation, crystallin

ens crystallins are most simply defined as proteins that
L are found in high concentration in the lens, fulfilling a
structural role for transparency and refraction.! They make
up more than 90% of the water-soluble protein of the lens,
resulting in the highest known protein concentration in any
cell type. In the chicken, §-crystallin constitutes 60% to 70%
of the soluble protein of the embryonic lens, and the «- and
B-crystallins make up most of the rest.>?

In addition to the o and By-crystallin superfamily
(called ubiquitous crystallins), which are found in all
vertebrate lenses, there are also proteins termed “taxon-
specific crystallins” that occur at high concentrations in
the lens but are present only in selected species, although
differential expression of even ubiquitous crystallins in
different species and tissues has somewhat softened the
lines between these groups. Many of the taxon-specific
crystallins function as enzymes in non-lens tissues, where
they are expressed at low concentrations. The simulta-

Copyright 2022 The Authors
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neous use of the same gene to encode a crystallin in
the lens and an enzyme or other metabolic protein in
non-lens tissues has given rise to the term “gene shar-
ing.”* Gene sharing may be followed by duplication and
“subfunctionalization.”® In view of their relationships with
metabolic enzymes the taxon-specific crystallins are also
called enzyme-crystallins. The §-crystallin/arginosuccinate
lyase (ASL) is a major crystallin in lenses of birds and
reptiles and is the best studied enzyme-crystallin in the
chicken.” Although the protein product of the §1-crystallin
gene (ASL1) lacks enzymatic activity, §2-crystallin (ASL) is
an active enzyme. Other enzyme-crystallin genes include
e-crystallin/lactate  dehydrogenase B2? t-crystallin/a-
enolase (ENO1),!%!! ¢_crystallin/NADPH:quinone oxidore-
ductase (CRYZ),!! p-crystallin/ornithine cyclodeaminase
(CRYM),"? A-crystallin/hydroxyacyl CoA dehydrogenase,
and S-crystallins (GSTT1), which are inactive glutathione-S-
transferases.'?

This work is licensed under a Creative Commons Attribution 4.0 International License. .: BY

Downloaded from iovs.arvojournals.org on 04/28/2022


mailto:hejtmancikj@nei.nih.gov
https://doi.org/10.1167/iovs.63.4.8
http://creativecommons.org/licenses/by/4.0/

Investigative Ophthalmology & Visual Science

Crystallin Gene Expression in Differentiating Lens Cells

Here we use high throughput RNA sequencing'é-1® to
identify the spectrum and magnitude of both ubiquitous and
enzyme crystallin gene expression changes occurring during
the transition from lens central epithelial cells to equatorial
epithelial cells to cortical fiber cells to central nuclear fiber
cells in the embryonic day 13 chicken lens.

METHODS
Embryonic Lens Microdissection

Fertilized chicken eggs (B&E Eggs, York Springs, PA, USA)
were incubated to embryonic day 13 at 99.8°F, in a humid-
ified incubator with automated rotation (GQF Manufactur-

207
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ing Company Inc., Savannah, GA, USA). Differentiation-state
analysis of embryonic chicken lenses was performed after
microdissection of 100 embryonic day 13 (E13) chicken
lenses into four distinct zones (Fig. 1A) that represent a
continuum of lens cell differentiation states: lens central
epithelium (EC), equatorial epithelium (EQ), cortical fibers
(FP), and central fibers (FC) as described previously by
Walker and Menko.!”

RNA Sequencing of Pooled Microdissected
Chicken Lenses

RNA sequencing was as described previously, using the raw
sequencing results from Chauss et al.'® and deposited into
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Ficure 1. Identification of differentially expressed transcripts. (A) Lens zones from which RNA was isolated: EC, EQ, FP, and FC. (B) Number

of nonunique differentially expressed transcripts between each embryonic lens region in pairwise comparison (C) Volcano plots showing
differentially expressed gene-specific transcripts between lens regions. (D) Venn diagram of transcripts differentially expressed between

developmentally sequential zones of the lens.
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the GEO database ascension number GSE53976. Briefly, two
independent sets of 100 chicken lenses were microdissected
and pooled and total RNA was prepared for each sample
by established protocols (Trizol; Invitrogen, Carlsbad, CA,
USA). Total RNA was analyzed for quality and subjected
to mRNA directional sequencing library preparation (Illu-
mina, San Diego, CA, USA) and analyzed for quality using
the Agilent Technologies 2100 Expert Bioanalyzer (Santa
Clara, CA, USA). Prepared libraries were then sequenced
unidirectionally with the Genome Analyzer IIx. Mappable
reads were mapped to the chicken genome (Galgal6; NCBI)
using Partek Flow (https://partekflow.cit.nih.gov/flow) on
the NIH Biowulf supercomputing cluster and then merged
and analyzed by the GenoMatix genome analyzer (Geno-
matix Software Inc, Ann Arbor, MI, USA). A total of 77,097
gene-specific transcripts covering 17,450 genes were iden-
tified. Approximately 8 to 13 million reads were uniquely
mapped to the chicken genome per microdissected lens
area sample. A total of 10,345 genes exhibiting signifi-
cantly different (adjusted P value < 0.05) expression levels
between lens sub-regions were identified (Figs. 1B-D).

The reads in the input data set were analyzed, and for
each transcript a normalized expression value (NE) was
calculated from the read distribution as implemented in the
Genomatix Suite (Genomatix Software Inc, MI).!” The NE
value is based on the number of reads located in the exons
of the transcript and is normalized to the length of the tran-
script and the density of the data set. For the differential
expression analysis, a comparison of the expression values
of the two input data sets was made on a transcript level
by the Audic/Claverie method and then on a gene level. A
total of 10,345 gene-specific transcript differences showed a
mean log2 fold change of expression including 843 between
EC and EQ only, 2005 between EC and EQ and between EQ
and FP, 58 between all adjacent compartments, 22 between
EC and EQ and between FP and FC, 7290 between EQ and
FP only, 95 between EQ and FP and between FP and FC, and
32 between FP and FC only (Figs. 1B, 1D). Examination of
the two independent sets of samples from each lens region
using PCA show relatively good agreement of each (Supple-
mentary Fig. S1). The two epithelial and fiber samples are
well separated by PC1, whereas the central and equatorial
epithelia are well separated on PC2. The fineness of this
plot and the lack of discrimination between the central and
peripheral fiber samples is consistent with their similarity in
expression profiles, with only 207 differentially expressed
genes (Fig. 1D). For differential methylation studies bisul-
fite sequencing was performed by Novogene (Sacramento,
CA, USA) using an Illumina HiSeqTM2500/MiSeq platform
using their standard protocols followed by CASAVA base
calling and Trimmomatic read trimming and alignment to
the galgal6 reference genome using Bismark.?’ These are
described more fully in Chauss et al. (submitted).

