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ABSTRACT
Cellular differentiation requires highly coordinated action of all three transcriptional systems to produce 
rRNAs, mRNAs and various ‘short’ and ‘long’ non-coding RNAs by RNA Polymerase I, II and III systems, 
respectively. RNA Polymerase I catalyzes transcription of about 400 copies of mammalian rDNA genes, 
generating 18S, 5.8S and 28S rRNA molecules. Lens fiber cell differentiation is a unique process to study 
transcriptional mechanisms of individual crystallin genes as their very high transcriptional outputs are 
directly comparable only to globin genes in erythrocytes. Importantly, both terminally differentiated lens 
fiber cells and mammalian erythrocytes degrade their nuclei through different mechanisms. In lens, the 
generation of the organelle-free zone (OFZ) includes the degradation of mitochondria, endoplasmic 
reticulum, Golgi apparatus and nuclei. Here, using RNA fluorescence in situ hybridization (FISH), we 
evaluated nascent rRNA transcription, located in the nucleoli, during the process of mouse lens fiber cell 
differentiation. Lens fiber cell nuclei undergo morphological changes including chromatin condensation 
prior to their denucleation. Remarkably, nascent rRNA transcription persists in all nuclei that are in direct 
proximity of the OFZ. Additionally, changes in both nuclei and nucleoli shape were evaluated via 
immunofluorescence detection of fibrillarin, nucleolin, UBF and other proteins. These studies demon
strate for the first time that highly condensed lens fiber cell nuclei have the capacity to support nascent 
rRNA transcription. Thus, we propose that ‘late’ production of rRNA molecules and consequently of 
ribosomes increases crystallin protein synthesis machinery within the mature lens fibers.
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Introduction

Eukaryotic cells have three distinct transcriptional systems 
known as RNA polymerase I, II and III [1]. The RNA 
Polymerase I transcribes about 400 copies of rDNA genes in 
mammalian genomes to generate individual mature 18S, 5.8S 
and 28S rRNA molecules from a single primary transcript [2] 
within the nucleoli component of the nucleus [3]. Nucleoli are 
membrane-less nuclear sub-compartments [4,5] composed of 
the granular component (GC), the dense fibrillar component 
(DFC) and the fibrillar centre (FC) [6–9]. Transcription of 
rRNA occurs between the FC and DFC compartments [10,11]. 
Following rRNA processing, the resulting mature rRNA mole
cules are incorporated as both the catalytical and structural 
components of the large and small ribosomal subunits within 
the nucleolus, forming complete ribosomes [12]. The mouse 
rDNA genomic sequences [13], located on short arms of 
acrocentric chromosomes (12, 15, 16, 17, 18 and 19), repre
sent the most evolutionarily conserved domains of the gen
ome [7,14]. In contrast, the RNA Polymerase II generates 
mRNAs from over 23,000 protein coding genes in addition 
to a growing list of long and short non-coding RNAs 

(ncRNAs) [15]. Finally, the RNA Polymerase III generates 
5S rRNA, tRNAs and various snRNAs, and plays a role in 
homologous repair of DNA double-stranded breaks [16,17]. 
In an average mammalian cell, rRNAs comprise 80–90% of 
transcripts, while mRNAs are only ~4% of the total tran
scripts, and other RNAs (tRNAs, lncRNAs, snRNA, 
snoRNAs, eRNAs and miRNAs) make up the rest of the 
total RNA pool [2,18]. The three-dimensional (3D) chromatin 
landscape/architecture within individual nuclei and its subse
quent role in transcription of individual genes is cell type- 
specific. This represents one of the most intricate biological 
puzzles: to understand the coordinated action of these com
plex machineries that regulate transcription, DNA replication 
and DNA repair [19,20].

Cell growth and proliferation are proportional to the rate 
of protein synthesis driven by ribosome biogenesis [21,22]. 
Individual cells invest major resources into the ribosome 
synthesis to promote growth and differentiation. This 
resource allocation then changes when the cell terminally 
differentiates. However, there is a unique situation during 
terminal differentiation shared by mammalian erythrocytes 
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and ocular lens fiber cells in which they abruptly degrade their 
nuclei [23,24]. In lens, the nuclei, located in the central sub
region of the lens fiber cell compartment, gradually change 
their shape and size followed by their abrupt physical disin
tegration [25–27]. In contrast, the mammalian erythrocyte 
nuclei are extruded from the cells into the macrophages as 
an ‘enucleation’ process [24,28]. This unique lens fiber cell 
denucleation process is essential for lens transparency along 
with a robust accumulation of individual α- and β/-crystallin 
proteins. Crystallin proteins are encoded by 16 mouse genes 
and accumulate in the cytoplasm of lens fiber cells where they 
reach a concentration of 450 mg/ml [29]. Thus, the lens is an 
excellent system to examine the molecular mechanism 
required for both tissue-specific and maximal transcriptional 
and translational outputs [29].

