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Abstract

Opacification of the ocular lens, termed cataract, is a common cause of blindness. To

become transparent, lens fiber cells undergo degradation of their organelles, including their

nuclei, presenting a fundamental question: does signaling/transcription sufficiently explain

differentiation of cells progressing toward compromised transcriptional potential? We report

that a conserved RNA-binding protein Celf1 post-transcriptionally controls key genes to reg-

ulate lens fiber cell differentiation. Celf1-targeted knockout mice and celf1-knockdown zeb-

rafish and Xenopus morphants have severe eye defects/cataract. Celf1 spatiotemporally

down-regulates the cyclin-dependent kinase (Cdk) inhibitor p27Kip1 by interacting with its 5’

UTR and mediating translation inhibition. Celf1 deficiency causes ectopic up-regulation of

p21Cip1. Further, Celf1 directly binds to the mRNA of the nuclease Dnase2b to maintain its

high levels. Together these events are necessary for Cdk1-mediated lamin A/C phosphory-

lation to initiate nuclear envelope breakdown and DNA degradation in fiber cells. Moreover,

Celf1 controls alternative splicing of the membrane-organization factor beta-spectrin and

regulates F-actin-crosslinking factor Actn2 mRNA levels, thereby controlling fiber cell mor-

phology. Thus, we illustrate new Celf1-regulated molecular mechanisms in lens develop-

ment, suggesting that post-transcriptional regulatory RNA-binding proteins have evolved

conserved functions to control vertebrate oculogenesis.
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Author summary

Besides associated with aging, the eye disease cataract can occur early in life because of

defects in lens development. Lens fiber cells degrade their nuclei to achieve lens transpar-

ency, which poses a fundamental question: how is differentiation regulated in a cell pro-

gressing toward compromised transcriptional potential? We demonstrate that this is

achieved by distinct post-transcriptional gene expression control mechanisms mediated

by a conserved RNA-binding protein Celf1. Celf1 regulates key factors required for nor-

mal nuclear degradation and cell morphology of fiber cells by controlling abundance of

target mRNAs and/or their translation into protein. These data identify new Celf1-regu-

lated molecular mechanisms necessary for lens transparency and suggest that conserved

post-transcriptional regulatory RNA-binding proteins have evolved to control eye devel-

opment in vertebrates.

Introduction

Interaction of RNA-binding proteins (RBPs) with target mRNA is necessary for every aspect

of its control, including its processing, export, localization, stability, and translation into pro-

tein [1]. These events are collectively defined as post-transcriptional control of gene expression

and are essential to determine the proteome of a cell. While the role of transcription factors in

vertebrate organogenesis is established–for example, a detailed transcriptional regulatory net-

work governing lens development is now derived [2]–that of RBPs, functioning in post-tran-

scriptional gene expression control, is not well defined [3]. This represents a significant

knowledge gap, especially considering that vertebrate genomes encode similar numbers of

transcription factors and RBPs [4].

Evolution of the ocular lens has enabled high-resolution vision in animals, and its develop-

ment involves precise spatio-temporal control of gene expression that drives the formation of

a transparent tissue containing anteriorly localized epithelial cells and posteriorly localized ter-

minally differentiated fiber cells, which contribute to the bulk of the tissue [2,5]. To achieve

transparency, lens fiber cells elongate, produce high amounts of refractive proteins called crys-

tallins, and remove their organelles. Because they lose their nuclei, and with it their transcrip-

tion potential, a fundamental question in ocular lens development is whether signaling and

transcription are sufficient to explain the regulation of fiber cell differentiation. One hypothe-

sis is that post-transcriptional regulatory mechanisms may have evolved to control these differ-

entiation events as they provide additional layers of gene expression control [6,7,3]. However,

the significance of post-transcriptional regulation, especially mediated by RBPs, is not charac-

terized in lens development. Here we used a bioinformatics tool iSyTE (integrated Systems

Tool for Eye gene discovery) to identify a conserved RBP Celf1 (CUGBP, Elav-like family

member 1; also known as Cugbp1) as a new post-transcriptional regulator of lens develop-

ment, and by applying a variety of cellular, molecular and animal model approaches elucidate

the detailed molecular mechanism of Celf1-based post-transcriptional control in the lens.