Statistical Analysis

Further analysis focused on expression of all crystallin
and other highly expressed genes. A group of house-
keeping genes (GAPDH, ACTB, HMBS, H6PD, RPL4, RPLPO,
RPLP1, TFRC, ALB, B2M, SDHA, TBP, TUBB and YWHAZ)
was selected based on previous successful use as RNASeq
controls,?!*? and genes were normalized to the average of
their NE-values normalized to expression in the EC (Supple-
mentary Fig. S2). The coefficient of determination of expres-
sion levels of various genes as indicated by their NE across
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the four lens regions was calculated using the numeric
regression function included in the Golden Helix Sequence
Variation Suite. Venn diagrams were prepared using the
Venny 2.1 online program.*® Transcription factor binding
sites were predicted using the Genomatix Software Suite
(described online at: Transcription factor binding sites repre-
sented by Genomatix weight matrices), which returns a
matrix representing the DNA binding site and the transcrip-
tion factor or factors predicted to bind to that matrix.

RESULTS

Highly Expressed Genes in Microdissected Lens
Sub-Regions

Overall, the ubiquitous crystallins, along with ASL1 (CRYD1,
é1-crystallin), were the most highly expressed genes in all
compartments of the lens, comprising 47% of transcripts
in the central epithelia and increasing to 89% in the FP
and FC regions (Table 1). The ubiquitous crystallins (with
NEs averaging 12-362) and especially the taxon-specific
crystallins (NEs averaging 34 — 2,155) are expressed at
significantly higher levels than any of the other groups
of highly expressed genes including protein synthesis and
transcription factors (NEs:7-150), intermediate filaments,
cytoskeleton, intercellular junctions, or ECM (NEs: 11-306),
and metabolic enzymes involved in glycolysis and interme-
diary metabolism or and protease or inflammatory inhibitors
(NEs: 12-65).

Comparison of Ubiquitous Crystallin Gene
Expression in Microdissected Lens Sub-Regions

All ubiquitous crystallins were expressed in each lens
compartment at levels ranging from an NE of 0.06 (for
CRYGN in the EC compartment, not included in the top
30 transcripts shown in Table 1) to 326 for CRYAA in the
EQ compartment). CRYAA, CRYAB, CRYBA2 and CRYBB2
are highly expressed in the central epithelia, with CRYBB3
joining in the EQ and CRYBBI also joining in the FP. All
crystallin genes were more highly expressed in the EQ
compared with EC, and no crystallin gene expression exhib-
ited a significant difference between the FP and FC compart-
ments (Fig. 2A). Because estimates of ubiquitous crystallin
mRNA prevalence might be skewed by the large amounts of
ASL1 mRNA synthesized during differentiation from equa-
torial epithelia to fiber cells (Fig. 2B), their expression was
normalized relative to a panel of 14 genes commonly used
as controls for expression in the literature (see Methods,
Supplementary Fig. S2). Although the control genes showed
some variability of expression, when expression of the ubiqg-
uitous crystallins was normalized by the average expression
of the control group (so that a corrected NE of 1 is the aver-
age of all the control group expression levels in that lens
compartment), except for CRYBB1, CRYBA4, and CRYGN
as previously mentioned, ubiquitous crystallin expression
as a fraction of all mRNAs is seen to be essentially level
among the equatorial epithelia, peripheral fiber, and central
fiber compartments (Fig. 2A), suggesting that the appar-
ent decrease in expression of the remaining genes from
the epithelia to the fiber compartments was indeed due to
extremely high levels of expression of ASL1.

The mRNA levels of the ubiquitous crystallins are seen to
fall into three main groups by pattern of expression: group
1, including CRYAA, CRYBB2, CRYAB, and CRYBA2 (with
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Tasie 1. Top 30 Highly Expressed Genes in the 4 Compartments of the 13 dpf Chick Lens Gene Symbols Are Color Coded With pink =
Alpha-Crystallins, blue = Beta-Crystallins, green = Taxon-Specific Crystallins, purple = Anti-Inflammatory Factors, lavender = metaBolic
Enzymes, blue green = Cytoskeleton and Junctional Proteins, tan = Protein Synthesis (/ight) and Transcription or Regulatory (dark) Factors.

Loci of Unknown Function Are Shown in dark green

EC EQ FP FC

Symbol m;;n stdv Symbol m;;n stdv Symbol m:;n s:fEV Symbol m;;n stdv
CRYAA 12712 | 2169 CRYAA 32612 | 5552 ASL1 20773 | 32166 ASL1 21550 | 334.00
ASL1 9089 | 1407 ASL1 25126 | 38.94 ASL 51967 | 14991 ASL 52279 | 15371
EEF1A1 8157 | 17.36 CRYBB2 15343 | 554 CRYAA 10653 | 1819 CRYAA 10642 | 18.09
ENO1 7238 | 467 EEF1A1 15070 | 3288 YBX1 5688 | 062 CRYBB1 6248 | 11.05
LDHA 4034 | 168 CRYBA2 8819 | 7051 CRYBB1 a7 | o2 YBX1 822 | 049
CRYAB 3769 | 39 ASL 7818 | 2225 BFSP2 3398 | 067 EEF1A1 B | 77
SPARCL 3630 | 105 CRYAB 7750 | 778 EEF1A1 3273 | 700 BFSP2 3370 | 066
GAPDH 359 | 153 _ 6475 | 0.0 CRYAB 2828 | 330 CRYAB 3023 | 332
ASL 3390 | 956 ENO1 a3 | 33 BFSP1 2819 | 1026 BFSP1 2814 | 1026
CRYBA2 3034 | 2423 VM 3837 | 501 CRYBB2 1940 | 089 CRYBB2 2325 | 101
2898 | 000 GAPDH B | 121 CRCP 1894 | 4243 CRYBA2 1976 | 1580

