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Purposk. Crystallin gene expression during lens fiber cell differentiation is tightly spatially and
temporally regulated. A significant fraction of mammalian genes is transcribed from adjacent
promoters in opposite directions (“bidirectional” promoters). It is not known whether two
proximal genes located on the same allele are simultaneously transcribed.

MEerHODS. Mouse lens transcriptome was analyzed for paired genes whose transcriptional start
sites are separated by less than 5 kbp to identify coexpressed bidirectional promoter gene
pairs. To probe these transcriptional mechanisms, nascent transcription of Cryba4, Crybbl,
and Crybb3 genes from gene-rich part of chromosome 5 was visualized by RNA fluorescent in
situ hybridizations (RNA FISH) in individual lens fiber cell nuclei.

Resurts. Genome-wide lens transcriptome analysis by RNA-seq revealed that the Cryba4-
Crybb1 pair has the highest Pearson correlation coefficient between their steady-state mRNA
levels. Analysis of Cryba4 and Crybb1 nascent transcription revealed frequent simultaneous
expression of both genes from the same allele. Nascent Crybb3 transcript visualization in
“early” but not “late” differentiating lens fibers show nuclear accumulation of the spliced
Crybb3 transcripts that was not affected in abnormal lens fiber cell nuclei depleted of
chromatin remodeling enzyme Snf2h (Smarca5).

Concrusions. The current study shows for the first time that two highly expressed lens
crystallin genes, Cryba4 and Crybbl, can be simultaneously transcribed from adjacent
bidirectional promoters and do not show nuclear accumulation. In contrast, spliced Crybb3
mRNAs transiently accumulate in early lens fiber cell nuclei. The gene pairs coexpressed
during lens development showed significant enrichment in human “cataract” phenotype.

Keywords: crystallin, differentiation, denucleation, head-to-head genes, lens, nucleus, RNA
FISH, splicing

Cellular differentiation during embryonic development is
marked by temporally and spatially regulated gene
expression. Genes are located at different densities across the
chromosomes, including gene-rich regions and gene deserts.
Thus, multiple transcriptional events can occur in parallel,
including transcriptions in opposite and parallel directions. In
the human genome, bidirectional promoter gene pairs have
been found to make up approximately 11% of the genome.
There are potentially shared cis-elements between the promot-
ers of these bidirectional promoter gene pairs and these shared
elements are thought to regulate the gene expression by acting
on their promoters.' Furthermore, recordings of transcriptional
burst signals by live cell imaging has shown that regulation of
bidirectional promoters are likely controlled by transcriptional
hubs or cases where a single enhancer can control two

promoters simultaneously.”
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The ocular lens is an advantageous system to study
transcription and cellular differentiation. Lens is a transparent
tissue with two cellular compartments. The majority of the lens
is composed of lens fiber cells with an overlying monolayer of
cuboidal lens epithelial cells. Lens fiber cells differentiate from
postmitotic lens cell precursors through a series of steps,
including cell elongation, cell cycle exit by expression of cyclin-
dependent kinase inhibitors Cdknlb/p27 and Cdknlc/p57,
synthesis and accumulation of crystallin proteins, degradation
of subcellular organelles, and other tissue morphogenetic and
remodeling processes.S'6

Temporally and spatially regulated crystallin gene expres-
sion is the central pathway of the lens differentiation cascade.
Lens crystallins represent approximately 90% of lens water-
soluble proteins and are divided into evolutionarily conserved
vertebrate o-, f3-, and y-crystallin families. A pair of aA- and oB-
crystallins evolved from small heat shock proteins’ and exhibit
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protein chaperone-like and antiapoptotic activities in lens®®
and nonlens tissues.'™'' The B/y-crystallins evolved from an
ancestral calcium binding protein,12 through a common y-
crystallin precursor,'> and further separated into the B- and y-
crystallin subfamilies.®1%1> During lens fiber cell differentia-
tion, there is a temporal and spatial regulation in the
expression of individual o-, -, and y-crystallin genes; however,
it is not precisely known how these processes are regulated at
the transcriptional, posttranscriptional, translational, and
posttranslational levels to achieve the desired individual
crystallin protein composition and distribution within the
mature lens fibers.