We have shown earlier that expression of crystallin genes is 
comparable to that of globin genes in red blood cells, while 
other highly expressed genes, such as insulins (Ins1 and Ins2) 
and α2-HS glycoprotein (Ahsg) and transferrin (Trf) are 
expressed in much lower levels in the pancreas and liver, 
respectively [30]. Unexpectedly, our analysis of nascent 
mRNA expression of βA1- and γA-crystallin mRNAs revealed 
that their expression peaks within the lens fiber cell nuclei just 
prior to their destruction. In contrast, the transcription of the 
αA-crystallin genes, generating the most abundant lens pro
teins, peaked much earlier [23]. Strikingly, nearly 60% of nuclei 
just prior to their degradation showed expression of at least one 
γA-crystallin (Cryga) allele with biallelic expression found in 
more than 25% of nuclei. Visualization of transcriptionally 
active RNA Polymerase II enzymes found a few large conden
sates in these nuclei concomitant with active transcription of 
multiple crystallin genes [23]. However, nothing is known 
about nascent transcription catalysed by RNA Polymerase 
I within the lens fiber cell nucleoli.

To produce ribosomes, the RNA Polymerase I system [31] 
requires a major portion of the cell’s energy and resources 
[14,21,32]. However, the operations of lens fiber cell transcrip
tional-translational machinery are limited by the denucleation 
process and limited blood supply [29]. Degradation of mitochon
dria, endoplasmic reticulum and Golgi apparatus was visualized 
earlier in terminally differentiating mouse lens fiber cells [33]. 
Importantly, depletion of BCL2 interacting protein 3-like 
(Bnip3l/Nix) in lens, a regulator of mitophagy, causes retention 
of mitochondria, endoplasmic reticulum and Golgi apparatus 
[33]. The degradation of the transient vascular systems located 
both at the anterior and posterior portions of the lens represents 
another challenge for lens terminal differentiation [34–36]. Thus, 
it is possible that rRNA production may be attenuated earlier, 
reduced, or kept at high levels until the nuclear degradation takes 
place depending on how the lens fiber cells evolved to manage 
their precious resources required for the generation of ribosomes 
and subsequently crystallin proteins [29].

Earlier studies of the lens fiber cell nuclei revealed changes 
in nuclear shape from ovoid nuclei in lens epithelial cells and 
in early elongating lens fibers into more rounded nuclei 
located near the OFZ [25,37]. As is seen in mammalian 
erythrocytes [24], these nuclei show chromatin condensation, 
transfer of histone and non-histone proteins into the cyto
plasm and reduction in size; however, lens nuclei undergo an 

abrupt fragmentation within the cytoplasm as shown in detail 
elsewhere [23,38–40]. Previous studies of lens fiber cell 
nucleoli and rRNA transcription are limited to general studies 
of nuclear and nucleolar morphology [37,41,42], identification 
of ribosome clusters in the vicinity of nucleoli in nuclei near 
the OFZ [42], changes in fibrillarin (located in the DFZ) in 
differentiating lens fiber cells [37], analysis of half-life of 
rRNAs via visualization of ribosomes [43] and detection of 
the 47S pre-rRNAs in proliferating cells of the adult mouse 
lens epithelium [44].

To generate new insights into the biology of the nucleolus 
during lens fiber cell differentiation, here we analysed various 
proteins located both in the nucleolus and nucleus in combi
nation with RNA FISH to visualize both nascent rRNA tran
scription and mature rRNAs during mouse lens 
embryogenesis. The results clearly show that nuclei next to 
the OFZ are capable of nascent rDNA transcription catalysed 
by RNA Polymerase I and, thus, retain functional nucleoli.

Results

Visualization of nuclear morphology, fibrillarin and 
nucleolin through the progressive stages of mouse lens 
fiber cell differentiation

The 3D-structure of the mouse lens, including the OFZ, is shown 
in Figure 1A. To follow the lens fiber cell differentiation, the lens 
fiber cell compartment of the newborn lens can be divided into 
four symmetric sub-regions a, b, c and d (Figures 1B,C) to aid 
the initial spatial visualization of gradual changes in the nuclear 
morphology within the concentric zones of lens fiber cells at 
various stages of their terminal differentiation [23]. Lens fiber 
cells then undergo dramatic elongation from areas a to d, and 
F-actin filaments are reorganized as these cells enter the OFZ 
(Figure 1D) as summarized elsewhere [46,47]. Regions a, b, 
c and d represent postmitotic early differentiated fiber cells, 
intermediate fiber cells, advanced fiber cells and pre- 
denucleated cells, respectively. At late embryonic stage E18.5, 
the OFZ is not yet fully established, and area d comprises lens 
fiber cells at late differentiation phase (Figure 1B). In the new
born lens (P0.5), the OFZ is in the centre of the tissue 
(Figure 1C) and nuclear morphology changes are visible 
throughout each stage of fiber cells differentiation (Figure 1C - 
compare enlarged DAPI stained nuclei). In area a, there are 
abundant oval-shaped nuclei, whereas areas b and c display 
more rounded nuclei that are undergoing chromatin condensa
tion. In the outer subregions of area d, small scattered nuclear 
remnants are found.