2645 | 104 RPL3OL 2093 | 199 CRYBA2 1754 | 1404 CRCP 1957 | 4327
214 | 559 SPARC 1921 | 441 VIM 1520 | 185 VIM 1671 | 225

2022 | 000 RPS6 1906 | 026 _ 1380 | 079 1388 | 079

TKTLA 1956 | 066 TUBAMA 1774 | 000 PABPC1 1316 | 029 “ 1337 | 081
RPS6 1696 | 025 RPS8 1640 | 111 GAPDH 1226 | 052 1323 | 068
RPL3OL 1692 | 123 RPS10 1565 | 000 MIP 1207 | 070 PABPC1 1241 | o032
RPS20 1560 | 065 YBX1 1533 | 0.6 199 | 062 GAPDH 1237 | o052
RPS8 1387 | 094 SPARCL1 1449 | 040 1195 | 000 TUBAIA 1206 | 000
SPARC 1355 | 252 _ 1426 | 000 134 | 000 CRYBB3 194 | 000
RPS10 1322 | 000 RPS20 1407 | 057 TUBA1A 128 | 000 RPL38 166 | 0.00
RPS23 1220 | 063 ACTB 1371 | 036 CRYBB3 1006 | 0.00 977 | 000
VIM 1243 | 129 _ 1280 | 114 PNRC1 931 0.00 LGSN 955 | 0.0
YBX1 180 | 014 ISYNA1 1279 | 112 LGSN 872 | 0.00 901 | 000
RPLS 125 | 270 CRYBB3 1274 | 000 _ 825 | 0.00 PNRC1 822 | 000
ARIH1 147 | 1548 _ 1255 | 000 RPS2 787 | 000 RPS2 814 | 000
TPTH 1m0 | 168 RPS23 1245 | 061 YBX3 749 | o000 _ 814 | o072
RPL5 1077 | 151 RPL4 1239 | 339 744 | 066 YBX3 734 | 000
RPS11 1064 | 165 PABPC1 1227 | o034 737 | 000 BASP1 733 | 173
RPL4 1049 | 296 RPLS 1200 | 290 BASP1 693 | 159 _ 747 | 000

CRYGS more loosely), in which mRNA levels increase from
the central to equatorial epithelia and then stay constant or
fall off slightly in the fibers; group 2, including CRYBBI,
CRYBA4, CRYGN, ASL1 (CRYD1, a taxon-specific crystallin,
but included here because it is the predominant crystallin
in the chick lens) with ASL (ASL, CRYD2), in which mRNA
levels increase dramatically from the epithelia to the fiber
cells; and finally group 3 comprising CRYBB3 and CRYBA1,
which are also loosely correlated with GSTT1. Each of these
three main groups shows correlations greater than 0.93
(Table 2) but no significant correlation with crystallins in the
other groups. CRYGS is not correlated strongly with either
group but shows some suggestive correlation with group 1
that does not reach statistical significance.

Downloaded from iovs.arvojournals.org on 04/28/2022

Comparison of Taxon-Specific Crystallin Gene
Expression in Microdissected Lens Subregions

Except for ENO1, which actually decreases, taxon specific
crystallin gene expression tends to increase or remain level
from the central epithelia to the fibers (Fig. 2B). ASL1, the
predominant crystallin in the chicken lens, is expressed at
high levels in all compartments of the 13 dpf chick lens,
with a dramatic increase in expression between the equato-
rial epithelial and peripheral fiber compartments (Fig. 2B)
that places it at a unique level if not in a unique pattern
(Fig. 2B, Table 2). Both ASL1 and ASL mRNA levels are highly
correlated with CRYBB1, CRYBA4, and CRYGN (group 2
in Table 2), as are CRYL1, CRYZL1 and GAPDH, and to some



extent ENO1. GSTT1 and to some extent RBP1 are corre-
lated with CRYBB3 and CRYBA1 (group 3), whereas the
remaining taxon specific crystallins appear to be indepen-
dently regulated.

Comparison of the 30 Most Highly Expressed
Genes in Microdissected Lens Subregions

Interestingly, when correlations between expression of
crystallin genes in groups 1, 2, and 3 and the other
highly expressed lens mRNAs are examined, only 3 (MIF,
LOC100857858 and LOC100859737) are closely correlated
with the genes in group 1, with VIM, EEF1A1 and ISYNA1
showing a lower correlation (Table 3). In contrast, 19
(BASP1, BFSP1, BFSP2, CD24, CRCP, LGSN, MIP, LOC776816,
TPT1, YBX3, RPS11, RPL5, RPS20, RPS23, GAPDH, RPLS,
RPL39L, RPL4 and RPS6) are closely correlated with all group
2 genes, and seven more (YBX1, PNRC1, RPS8, ENO1, RPS10,
RPL38, and RPS2) show a lower correlation. Finally, CRYBB3
and CRYBA1 (group 3) are closely correlated with each
other whereas CST3, LDHA, PABPC1, LOC112530942, and
ARIH]1 are loosely correlated with CRYBB3 but not CRYBA1.

Investigative Ophthalmology & Visual Science
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Expression levels of ACTB and LOC101747587 are not corre-
lated with group 1, 2, or 3 crystallins.