The B-crystallin subfamily is divided into two groups,
including BA1/A3-, BA2-, and PBA4-, and B1-, fB2-, and (B3-
crystallins. 1415 Mutations in B-crystallin genes cause congenital
cataracts’® and other visual disorders.'”'® The majority of
these mutations include missense?*>* and nonsense muta-
tions.?>?® These six mouse B-crystallin genes are located on
chromosomes 1, 5, and 11. On chromosome 5, four B-crystallin
genes are organized as two pairs, Cryba4-Crybbl1 and Crybb2-
Crybb3, separated by over 0.8-Mbp region containing at least
12 coding and noncoding genes. The Cryba4, Crybbl, and
Crybb3 mRNAs are expressed in the embryonic lens while
Crybb2 mRNAs are abundantly expressed in the postnatal
lenses.?” Its initial “low” levels are detected by RNA-seq in
E18.5 embryonic lenses.?®

The B-crystallin gene cluster can be used to probe multiple
mechanistic details of nascent transcription as the Cryba4 and
Crybbl1 transcriptional start sites are separated by only 3301 bp
of DNA and are transcribed in the opposite directions as a
“bidirectional” system." Several concepts have been proposed
for the existence of bidirectional promoter gene pairs, such as
coordinate expression of histone genes to maintain stoichio-
metric relationship, coexpression of genes functioning in the
same biological pathway to control expression of cell cycle
genes through different time points, and synchronized heat
shock responses.’

In differentiating lens fibers, transcription is restricted by
the denucleation process imposing additional limitations on
the efficiency of the transcription prior to nuclear degrada-
tion.”” Recent studies of nascent transcription in multiple
model cells and tissues revealed that the transcriptional
process occurs in bursts®® 2 and is executed by convoys of
20 to 30 molecules of RNA polymerase.>® Indeed, ChIP-seq
data identified RNA polymerase II all across the active crystallin
loci in lens chromatin, including their 5/-UTRs.3’4 Concomitant
with transcription, the mRNAs are spliced through a series of
events at or near the site of transcription. Spliced mRNAs are
transported out of the nucleus through the nuclear pore
complexes into the cytoplasm for translation. Retention of
transcripts within the nucleus for prolonged periods of time is
rare.>> Very little is known about the entire life course of
mRNAs both in the nucleus and cytoplasm in any region of the
lens.

Using bioinformatics and RNA-seq lens data, we first
analyzed mouse lens transcriptomes for bidirectional promoter
gene pairs and focused our experiments on head-to-head
Cryba4-Crybb1 gene pair to examine simultaneous expression
of these genes from a single allele by RNA fluorescent in situ
hybridizations (RNA FISH). In contrast, in the Crybb2-Crybb3
pair, only the Crybb3 mRNAs are abundant in early embryonic
stages. Our studies show nuclear accumulation of its spliced
mRNAs and this accumulation is temporally and spatially
regulated in differentiating lens fibers. Depletion of ATP-
dependent chromatin remodeling enzyme Snf2h (Smarca5)
from the lens does not affect the temporary nuclear
accumulation of Crybb3 mRNAs. In summary, these studies
provide novel insights into the complex dynamics of crystallin
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gene transcription and splicing in the differentiating lens
fibers.

MATERIALS AND METHODS

Mice and Tissue

Animal husbandry and experiments were conducted in
accordance with the approved protocol of the Albert Einstein
College of Medicine Animal Institute Committee and the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. Noon of the day vaginal plug was examined and was
considered as E0.5 of embryogenesis. Individual lenses were
harvested from E12.5, E14.5, and newborn (P0.5) FVB wild
type strain mice. Animals were euthanized by CO, and mouse
embryos were dissected from pregnant females. In some cases,
whole eyeballs were removed from the postnatal animals.
Tissues were then fixed in 4% paraformaldehyde at 4°C,
submerged in 30% sucrose overnight at 4°C, and embedded in
optimal cutting temperature (OCT). Serial sections were cut in
7-um thickness through the midsection of the lens then used
for hybridizations. A procedure to generate floxed Snf2h model
and conditional inactivation in the lens are described
elsewhere.**3® For all embryonic mouse studies the embryos
were removed from the womb, flushed, and fixed in 4%
paraformaldehyde overnight at 4°C, incubated overnight with
30% sucrose at 4°C, and then embedded in OCT medium
before cryosectioning. All animals were euthanized at approx-
imately the same time of day to remove any circadian rhythm
influence on transcriptional activity.

Computational and Bioinformatics Studies

The Refseq gene annotation for the mml0 version of the
mouse genome was downloaded from the UCSC genome
browser in June 2018. Only known coding transcripts (“NM™)
were used for the current study. In total, 20,591 adjacent gene
pairs on the same chromosome were identified. The shortest
distances between the transcriptional start sites (TSSs) of the
gene pairs were then calculated and 1692 pairs had distances
within 5 kb. Among them, 1643 gene pairs were detected by
lens epithelium and fiber RNA-seq data from embryonic E14.5
to newborn P0.5 lenses.”® The Pearson’s correlation coeffi-
cients (r) of the mean fragments per kilobase of transcript per
million mapped (FPKMs) reads from E14.5 to P0.5 epithelium
and fiber of each gene pair were calculated, with P values
corrected by Benjamini-Hochberg method for multiple testing
(Supplementary Table S1). The significantly coexpressed gene
pairs were selected by absolute value of > 0.9 and adjusted P
value < 0.05. The functional analysis of the coexpressed and
not coexpressed genes was conducted with the ToppGene.>®