To explore how primary and secondary fiber cells change 
their nuclear and nucleolar morphologies throughout their 
differentiation process, we first analysed cells in areas a, b, 
c and d using immunofluorescence to visualize fibrillarin 
(rRNA 2’-O-methyltransferase, 34.3 kDa) as the canonical 
marker of the nucleolus/DFC, and lamin B1 of the inner 
nuclear membrane, at embryonic stages E14.5 and E16.5. At 
E14.5, the majority of the lens fiber cell compartment is 
formed from the ‘primary’ lens fiber cells originating from 
the posterior cells of the lens vesicle (E11-E11.5) via cell cycle 
exit-coupled terminal differentiation [48]. At E14.5, both the 
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areas a and b are marked by two or three nucleoli per nucleus 
as observed by the fibrillarin stainings (Figure 2A). The 
nuclear morphology is overall elongated throughout all areas 
a-d at this stage (Figure 2B). No differences in intranuclear 
fibrillarin intensity were found between E14.5 and E16.5 in 
areas a and b (Supplementary Figure S2), however elongated 
nuclei are still detected in areas a-b within emerging ‘second
ary’ lens fiber cells (E16.5). In contrast, nuclei in areas 
c-d formed by primary lens fibers exhibit a more rounded 
shape and marks of nuclear condensation (Figures 2C,D). 
These trends are further highlighted at E18.5 where the 
embryonic lenses display stretched-shaped nuclei found in 
areas a and b, forming the secondary lens fiber cells, with 
abundant nucleoli staining (Figures 3A,B). At E18.5, fiber cells 
in area d clearly show signs of nuclear condensation and 
nucleoli co-localize with DAPI-reduced nuclear regions 
(Figures 3A,B). Finally, the newborn (P0.5) lenses have 
a fully formed OFZ in area d (Figure 3D). Fibrillarin staining 
shows that the cells in areas a and b display multiple large 
nucleoli within a single nucleus. In comparison, some nuclei 
in area c are highly condensed within a rounded shape; never
theless, normal nucleoli stainings are present (Figures 3C,D). 
During advanced lens fiber cell differentiation, the nuclear 
shape drastically shifts from an elongated to a round-shaped 
from area a to areas b and c (Figure 3D).

Nucleolin (77 kDa) is a major nucleolar protein, comprised 
of four RNA-binding domains and a C-terminal RGG-rich 
‘tail’. It is also located in the nucleoplasm, where it is known 
to play a role in ribosome assembly/maturation [49]. 
Importantly, nucleolin co-localizes with the nucleoli during 
active transcription [50]. We observed that nucleolin signal 
co-localizes with the nucleolus throughout areas a-d in the 
mouse E14.5, E16.5 and E18.5 embryonic fibre cells 
(Figures 4A,C). Nuclei displaying more than one nucleolus 
are frequently seen in all these four areas. Nevertheless, 
nucleolar numbers per each nucleus remain consistent 
throughout the embryonic and final stages of lens fiber cell 
differentiation (Suplementary Figures S1A,B).

Previous studies of mouse and chick lenses demon
strated active DNA repair in maturing nuclei within the 
prospective OFZ and adjacent areas [51,52]. To investigate 
this further, we immunolabelled newborn (P0.5) lens tissue 
for the histone variant H2AX that is phosphorylated at 
serine residue 139 (γH2AX) [53]. Nuclei displayed 
a progressive increase in γH2AX staining in areas b and 
c (Figure 5A). We next quantified the percentage of 
γH2AX cells throughout areas a-c. Areas b and c showed 
a significant increase in the γH2AX positive nuclei across 
three biological replicates (Figure 5B). These data suggest 
that fibre cells approaching the OFZ start to display signs 

Figure 1. Mouse lens morphology and nuclear changes throughout differentiation. (A) 3D- and cross-section sketch of the mammalian lens [29,45]. Organelle free 
zone, OFZ. (B) The E18.5 lens is symmetrically divided into areas a, b, c and d from the transition zone (TZ, cells exiting cell cycle and undergoing the earliest stages of 
terminal differentiation) to the imminent organelle free zone (OFZ), that is still developing. (C) The P0.5 newborn lens displaying the fully formed OFZ within the 
area d, with no remaining nuclei in that area. Inserts from areas a-d show nuclear morphological changes prior to denucleation. Area a is marked by abundant 
elongated nuclei, area b shows intermediate fiber cells prior to the nuclear condensation. Area c shows nuclear condensation and complete nuclear disintegration is 
shown in the area d. (D) F-actin (green) cytoskeleton organization of fibre cells from areas a to d, which represents the formation of the OFZ. dapi-stained nuclei 
(blue, panels B-D). Inserts scale bars = 10 µm.
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of DNA damage and active repair mechanisms in the area 
b. However, all cells in area c exhibit an increase in nuclear 
damage/repair prior to denucleation. Taken together, there 
are gradual changes in the nuclear morphology; specifically, 
the number of nucleoli and evidence of DNA damage 
during lens fiber cell terminal differentiation that could 
have a negative impact on transcription of rRNA.

