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Genes are transcribed in irregular pulses of activity termed
transcriptional bursts. Cellular differentiation requires coordi-
nated gene expression; however, it is unknown whether the
burst fraction (i.e. the number of active phases of transcription)
or size/intensity (the number of RNA molecules produced
within a burst) changes during cell differentiation. In the ocular
lens, the positions of lens fiber cells correlate precisely with their
differentiation status, and the most advanced cells degrade their
nuclei. Here, we examined the transcriptional parameters of the
�-actin and lens differentiation–specific �-, �-, and �-crystallin
genes by RNA fluorescent in situ hybridization (FISH) in the
lenses of embryonic day (E) E12.5, E14.5, and E16.5 mouse
embryos and newborns. We found that cellular differentiation
dramatically alters the burst fraction in synchronized waves
across the lens fiber cell compartment with less dramatic
changes in burst intensity. Surprisingly, we observed nascent
transcription of multiple genes in nuclei just before nuclear
destruction. Nuclear condensation was accompanied by trans-
fer of nuclear proteins, including histone and nonhistone
proteins, to the cytoplasm. Although lens-specific deletion of
the chromatin remodeler SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin subfamily A member 5
(Smarca5/Snf2h) interfered with denucleation, persisting nuclei
remained transcriptionally competent and exhibited changes in
both burst intensity and fraction depending on the gene exam-
ined. Our results uncover the mechanisms of nascent transcrip-
tional control during differentiation and chromatin remodel-
ing, confirm the burst fraction as the major factor adjusting gene
expression levels, and reveal transcriptional competence of fiber
cell nuclei even as they approach disintegration.

Studies of nascent transcription in a range of cell lines, pri-
mary cells, and a few tissues have shown that it occurs in bursts,
i.e. oscillating between periods of activity and inactivity (1–3).

Nascent RNA transcription can be visualized by RNA fluores-
cent in situ hybridizations (RNA FISH)2 (4). Transcriptional
bursting originates from stochasticity of transcriptional com-
ponent concentrations and localization within a population of
cells (5–7). During the active period, groups of closely spaced
RNA polymerases II, termed convoys, originate by the Media-
tor-dependent re-initiation mechanisms at the promoter and
transcribe the downstream DNA (8, 9). Quantitatively, it has
been shown that individual cells modulate transcriptional out-
put by regulating the number of active phases of transcription
(“burst fraction”) and/or the number of nascent RNA molecules
produced within a burst (“burst size”); the duration of active
and inactive phases of transcription (“burst duration”) is
another quantitative parameter (10). The number of active
transcription sites (TSs) in a cell population can be used to
measure the burst fraction. The burst fraction is related to the
proportion of time each TS transcribes the gene when live cell
recordings are conducted or to the proportion of active alleles
per multiple individual nuclei when nascent transcription is
analyzed by RNA FISH in fixed cells or tissues (5, 11, 12).
Although a number of studies investigated bursting parameters
in unicellular organisms and cultured cells, very little is known
about how cellular differentiation in mammalian tissues is reg-
ulated by transcriptional bursting (11–13).

Cellular differentiation is marked by an increased expression
level of batteries of genes encoding proteins needed for cell
specialization and complex organ formation. Tissue-specific
gene expression is typically regulated by a tissue-specific pro-
moter coupled with multiple differentiation-regulated distal
enhancers or by a promoter regulated by one or more tissue-
specific enhancer(s) (14, 15). Recent studies have shown that
enhancers control burst fraction in Drosophila embryos (16)
and mammalian erythrocytes (17). Individual core promoter
elements of a major histocompatibility complex class I gene
promoter contribute to burst frequency, size, or both in
response to �-interferon stimulation (18). The transcription
factor concentration, after MAPK induction, also modulates
the c-Fos burst fraction in cultured cells (19). Interestingly, the
lifetime of RNA polymerase II convoys, as well as the number of
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mRNAs synthesized, is increased following serum stimulation
of the �-actin gene in cultured fibroblasts (20). However, how
individual cells and tissues manage their transcriptional out-
puts during in vivo cellular differentiation to control burst frac-
tion and size remains unknown.

The identification and characterization of patterns of tran-
scriptional bursting during cellular differentiation would be
greatly facilitated by studying a tissue in which the temporal
order and stage of differentiation within the tissue are easily
determined. The mammalian ocular lens is composed of two

compartments: the anterior lens epithelium and the “posterior”
bulk of the lens formed by highly elongated lens fibers. During
embryogenesis, a polarized hollow lens vesicle is formed
(mouse E11.5 embryos), and its anterior part forms the epithe-
lium, and the posterior part differentiates into the primary fiber
cells (E11.5–14.5, Fig. 1A). Lens fibers in early differentiation
are located in the outer shells of cells whereas each row of the
cells toward the center of the lens represents more advanced
stages of fiber cell differentiation (Fig. 1) (21–23). Subsequently,
secondary lens fibers are added from lens epithelial cells located

Figure 1. Stages of lens fiber cell differentiation. A, diagrammatic summary of E12.5–E14.5 lens and progressive stages of lens fiber cell differentiation (early,
intermediate, advanced, and terminally pre- and denucleated indicated by letters a, b, c, and d, respectively). The E14.5 lens is composed of the undifferentiated
anterior epithelium and primary lens fibers. The inner lens fiber cell layers represent more differentiated cell. B, diagrammatic summary of E16.5–P1 lens and
progressive stages of lens fiber cell differentiation (early, intermediate, advanced, and terminally pre- and denucleated organelle free zone, indicated by letters
a, b, c, and d, respectively). The newborn lens contains the primary lens fiber cells in its core, whereas new secondary lens fibers are added, and the lens continue
to grow throughout the life span.
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at the equatorial region to drive lens growth. Differentiating
lens cells extend their length a thousand-fold (23). The main
transcriptional output of the lens fiber cells consists of multiple
crystallin genes, classified into �-, �-, and �-crystallin families
(24). Expression of the majority of crystallin genes increases
within 2 or more orders of magnitude between lens epithelium
and fibers measured as steady-state RNA levels by RNA-seq
(25). Ultimately, the crystallins reach as much as �450 mg/ml
total protein concentration in the central fiber cell cytoplasm
(23). Crystallin gene loci display high abundance of RNA poly-
merase II within their coding regions and 3�-UTRs by ChIP-seq
in lens chromatin (25). The use of RNA FISH in the lens can
allow visualization of transcriptional dynamics of individual
crystallin genes and aid in understanding how gene transcrip-
tion is regulated during cellular differentiation at the single-cell
level.