RNA FISH Hybridizations and Imaging

A procedure to generate probes for detection of nascent
transcripts by RNA FISH and for RNA FISH and hybridization
and imaging in the lens is described elsewhere.” Briefly, a
probe library consisting of 12 to 48 probes of 20-bp length was
constructed against the exon regions of the genes of interest.
For the Crybb3 intronic probes, probes recognizing the first
intron were designed and used. Hybridization was conducted
overnight with fluorescently labelled probes using Quasar 570
and Quasar 670 fluorophores. Tissue sections were placed in a
1X decloaking buffer (10X Reveal Decloaking buffer; Biocare
Medical, Pacheco, CA, USA) used as an antigen retrieval agent
and underwent a series of heat and pressure treatments in a
decloaker. The sections were then washed and processed
through successive treatments with ammonia, sodium borohy-
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dride, and magnesium chloride to reduce autofluorescence
before undergoing overnight hybridization. After a brief wash
with PBS, the slides were mounted with Antifade (Molecular
Probes, Eugene, OR, USA) and nuclei were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI). Images were taken with
Carl Zeiss (Pleasanton, CA, USA) inverted fluorescence
microscope equipped with X100 and X63 oil-immersion
objectives. Quantification was done on stacks of 41 optical
sections with Z spacing of 0.2 um.m

Imaging and Image Analysis

A procedure for imaging, image processing, and image analysis
of RNA FISH data in the lens tissue is described elsewhere.””
Briefly, three-dimensional image data were acquired using the
Zeiss Axio Observer CLEM microscope (Carl Zeiss). Slides were
evaluated at X60 for the distribution of the fluorescence signal
(nascent transcription sites). All 41-image z-stacks were
compressed into one image using Maximum Projection in
Image] software (http://imagej.nih.gov/ij/; provided in the
public domain by the National Institutes of Health, Bethesda,
MD, USA). Only sites within nuclei were counted. The number
of nuclei in each field examined were also counted, including
those within designated regions where transcription sites were
not detected. Transcription sites were detected with Volocity
software (PerkinElmer, University of Warwick Science Park,
Coventry, CV4 7HS) that analyzed merged images with the
specific probes against the gene of interest and DAPI for
detection of nuclei. Transcription sites were automatically
detected only inside the nuclei using Volocity software.
Nuclear segmentation was carried out manually on a maximal
projection of the DAPI channel. Images were then deconvo-
luted in Volocity prior to any measurements. Thresholding
based on signal intensity, which uses Otsu’s method on the
histogram of intensities in the image, was used to separate
signal from background. The ‘mean pixel intensity’ was used
for quantifying and graphing the signal intensity values. The
data collected in the DAPI channel provided the boundaries of
nuclei in the specimen. P value of burst fraction was calculated
using Student’s #test and burst intensity was calculated using
Wilcoxon rank-sum test.

Image Analysis in the Lens: Four Regions of
Progressive Lens Fiber Cell Differentiation

In order to differentiate between the progressive stages of lens
fiber cell differentiation in the newborn lens, we divided the
lens tissue into four geometrically equal sections from the
periphery to the center of the lens starting from both the left
and right sides of the lens, labeled a, b, c, and d, respectively.29
The left and right sides of the lens tissue were treated
symmetrically. Lens tissue area a represents early differentiating
lens fiber cells, area b represents intermediate lens fiber cells,
area ¢ represents advanced lens fiber cells, and area d
represents terminally pre- and denucleated organelle free zone
(for details, see Fig. 3B).%

RESULTS

Analysis of Coexpression Patterns of Paired Genes
During Lens Development

To investigate the coexpression patterns of adjacent coding
genes during mouse lens development, we first collected
20,591 pairs of adjacent coding genes, including 4943 “head-
to-head,” 4944 “tailto-tail,” and 10,704 ‘“head-to-tail” pairs
(Fig. 1A). As expected, the shortest distances between the TSSs
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of the gene pairs showed a bimodal distribution (Fig. 1B) and
among the three types of gene pairs, “head-to-head” pairs had
significantly shortest distances (P values < 2.2¢71¢ by Mann-
Whitney U tests, Fig. 1C). We further examined the 1692 gene
pairs with distances less than 5 kb based on the first quantile of
“head-to-head” gene pairs (Fig. 1D and Supplementary Table
S2). The Pearson correlation coefficients were then calculated
based on mean FPKMs of the gene pairs in embryonic lens
development for the 1643 gene pairs detected in the RNA-seq
data.?® Among them, 296 gene pairs were found significantly
coexpressed during lens development, by 7 values more than
0.9 or less than —0.9 and adjusted P < 0.05 (256 positively
coexpressed and 40 negatively coexpressed pairs; Supplemen-
tary Table S$3). This analysis revealed that the Cryba4-Crybbl
pair was the top coexpressed gene pair followed by Col4a4-
Col4a3, Cpeb3-March5, Atg2b-Gskip, and Col4a6-Col4a5s (Fig.
1E).