Nascent and mature rRNAs are generated in nucleoli 
adjacent to the OFZ

To establish rRNA FISH in the mouse lens, we employed two 
sets of probes targeting the rRNA internal-transcribed spacers 1 
and 2 (ITS1/ITS2 probes) and the 18S and 28S regions (18S/28S 
probes) of the pre-rRNAs, as described elsewhere [54] 
(Figure 6A). The ITS1/ITS2 probes localize the nascent nucleo
lar rRNAs, whereas the 18S/28S probes visualize mature pre- 
rRNAs that accumulate in the nucleus and are already exported 
to the cytoplasm within the individual ribosomes.

We first analysed patterns of rRNA signals in embryonic 
lenses throughout development from E14.5 and E18.5 by 
in situ hybridization with ITS1/ITS2 probes (Figures 6A-C). 
We observed that fiber cells in area a frequently show more 
than one nucleolus per nucleus at E16.5 (Figure 6C). 
Nucleolar rRNA follows similar patterns seen in nucleolar 
staining with NCL and fibrillarin (Figures 3 and 4). At 
E18.5, area d, condensed nuclei show nascent rRNA transcrip
tion (Figure 6D).

Pre-rRNAs (ITS1/ITS2 probes) co-localizing with nucleoli 
in areas a and b within newborn lenses were observed 
(Figure 7A, top; Figure 7B, top). Importantly, the nuclei 
located in areas c and d also display nascent rRNAs in their 
nucleoli as well (Figure 7A,B top and bottom). We were able 
to detect the ITS1/ITS2 signals even in highly condensed 
nuclei located in area c. In area d representing OFZ, no 
intranuclear signal was detected as expected. Mature rRNAs 
detected via the 18S/28S probes are abundant in the nuclei in 
areas a and b of the newborn mouse lens (Figure 8A, bottom). 

Figure 2. Early stages of differentiation of mouse lens fibre cells (E14.5 and E16.5). Immunolabeling of fibrillarin and lamin B (both in green) was performed to show 
primary (E14.5) and both primary and secondary (E16.5) lens fiber cells nuclei and nucleoli morphology within the lens tissue regions (panels A-D). The segmented 
areas (a, b, c, d) analysed are shown in Figure 1A. (A–D) Fiber cells in area a display consistently elongated nuclei throughout embryonic stages E14.5 to E16.5. (B) 
E14.5 lens comprises mostly of primary lens fiber cells that display abundant nucleolar staining. This pattern is also seen in secondary fiber cells in E16.5 and E14.5 
where nuclear morphology is mostly elongated whereas, at E16.5 rounded nuclei are seen more frequently in areas c and d. (C, D) E16.5 advanced primary lens fiber 
cells nuclei display nuclear condensation observed though DAPI and lamin B stainings. DAPI-stained nuclei (blue), scale bars = 10 µm.
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Nuclei displaying more than one nucleolus were also often 
observed within areas a and b. High cytoplasmic rRNA FISH 
signals were also detected using the 18S/28S probe set 
(Figures 7A,B bottom). These data demonstrate that the 
mature rRNAs are present in the cytoplasm of lens fiber 
cells after the programmed nuclear destruction.

Next, we quantified the nucleolar signals observed 
throughout areas a-c for both nascent and mature rRNAs 
via the ITS and 18S/28S probes, respectively. We found that 
areas a, b and c display comparable numbers of nascent 
rRNAs co-localizing with the nucleoli (Figure 8A). 
Interestingly, the quantities of mature rRNAs in the nucleus 
of cells in areas a, b and c have also not shown significant 
differences (Figure 8B). Our data also show that cells in area 
c display comparable numbers of both nascent and mature 
rRNAs to the cells in area a, representing the earliest stages of 
lens fiber cells differentiation. In addition, we quantified the 
mean intensity of the nuclear signals for ITS1/ITS2 and 18S/ 
28S probes throughout areas a and c (Figures 8C,D) and no 
significant differences were found. Taken together, these 

quantitative measurements demonstrate that the levels of pre- 
mature and mature rRNA are maintained invariable from area 
a to area c in differentiating lens fiber cells.

Transcriptional machineries are maintained prior to the 
final nuclear disintegration in lens fiber cells

The nuclear condensation and transfer of nuclear proteins 
to the cytoplasm [23,24] obviously represents a major chal
lenge for normal nuclear function, including transcriptional 
processes. To gain additional insights, we visualized UBF 
(Upstream Binding Transcription Factor), transcriptionally 
active RNA Polymerase II as a marker of active sites of 
mRNA expression, and SC-35/Srsf2 protein of the nuclear 
speckles (Figures 9A-C). UBF is a nucleolar DNA-binding 
phosphoprotein essential for the proper functioning of 
RNA Polymerase I transcriptional machinery [55]. We 
observed the co-localization of UBF with the nuclei of 
cells in areas a and b (Figure 9B). RNA polymerase II 
displays a marked co-localization in nuclei of areas a and 