To prevent light scattering, lens fiber cell terminal differen-
tiation also includes tightly regulated degradation of subcellular
organelles, including the mitochondria, endoplasmic reticu-
lum, Golgi apparatus, and nuclei (26, 27). Degradation of nuclei
terminates transcription. Thus, during a narrow window of
time, lens fiber cell transcription has to meet various demands

of the system prior its cessation. For example, between E11.5
and E14.5 of mouse embryonic development, the elongating
primary lens fibers reach the anterior cells of the lens vesicle.
The organelle free zone (OFZ) in the lens center, i.e. original
primary lens fiber compartment (Fig. 1B), is formed between
E16.5 and E18.5 (26). The newborn lens (P1) is composed from
all different stages of lens fibers cells, i.e. early, intermediate,
advanced, and terminally (pre- and denucleated) differentiated
cells (Fig. 1B). The cellular and molecular mechanisms under-
lying formation of the OFZ remain poorly understood; never-
theless, phosphorylation of nuclear lamin A/C by Cdk1 regu-
lated by Cdkn1b (p27) is involved (28, 29). During denucleation,
the elongated “ovoid-like” lens fiber cell nuclei first change
their shape into a more sphere-like structure, and with contin-
uous chromatin condensation their size is gradually reduced,
followed by abrupt disintegration of the nuclei into multiple
apoptotic-like particles (30, 31). Lens fiber cell denucleation
can be blocked by mutations in a group of genes; for example,
the ATP-dependent chromatin–remodeling enzyme Snf2h
(Smarca5) is required for this process through regulation of
transcription factor Hsf4 and its target the Dnase2b gene (32),
which encodes a lysosomal enzyme that degrades lens nuclear
DNA (33). In other systems, Snf2h regulates a variety of nuclear
processes, including assembly and sliding of nucleosomes along
the DNA strand, and has known functions as a positive or neg-
ative regulators in RNA polymerase II transcription (34 –37).

Here, we examined �-actin, �A-, �B1-, and �A-crystallin
nascent transcription and determined transcriptional bursting
parameters during lens differentiation. Transcription of �-ac-
tin is developmentally regulated in lens. We found that highly
condensed nuclei just prior their destruction still transcribe
�A- and �B1- but not �A-crystallin gene. Transcription of the
crystallins is mostly regulated by burst fraction and is spatially
regulated. Analysis of nuclear condensation shows transfer of
the nuclear materials through the porous nuclear membrane
prior to the final nuclear disintegration.

Results

To establish RNA FISH in the mouse lens (Figs. 2–5), we first
developed multiple sets of exon-specific 20-mer oligonucleo-
tide probes that allow detection of nascent transcripts and
adjusted the hybridization conditions for lens tissue sections.
Diagrams of chromosomal localization of �-actin and crystallin
genes and fluorescent labels are shown in Fig. S1. Under these
conditions, expressions of the genes of interest were visualized
as one or two transcription sites per individual nuclei as shown
in newborn (P1) lens (Fig. 2). In early differentiating lens fiber
cells that have just exited the cell cycle, zero, one, or two TSs,
are detected for individual �-actin, �A-crystallin, and �B1-
crystallin genes (Fig. 2). Expression of �A-crystallin was also
detected in the nuclei of more differentiated cells. Use of
exon- and intron-specific probes recognizing �A-crystallin
mRNAs yielded spatial co-localization of both signals (Fig.
S2), consistent with earlier studies demonstrating that these
signals represent individual TSs (38, 39). Importantly, these
TSs co-localize with RNA polymerase II foci detected by
immunofluorescence as shown for all genes examined (Figs.
S3–S6). As expected, nascent transcription of �-actin and

Figure 2. Nascent transcription sites of various genes during newborn
mouse lens fiber cell differentiation show different spatial patterns of
transcription for each gene. RNA FISH was performed to show nascent tran-
scription sites of �-actin (Quasar 670, green), �A- (Quasar 570, red), �B1- (Cal
Fluor Red 610, yellow), and �A-crystallin (Quasar 670, green) genes at various
regions of differentiation in the newborn (P1) mouse lens fiber cells. The areas
analyzed are shown in Fig. 1. Regions a, b, and c indicate progressive stages of
differentiation throughout the lens tissue with region a being the least differ-
entiated and region c being the most highly differentiated. Region d in this
stage of lens development is where denucleation has occurred, and thus,
there are no intact nuclei in this region, only degraded pyknotic nuclear rem-
nants. Nuclei were stained by DAPI (blue) and outlined by dotted white lines. A
few of the signals are indicated by yellow arrows. Images of nuclei were mag-
nified and adjusted for brightness for viewing this figure. Scale bar, 10 �m.
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�A-crystallin but not of �B1- and �A-crystallins was also found
in lens epithelium (Fig. S7). Among these four genes, nascent
transcription of �A-crystallin was first reduced during lens
fiber differentiation prior to any major changes in nuclear mor-
phology even though the condensed nuclei just outside of the
OFZ express other genes, including �-actin, �B1-crystallin, and
�A-crystallin. These studies establish the temporal and spatial
order of �A- and �B1-crystallin transcription initiation before
that of �A-crystallin in differentiating lens fibers and demon-
strate transcriptional competence of structurally reorganized
nuclei approaching their destruction.