Exploration of Underlying Contribution Factors
and Functional Classification of Coexpressed
Genes Pairs During Lens Development

As expected, the percentage of coexpressed genes for gene
pairs with distances less than 5 kb is much higher than the
gene pairs with distances more than 5 kb (18% vs. 11%).
However, we found that the coexpression of gene pairs within
5 kb was not correlated to distances between TSSs or
expression levels of genes (Figs. 2A, 2B, all P values > 0.05
and abs(») < 0.1). We further examined the 296 significantly
coexpressed gene pairs. As expected, 30 of 56 genes of histone
cluster 1 family members located on the mouse chromosome
13 were coexpressed throughout lens development. Using
ToppGene, we analyzed the functional enrichment of the
coexpressed and non-coexpressed gene pairs after excluding
the histone genes. Comparing the coexpressed genes versus
non-coexpressed ones, we found that “collagen—activated
tyrosine kinase receptor signaling pathway,” “fatty acid
beta—oxidation using acyl—-CoA dehydrogenase,” and “homo-
philic cell adhesion via plasma membrane adhesion molecules”
gene ontology (GO) terms were uniquely enriched in the
coexpressed genes. Interestingly, lens-associated human phe-
notypes, including “anterior lenticonus,” ‘“abnormality of
lens,” and “cataract,” were only enriched in coexpressed gene
pairs. Thirty-six of 569 genes (unique genes collected from 296
gene pairs) were characterized as cataract genes, accounting
for 6% of all coexpressed genes (Supplementary Table S4).
Given high abundance of both Cryba4 and Crybbl mRNAs in
embryonic lens fiber cells and opposite direction of their
transcription, analysis of this system offers an opportunity to
study nascent transcription from two adjacent alleles on the
same chromosome.

Nascent Transcription of Cryba4 and Crybbl
Genes

Two mouse P-crystallin gene pairs and their transcriptional
orientations are schematically shown in Figure 3A. Transcrip-
tion of Cryba4 and Crybbl genes occurs in opposite
directions. In contrast, transcription of Crybb2 and Crybb3 is
in the same orientation (Fig. 4). Different regions of lens fiber
cell compartments are shown in E14.5 and P0.5 lenses in
Figure 3B as established elsewhere.” Nascent Cryba4 and
Crybbl mRNA transcripts were thus simultaneously detected
by two sets of Quasar 570 (red) and Quasar 670 (green)
conjugated oligonucleotide probes to detect exons in individ-
ual lens fiber cell nuclei as described in Materials and Methods.
A single Cryba4-Crybbl allele generates two proximal hybrid-
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FiGure 1.

Analysis of expression of paired genes in mouse lens. (A) Organization of head-to-head, tail-to-tail, and head-to-tail genes. (B) Distribution

of distances between paired genes. (C) Distribution of distances of head-to-tail, tail-to-tail, and head-to-tail gene pairs. (D) Total numbers of three
types of paired genes within 5 kb of genomic DNA. (E) Top five head-to-head genes with the highest correlation of their mRNAs.

ization signals (“two foci”) if both adjacent genes are
expressed at the same time. Analysis of serial sections revealed
five types of foci distributions within each individual nucleus;
no nascent mRNA expression, expression of Cryba4 alone,
expression of Crybbl alone, adjacent expression of both
Cryba4 and Crybbl, and “distal” expression of both Cryba4
and Crybbl mRNAs originating from different alleles of
chromosome 5 (Fig. 3C). Quantification of 479 nuclei revealed
that approximately 40% and 56% of the nuclei within the
whole newborn mouse lens generates nascent Cryba4 and
Crybbl mRNAs, respectively (Fig. 3D). We found nascent
transcription of both Cryba4 and Crybbl genes, no transcrip-
tion of both genes, transcription of only Cryba4, and only
Crybbl in 28.8%, 33.8%, 11.6%, and 27.5% of nuclei,
respectively (Fig. 3D). In the group of nascent coexpressed
Cryba4 and Crybbl mRNAs, approximately 14% of the nuclei
from the whole lens show Crybbl and Cryba4 co-localization
with overlapping signal either from one or both alleles
indicating simultaneous transcription in the opposite direc-
tions (Fig. 3D). There is an almost equal percentage of cells
within newborn lens that transcribe both Cryba4 and Crybb1