Celf1 is shown to directly bind to specific mRNAs through its three RNA recognition motifs

(RRMs) and control their distinct post-transcriptional fates namely, alternative splicing, stabil-

ity and translation [8,9]. Celf1 is well conserved at the amino acid level differing in only two

amino acids between mouse and human, and importantly the three RRMs are highly con-

served across vertebrates, suggesting its functional conservation in vertebrates [8–10]. Celf1

deficiency in mouse causes spermatogenesis defects [11] and its mis-regulation is associated

with myotonic dystrophy in human [12]. Further, in cardiomyocytes, Celf1 is known to

Celf1 controls vertebrate lens development
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control alternative splicing [13]. We now provide new advances into how Celf1-mediated dis-

tinct post-transcriptional mechanisms spatiotemporally control the proteome of differentiat-

ing fiber cells in lens development.

Here, we show that Celf1 is essential for eye development in diverse vertebrates such as fish

(zebrafish), amphibians (Xenopus) and mammals (mouse). Characterization of lens-specific

Celf1 deletion mice by various phenotypic analyses reveals embryonic-onset defects involving

abnormal cell morphology and defective degradation of nuclei that culminate into cataract.

Further, molecular and cellular approaches uncover the distinct mechanisms underlying these

defects. First, genome-level microarray expression profiling in combination with an effective

filtering criteria identify key lens genes among the mis-regulated targets in Celf1 lens-specific

conditional knockout mice. Using Celf1-RNA-immunoprecipitation (RIP) and cross-linking

immunoprecipitation (CLIP) assays on lens tissue, we identify the fiber differentiation-associ-

ated nuclease Dnase2b and the ubiquitously important cell cycle regulator p27Kip1 (Cdkn1b)

mRNAs among the endogenous direct targets of Celf1 in wild-type lens. Interestingly, Dna-

se2b is significantly down-regulated on the transcript level, while p27Kip1 is abnormally ele-

vated on the protein level in Celf1 deficient lenses. Further, another cyclin-dependent kinase

inhibitor, p21Cip1 (Cdkn1a), is also up-regulated on both the mRNA and protein levels in Celf1
deficient lenses. Using reporter analysis in lens cells, we show that Celf1 inhibits p27Kip1 trans-

lation via its 5’UTR, which harbors a GU-rich Celf1-binding motif, whereas Celf1 over-ex-

pression causes an elevation of Dnase2b 3’UTR fused-reporter transcripts. These findings are

physiologically relevant because in differentiating lens fiber cells cyclin-dependent kinase

inhibitors need to be down-regulated so that Cdk1 (Cyclin-dependent kinase 1) can be acti-

vated for phosphorylation of lamin A/C, resulting in nuclear envelope breakdown [14], which

in combination with Dnase2b [15] is necessary for nuclear degradation and lens transparency.

In agreement, we find lamin A/C phosphorylation defects in Celf1 deficient mouse lenses.

Thus, our data shows that Celf1 is necessary for high levels of the DNA-degrading enzyme

Dnase2b, as well as its access to fiber cell nuclear DNA (by controlling p27Kip1, p21Cip1, and

lamin A/C phosphorylation) to facilitate degradation of nuclei. Furthermore, we uncover yet

other new Celf1 targets that provide an explanation for lens fiber cell morphology defects in

Celf1 deficient mice. We find the cell membrane organization/stability protein Sptb (Spnb1,

Beta-spectrin) splice isoforms to be mis-regulated in Celf1 deficient mice lenses suggesting that

Celf1 controls alternative splicing in the lens. Additionally, we find that Celf1 directly binds to

the mRNA of the F-actin-binding protein Actn2, which is down-regulated in Celf1 deficient

lens, thus explaining the defects in their fiber cell morphology. These findings provide a new

RBP-associated molecular mechanism for the pathology of the eye disease cataract, while dem-

onstrating that core regulators of cell division, as well as those involved in determining cell

morphology, can be recruited by RBPs to coordinate cellular differentiation.