Figure 3. The final stages of lens fiber cells differentiation (E18.5 and P0.5) are marked by nuclear disassembly. (A–D) E18.5 and P0.5 lenses displaying elongated 
nuclei in area a, and several nucleoli co-localizing with fibrillarin. (A, B) in the area b, there is a mixed population of cells transitioning into the center of the lens 
tissue. (A–D) in the area c fiber cells start displaying first signs of nuclear condensation at E18.5; however, these morphological changes are more apparent in 
newborn lens (bottom). (C) Nucleolar structure (green) remains intact in fiber cells at advanced stage of differentiation (white arrowheads in area c). The nuclear 
envelope (green) is observed in late degenerated nuclei in area c. (A, D) sparse nuclei are found in the area d of E18.5 lens tissue whereas at P0.5 the OFZ is already 
formed. dapi-stained nuclei (blue), scale bars = 10 µm.
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b (Figure 9A). In area c, a few strong signals of RNA 
Polymerase II are detected (Figure 9A). Importantly, our 
previous studies have shown that these large condensates 
represent active sites of crystallin gene transcription [23]. 
Nuclear speckles represent hubs that spatially link pre- 
mRNA transcription, splicing and nuclear export [56]. We 
found that nuclear speckles also co-localized with nucleoli 
in areas a and b (Figure 9C). Remarkably, nuclei of area 
c display nucleoli positive staining for all three factors: 
UBF, RNA Polymerase II and SC-35, within nucleoli 
(Figures 9A-C). Together, these data, coupled with the 

positive nucleolar signals of the rRNA probes (Figure 6), 
demonstrate that lens fiber cells are actively producing 
rRNAs in the nucleoli of highly condensed nuclei, just 
prior to their denucleation.

Finally, to confirm the nucleolar integrity prior to 
denucleation, we immunolabelled nucleolin (Anti-NCL) 
and nucleophosmin (Anti-NPM1), two essential nucleolar 
proteins that are required for ribosome biogenesis [49]. 
Intranuclear fibrillarin signal intensity in area c also con
firms the nucleolar integrity prior denucleation 
(Suplementary Figure S2). Both nucleolar proteins are 

Figure 4. Nucleoli staining in embryonic lens fiber cells. The data show E14.5 (A), E16.5 (B) and E18.5 (C) embryonic stages in areas a, b, c and d. Nucleolin (NCL) and 
nuclei dotted (top); NCL (green) merged with DAPI-stained nuclei (bottom). Scale bars = 10 µm.
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observed in fiber cells nuclei in areas a and b, co-localizing 
with the nucleolus observed by DAPI counterstaining 
(Figure 10A,B). We have also confirmed that fiber cells 
in area c also show clear intranuclear staining for nucleo
lin and nucleophosmin (Figure 10A,B).

Discussion

The main goals of this study were to evaluate how nuclear and 
nucleolar morphology changes throughout the highly orga
nized temporal-spatial patterns of lens fiber cell 

Figure 5. Analysis of DNA damage/repair prior the lens fiber cell denucleation process (P0.5). (A) The γH2AX positive nuclei are more frequently observed in areas 
b (white arrowheads) and c. dapi-stained nuclei (blue). (B) Quantification of γH2AX positive nuclei per total number of nuclei throughout areas a–c. Statistical 
significance is shown by p-values; n = 3 biological replicates. Scale bars = 10 µm.

Figure 6. Visualization of nascent rRNA transcription throughout lens embryonic development (E14.5-E18.5). (A) A representative scheme of probes location in the 
internal-transcribed spacers 1 and 2 (ITS1/ITS2, magenta) and in the 18S and 28S (red) regions of the 47S pre-rRnas. rRNA FISH in situ hybridization using ITS1/ITS2 
(magenta) probes was performed in embryonic lens tissue sections. (A) E14.5 fiber cells display nucleolar rRNA signal throughout areas a-d. (B) E16.5 fiber cells in area 
a display various nucleoli rRNA signal per nucleus. (C) E18.5 fiber cells display rRNA nucleolar signal in all areas, including area d, where condensed nuclei are 
observed. 5’ETS: 5’external transcribed spacer; 3’ETS: 3’external transcribed spacer. Nuclei stained with DAPI (blue). Scale bars = 5 µm.
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differentiation and to determine whether rDNA transcription 
catalysed by RNA Polymerase I is terminated or retained 
throughout the entire lifespan of lens fiber cell nuclei. We 
thus analysed for the first time multiple nuclear and nucleolar 
markers and employed specific rRNA probes to visualize 
nascent and mature ribosomal RNAs throughout all stages 
of primary and secondary mouse lens fiber cell differentiation. 
The present data (Figures 6–8) clearly show that nascent 
rDNA transcription persists in lens fibre cell nuclei that are 
adjacent to the gradually expanding OFZ.

Mouse genetic studies of lens fibre cell denucleation 
revealed requirements for the lipoxygenase pathway enzyme 
Alox15 [57] and the lens-specific acidic DNase IIβ [58]. The 
latter enzymes co-localize with Lamp-1 in the lysosomes, in 
a specific narrow region adjacent to the OFZ [59]. Following 
the disassembly of the nuclear membrane, these lysosomes 
gain access to and degrade chromatin DNA [25]. Their 
nuclear entry requires cell cycle regulatory kinase Cdk1 to 
phosphorylate lamins A and C in addition to the nuclear 
mitotic apparatus protein 1 (Numa1) [40]. Parallel studies 
have found additional genes involved in these and other path
ways, including DNA-binding transcription factors Hsf4 [60], 