(28.8%) versus those that transcribe neither Cryba4 or Crybbl
(33.8%). These data suggest there is no strong preference
toward cells either transcribing both Cryba4 and Crybbl or
toward cells transcribing neither Cryba4 or Crybbl. However,
the number of cells transcribing Crybb1 solely is much higher
(27.5%) than those transcribing only the Cryba4 gene (11.5%)
indicating that the lens fiber nuclei generate more Crybb1 than
Cryba4 mRNAs. On average, Crybbl appears to be “stronger”
in recruitment of the transcription machinery compared with
Cryba4. From these data, we conclude that that this head-to-
head gene pair does not possess any limitation to prevent
simultaneous nascent transcription in the opposite directions.

Nascent Transcription of the Mouse Crybb3 Gene

The gene-rich region of mouse chromosome 5 contains
another Crybb2-Crybb3 gene pair (Figs. 3A, 4). However,
transcriptions of these genes occur in the same direction (Fig.
3A). Expression of Crybb2 is detectable in lens fibers from
E18.5 while expression of Crybb3 is found in both lens
compartments from E12.5 (Fig. 5). Originally, we intended to
perform simultaneous visualization of four nascent Cryba4,
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Ficure 2. Distances between TSSs, expression levels of genes, or transcription direction patterns do not correlate with gene coexpression. (A) The
hexbin plots show log10(distances between the TSSs) together with Pearson correlation coefficients (x axis) for gene expression for three groups of
gene pairs. (B) The hexbin plots show log2(mean FPKM of the gene pairs) together with Pearson correlation coefficients (x axis) for gene
expression for three groups of gene pairs. (C) The dot plots show GO term and human phenotype enriched at coexpressed and non-coexpressed
gene pairs.
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Ficure 3. Nascent transcription of Cryba4 and Crybbl1 in differentiating lens fibers of newborn lens. (A) Schematic diagram of two mouse [3-
crystallin gene pairs on chromosome 5 showing bidirectional promoter arrangement of the Cryba4 and Crybb1 gene pair and same transcriptional
direction of the Crybb2 and Crybb3 gene pair. (B) Schematic diagram of E14.5 and P0.5 lens to indicate different regions of the lens fiber cells: areas
a, b, ¢, d (see Materials and Methods, Limi et al.29). (O) Visualization of Cryba4 and Crybb1 nascent mRNA coexpression in individual lens fiber cell
nuclei. Regions of colocalization of the Cryba4 and Crybb1 nascent transcripts originating from the same allele are indicated by yellow arrows. (D)
Quantitative analysis of nascent transcription of Cryba4 and Crybb1 genes showing percentage of nuclei expressing both genes, both genes from
the same allele, Cryba4 alone, Crybbl alone, or none of the two transcripts.

Crybbl, Crybb2, and Crybb3 mRNAs to further probe their
coexpression dynamics; however, we found additional abun-
dant Crybb3 mRNA nuclear foci (Fig. 5). To resolve these
unexpected findings, we designed a pair of individual RNA
FISH probe libraries recognizing either the introns or exons of
the Crybb3 mRNAs conjugated to two spectrally resolvable
fluorophores, Quasar 570 (red) and Quasar 670 (green),
respectively. Previous studies in liver and red blood cells have
shown that co-localization of signals recognized by these two
distinct probe sets corresponds to the nascent transcripts.>>>’
The earliest nascent B3-crystallin mRNA transcription in the
lens was examined in mouse E12.5 embryos in early
differentiating primary lens fibers; however, multiple hybrid-
ization signals (n > 2) specific for the exons were also detected
in individual nuclei (Fig. 5). Co-localization of both intron and
exon signals generated one or two yellow “foci” per nuclei
representing one or two actively transcribed alleles while
nuclei without intron/exon co-localization did not produce any
double signals observed as yellow dots/foci (Fig. 5). Additional

exon-specific signals (Quasar 670, green) are detected within
the cluster of nuclei in early differentiating lens fibers
suggesting that spliced primary transcripts are accumulated
inside of the nuclei at multiple locations. Thus, we achieved
visualization of nascent transcription of the $B3-crystallin gene
using intronic probes and demonstrate nuclear retention/
accumulation using exonic probes recognizing the spliced
mRNA transcripts in the lens fiber cells but not in the lens
epithelium.