To evaluate expression of �-actin, �A-, �B1-, and �A-crys-
tallins during early stages of lens differentiation, we analyzed
E12.5, E14.5, and E16.5 embryonic lenses (Figs. 3–5). Expres-
sion of �-actin is found across all developmental stages
throughout the lens compartment. At E12.5, the early differen-
tiating primary lens fibers first transcribe �A-crystallins fol-
lowed by �B1-crystallins, but expression of the �A-crystallin is
sparse (Fig. 3). At E14.5, transcription of �A-crystallin is abun-
dant in early differentiating secondary lens fibers but delayed
compared with the �B1-crystallin (Fig. 4). At E16.5, the inner-
most nuclei of the primary lens fibers already condense, and
transcription of �A- but not �B1- and �A-crystallins is highly
reduced (Fig. 5). Additional analysis of the RNA FISH data and
RNA polymerase II shows that there is a notable reduction of
RNA polymerase II signals with the progression of lens fiber cell

differentiation (Fig. S3–S6). Interestingly, in lens fiber cell
nuclei adjacent to the OFZ, the strongest polymerase signals
match the nascent sites of the �B1- and �A-crystallin expres-
sion (Fig. S5–S6) indicating the possibility that these sites are
“protected” from the bulk chromatin condensation effects asso-
ciated with the denucleation process. Taken together, these
studies show that patterns of nascent crystallin transcription
(�A-crystallin transcription preceding �B1-crystallin tran-
scription followed by �A-crystallin transcription) identified
between E12.5 and E14.5 to form the primary fiber cell mass are
comparable with those established above in differentiating sec-
ondary lens fibers in newborn lens.

To evaluate transcriptional burst fractions of these individual
genes during lens differentiation, we examined E12.5, E14.5,
E16.5, and P1 lenses. Burst fractions were quantified as the per-
centage of transcribing alleles (Fig. 6) in each of the designated
areas, a, b, c, and d, i.e. from the periphery to the center of the
lens (Fig. 1). The data are displayed as box plots, which include
median values. The numbers of nuclei analyzed for each lens

Figure 3. Nascent transcription sites of various genes at embryonic
developmental stage E12.5 show different spatial patterns of transcrip-
tion for each gene. RNA FISH was performed to show nascent transcription
sites of �-actin, �A-, �B1-, and �A-crystallin genes in lens tissue regions a, b, c,
and d of E12.5 mouse embryonic stage. The areas analyzed are shown in Fig.
1. Regions a, b, c, and d indicate progressive stages of differentiation through-
out the lens tissue. Nuclei were stained by DAPI (blue) and outlined by dotted
white lines. Areas c and d are shown as a combination at these earlier embry-
onic developmental stages because it better represents the future region that
will eventually undergo denucleation in later developmental stages. Images
of nuclei were magnified and adjusted for brightness/contrast for viewing for
this figure. Scale bar, 10 �m.

Figure 4. Nascent transcription sites of various genes at embryonic
developmental stage E14.5 during mouse lens fiber cell differentiation
show different spatial patterns of transcription for each gene. RNA FISH
was performed to show nascent transcription sites of �-actin, �A-, �B1-, and
�A-crystallin genes in lens tissue regions a, b, c, and d of E14.5 mouse embry-
onic stage. The areas analyzed are shown in Fig. 1. Regions a, b, c, and d
indicate progressive stages of differentiation throughout the lens tissue.
Nuclei were stained by DAPI (blue) and outlined by dotted white lines. Areas c
and d are shown as a combination of one area at this earlier embryonic devel-
opmental stage because it better represents the future region that will even-
tually undergo denucleation in later developmental stages. Images of nuclei
were magnified and adjusted for brightness/contrast for viewing for this fig-
ure. Scale bar, 10 �m.
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area are summarized in Tables S2 and S3. Although it appears
that the �-actin burst fraction may be developmentally regu-
lated, at E14.5 the burst fraction for �-actin is significantly
higher for areas b and c versus area a; however, the changes in
the later stages of development, E16.5 and P1, are not statisti-
cally significant between areas a and b. At developmental stages
E12.5 and E14.5, there is a significant 2- and 3-fold increase in
�A- and �B1-crystallin transcriptional burst fraction, respec-
tively, from area a to area b followed by a decrease from area b to
areas c and d (Fig. 6). �A-crystallin is rarely expressed at E12.5,
but at E14.5 there is a 9-fold increase in the transcription burst
fraction of this gene from area a to area d. At the later stages of
lens development (E16.5 and P1), the transcriptional burst frac-
tion of �A-crystallin starts to significantly decrease from area a
to area c and/or d by a factor of 9.8- and a 13.5-fold at E16.5 and
P1, respectively (Fig. 6). �B1-crystallin burst fraction shows a
similar decreasing pattern as that of �A-crystallin from area a to
area c and/or d in the E16.5 and P1 stages of development
within a 1.8 –2-fold range of decrease between the areas com-
pared at both stages. In contrast, the �A-crystallin transcrip-
tional burst fraction at the E16.5 and P1 stages of development
shows an overall 3-fold increase from area a to area c/d at both
these stages (Fig. 6).