Transcription Factors Represented in Promoter
Regions of Group 1, 2, and 3 Genes

The mRNA levels of four highly expressed transcription,
developmental, and RNA processing factors, YBX1, PNRC1,
BASP1, YBX3, and the membrane bound receptor CRCP
are highly correlated with group 2 of the lens crystallins
(Table 3) and are coordinately expressed along with KLF10,
NR2C2 and to a lesser extent FOXE3 (Table 4), suggesting
that these factors might also have a role in controlling the
expression of the genes in group 2. PABPC1, MAF, MAFF,
and to a lesser extent MAF1 and Pax6 are also coordinately
expressed as a group (R*> > 0.91 and 0.87 and 0.81 for
the main group and MAF1 and PAXG6, respectively; Table 4).
Other transcription factors known to be active in lens gene
expression do not appear to be coordinately expressed with
the highly expressed group of transcription factors.
Although binding sites for these factors are not present
in the 5’ regions of all the group 2 genes (except for MAF,
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TasLe 2. Coefficients of Determination of Ubiquitous and Taxon-Specific Crystallins. Highly Expressed Crystallins Are Shown at the Top of
the Table. Correlation Coefficients Are Color Coded With red > 0.95, pink > 0.9, and blue < 0.5. R?> Values > 0.902505436426379 Have P <
0.05. Crystallins Are Shaded by Category: dark pink: Ubiquitous; light pink: Taxon-Specific for Birds and Reptiles; blue: Taxon-Specific for
Mammals; green: Taxon-Specific for Mollusks and Cephalopods. Crystallin Genes With CpG Groups More Highly Methylated in Epithelia.
*Crystallin Genes With CpG Groups More Highly Methylated in Fibers

0.370

0.425

0.298

0.303

| 0.969 | 0.966 | 0.067

0.078

0.062

ASL1 | 1.000 | 1.000 |

ASL 0.357 | 0305| 0435| 0420
CRYL1 0252 | 0207 | 0327| 0.320
CRYzL1 | 0312 0263 | 0300 | 0384
GAPDH 0.225 | 04182 | 0207 0201
ENO1 0150 | 0114 | 0213 0208
RBP1 0411 | 0146 | 0.064 |  0.067
GSTT1 0414 | 0468 | 0335 0.342
0452 | 04195| 0402 | 0405
0.370 | 0425 | 0208 | 0.303

CRYZ 0.001 | o0000| 0.014| 0012 0.570 0.620 |  0.638 | 0.648 | 0.658 | 0757 |  0.551

LDHB 0.690 | 0640 | 0764 | 0.758 0.855 0.864 | 0898 | 0.890 | 0.886 |  0.031 0.005

CRYM 0774 | 0774| 0820 0708 0.712 0.025 | 0019 | 0.028 | 0.024| 0022 | 0609

0848 | 0888 | 0798 |  0.802 0.064 0.058 | 0078 | 0.071 | 0.068 | 0499 | 0738

the binding site for which is present in all members of
all 3 groups), binding sites for a number of transcription
factor families are found in the 5’ 1kb flanking regions of
all members of group 1 (Supplementary Table S1A), group
2 (Supplementary Table S1B), and group 3 (Supplementary
Table S1C) genes. There are 12 Genomatix matrices unique
to group 1 crystallin promoters, six unique to group 2, and
41 unique to group 3 (Supplementary Fig. S3). The Geno-
matix matrices common to groups 1, 2, and 3 crystallins
are shown in Tables 5-7, respectively. Of the 51 Genomatix
matrices (representing binding sites recognized by 331 tran-
scription factors) common to group 1 promoter regions, 20
are common to all three crystallin groups, 2 are also found
in all group 2 but not 3 gene promoter regions, and 17 are
found in all group 3 but not 2 crystallin promoter regions.
Of the 331 transcription factors that bind to the matrix
sequences in group 1 only 13 are highly correlated with
expression levels of the group 1 genes themselves, includ-
ing four (HSF5, PPARG, SMADY, and HOXA10), for which
the binding site matrices are unique to group 1 (Table 5).
Similarly, of the 37 Genomatix matrices (recognized by 271
transcription factors) common to group 2 genes, two are
common with group 1 but not group 3, and nine are common
with group 3 but not group 1. Of the transcription factors
binding matrices common to group 2, 77 are highly corre-
lated with expression of the group 2 genes themselves,
of which four (CUX1, NR3C1, NR3C2, and PLAG1) bind
to matrices unique to group 2 genes (Table 6). Finally, of
the 87 Genomatix matrices (recognized by 528 transcrip-
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tion factors) common to group 3 genes, 17 are common
with group 1 but not group 2, and nine are common with
group 2 but not group 1. Of the transcription factors binding
matrices common to group 3, only 11 are highly correlated
with expression of the group 3 genes themselves, of which 4
(NKX6-3, POU4F1, ISL1 and LOC107049603) bind to a matrix
unique to group 3 genes (Table 7), although JUN binds to
two matrices, one of which is unique to group 3.

Another way in which to estimate the probability of a
transcription factor to be part of the regulatory mecha-
nism for coordinate control of the three groups of genes
is by combining the P value of the matrix to which it binds
with the average R’ value of that matrix for all crystallin
genes in the group. This is shown for transcription factors
with P < 0.05 and R?> > 0.9 in Supplementary Figure S4
and for the larger group of transcription factors with bind-
ing sites in all members of each group regardless of R* in
Supplementary Tables S2A-C. Although there is substantial
overlap in the transcription factors identified by these two
approaches, there are also some significant differences and
reordering of the candidate transcription factors. For exam-
ple, of the transcription factors predicted to bind to genes
of a single group, the only one included in Supplementary
Figure S3 is PLAG1 (group 2), although a number of others
almost made the cutoff (Supplementary Table S3). However,
there is a reasonable overlap between the two approaches
with eight group 1-specific transcription factors in common
(of 13 and nine in Table 5 and Supplementary Table S2A,
respectively), six group 2-specific transcription factors (of
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TaBLe 3. Coefficients of Correlation of the 30 Most Highly Expressed Genes Across the Lens Regions. Highly Expressed Crystallins Are
Shown at the Top of the Table. Correlation Coefficients Are Color Coded With red > 0.95; pink > 0.9; and blue < 0.5. Highly Expressed
Genes Are Grouped and Colored as in Table 1
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TaBLE 4. Correlation Coefficients of Known Lens Transcription Factors. Highly Expressed Transcription Factors Are Shown at the Top of
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the Table. Correlation Coefficients Are Color Coded With dark tan > 0.95; light tan > 0.9; and blue < 0.5