To follow these findings, we next analyzed more advanced
E14.5 and PO.5 differentiating lens fibers. In E14.5 lenses, the
RNA FISH data resembled those identified at E12.5 (Fig. 6).
Accumulations of spliced Crybb3 mRNAs were found both in
early (area a) and advanced lens fibers (area ¢). In contrast, in
newborn mouse lens, the advanced lens fibers (area c, PO.5,
Fig. 6) that originally expressed Crybb3 (Fig. 5, E12.5 stage and
Fig. 6, E14.5 stage) no longer show any signal indicating that
the accumulated mRNAs were exported from the nuclei and
nascent transcription was attenuated. We propose that
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Ficure 4. Distribution of RNA-seq reads at the (A) BB2- and (B) BB3-crystallin gene expression in lens epithelium (blue) and lens fibers (red).

Results of triplicate experiments are shown in Zhao et al.*®
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Area a

Figure 5. RNA FISH analysis of BB3-crystallin nascent transcription
using exon- and intron-specific probes first detected in E12.5
embryonic mouse lens. Sites of exon/intron co-localizations of nascent
primary Crybb3 transcripts are indicated by yellow arrows.

developmentally controlled mRNA nascent transcription of
BB3-crystallin differs significantly from other crystallin genes
examined here (i.e., Cryba4 and Crybb1) and elsewhere (i.e.,
Cryaa, Crybbl, and Cryga).29

To dissect the developmental difference in nascent tran-
scription and nuclear retention, the transcription burst fraction
and burst intensity of the BB3-crystallin intronic/unspliced and
exonic/spliced mRNAs transcripts were measured between the
two developmental stages, E14.5 and newborn P0.5 lens fiber
cells (Fig. 7). The transcription burst fraction was measured as
“percent cells showing signal,” which refers to the percentage
of nuclei within the entire tissue actively transcribing the gene
(nascent transcripts) or retaining the spliced mRNA transcripts
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Ficure 6. Transient accumulation of spliced PB3-crystallin mRNAs in
the lens fiber cell nuclei in E14.5 lens and in P0.5 lens from periphery
to the center of the lens tissue. The progressive stages of differentiation
of the lens cells are shown by different regions of the tissue indicated
by areas a-c, from periphery to the center of the lens, respectively (see
Fig. 3B). Yellow arrows indicate areas of exon/intron co-localization.

(nuclear retained transcripts). There was a significant differ-
ence in the percentage of cells actively transcribing the
transcripts between the two developmental stages (Fig. 7A).
A significantly higher percentage of cells generate the B3-
crystallin nascent mRNAs in the embryonic E14.5 stage
compared with the newborn P0.5 stage (Fig. 7A). However,
the percentage of cells that retain the spliced pB3-crystallin
mRNAs within the nucleus (nuclear retained transcripts)
showed no significant difference between the E14.5 and P0.5
stages of development (Fig. 7A). In both the E14.5 and P0.5
stages of development examined, although there is slightly
higher percentage of cells with nuclear retention of the B3-
crystallin transcripts than those actively transcribing the
transcript, the differences were not found significant (Fig. 7A).

The difference in signal intensity of the primary spliced/
nuclear retained fB3-crystallin mRNAs was significant between
E14.5 and PO.5 lenses, with a higher signal intensity in the
earlier E14.5 stage compared with the newborn stage (Fig. 7B).
Embryonic E14.5 lens thus shows a higher amount of nuclear
primary spliced transcripts that is retained compared with
P0.5. The BB3-crystallin is transcribed by cells all across the
lens fiber cell compartment in the early E14.5 developmental
stage and the number of BB3-crystallin transcripts retained
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Ficure 7. Quantification of transcriptional burst fraction and intensity
of the BB3-crystallin gene in E14.5 versus P0.5 lens. (A) Burst fraction
measured as percent cells within the entire lens tissue showing either
intronic signal (nascent transcript) or exonic signal (nuclear retained
transcripts). (B) Burst intensity measured as signal intensity in arbitrary
units (a.u.) of the exonic signals (nuclear retained transcripts) within
the nuclei of the entire lens tissue. Significance value shown by P value
and nonsignificance is indicated by n.s., (n = 3 biological replicates).

within the nuclei is higher than that of in P0.5 differentiated
lens. These findings support a model proposing that at earlier
stages B3-crystallin is being produced for storage rather than
utilization, and at later stages Crybb3 mRNAs are fully used by
the translational systems.