To analyze burst size, we directly quantified the normalized
fluorescence intensities of nascent TS of the four indicated
genes. The results are shown as box plots with median values
(Fig. 7). At E12.5, the transcriptional intensity of the �-actin
gene in each of the four compartments of the differentiating
fiber cells (areas a– d), the median intensity, as well as range of
maximal and minimal values appear stable with no significant
spatial changes. Although �A-crystallin gene is rarely expressed
at this stage, the few transcription sites that do appear do not
show any significant change in transcriptional intensity
between the different fiber compartments similar to �-actin
nascent transcription. In contrast, the intensities of �A- and
�B1-crystallin transcription increase about 1.2- and 1.6-fold at
the E12.5 stage of differentiation, respectively. At E14.5, tran-
scriptional intensity of �-actin, �A-, �B1-, and �A-crystallin
genes increases in the range of 1.1–1.3-fold between the lowest
and maximal median intensity values; the increase for �A- and
�B1-crystallin is statistically significant. At E16.5, although
there is some variability between the median intensities for
�-actin, there is an overall trend of relatively “stable” nascent
transcription across all four regions of differentiating lens fiber
cells. For the �A- and �B1-crystallin genes, there is a nonsignif-
icant 1.1–1.2-fold transcriptional intensity increase from dif-

Figure 5. Nascent transcription sites of various genes at embryonic developmental stage E16.5 during mouse lens fiber cell differentiation show
different spatial patterns of transcription for each gene. RNA FISH was performed to show nascent transcription sites of �-actin, �A-, �B1-, and �A-crystallin
genes in lens tissue regions a, b, c, and d of E16.5 mouse embryonic stage. The areas analyzed are shown in Fig. 1. Regions a, b, c, and d indicate progressive
stages of differentiation throughout the lens tissue. Nuclei was stained by DAPI (blue) and outlined by dotted white lines. Images of nuclei were magnified and
adjusted for brightness/contrast for viewing for this figure. Scale bar, 10 �m.
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ferentiation areas a– d. Thus, �B1- and �A-crystallin gene
shows a rather stable pattern of median intensities from early
fibers to advanced fibers preparing for denucleation. In con-

trast, �A-crystallin gene shows a moderate but significant
increase in the pattern of median intensities from early fibers to
fibers preparing for denucleation, from area a to area c. In P1

Figure 6. Quantification of transcriptional burst fraction of the �-actin, �A-, �B1-, and �A-crystallin gene throughout mouse lens development and
differentiation show varying patterns of transcriptional bursting for each gene. Transcription burst fraction is represented as percent alleles transcribed
from total number of nuclei within each lens tissue region a, b, c or d at various mouse embryonic and newborn developmental stages. * denotes significance
with p value �0.05; n.s. indicates not significant. Numbers of nuclei analyzed are given in Table S1. Standard deviations of these measurements are given in
Table S3.
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Figure 7. Transcriptional intensities of �-actin, �A-, �B1-, and �A-crystallin genes at mouse embryonic developmental stages E12.5, E14.5, E16.5, and
newborn P1 lens during lens cell differentiation show varying transcriptional bursting patterns for each gene. Representative experiments show mean
fluorescence intensities of nascent transcription sites of the four indicated genes at the indicated mouse developmental stages within each of the indicated
lens tissue areas. Data are shown as box plots to show the distribution. * denotes significance with p value �0.05; n.s. indicates not significant; a.u. denotes
arbitrary units. Number of TSs analyzed is shown in Table S2. Standard deviations of these measurements are given in Table S4.
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lens, representing all stages of differentiation, �-actin median
intensity shows a moderate but significant increase from early
fibers to fibers preparing for denucleation. The �A-crystallin
displays a maximum of intensity in intermediate secondary lens
fibers (area b). �B1-crystallin displays notable increases of tran-
scriptional intensity as cells differentiate, but no significant
change is seen for �A-crystallin.

Combined together, these studies show that nascent tran-
scription during lens differentiation is regulated by both tran-
scriptional burst fraction and intensity. The burst fraction
appears as the major factor driving changes in gene expression
of each crystallin gene as well as that of �-actin expression in
lens fiber cells. For example, there is as high as 3–9-fold
increases of burst fractions for �A-, �B1-, and �A-crystallins
when the lowest and highest % of transcribed alleles are com-

pared (Fig. 6). The intensity of transcription can also change as
much as 1.6-fold (namely in the �B1-crystallin at E12.5), but
transcription intensity changes are most frequently in the range
of 1.2–1.3-fold increase (Fig. 7).

Although the current model of denucleation during lens fiber
cell differentiation is linked to Cdk1-catalyzed phosphorylation
of lamin A/C (28), the changes in nuclear shape, size, and chro-
matin compaction detected here and in earlier studies suggest
that there are additional processes that occur inside of the
nuclei. Interestingly, a recent study showed that enucleating
red blood cells produce caspase-3– dependent nuclear open-
ings and release nuclear proteins into the cytoplasm (29, 41). To
address this release of proteins in lens fiber cell nuclei, we used
a panel of antibodies that probe both the nuclear envelope and
nuclear proteins of different sizes in newborn lenses. We first
co-localized lamin B1 and histone H3 proteins and compared
nuclear morphology and fluorescent intensities in the area of
early lens fiber cell differentiation in region a and in the OFZ
border in region c (Fig. 8). The nuclei just outside of the OFZ are
rounded, and the overall staining for both proteins was reduced
compared with the DAPI nuclear signal. Likewise, there are
notable differences in the H3K27me3 constitutive heterochro-
matin staining throughout the OFZ border suggesting protein
reduction. The punctae staining pattern of H3K27me3, which
marks the inactive X chromosome, gets dispersed or disappears
altogether in the rounded nuclei near the OFZ indicating open-
ing of the nucleosome and heterochromatin structures. The
post-translationally modified histone H2BK12Ac is a marker of
apoptosis (42). Nuclear staining pattern of this apoptotic
marker in the nuclei approaching degradation near the OFZ
shows no reduction of expression; however, a change in the
localization pattern from a homogeneous to a more specific
location toward the periphery of the nuclei is observed. Given
the size of H3 under 20 kDa, we next examined larger proteins,
including ATP-dependent chromatin-remodeling enzymes
Brg1 (Smarca4) and Snf2h (Smarca5) of 185 and 122 kDa,
respectively, that form multiprotein complexes between 0.5
and 2 MDa size (43). We also found notable reduction of Snf2h
nuclear staining and a slight reduction of Brg1 staining in the
nuclei just outside of the OFZ (Fig. 8). We conclude that like red
blood cells during chromatin condensation, lens fiber cell
nuclei also release both histone and nonhistone proteins into
the cytoplasm, and this release appears selective for certain pro-
teins in both systems.