Results

Celf1 expression is conserved in vertebrate lens development

We used an eye gene discovery tool iSyTE, which has previously led to the characterization of

several cataract-linked genes [16–18], to identify Celf1 as a potential new regulator of lens

development. The iSyTE approach is based on meta-analyzed microarray gene expression data

on wild type mouse lens development [17,19]. It uses a strategy termed “Whole embryonic

body tissue (WB) in silico subtraction” which is a comparative analysis of lens data with mouse

WB, which allows identification of candidate genes with high lens-enriched expression. Analy-

sis of the mouse genome using iSyTE tracks identified Celf1 with a high lens-enriched expres-

sion score–among top 2% (S1A and S1B Fig). The spatio-temporal expression pattern of Celf1

Celf1 controls vertebrate lens development
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in embryonic lens development is conserved in fish (Zebrafish, Danio rerio), amphibians

(Frog, Xenopus laevis) and mammals (Mouse, Mus musculus) (Fig 1A–1C, S1C–S1F’ Fig). In

zebrafish, celf1 mRNA is expressed early in lens development at 1 day post fertilization (dpf)

(Fig 1A) and elevates by 4dpf in the posterior lens where fiber cells differentiate (S1C–S1E’

Fig), which is also validated by transgenic enhancer analyses (Tg-1.2celf1:nucGFP) (S2A–S2I”
Fig). In X. laevis, celf1 mRNA (S2F and S2F’ Fig) and protein (S2J and S2J’ Fig) expression in

the lens is detected at early tail-bud stage (St. 23) and increases at late tail-bud stage (St. 27–30)

(Fig 1B). In mouse, Celf1 mRNA and protein expression is high in lens fiber cells and low in

the lens epithelium (Fig 1C–1F). While Celf1 protein stays high in fiber cells, its expression

progressively increases in the epithelium (S2M–S2P”‘ Fig). Celf1 expression in the mouse lens

is also confirmed by knock-in reporter analysis (S2Q and S2Q’ Fig). Together, these data indi-

cate that Celf1 expression is conserved in vertebrate eye development.

Celf1 deficiency causes eye defects in fish, frog and mouse

To investigate Celf1 function in mammalian lens development, we generated a new Celf1
conditional knockout mouse line (Celf1cKO/cKO) using a lens-expressed Cre-driver line

(Pax6GFPCre) [20]. To minimize inefficient conditional gene deletion, we generated com-

pound conditional knockout mice (Celf1cKO/lacZKI) that carried one conditional knockout allele

and one germline knockout allele (S3A–S3F Fig). In Celf1cKO/lacZKI mice, low level of Celf1

protein was observed at E14.5 (S3E Fig). We additionally characterized Celf1 germline knock-

out/knock-in mice (Celf1lacZKI/lacZKI) that were previously generated [11]. In zebrafish and

X. laevis, morpholinos were used to generate celf1 knockdown (celf1KD) morphants (S4A–S4E
Fig). Celf1 deficiency in all systems resulted in eye defects, suggesting an evolutionarily con-

served requirement for Celf1 in eye development (Fig 1G–1I’). In zebrafish, celf1 morphants

exhibit lens defects and cataracts at 4dpf (Fig 1G and 1G’; S5A Fig) while in X. laevis, majority

of celf1 morphants (55.7%, n = 136) exhibit microphthalmia (small eye) (Fig 1H and 1H’) and

a minority (27%, n = 66) exhibit a skewed eye defect (defined as distorted eyes with abnormal

appearance of retina and lens tissue) (S5B–S5D Fig). In mouse, all three Celf1 homozygous

deletion mouse genotypes–Celf1cKO/cKO, Celf1cKO/lacZKI and Celf1lacZKI/lacZKI–exhibit severe lens

defects including cataracts at early postnatal (P) stages (Fig 1I–1K’; S6A and S6B’ Fig). In

Celf1cKO/lacZKI mice, lens fiber cells exhibit abnormal spaces at E16.5 (Fig 1L and 1L’), suggest-

ing that perturbation of the fiber differentiation program causes cellular morphological defects

that underlie the cataract phenotype. In sum, while the cataracts were obvious in zebrafish

celf1 morphants and mouse Celf1 knockouts, and the frog celf1 morphants had small lenses,

obvious cataracts were not detected in frogs. In addition to ocular defects, frog celf1 morphants

exhibit somite segmentation defects (S7 Fig), similar to earlier reports [21]. Collectively, these

findings demonstrate that Celf1 is necessary for lens development in vertebrates.