TF YBX1 [ CRCP | PNRC1 | BASP1 | YBX3 | PABPC1 | MAF | MAFF | MAF1
YBX1 0.46 0.64 | 0.65 | 0.73
CRCP 0.47 0.62 | 0.70 | 0.79
PNRC1 0.38 0.55 | 0.57 | 0.67
BASP1 0.39 0.53 | 0.62 | 0.72
YBX3 0.46 0.61 | 0.67 | 0.77
RACK1 0.31 0.46 | 0.52 | 0.63
KLF10 0.93 0.34 0.48 | 0.58 | 0.68
NR2C2 0.95 0.35 0.50 | 0.58 | 0.69
FOXE3 0.89 | 0.90 0.94 0.95 0.92 0.19 0.33 | 0.39 | 0.49
SOX2 0.49 | 0.54 0.94 0.38 052 | 0.63 | 0.73
PABPC1 | 0.46 | 0.47 0.38 0.39 0.46 0.93 | 0.87
MAF 0.64 | 0.62 0.55 0.53 0.61 0.93 | 0.91
MAFF 0.65 | 0.70 0.57 0.62 0.67 0.93 0.93

MAF1 0.73 | 0.79 0.67 0.72 0.77 0.87 0.91

PAX6 0.84 | 0.87 0.78 0.81 0.86 0.81 0.89

MAFG 0.12 [ 0.16 0.07 0.10 0.14 0.81 0.63 | 0.69 | 0.60
PITX3 0.34 | 0.22 0.27 0.17 0.24 0.54 0.64 | 0.37 | 0.35
KLF12 0.68 | 0.63 0.75 0.71 0.66 0.02 0.10 [ 0.11 0.19
MAFA 0.07 | 0.08 0.13 0.13 0.09 0.26 0.13 | 0.08 | 0.03
KLF6 0.18 | 0.18 0.25 0.25 0.19 0.14 0.04 | 0.02 | 0.00
PROX1 0.14 | 0.13 0.21 0.20 0.15 0.18 0.06 (| 0.04 | 0.01

TaBie 5. Coefficients of Determination of Transcription Factors Present in All group 1 Genes and R* > 0.9 Correlation Coefficients Are

Color Coded: light orange: 0.9-0.95 and dark orange: >0.95 and Unique Matrix Distribution

CRYAA | CRYBB2 | CRYAB | CRYBA2 Matrix Present in
V$HOMF | Groups 1 &2 & 3
V$FKHD | Groups 1 & 3 NOT 2
V$FKHD | Groups 1 & 3 NOT 2
V$CREB | Groups 1 & 3 NOT 2
RFX5 V$XBBF | Groups 1 &2 & 3

V$RXRF
V$KLFS
V$SMAD
V$HOXC
V$KLFS
V$ETSF

PPARG

oa0o1 |

KLF6 0.91806
0.91793

0.92939

0.92276
0.92301
0.93380

HOXA10

0.94763
0.91954

0.91887
0.89381

Groups

ERG

Groups 1 &2 & 3

15 and 58 in Table 6 and Supplementary Table S2B, 24-26

respectively), and one group 3-specific transcription factor
(of two and four in Table 7 and Supplementary Table S2C,

followed by the appearances of «- and B-crystallins.
Although transient nuclear accumulation of Crybb3 mRNA
has been shown in early but not late differentiating mouse

respectively). lens fiber cells,?” transfection and transgenic mouse exper-
iments have indicated that transcriptional control plays a
major role in regulation of crystallin gene expression in
DISCUSSION the lens,?® and coupled proteome-transcriptome analysis has

shown a high correlation between crystallin mRNA and
protein levels.? Thus it is reasonable to use crystallin mRNA
levels as a rough metric of crystallin gene expression, if not
actual crystallin protein levels.