Lens fiber cell denucleation defects are found when genes
encoding denucleation enzymes (Alox15, Cdk1, and Dnase2b),
chromatin regulators (Brg1/Smarca4, Ncoa6, and Snf2h/
Smarca5), DNA repair and related proteins (Ddb1, Nds1, and
p53), or transcription factors (Foxe3, Gata3, Hsf4, and p53) are
mutated (22). Previously, we found that depletion of the ATP-
dependent chromatin-remodeling enzyme Snf2h results in for-
mation of disorganized lens fiber cell mass, retention of their
nuclei, and absence of the epithelium (32). As it is not known
how any chromatin remodeler affects transcriptional bursting,
we analyzed these parameters in Snf2h null lens fiber cell nuclei.
It has been suggested that a trans-factor will affect transcription
burst size (44), but it has never been shown directly in any
mammalian tissue. Our data show that Snf2h-depleted nuclei

Figure 8. Denucleation of lens fiber cells is accompanied by nuclear con-
densation and transfer of nuclear proteins into the cytoplasm. Shown is
immunofluorescence analysis of lamin B1, histone H3, H3K27me3, H2BK12Ac,
Brg1, and Snf2h (Smarca5) in early differentiated lens fiber nuclei in region a
versus terminally differentiated nuclei about to undergo denucleation in
region c. The puncta staining pattern of H3K27me3 are sites of inactivated
X-chromosome. Images of nuclei were magnified and adjusted for brightness
for viewing for this figure. Scale bar, 10 �m.
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also change their shape and size, form RNA polymerase II high-
density areas (Fig. 9A), and retain expression of �-actin and
crystallin genes (Fig. 9B). Depletion of Snf2h leads to a signifi-
cant reduction of burst fraction of �- and �-crystallin genes and
of the �-actin gene but no significant reduction of the �B1-
crystallin gene burst fraction (Fig. 10A). Within this group of
four genes, a moderate but significant change in transcriptional
intensity was found for �-actin and �A-crystallin gene but not
for �A- and �B1-crystallin genes. There was a reduction in
transcriptional intensity in �A-crystallin transcription (Fig.
10B). There may also be possible “compensatory” effects, i.e.
reduction of burst fraction and increase in burst size, for
�-actin.

Discussion

In this study, we examined both the onset and termination of
nascent transcription of four genes encoding critical lens struc-
tural proteins in differentiating lens fibers and determined the
dynamic range of transcriptional bursting parameters during
normal cellular differentiation. We also probed these parame-
ters following depletion of Snf2h that affects chromatin remod-
eling and DNA accessibility. These studies prompted us to
reexamine cellular and molecular mechanisms of lens fiber cell
denucleation. The crystallin genes investigated here rank
among the most highly expressed genes in mammalian tissues.
The present studies provide direct evidence that during cellular
differentiation there are changes in both the burst fraction and

burst intensity of these genes. Specifically, we found marked
changes in the burst fraction of these crystallin genes, with
more moderate changes in the burst intensity parameter. A
summary model to show changes in transcriptional fraction
and intensity between early and advanced lens fibers is shown
in Fig. 11. Our data thus show that during cellular differentia-
tion the transcriptional system can increase its fraction size
within a 2–13-fold range scale whereas the transcriptional
intensity, proportional to the number of RNA polymerase II
molecules, operates rather within a narrow 1.1–1.6-fold range.

Despite the nuclear degradation process and accompanying
subnuclear changes, such as chromatin condensation, tran-
scription of multiple genes is resistant to these processes and
can be maintained just prior to the physical disintegration of
the condensed nuclei. Our study thus implicates novel mecha-
nisms to preserve active transcription of specific loci despite the
ongoing nuclear disintegration processes.

Quantitative studies of transcriptional bursting parameters
were previously conducted with �A-globin in red blood cells
(17), eight genes, including �-actin in liver (11), a few other
genes in cell lines, and several primary tissues (6, 45, 46).
Recently, RNA FISH was combined with single-cell RNA-seq to
determine zones of gene expression within distinct subregions
(hexagon-shaped “lobules”) of mouse liver (12). Although this is
an in vivo system to study cellular differentiation, the present
lens model offers a clear record of the differentiation processes.

Figure 9. Visualization of nascent transcription in WT and Snf2h null lenses. A, visualization of RNA polymerase (green), which are areas of high active
polymerase II density in nuclei of WT and Snf2h null lens. Sites of active RNA transcription shown by immunofluorescence of active RNA polymerase II in WT
versus Snf2h null lens at various regions of the tissue show distinct differences toward the center of the lens where terminal differentiation normally occurs. RNA
polymerase II punctae staining in WT lens include regions a, b, and c. Snf2h null lenses form disorganized lens fibers and lack the lens epithelium (31). B,
representative RNA FISH images of the four indicated genes in newborn WT versus Snf2h null mouse lens. Nuclei were stained by DAPI (blue) and outlined by
dotted white lines. A few of the signals are indicated by yellow arrows. Images of nuclei were magnified and adjusted for brightness for viewing for this figure.
Numbers of nuclei analyzed are shown in Tables S1 and S2, and standard deviations of these measurements are shown in Tables S3 and S4. Scale bar, 10 �m.
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Steady-state levels of globin and crystallin mRNAs, expressed
in erythrocytes and lens fibers, respectively, are comparable,
and their genes are marked by high RNA polymerase II occu-
pancy over both crystallin (25) and globin loci (47, 48), indi-

rectly supporting the concept of RNA polymerase II convoys
(8). In this study, we have analyzed transcriptional bursting
parameters in vivo during the highly temporally and spatially
ordered process of lens development. Our findings demon-