Nascent transcription of three crystallin genes, including
Cryaa, Crybbl, and Cryga, is disrupted in lenses that are
depleted of the multifunctional ATP-dependent chromatin
remodeling enzyme Snf2h (Smarca5). This enzyme regulates
both transcription and DNA rep:;lir.41 In addition, Snf2h-null
lenses retain their nuclei.®” Thus, it is important to determine if
these abnormal nuclei are capable of expressing Crybb3 and
whether there are any abnormalities related to the accumula-
tion and delayed export of spliced Crybb3 mRNAs. The B3-
crystallin intronic (nascent transcription) and exonic (nuclear
retention) transcripts are shown in Snf2h-null newborn lens
fiber cells (Fig. 8) and the control lens fiber nuclei are shown in
Figure 6 from wild-type (WT) newborn P0.5 lens. The mutated
nuclei show similar patterns of foci that illuminate nascent
sites of transcription as well as nuclear accumulation of spliced
Crybb3 mRNAs. There are also nuclei devoid of any signal
indicating that depletion of Snf2h does not directly or
indirectly influence either process.

To further examine a mechanistic link between chromatin
remodeling on nascent transcription and nuclear retention the
transcription, burst fraction and burst intensity of the [B3-
crystallin intronic (nascent transcripts) and exonic transcripts
(nuclear retained transcripts) were measured between WT and
Sn2h-null newborn (P0.5) lens fiber cells (Figs. 8, 9).
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Ficure 8. Transient accumulation of spliced PB3-crystallin mRNAs in
newborn lens fiber cell nuclei following depletion of Snf2h. RNA-FISH
images of B3-crystallin nascent transcripts within different areas of
the Snf2h-null newborn lens tissue from periphery to the center of the
lens indicated by areas a-c, respectively. Yellow arrows indicate co-
localization of the BB3-crystallin intronic and exonic signals.
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FiGure 9. Analysis of transcriptional bursting parameters of BB3-
crystallin gene in WT versus Snf2h-null newborn (P0.5) mouse lenses.
(A) Transcriptional burst fraction of BB3-crystallin transcripts measured
as percent cells within the entire lens tissue showing either intronic
signal (nascent transcript) or exonic signal (nuclear retained tran-
scripts). (B) Transcriptional burst intensity of PB3-crystallin transcripts
measured as signal intensity of exonic signal (nuclear retained
transcripts) in arbitrary units (a.u.) in WT versus Snf2h-null lens.
Significance value of n.s. indicates not significant (z = 3 biological
replicates).
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Figure 10. Comparative RNA-seq analysis of the B3-crystallin gene
expression in E14.5 versus newborn P0.5 lens fiber cells. Significant
upregulation of BB3-crystallin gene expression was found as lens
development progresses using primary data we published elsewhere.*®

Transcription burst fraction of nascent mRNA transcripts
encoding the BB3-crystallin showed no significant difference
between WT and Snf2h-null newborn lens fiber cells. Likewise,
there was no significant difference between WT and Snf2h-null
newborn lens fibers in the percentage of cell nuclei that
accumulated the spliced exonic BB3-crystallin transcripts (Fig.
9A). When comparing the signal intensity of the nuclear
retained BB3-crystallin spliced exonic transcripts between W'T
and Snf2h-null newborn lens fibers, there was also no
significant difference between these lenses (Fig. 9B). This
suggests that chromatin remodeling by Snf2h does not affect
the number of cell nuclei actively transcribing the (B3-
crystallin gene nor does this enzyme play a role in nuclear
retention of this gene. Similarly, our previous study has shown
that Snf2h also does not affect transcriptional bursting
parameters of the other gene from the PB3-crystallin group
member, the BB1-crystallin.”” We conclude that although Snf2h
has different specific roles for different genes during transcrip-
tion depending on the gene being studied it does not play a role
in the PB3-crystallin gene burst fraction or nuclear retention.

Finally, the overall steady-state level of fB3-crystallin gene
expression was assessed using RNA-seq in E14.5 and P0.5 lens
(Fig. 10). The RNA-seq data do not show any sign of intronic
transcript expression within the newborn PO0.5 lens; the
majority of the analyzed transcripts comprise spliced exons
(Fig. 49). In E14.5 lens fiber cells, the RNA-seq data show very
low levels of primary transcripts, including the last intron (Fig.
4). The steady-state RNA expression level by RNA-seq shows
that the overall gene expression level of BB3-crystallin mRNA is
significantly higher in the newborn P0.5 lens compared with
the E14.5 embryonic lens (Fig. 10). This indicates that the total
gene expression level of BB3-crystallin increases as lens
development progresses.

DISCcUSSION

The goal of the present studies was to explore lens tran-
scriptome to identify individual genes to study general
regulatory mechanisms of transcriptional control. In the first
part, we identified a pair of Cryba4-Crybb1 crystallin genes as
the most highly correlated head-to-head pair at the steady-state
mRNA levels. We then demonstrate that both of these genes
can be simultaneously transcribed from the same allele in the
opposite directions. In the second part, we found an
unexpected transient accumulation of spliced Crybb3 mRNAs
in differentiating lens fiber cell nuclei that differs from other
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crystallin mRNAs, such as those encoding oA-, fA4-, fB1-, and
YA-crystallins.