Crystallin synthesis is spatially and temporally regulated in
the developing chicken lens, with §-crystallin appearing first
in the presumptive lens ectoderm during placode formation,
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Tasie 6. Coefficients of Determination of Transcription Factors Present in All Group 2 Genes and R?> > 0.9. Correlation Coefficients Are
Color Coded: light orange: 0.9-0.95 and dark orange: >0.95 and Unique Matrix Distribution
Group 2 TFs CRYBB1 | CRYBA4 | CRYGN | ASL1 ASL Matrix Present in
RARA VSRXRF | Matrix Groups 1,2 & 3
NR2C1 VSNR2F | Matrix Groups 1, 2 & 3
MSX2 VSHOMF | Matrix Groups 1,2 & 3
NR3C2 VSGREF
NFIC VSNFIF | Matrix Groups 1 & 2 NOT 3
ZNF76 VSSTAF | Matrix Groups 1,2 & 3
KLF8 VSKLFS | Matrix Groups 1, 2 & 3
NFE2L1 VSAPIR | Matrix Groups 1,2 & 3
PLAG1 VSPLAG
PAX5 VSPAX5 | Matrix Groups 1,2 & 3
ATF1 VSCREB | Matrix Groups 1, 2 & 3
CREB3L4 VSCREB | Matrix Groups 1,2 & 3
GLIS2 VSGLIF Matrix Groups 1, 2 & 3
GLIS2 VSGLIF | Matrix Groups 1, 2 & 3
BACH2 V$APIR | Matrix Groups 1,2 & 3
SP4 VSSP1F | Matrix Groups 1,2 & 3
NR2C2 VSNR2F | Matrix Groups 1, 2 & 3
FOXK1 VSFKHD | Matrix Groups 1, 2 & 3
NR2F6 VSNR2F | Matrix Groups 1, 2 & 3
PINX1 VS$SORY | Matrix Groups 1, 2 & 3
RBPJ VSSTAF | Matrix Groups 1,2 & 3
ETS2 VSETSF | Matrix Groups 1,2 & 3
ATF6B VSCREB | Matrix Groups 1, 2 & 3
NR3C1 V$GREF
NR2F2 VSNR2F | Matrix Groups 1,2 & 3
cux1 VSCLOX
CDCAT7L VS$SP1F | Matrix Groups 1,2 & 3
IKZF1 VSSTAF | Matrix Groups 1, 2 & 3
ZNF148 V$ZF02 | Matrix Groups 1, 2 & 3
sox2 VSSORY, [ Matrix Groups 1,2 & 3
V$STEM* | Matrix Groups 1 & 3 NOT 2
NFIA VSNF1F | Matrix Groups 1 &2 NOT 3
LOC107051537 VSRXRF | Matrix Groups 1,2 & 3
NFIX VSNFIF | Matrix Groups 1 &2 NOT 3
SOX9 VSSORY | Matrix Groups 1, 2 & 3
SP5 VSSPIF | Matrix Groups 1, 2 & 3
ATF4 VSCREB | Matrix Groups 1,2 & 3
ELF2 VSETSF | Matrix Groups 1,2 & 3
SOX5 VSSORY | Matrix Groups 1, 2 & 3
ILF3 VSNFAT | Matrix Groups 2 & 3 NOT 1
TBPL1 OSVTBP | Matrix Groups 2 & 3 NOT 1
GLI3 VSGLIF | Matrix Groups 1,2 & 3
GLI3 VSGLIF | Matrix Groups 1,2 & 3
CREB1 0.9499 VSCREB | Matrix Groups 1, 2 & 3
JDP2 0.94787 VS$CREB | Matrix Groups 1,2 & 3
GABPB1 0.94778 VSETSF | Matrix Groups 1,2 & 3
GLIS1 0.94741 VSGLIF | Matrix Groups 1, 2 & 3
GLIS1 0.94741 VSGLIF | Matrix Groups 1,2 & 3
MSX1 0.94497 VSHOMF | Matrix Groups 1,2 & 3
FOXP2 0.94389 VSFKHD | Matrix Groups 1,2 & 3
© ToF12 04382 VANEUR | Mot Groupe 2 & 3NOT 1
0 FOXJ3 0.94103 VSFKHD | Matrix Groups 1,2 & 3
% ILF2 0.93968 VSNFAT | Matrix Groups 2 & 3 NOT 1
—— HMX1 0.93951 VSHOMF | Matrix Groups 1, 2 & 3
O XBP1 0.93858 VSCREB | Matrix Groups 1, 2 & 3
w SCRT2 0.9383 VSSNAI | Matrix Groups 2 & 3 NOT 1
— NEX1 0.93579 VSXBBF | Matrix Groups 1, 2 & 3
© CTCF 0.93261 VSCTCF | Matrix Groups 1, 2 & 3
a CEBPG 0.92929 VSCEBP | Matrix Groups 1 & 2 NOT 3
— LOC107051108 | 0.92927 VSXBBF [ Matrix Groups 1, 2 & 3
> sp2 0.927% VSSPIF | Matrix Groups 1, 28 3
06 ETV6 0.92482 VSETSF | Matrix Groups 1,2 & 3
Yv2 0.92335 VSYYIF | Matrix Groups 2 & 3 NOT 1
> GABPA 0.93871 | 0.94818 VSETSF | Matrix Groups 1, 2 & 3
87 ATF2 092237 | 0.9386 VSCREB | Matrix Groups 1, 2 & 3
S s | s | osun [ oo 1280
E FOXP1 0.9373 | 0.94748 VSFKHD | Matrix Groups 1, 2 & 3
— RFX3 0.91544 | 0.93029 VSXBBF | Matrix Groups 1,2 & 3
© AP5Z1 0.91001 | 0.92638 VSFKHD | Matrix Groups 1,2 & 3
_E sP3 0.90578 | 0.93986 VSSPIF | Matrix Groups 1,238 3
- SNAI1 0.90257 | 0.93187 VSSNAI | Matrix Groups 2 & 3 NOT 1
o HOXB9 0.9001 | 0.93477 VSABDB | Matrix Groups 2 & 3 NOT 1
O SPI1 0.9356 | 0.9418 | 0.9422 | VSETSF | Matrix Groups 1,2 & 3.
NFIB 0.92873 | 0.93701 0.949 | VSNFIF | Matrix Groups 1 & 2 NOT 3
(O] X1 0.90649 | 003843 | 0.9476 VSHOMF | Matrix Groups 1, 2 & 3
._; ELF1 0.93955 | 0.94737 | 0.9134 | 0.9206 | 0.9214 | VSETSF | Matrix Groups 1, 2 & 3
© HMGA2 0.93476 | 093614 | 0.9474 | 0.9422 | 0.9376 | VSSORY | Matrix Groups 1,2 & 3
o)) NFATC3 0.92023 | 092428 | 0.942 | 0.9362 | 0.9318 | VSNFAT | Matrix Groups 2 & 3 NOT 1
= FOXO04 0.91748 | 093733 | 0.9207 | 0.9278 | 0.9304 | VSFKHD | Matrix Groups 1,2 & 3
[ RFX7 0.89892 | 091 | 0.9401 [ 0.9337 [ 0.9303 | VSXBBF | Matrix Groups 1, 2 & 3
g NFATS 0.89653 | 0.90902 | 0.9411 [ 0.9347 | 0.9315 [ VSNFAT | Matrix Groups 2 & 3 NOT 1
C
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Tasie 7. Coefficients of Determination of Transcription Factors Present in All Group 3 Genes and R?> > 0.9. Correlation Coefficients Are
Color Coded: light orange: 0.9-0.95 and dark orange: >0.95 and Unique Matrix Distribution

Group 3 TFs CRYBB3 CRYBA1

LOC107049603

0.945117295

Matrix Present in
VSNR2F | Matrix Groups1, 2& 3
VSHAND | Matrix Groups1, 2 & 3

VSAPIR | Matrix Groups1, 2& 3

0.940043275

VSIKRS | Matrix Groups1 &3 NOT 2

POU4F1

0.894242353

There are, however, several difficulties in this approach.
First, mRNA levels most closely correspond to the rate of
synthesis of their corresponding proteins and not their accu-
mulated protein levels. Second, an intrinsic problem in RNA-
Seq or other mRNA frequency data is that the estimated
mRNA levels are measured relative to the total mRNA pool
of the tissue. For example, a mRNA being expressed at a
constant level between the EC, EQ, FP, and FC compartments
would appear to decrease because of the massive amounts
of ASL1 expression, increasing from 2.5% in central epithelia
to 16% in central fibers.