Figure 10. Analysis of transcriptional bursting parameters in nuclei following depletion of Snf2h in lens fiber cells shows distinct changes in tran-
scriptional bursting parameters for each gene. A, quantification of transcription burst fraction as of �-actin, �A-, �B1-, and �A-crystallin genes in newborn
WT versus Snf2h null mouse lens. The lens tissues in this experiment was not divided into areas a– d, but rather sets of nuclei were randomly chosen from all over
the tissue due to the disorganized nature of the Snf2h null lens. Transcription burst fraction shown as percent alleles transcribed within the whole tissue of each
gene, �-actin, �A-, �B1-, and �A-crystallin genes. B, transcriptional intensity measured by mean fluorescence intensities of nascent transcription sites of the
four indicated genes from the whole newborn mouse lens tissue. * denotes significance with p value �0.05; n.s. indicates not significant; a.u. denotes arbitrary
units. Numbers of nuclei analyzed are shown in Tables S1 and S2, and standard deviations of these measurements are shown in Tables S3 and S4.
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strate that differentiation is predominantly regulated at the
level of burst fraction (Fig. 11).

Any biological system operates under resource constraints
resulting in discontinuities. Transcriptional bursting has
already been linked to cellular economy and resource sharing
(50). Even if the transcription in lens fiber cells is additionally
limited by the nuclear degradation, our data show dynamic
changes mostly in burst fraction. This may reflect the fact that
the other parameter, the burst intensity, operates within a 1.3-
fold scale reflecting the mechanisms how RNA polymerase
convoys function (8, 9). Thus, if mRNA synthesis needs to be
highly increased like in differentiating lens fiber cells, the tran-
scriptional machinery has to operate using the burst fraction
parameter. The current data support this model.

The present data show that nascent transcription of �-actin
is developmentally regulated in lens (Figs. 6 and 7). Among the
four genes examined here, the �A- and �A-crystallins show the
highest change in burst fraction (Fig. 6, E14.5, E16.5, and P1
stages) and intensity/size (Fig. 7, E12.5 and E14.5 stages),
respectively. Two differentiation-regulated distal enhancers
reside within the 16-kbp mouse Cryaa locus (51, 52). In con-
trast, the individual �- or �-crystallin genes are regulated via
5�-extended promoters (53, 54). Furthermore, genome-wide
analysis of H3K4me1 and H3K27ac histone post-translational
modifications in lens chromatin (55) as reliable predictors of
enhancers (15) does not show any candidate distal enhancer for
�/�-crystallin genes. Our data thus show that independently of
the organization of the essential crystallin cis-acting regions of
transcription, nascent transcription is predominantly regulated
by transcriptional burst fraction.

The transcriptional burst size is related to the number of
RNA polymerase molecules engaged in the transcription pro-
cess (17). The present data show that lens fiber cell cellular
differentiation mostly operates within a 1.3-fold range of
transcriptional intensity/size and a 2–13-fold range of burst
fraction.

To interrogate the influence of chromatin remodeling on
bursting parameters, Snf2h-depleted lenses were analyzed in
detail. Analysis of the ATP-dependent chromatin remodeling
enzyme Snf2h loss-of-function lens model shows that the burst
fraction of the �A- and �A-crystallin genes was affected but not
of the �B1-crystallin. Burst intensity of only �-actin and
��-crystallin genes was affected. We propose that chromatin
remodelers contribute to the burst intensity possibly by affect-
ing DNA accessibility thus influencing transcriptional machin-
ery occupancy, enabling changes in histone modifications and
altering RNA polymerase density at specific regulatory regions.
Earlier findings demonstrated that Snf2h binds to the Cryaa
locus at the promoter region, and it has a direct role in tran-
scription in cytokine gene expression in T cells of the immune
system (37, 51). Snf2h can stabilize both an active or repressed
transcriptional state (56, 57). As Snf2h proteins are transferred
out of nuclei prior to denucleation, reduction of nuclear Snf2h
during the denucleation process could explain why cessation of
nascent �A-crystallin transcription is found in advanced lens
fibers.

Lens fiber cell denucleation could impose restrictions on
transcription; however, our data show transcriptional compe-
tence of nuclei as they approach the time of their destruction.
The RNA polymerase II-containing foci reduce their abun-
dance as the lens fiber cell nuclei condense their chromatin and
reduce their size in the preparation for their destruction. In
three denucleating cell types, i.e. erythrocytes, lens fibers, and
skin keratinocytes, the cells employ various common and dis-
tinct mechanisms. In maturing erythrocytes (proerythroblasts),
it has been recently shown that the nuclei form caspase 3-de-
pendent openings in the lamin B nuclear envelope through
which histones exit the nuclei into the cytoplasm (41), and the
orthochromatic nuclei are ultimately degraded outside the cell
(enucleated) by macrophages (58). The keratinocytes degrade
their nuclei via the apoptosis-distinct “cornification” process
(59), through lamin A/C disruption, and removal of the nucleus
by nucleophagy (60), whereas chromosomal DNA is degraded
by neutral DNase 1L2 (61). In contrast, lens-specific acid DNase
II� stored within lysosomes is needed for DNA degradation in
lens fibers (33), although normal OFZs are found in both
caspase-3 and caspase-3/6 null lenses (62). Based on the struc-
tural analysis of degrading keratinocyte nuclei, it has been pro-
posed that transcription within these nuclei is terminated (63);
however, our data show continuing expression of selected
genes even in highly condensed lens fiber cell nuclei. The pres-
ent findings show that histones and other proteins leave the
lens fiber cell nuclei during their nuclear compaction. In lens,
earlier studies have shown that Cdk1 phosphorylates lamins
A/C to facilitate the denucleation process (28, 29), and this may
induce structural changes of the nuclear Lamina needed for the
early exit of proteins. Our findings show that lens fiber cell
nuclei evolved internal nuclear reorganization processes to pre-