Gata3 [61,62] and Pax6 [63] that directly regulate expression 
of the Dnase2b gene. The denucleation process is also dis
rupted with inhibition of autophagy in chick lenses [64]. 
Retention of nuclei was also seen with lens-specific depletion 
of the ATP-dependent chromatin remodelling enzymes Brg1/ 
Smarca4 [65] and Snf2h/Smarca5 [63], even though these 
enzymes are partially transferred into the cytoplasm in 
advanced lens fiber cells [23]. Interestingly, depletion of 
DNA repair and associated proteins Ddb1 [66], Nbs1/Nbn 
[67] and Ncoa6 [52] also inhibit lens fiber cell denucleation, 
suggesting some type of ‘repurposing’ of these three proteins 
involved in DNA repair during the denucleation process. This 
is further supported by the fact that active DNA repair is 
evident in maturing lens fiber cells from the γH2AX stainings 
(Figure 5).

The temporally and spatially regulated gradual changes in 
nuclear morphology are best viewed at P0.5 when the OFZ is 
already established in the central portion of the lens fiber cell 
compartment (Figure 1C,D). The spherical and ovoid nuclear 
shapes are the most common nuclear morphologies seen 
[68]. Nuclear rounding and transfer of proteins into the 
cytoplasm are characteristics shared between lens fiber cells 

Figure 7. Visualization of nascent rRNA transcription throughout the lens fiber cell differentiation in P0.5 lenses. (A) Black and white images using ITS1/ITS2 (top) and 
18S/28S (bottom) set of probes. Nucleus delineated in dotted lines. (B) Merged images of ITS1/ITS2 probes (magenta – top) and 18S/28S probes (red – bottom) and 
nuclei stained with DAPI (blue) in areas a, b, c and d. 5’ETS: 5’external transcribed spacer; 3’ETS: 3’external transcribed spacer. Scale bars = 10 µm.
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and erythrocytes [23,24]. It has been proposed that the 
nuclear shape and location within the cell are both affected 
by cellular morphology, which can further be linked to 
mechanical factors/constraints and driven by chromatin reor
ganization [68]. It is evident that locations of lens fibre cell 
nuclei within zones a to c are highly organized within the lens 
fiber cell cytoplasm (Figure 1). Importantly, lens fiber cell 
fusion generates a syncytium within its core and includes the 
OFZ [45,69]. Regarding chromatin organization, nuclear con
densation is marked by a small number of large molecular 
condensates with transcriptionally active RNA Polymerase II 
that co-localize with nascent mRNA transcription of multiple 
crystallin genes, which are being expressed at maximum levels 
[23]. Most recently, our studies of the 3D-nuclear organization 
of lens fiber cells compared to the lens epithelium show major 
changes in chromatin looping within many loci that encode for 

lens fibre cell structural proteins [39]. In addition, there is 
a remarkable redistribution of DNA-binding CTCF proteins, 
major organizers of chromatin looping [70]. In the lens fibre 
cell chromatin, ChIP-seq data show that CTCF proteins are co- 
localized with RNA Polymerase II [39].

The present study provides new insights into the very high 
transcriptional/translational outputs of lens fiber cell nuclei, 
especially with respect to crystallin proteins that represent as 
much as 90% of lens proteins (water-soluble fraction) [71]. 
However, multiple physiological limits still exist for these 
processes, including the sub-optimal delivery of nutrients to 
the lens via a hyaloid vascular system following its regression 
[35,36,72], the highly hypoxic conditions in the lens fibre cell 
compartment [34,73,74]) and the generation of the OFZ and 
abrupt nuclear degradation. Since the rRNA production 
highly exceeds quantities of mRNAs, it is possible that the 

Figure 8. Quantification of nascent and mature rRNAs in lens fiber cells throughout their differentiation. (A) Quantification of nuclei (in percentage) displaying 
nucleolar signal for ITS1/ITS2 FISH probes in areas a, b and c. (B) Quantification of nuclei (in percentage) displaying nucleolar signal for 18S/28S FISH probes. No 
significant differences were observed in both groups, n = 3 biological replicates. (C) Under-processed rRNAs puncta’s fluorescence intensity measured as signal 
intensity in arbitrary units (a.U.) in areas a, b and c. (D) Mature rRNAs puncta’s fluorescence intensity measured as signal intensity in arbitrary units (a.U.) in areas a, 
b and c. Fluorescence intensity was calculated in deconvoluted images and are represented by arbitrary units (a.u.). No significant differences were observed, n = 3 
biological replicates.
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lens fiber cells had to evolve a delicate system to find 
a compromise between these resource-demanding processes 
available for both the RNA Polymerase I and II systems 

[14,21,75]. One possibility is to reduce the expression of 
rRNAs to boost the production of crystallin mRNAs, or to 
reduce crystallin gene nascent transcription in favour of rRNA 