One approach to resolving this problem has been normal-
izing mRNA levels to the DNA in extracted total nucleic
acid samples, providing mRNA levels per cell.*®* However,
this is somewhat problematic because the developing fiber
cells are elongating and expanding their volume rapidly
and beginning to degrade their nuclei during the transition
from cortical to nuclear fibers, making normalization diffi-
cult. Finally, there is the theoretical possibility of differential
mRNA turnover contributing to variations in RNA-Seq esti-
mates, although this seems unlikely given the high preva-
lence of ASL1 mRNA and its demonstrated long half-life
in the chicken lens.3' Because of these considerations, we
chose to use an average of 14 mRNAs commonly used as
controls in qRT-PCR studies.?!»*?> Because the NE values for
these genes varied from 40 (GAPDH) to 0.00059 (ALB), the
values for each control gene were first normalized to their
value in the central epithelia and then averaged. Other than
HMBS, most of the control genes decrease from the EQ to FP
compartments, consistent with the increase in ASL1 expres-
sion in FC (Supplementary Fig. S2). An additional complica-
tion is the possibility that the translation machinery of the
lens cells, including ribosomes, initiation factors, elongation
factors, and tRNAs, might become rate limiting during this
time of massive protein synthesis, increasing competition,
and lowering the amount of protein, perhaps differently for
each mRNA. This problem is beyond this work, which is
limited to analysis at the mRNA level.

The transition from cuboidal epithelial to elongated fiber
cells is a complex process in which multiple factors working
together regulate cell division, extracellular matrix and inte-
grin production, synthesis of structural proteins including
crystallins, and organelle loss.>* However, the mRNA expres-
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0.919482367 | VSNKX6

0.918900863 | VSLHXF

0.915439205 | VSBRNF

0.911887705 | VSNR2F | Matrix Groups1,2& 3

0.895316563 | VSKLFS | Matrix Groups1,2& 3
VS$CREB, Matrix Groups 1, 2 & 3, Matrix
VSAPIF | Group 3 only

sion data shown here suggest that much of the change in
lens crystallin mRNAs, both ubiquitous and taxon-specific,
occurs by the time the central epithelia have transitioned
into equatorial epithelia, and that accumulation of high
levels of groups 1 and 3 crystallin proteins in the fiber
cells has already been pre-programmed at the transcriptional
level at that point or even earlier in the case of CRYLI,
ENO1, and lactate dehydrogenase B. In contrast, group 2
crystallin mRNA levels continue to increase from the EQ
to FP compartments. The correlation of expression between
Cryba4 and Crybb1 in the mouse lens has been noted previ-
ously?” and felt to be related to the close physical proxim-
ity of the genes in a head-to-head orientation (about 3.3
kb, suggesting that they might share promoter or regula-
tory elements). However, strong correlation among groups
1, 2 and 3 crystallins suggests some further levels of control
in transcriptional regulation among members of the three
groups.

In the lens, alpha-crystallin plays a dual role as a major
refractive element and a molecular chaperone.’3* In our
data, ¢ A-crystallin is among the most highly expressed ubig-
uitous crystallins. Inoue et al.>> showed that in the chicken,
while the relative amount of «-crystallin protein to the
total lens crystallins is constant throughout development,
the ratio of the ¢A to aB subclasses increases from the
embryonic to adult stages. Conversely, our data show that
in the chicken, while the fraction of total crystallin mRNA
contributed by the a-crystallins decreases from the epithe-
lia to the fiber compartments, probably because of the
extremely high levels of §1-crystallin mRNA, the ratio of
the @A- to aB-crystallin mRNAs is constant, remaining about
4:1 across all different spatial regions of the 13d embryonic
chick lens.

The B- and y-crystallins, major components of the verte-
brate eye lens, form the By-crystallin superfamily sharing
a common structure and evolutionary origin from spore
coat proteins. However, avian lenses have generally been
considered to lack high levels of gamma crystallin. In
2009, Wilmarth et al.?® first detected the minor crystallin
yN-crystallin in chicken lenses and identified chicken yS-
crystallin as the first member of the y-crystallin family
observed in avian lenses. Our data confirm the presence
of ¥S and yN crystallin mRNAs at low abundance levels.
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Interestingly CRYGS mRNA levels are only very loosely
correlated with group 1, whereas those of CRYGN corre-
late strongly with group 2. Similarly, members of the -
crystallin family are divided among groups 1, 2, and 3,
with CRYBB2 and CRYBBAZ2 in group 1 along with the o-
crystallins; CRYB1 and CRYBA4 in group 2 along with ASL1
and 2 and CRYGN; and CRYBB3 and CRYBAL in group 3. In
a previous study, it has been reported that the SA4-crystallin
mRNA is present at 400-fold lower levels than the SB1-
crystallin mRNA in the 14-day embryonic chicken lens as
assayed by Northern blot hybridization analysis.>” Our RNA-
Seq experiments confirm the lower expression of chicken
CRYBAA4 relative to CRYBBI in all sections of the lens, but
the ratios were much lower, about 14-fold in the EC, increas-
ing to around 20-fold in the fibers.

The §-crystallin mRNAs accumulate rapidly during early
embryonic development? and decrease after hatching, disap-
pearing from the lens nucleus by about five months.>! This
suggests that §-crystallin in avians replaces y-crystallin in
mammals as the main protein component of the densely
packed protein-rich lens nucleus.® The §-crystallin is
arginosuccinate lyase,*® with two tandemly linked genes (§1
and 62) encoding proteins with 91% sequence identity.**4!
Although both genes are expressed to limited extents in non-
lens tissues,>43 the ASLI gene codes for the structural crys-
tallin whereas the ASL gene codes for the enzyme, and the
81-protein is approximately 100 times more prevalent in the
embryonic chicken lens than §2-crystallin, possibly because
of an enhancer in its third intron.*?%5 The ratio of ASL1/ASL
in our study was approximately 7 in the EC, rising to 93.5 in
the FC, consistent with the observation by Thomas et al.*°

Other highly expressed genes fall into several groups,
generally representing processes that are required for devel-
opment and elongation of the lens epithelia to form fiber
cells. One such process is intermediary metabolism, includ-
ing glycolysis and the pentose phosphate shunt, repre-
sented by LDHA (e-crystallin), GAPDH, ENO1, and TKT.
Although many of the taxon-specific crystallins are derived
from enzymes, it seems likely that these four are expressed
for their enzymatic activity because their expression levels
tend to decrease as the fiber cells differentiate although,
GAPDH, like most of the low-expression enzymes, is rela-
tively constant throughout all compartments (Supplemen-
tary Fig. S5). Another group comprises structural proteins
required for elongation and structural transformation of the
lens cells into fibers, including BFSPs, SPARCL1, and ACTB.
Interestingly, mRNA encoding VIM, which is replaced by the
beaded filament specific proteins in lens fiber cells,?’ is still
present at high levels in central fiber cells.