Figure 11. Summary models of transcriptional bursting during lens fiber
cell differentiation. Lens fiber cell differentiation is divided into three
phases, including “early,” “advanced,” and “late” stages, that correspond to
regions a, b, and c/d, respectively. The x axis represents time, and the y axis
represents transcriptional status “on” and “off.” Each bar represents one tran-
scriptional burst event. Each crystallin gene studied, Cryaa, Crybb1, and
Cryga, employs both bursting parameters, although transcriptional fraction
prevails over the transcriptional burst size. In the early lens fibers, transcrip-
tional burst fraction of these crystallins follows the Cryaa � Crybb1 � Cryga
pattern. In the advanced lens fibers, transcriptional fraction increases signifi-
cantly for each of these genes, whereas transcriptional size increases only
moderately. In the late lens fibers, expression of Cryaa is attenuated; expres-
sion of Crybb1 is moderately attenuated, and expression of Cryga is main-
tained at “maximal” levels despite the ongoing nuclear condensation, trans-
fer out of nuclear proteins, and denucleation.
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serve transcription of specific genes and suggest early release of
specific nuclear proteins into the cytoplasm while retaining
others such as Brg1.

Interestingly, lens-abundant �A- and �B-crystallins and
beaded filament structural protein 2 (Bfsp2) were also found in
the nuclei (43, 64 – 67) raising the possibility that these “late”
nuclear openings are permissive for a bidirectional traffic of
proteins. Additional mechanisms involve interactions of
�-crystallins with single-stranded regions of the �-crystallin
genes located between the start site of transcription and ATG to
augment their expression (64, 68), and �A-crystallin can bind
to histones H2B and H4 (67). It is possible that an influx of
cytoplasmic lens fiber proteins may target and protect the tran-
scriptionally active regions during the last stages of terminal
differentiation. The �A-crystallin, or perhaps HSP27, may be
just such a lens fiber cytoplasmic protein with chaperone
potential (65, 69). Use of fusion proteins expressed in the trans-
genic lens, including different fluorescent proteins, in combi-
nation with the MS2-binding site for RNA detection (70) will be
needed to further probe both the transcriptional processes and
denucleation cascade taking full advantage of lens transparency
and ordered differentiation of the lens fibers.

Materials and methods

Antibodies

Primary antibodies used for immunofluorescence alone and
immunofluorescence combined with RNA FISH were anti-
RNA polymerase II phospho-Ser-5 (Abcam, ab5131, 1:800),
anti-H3K4me3 (Millipore, 07-473, 1:1000), anti-H3K27me3
(Millipore, 07-449, 1:250), anti-H2BK12ac (Abcam, ab61228,
1:100), anti-Brg1 (Santa Cruz Biotechnology, sc-17796, 1:200),
anti-lamin B1 (Santa Cruz Biotechnology, sc-374015, 1:100),
and anti-histone H3 (Abcam, ab1791, 1:300).

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 the vaginal plug was exam-
ined was considered as E0.5 of embryogenesis. Individual lenses
were harvested from newborn FVB mice. Animals were eutha-
nized by CO2, and mouse embryos were dissected from preg-
nant females. In some cases, whole eyeballs were removed from
the postnatal animals. Tissues were then fixed in 4% parafor-
maldehyde at 4 °C, submerged in 30% sucrose overnight at 4 °C,
and embedded in OCT. Serial sections were cut in 7-�m thick-
ness through the mid-section of the lens and then used for
hybridizations. A procedure to generate floxed Snf2h model
and conditional inactivation in the lens is described elsewhere
(32, 51). For all embryonic mouse studies, the embryos were
removed from the womb, flushed, and fixed in 4% paraformal-
dehyde overnight at 4 °C, then incubated overnight with 30%
sucrose at 4 °C, and then embedded in OCT before cryosection-
ing. All animals were sacrificed at approximately the same time
of day to remove any circadian rhythm influence on transcrip-
tional activity.

RNA FISH hybridizations and imaging

Probe libraries were designed and constructed using the soft-
ware tool provided by Biosearch Technologies. Each probe was
verified for specificity through the BLAST search at the NCBI.
Most libraries consisted of 12– 48 probes of length 20 nucleo-
tides, complementary to the coding sequence of each gene (Fig.
S1B). Hybridizations were done overnight with three differen-
tially labeled probes using Quasar 570, Quasar 670, and CAL
FLUOR Red 610 fluorophores. For immunofluorescence, an
Alexa Fluor 488-conjugated secondary antibody (Thermo-
Fisher Scientific) for RNA polymerase II was added to the
hybridization mix and used for protein immunofluorescence.
DAPI for nuclear staining was added during the washes. Tissue
sections were placed in a 1� Decloaking buffer (10� Reveal
Decloaking buffer, Biocare Medical) used as an antigen-re-
trieval agent and underwent a series of heat and pressure treat-
ments in a decloaker. The decloaking procedure involved heat-
ing the tissue at 125 °C for 30 s at a pressure of 18 –24 p.s.i. and
then 90 °C for 10 s. After 5 min of cooling at room temperature
followed by two washes in tap water and one in PBS, the sec-
tions were further processed through successive treatments to
reduce autofluorescence: 0.25% ammonia to 70% alcohol for 20
min at room temperature, followed by 0.5% sodium borohy-
dride for 50 min at 4 °C. After rinsing with deionized water and
then PBS, the sections were subject to 5 mM magnesium
chloride treatment for 10 min. Pre-hybridization was per-
formed at 37 °C in 20% formamide, 2� SSC for 1 h followed
by hybridization with 125 nM of probe overnight at 37 °C in a
humidified chamber in the dark. Post-hybridization washes
were conducted at room temperature in the dark as follows:
20% formamide, 2� SSC for 15 min, 20% formamide, 2�
SSC, 10 �g/ml DAPI for 15 min. All percentage concentra-
tions were v/v. After a brief wash with PBS, the slides were
mounted with Antifade (Molecular Probes). Samples were
then mounted with 1-mm-thick glass coverslips and then
imaged. Images were taken with either a Carl Zeiss inverted
fluorescence microscope or Olympus DS6 microscope
equipped with a �100 and �63 oil-immersion objectives.
Quantification was done on stacks of 41 optical sections with
Z spacing of 0.2 �m (66, 70).