Figure 9. Nucleolar machinery is maintained prior to final nuclear disintegration (P0.5). (A) Transcriptionally active RNA polymerase II (pol II, red) signals are found in 
the nucleoplasm outside of the nucleoli in all the areas a, b and c. Nucleolar marker nucleophosmin (NPM1) shown in green. (B) The RNA polymerase I-specific UBF 
proteins (green) co-localize with nucleoli immunolabelled with fibrillarin (red) in areas a, b and c (white arrowhead). Nuclear borders are shown as dotted white 
lines – top. (C) The nuclear speckles detected via Sc-35 (green) signal are observed in the nucleoli immunolabelled with fibrillarin (red) within all three areas a, b and 
c (white arrowhead). Nuclear borders are shown in dotted white lines – top. Merge images with dapi-stained nuclei (blue). Scale bars = 10 µm.
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to generate additional ribosomes. The present data clearly 
demonstrate that the lens fiber cell nuclei, even when 
approaching their degradation, are capable of high transcrip
tional outputs from both RNA Polymerase I and II systems. 
This resilience also provides indirect evidence about the func
tionality of molecular condensates [76–78] within the lens 
fiber cell nuclei again despite the fact that they are approach
ing their physical end. Thus, our data suggests that even 
though the resources within the lens fiber cells are limited at 
this developmental stage, the production of rRNA and mRNA 
remain active until the very end of the nuclear integrity as 
summarized in Figure 11.

In conclusion, the present studies demonstrate that denucleation 
during lens fiber cell differentiation is a unique model to study basic 

transcriptional mechanisms and chromatin organization under var
ious highly restrictive conditions. The process of terminal denuclea
tion will require additional mechanistic insights using a set of 
fluorescently marked lysosomal, nucleoplasmic and membrane 
proteins followed by their in vivo imaging. Interestingly, the transla
tional mechanisms in both the maturing and denucleated lens fibre 
cells also remain to be fully established, as evidence exists about 
differential abundances of ribosomal proteins between the lens 
epithelium and lens fibers [80] and key regulatory role of subunit 
h of the eukaryotic translation initiation factor 3 (eIF3) in crystallin 
gene translation in zebrafish [81]. Thus, follow-up studies of ribo
somal heterogeneity and plasticity already established in various 
model systems [82] are well justified in future studies of ribosomes, 
RNA-binding proteins interacting with crystallin mRNAs in the 

Figure 10. Essential nucleolar markers are present in fiber cells nuclei undergoing denucleation (P0.5). (A) Nucleolin (NCL) staining in newborn lens in areas a, b and 
c. Black and white NCL staining, nuclei depicted by dotted lines (top); NCL merged with DAPI (bottom). (B) Nucleophosmin (NPM1) staining in newborn lens in area a, 
b and c, nuclei depicted by white dotted lines (top); NPM1 merged with DAPI (bottom). DAPI-stained nuclei (blue). Scale bars = 10 µm.
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cytoplasm [83], Cajal bodies and nuclear speckles [37,41,62] and 
protein translation during lens fibre cell elongation and maturation. 
Finally, the lens proteostasis control is directly related to lens ageing, 

and lens fiber cell proteins located within the OFZ are the oldest 
proteins in the mammalian body [84]. This phenomenon further 
emphasizes the importance of regulatory mechanisms for 

Figure 11. Summary schematic of specific features of the nuclear degradation process within differentiating lens fiber. Advanced fiber cells (P0.5) nuclei in area b are 
wrapped by lamin b (blue), RNA polymerases I and II generate nascent rRNAs and mRnas, and chromatin is not condensed. Nucleolar space is positive for essential 
nucleolar markers such as fibrillarin (pink) and nucleolin (green). Crystallin mRNAs are present in the large volume of the cytoplasm [23]. Late fiber cells at the edge 
of the organelle free zone (OFZ, area c) go through significant changes that include the nuclear breakdown and action of lens-specific DNase IIβ enzyme (see [27], 
condensation of chromatin, and transfer of nuclear proteins and histones from the nucleus to the cytoplasm (arrow [23]. DNA damage and active repair mechanisms 
are linked to the increase of γH2AX phosphorylation (see Figure 5). The nucleolar space is still preserved as seen by the presence of fibrillarin and nucleolin, with 
RNA polymerase I is still active and crystallin mRNAs are continuously produced by RNA polymerase II [23]. Finally, the lens fiber cells within area d undergo complete 
abrupt nuclear disassembly and their proteins are dispersed within the large cytoplasmic volume while crystallin and other mRNAs remain intact in the 
cytoplasm [79].
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generating ribosomes and crystallin proteins to achieve the long- 
term lens transparency and function in the absence of protein 
turnover.

Materials and methods

Mice and tissue collection

Mouse husbandry and tissue collection were conducted in 
accordance with the approved protocol of the Albert Einstein 
College of Medicine Animal Institute Committee in addition 
to the ARVO statement for the use of animals in eye 
research. The day a vaginal plug was confirmed considered 
as embryonic stage E0.5. Individual eyes were harvested 
from embryonic days E14.5, E16.5, E18.5 and newborn 
(P0) CD1 mice. Females were euthanized by CO2, mouse 
embryos were collected and eyes dissected. Postnatal mice 
were euthanized by CO2 followed by decapitation, and eye
balls were dissected. Tissues were fixed overnight in 4% 
paraformaldehyde at 4°C followed by cryoprotection in 
30% sucrose overnight at 4°C and embedded at optimal 
cutting temperature (OCT).