Finally, there is a rather large group of genes involved in
protein expression, including ribosomal proteins and trans-
lation factors, as well as a number of transcription factors,
including YBX1, which is expressed at disproportionally
high levels in the lens. YBX1 roughly correlates with group 2
crystallins (Table 3) but has no binding sites in the 5' regions
of any genes in this group. However, genes in groups 1,
2, and 3 each share binding sites for a largely nonoverlap-
ping set of transcription factors, and the mRNA levels of a
subset of these are highly correlated with their associated
crystallins across the lens subregions. These transcription
factors, alone or in combination, would be logical candi-
dates for effecting the correlated expression of genes in
groups 1, 2, and 3, as would those in Supplementary Figure
S4. Those transcription factors predicted to bind uniquely
to promoter regions of crystallins in their associated group
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would be particularly strong candidates, although transcrip-
tional control by interaction of multiple factors could compli-
cate this simplistic analysis, as could the effects of binding
pulse frequency and width, as well as amplitude on tran-
scriptional activation.® In addition, for practical reasons this
analysis is arbitrarily limited to transcription factor bind-
ing sites within 1 kb of the transcription start site, whereas
binding sites further distant are known to influence tran-
scriptional activity and would be missed unless another site
belonging to that same family was present within the 1 kb
limit.

The correlations of transcription factors with known
regulatory roles are generally consistent with this analy-
sis but demonstrate additional complexity in their actions.
Examples of this include Pax6, which is critical for develop-
ment of the eye field, and along with Sox2 activates a set of
genes including ASL1 and thus initiates early lens develop-
ment.*>5° However, as the S-crystallins are expressed Pax6
inhibits CRYBB1 and CRYGF and has complex effects on
ASL1 expression,’’™>> and Pax6 expression decreases from
the EC through EQ to very low levels in the fiber cells
(Supplementary Table S3), consistent with the increase in
CRYBBI1 expression across these regions, thus raising the
question of whether Pax6 might have similar inhibitory activ-
ity on any of the other group 2 crystallins. In contrast, Sox2,
which is known to act cooperatively in binding the ASL1
promoter,” and to activate CRYGF> and ASL1>? is tightly
correlated with group 2 crystallin mRNA expression as well
as PNRC1, BASP1, and YBX3 (Table 4). This interaction is
further complicated by Pax6 activating the Sox2 promoter
along with AP2 and Prox1.3% Similar studies comparing
mRNA levels between lens epithelia and fiber cells are gener-
ally consistent with these patterns of ubiquitous crystallin
and major transcription factor expression, although most
studies track expression in epithelia and fibers, and thus
a correlation could not be estimated precisely.’>>° However,
of the 13 transcription factors correlated with group 1 genes,
only six are present in the data reported by Zhao et al.,>® and
only two of these (CREB5 and KLF6) show increased expres-
sion from epithelia to fibers. Similarly, of the 77 transcription
factors correlated with group 2 genes, 63 are described by
Zhao et al.,”® and of these, 11 (MSX2, NR3C2, NFIC, KLF8,
NFE2L1, BACH2, SP4, ATF4, GLIS1, YY2, and NFAT5) show
increased expression in fibers relative to epithelia, whereas
of the 11 transcription factors correlated with group 3 genes,
five are described, and only expression of JUN increases
from epithelia to fiber cells (Supplementary Table S3).

Alternatively other mechanisms for transcriptional
control, including microRNAs and epigenetic regulation
such as DNA or histone methylation, that control groups
of genes might also be responsible for the coordinated
control.’” It is notable in this regard that all four crystallin
genes in group 1 and both crystallin genes in group 3 are
more highly methylated in fibers, whereas the opposite is
true of three of the five crystallin genes in group 2 (Table 2,
Supplementary Table S4; more detail in Disatham et al.,
manuscript submitted). The remaining two genes in group
2, ASL1 and ASL, are taxon-specific crystallins that show no
changes in methylation. The actual methylation levels and
the region of the gene in which the methylation differences
occur are shown in Supplementary Table S4.

In a broader sense, E13 days is relatively early in embry-
onic development, and it seems possible that various regions
of the lens epithelia are being defined during this period.
This is supported by examination of the pathways prominent
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in the EC and EQ regions (Supplementary Table S5). Among
others, pathways more prominent in the EC include cell cycle
components and control, protein processing, and extracel-
lular membrane and cell surface components and inter-
actions. Conversely, pathways more prominent in the EQ
include a number of signaling pathways including trans-
forming growth factor-f and some components of the ECM-
receptor pathways prominent in the EC. One weakness of
this analysis is that dissection of the various lens regions
were guided solely by their geographic position in the lens
rather than a functional compartmentalization, and a second
is that at least in mice, at E13 the germinative region has not
defined itself and lens epithelial cell division occurs through-
out the epithelia and is even still occurring in differentiating
fiber cells,*® so that the pathways in specific parts of the lens
epithelia might be better defined at a slightly later devel-
opmental stage. To accommodate a more-detailed examina-
tion of cellular activities that might be carried out by genes
expressed at relatively low levels a complete list of genes
and their expression levels across the four lens regions is
included as Supplementary Table S3.

In conclusion, our results indicate that the level of each
crystallin mRNA is controlled differentially and confirm and
extend previously reported gene expression patterns for
a variety of lens crystallins. The present study identifies
three coordinately regulated groups of highly expressed lens
proteins and provides a framework for future studies of
chicken lenses characterizing developmental, maturational,
and pathologic alterations in expression of chicken crys-
tallins and other highly expressed genes.
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