RNA FISH with immunofluorescence

RNA FISH combined with immunofluorescence was adap-
ted from a previously published study (40, 68). The procedure
followed the same steps as the RNA FISH method up to the
pre-hybridization step. But during pre-hybridization, an addi-
tional RNase inhibitor, Superase Inhibitor, at 10 units/ml was
added to prevent RNA degradation by RNases often found in
many antibody solutions. During the hybridization step, this
RNase inhibitor was added again along with the primary anti-
body and the fluorescent tagged DNA probes against the target
mRNAs. As with RNA FISH, hybridization was done overnight
at 37 °C, and the slides were then washed and treated with sec-
ondary antibody for 1 h at 37 °C. After treatment with second-
ary antibody, the wash step and DAPI treatment were the same
as in the RNA FISH method.
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Immunofluorescence

For immunofluorescence, the procedure followed the same
steps as the RNA FISH up to the pre-hybridization step. After
the autofluorescence treatment was complete, slides were
washed with TBS plus 0.025% Triton X-100, blocked in 1% BSA
for 1 h at room temperature, and then incubated overnight at
4 °C in a humidified chamber. The next day, slides were washed
again in TBS plus 0.025% Triton X-100 incubated with fluoro-
phore-conjugated secondary antibody for 1 h at room temper-
ature and then washed and mounted with a DAPI-containing
mounting media (Vectashield).

Imaging and image analysis

Three-dimensional image data were acquired using the Zeiss
Axio Observer CLEM microscope (Carl Zeiss) with a Zeiss
AxioCam MRm Black/White camera using Axiovision Soft-
ware or the Olympus DS6 microscope (Olympus) with a Sensi-
cam QE cooled CCD camera (Black/White) using IP Lab 4.0.8
software. �10 1.0 NA and �60 1.4 NA objectives were used and
filters for DAPI, FITC, Cy3, and Cy5. Slides were evaluated at
�10 magnification to review overall section quality and to scale
the total size of the lens tissue and at �60 for the distribution of
the fluorescence signal (nascent transcription sites). All 41
image z-stacks were compressed into one image using Maxi-
mum Projection in ImageJ. Only sites within nuclei were
counted. The number of nuclei in each field examined was also
counted, including those within designated regions where tran-
scription sites were not detected, to determine the relative fre-
quency of occurrence of nascent transcription events. Tran-
scription sites were detected with Volocity software 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. Bleed-through of transcript signal between
channels was minimal. Tissue segmentation was carried out
manually on a maximal projection of the DAPI channel. All 41
image z-stacks were compressed into one image using Maxi-
mum Projection. Images were then deconvoluted in Volocity
prior to any measurements. Only sites within nuclei were
counted where nuclei were manually selected using the “Free-
hand ROI” tool. Merged images were analyzed with the specific
probes against the gene of interest and DAPI for detection of
nuclei. Dots were automatically detected inside the nuclei using
Volocity software’s “Find Objects” task. Thresholding based on
signal intensity, which uses Otsu’s method on the histogram of
intensities in the image, was used to separate signal from back-
ground. The threshold had to be modified each time for each of
the different regions within the same tissue due to variable sig-
nal-to-background levels across the tissue. The “Mean Pixel
Intensity” was used for quantifying and graphing the signal
intensity values. The signal intensity values were graphed as box
plots. The data collected from the Quasar 570, Quasar 670, and
Cal Fluor Red 610 fluorescence channels corresponded to the
dyes used to label the FISH oligonucleotide probes, and FITC
was used to detect polymerase II protein. Neighboring tissues in
the eye, such as the retina and cornea that express much lower
amounts of crystallin genes compared with the lens, were also

imaged as negative controls. The data collected in the DAPI
channel provided the boundaries of nuclei in the specimen.

Quantitative analysis of burst fraction, graphical display of
data, and statistical analysis

We performed a bootstrapping resampling analysis (49) to
determine whether the observed burst fraction and burst inten-
sity are significantly different between different stages of lens
fiber cell differentiation. We quantified the number of active TS
throughout mouse lens development and differentiation in a
pool ranging from 70 to 521 cells and from 4 to 791 transcrip-
tion sites (Tables S1 and S2). We then selected, for each gene,
mouse development, and differentiation, 10,000 groups of cells
and transcription sites containing the same number of cells and
transcription sites (for example 195 for �-actin E14.5 in area a,
Table S1) randomly picked from their groups. We calculate the
burst fraction and burst intensity of each group and plotted the
box plot (Figs. 6, 7, and 10, A and B).

To estimate whether two populations are significantly differ-
ent, we calculated the 97.5 quantile of the lower value and com-
pared it with the 2.5 quantile of the higher value. For example,
during E14.5, the percent of �-actin transcribing in region “a” is
significantly lower than the percent of �-actin transcribing in
region “b” but not as the percent of �-actin transcribing in
region “d” (p value � 0.05, Fig. 6). Spatial profile of the lens
tissue was symmetrized between left and right, and the two
sides were analyzed as technical replicates.
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