The bidirectional genes represent a significant portion of
coding capacity of the human and mouse genomes.' It has
been shown previously that in humans, a majority of
bidirectional promoter gene pairs are coexpressed to a higher
degree than random gene pairs but a few of the pairs can also
compete with each other for gene expression. In the case
where only one gene is expressed from the bidirectional
promoter gene pair, the promoter of one gene may suppress
the expression of the other gene due to competition for
polymerases, competition for chromatin modifiers, absence of
tissue-specific regulatory regions in one gene, or tissue-specific
transcription factors.*> These models of action are not
mutually exclusive. In other cases, it has been shown that
linked reporter genes with an enhancer sequence inserted
between the two genes display coordinated transcription
profile by that shared enhancer.” Our data show, that at least
in case of the Cryba4-Crybbl pair, there are no restrictions
that prevent parallel formation of transcriptional machineries
and their actions as RNA polymerase II convoys in opposite
orientations. Although there are differences in the spatial
distribution of nascent transcription between the two genes as
lens fibers differentiate and the transcriptional burst changes of
Crybbl during lens differentiation has been previously
addressed® a proportion of the nuclei with overlapping
Cryba4-Crybbl nascent transcription sites still show co-
localization.

Transient nuclear accumulation of spliced mRNAs has
been reported in a number of systems, including liver,
intestine, and pancreas.®® It has been proposed that nuclear
retention of transcripts may function to reduce gene
expression noise caused by cell-to-cell variability in gene
expression®® or serve as backup storage in case of physiologic
stress in the cellular environment.*? Using RNA FISH, our
earlier studies of aA-, BB1-, and yA-crystallins did not reveal
any abundant nuclear accumulation of their mRNAs.>® In
contrast, the present studies show that in early developmental
stages of lens fiber differentiation (E12.5 and E14.5), lens fiber
cell nuclei show both nascent PB3-crystallin transcripts as
well as nuclear accumulation of their spliced transcripts. In
lens fiber cell nuclei approaching their physical destruction in
the newborn lens, the Crybb3 foci are no longer present,
indicating that the previously accumulated mRNAs were
completely transferred into the cytoplasm as B3-crystallin is
highly abundant crystallin in lens fibers.

The present data show that depletion of Snf2h and
persistence of abnormal nuclei in mutated lens fibers does
not disrupt the Crybb3 mRNA synthesis and its transient
nuclear localization. Because coordinated crystallin gene
expression is critical for lens development it is expected that
a core set of regulatory factors, including the chromatin
remodeler Snf2h may regulate transcriptional bursting at
crystallin genes. We found that while Snf2h regulates
transcriptional bursting of oA- and yA-crystallin it has no effect
on PBBl-crystallin®® or BB3-crystallin (Fig. 9). Therefore,
expression of BB3-crystallin appears to be regulated by other
factors and mechanisms. This is evidenced by nuclear
accumulation of Crybb3-spliced mRNAs at distinct develop-
mental stages that has not been seen with other crystallin
mRNAs. Because most mRNAs are rapidly transcribed and
processed at their sites of transcription then transported out of
the nucleus into the cytoplasm for translation, the nuclear
retention of this particular crystallin mRNAs raises an
interesting possibility that this mechanism evolved to delay
translation of the corresponding mRNAs to optimize the
cytoplasmic production line of different crystallin proteins.
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The RNA-binding proteins that control mRNA cycles in the
lens remain elusive. Novel insights were also obtained
regarding the cytoplasmic control of multiple crystallin genes
by the translational initiation factor eIF3h.*> Recent studies
have also shown that posttranscriptional regulation of lens
fiber cell RNAs can be disrupted by mutations in multiple
genes, including cytoplasmic RNA granule protein Tdrd7,%°
RNA-binding protein caprin 2,7 and RNA-binding protein
Celf1.* Our identification of RNA-binding proteins with
different abundance in lens epithelium and lens fiber cells
provides ample opportunities to initiate research to better
understand the transcriptional-translational machineries in the
lens. 4

In conclusion, the present studies shed new light into lens
fiber cell differentiation, mechanisms of crystallin gene
transcription, and specific nuclear retention of spliced Crybb3
mRNAs. The gene pairs coexpressed during embryonic lens
development show significant enrichment in human “cataract”
phenotype and can serve as additional models to study
coordinated gene expression in lens differentiation and pave
the roads for follow-up studies of RNA biology in the lens and
formation of cataracts.
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