Immunofluorescence

Slides were kept at room temperature for 1 h followed by 
antigenic retrieval for 10 min at 90 degrees in citric acid 
solution (H3300, Vector Labs) according to manufacturer’s 
instructions. Slides were cooled down for 10 min, and then 
blocked in 10% NGS (50062Z, Thermo Fisher), 1% BSA 
(A4737-25 G, Sigma), 0.1% Triton (9036-19-5, Sigma) in 
PBS for 1 h at room temperature. Slides were subsequently 
incubated (1:100) in blocking solution at 4°C with primary 
antibodies: anti-Fibrillarin (NB300-269, Novus Biologicals); 
anti-Lamin B (66095-1-Ig, Proteintech); anti-γH2AX (sc- 
377452, Santa Cruz); anti- RNA Polymerase II (ab26721, 
Abcam); anti-UBF1 (ab244287, Abcam); anti-SC35 (sc- 
53518, Santa Cruz); anti-NCL (10556-1-AP, Proteintech) and 
anti-NPM1 (32-5200, Thermo). After overnight incubation, 
slides were washed three times in PBS and incubated for 1 h at 
room temperature with secondary antibodies Goat anti- 
Rabbit IgG Alexa Fluor™ Plus 555 (A32732, Thermo) or 
Goat anti-Mouse IgG, Alexa Fluor™ 555 (A-21422, Thermo). 
Sections were washed three times in PBS, incubated 5 min at 
room temperature with DAPI and mounted in ProLong™ 
Diamond Antifade Mountant (P36961, Thermo).

Fluorescence in situ hybridization (FISH)

The procedure to generate probes for ribosomal RNA and ima
ging is described elsewhere [44,54]. Probes located in different 
regions of the 47S pre-RNA were used as described above [54]. 
Internal-transcribed spacers 1 and 2 (ITS1 and ITS2) enable the 
localization of under-processed rRNAs, whereas probes for the 
18S and 28S regions localize mature pre-RNAs in the nucleus 
and/or cytoplasm. rRNA probes oligos were designed from the 
mouse pre-rRNA gene (ITS1: 3’-TAG-ACA-CGG-AAG-AGC- 
CGG-ACG-GGA-AAG-A- 5’-Cy3; 3’-ITS2: CCA-GCG-CAA- 
GAC-CCA-AAC-ACA-CAC-AGA-5’-Cy3; 18S: 3’-CCA-TTA- 

TTC-CTA-GCT-GCG-GTA-TCC-AGG-CGG-5’-Cy5; 28S: 3’- 
GAG-GGA-ACC-AGC-TAC-TAG-ATG-GTT-CGA-TTA-5’- 
Cy5). Slides were immersed in Reveal Deckloaking Buffer 
(RV1000, Biocare Medical) at 90°C for 5 min. Subsequently, 
the slides were processed through several treatments to reduce 
tissue autofluorescence [85] and incubated in 50% formamide 
pre-hybridization buffer (50% formamide in 20× SSC Buffer) at 
37° for 1 h. Cryosections were hybridized with 125 nM ITS1/ 
ITS2 or 18S/28S probes overnight in a hybridization buffer (10% 
dextrane sulphate, 20× SSC, 50% Formamide, 10 mg/ml E. coli 
tRNA, 200 mm VRC, 20 mg/ml BSA) at 37°C. Post- 
hybridization washes with a pre-hybridization buffer were per
formed, followed by slide incubation with DAPI for 15 min and 
mounting in ProLong™ Diamond Antifade Mountant (P36961, 
Thermo).

Lens segmentation, imaging, quantification, statistical 
methods and analyses

To analyse the progression of lens fiber cell differentiation, 
lens tissue was symmetrically divided into four regions from 
the periphery to the center and were labelled as areas a, b, 
c and d. Area a comprises early differentiated fiber cells, area 
b intermediate fiber cells and area c advanced fiber cells prior 
to the denucleation. Area d represents disintegrating nuclei, 
and the organelle free zone is only observed in newborn 
lenses [85]. Nuclear rRNA were observed using Zeiss 
AxioObserver CLEM microscope. Three-dimensional image 
data were acquired using the Leica SP8 Confocal with the x63 
oil-immersion objective plus 2.0 zoom factor. Cell quantifi
cation of the number of nuclei with nucleolar rRNA signal 
was conducted using ImageJ software (http://imagej.nih.gov/ 
ij/; NIH) throughout the entire z-stack section of each image. 
Images were deconvoluted using Volocity software 
(PerkinElmer) prior to fluorescence intensity analysis, indi
cated by ‘mean intensity (a.u.)’ as we previously described 
[85]. At least 50 nuclei from n = 3 animals were analysed 
per segmented area. Immunofluorescence images and analy
sis were conducted in different tissue sections to avoid cross- 
reaction of antibodies. We noted a smaller number of nuclei 
in zone d is due to their degradation. The statistical tests 
used were an unpaired t test and one-way ANOVA with 
a multiple comparisons post-test, using GraphPad Prism 10 
for Windows (www.graphpad.com; GraphPad software). 
Statistical significance was considered according to p <  
0.001***; p < 0.01**; p < 0.5*.
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