Molecular insights into Celf1 deficiency-mediated lens defects

To understand the molecular mechanism underlying Celf1 function in mouse lens develop-

ment, we first performed genome-level expression profiling in newborn Celf1cKO/lacZKI lenses,

which identified several differentially expressed gene candidates (DEGs) (Fig 2A). Further,

analysis of the Celf1cKO/lacZKI lens DEGs by comparing them to normal mouse lens gene

expression data in iSyTE shows that majority of the genes down-regulated in Celf1cKO/lacZKI

lenses exhibit highly enriched expression in lens development, while up-regulated genes had

no such pattern (Fig 2B)–indicating that Celf1 is necessary for expression of genes associated

with differentiating fiber cells. To identify high-priority targets among Celf1cKO/lacZKI lens

DEGs, we next applied an effective filtering criteria that in the past has successfully pointed to

Celf1 controls vertebrate lens development
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Fig 1. Celf1 is required for vertebrate lens development. (A) In zebrafish, celf1 transcripts are detected in the lens at 1

day post fertilization (1dpf) by in situ hybridization (ISH). (B) In X. laevis, ISH indicates strong celf1 expression

(arrow) in the embryonic St. 30 eye (arrow) and lens (indicated by broken line area). (C) In mouse, ISH shows strong

Celf1 transcript expression in the lens at embryonic day 12.5. (D) In mouse lens, Celf1 protein is expressed at (D) E11.5

(E) E14.5 and (F) E16.5 predominantly in fiber cells (f) and to a lower extent in epithelial cells (e). (G, G’) In zebrafish,

while control eyes are normal, celf1 knockdown (KD) results in microphthalmia and clouding of lens (asterisk) by

4dpf. (H, H’) In X. laevis, compared to control, celf1 KD results in microphthalmia. (I, I’) In mouse, compared to

control, Celf1cKO/cKO lens exhibits severe cataract (asterisk). (J-K’) Compared to control, refraction errors (asterisk) are

observed in Celf1cKO/cKO lens under dark-field and light-field microscopy. (L, L’) At E16.5 stage, the mouse Celf1cKO/cKO

lens exhibits abnormal spaces (asterisk) in the fiber cell region. Scale bar in F is 75 μm.

https://doi.org/10.1371/journal.pgen.1007278.g001

Fig 2. Celf1cKO/lacZKI mouse exhibits mis-expression of key lens genes. (A) Microarray heat-maps representing genes

mis-regulated in Celf1cKO/lacZKI lenses compared to control (left column, ±2.5 fold-change, p<0.05, total 34 genes,

indicated by heatmap color gradients (left columns: green, down in Celf1cKO/lacZKI; red, up in Celf1cKO/lacZKI) and their

respective enrichment in normal lens compared to whole-embryonic tissue as per iSyTE (right columns, lens-

enrichment in fold-change indicated by red color intensity). (B) Differentially expressed genes (DEGs) in Celf1cKO/lacZKI

lenses are plotted on the X-axis as down-regulated (circles) and up-regulated genes (triangles). On the Y-axis, DEGs are

separated based on their lens-enrichment. Red and green color gradients represent high and low lens-enrichment,

respectively. Genes down-regulated in Celf1cKO/lacZKI lenses are predominantly highly-lens enriched, while those up-

regulated do not exhibit this trend.

https://doi.org/10.1371/journal.pgen.1007278.g002
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key genes that explained the lens phenotype in other gene knockout mice [18,22–24]. These

analyses identify known–as well as new–candidate genes involved in different aspects of fiber

cell differentiation, in turn offering avenues for detailed investigation (see below) for explain-

ing the cataract pathology observed in Celf1 deficient lenses.

Celf1 deficiency affects Dnase2b mRNA levels and lamin A/C

phosphorylation, causing fiber nuclear degradation defects

Interestingly, among the Celf1cKO/lacZKI lens high-priority DEGs, Dnase2b –a lysosomal enzyme

that is highly enriched in normal lens development [15,25], is down-regulated in Celf1cKO/lacZKI

lenses (Fig 2A). This is of significance because Dnase2b is necessary for fiber cell nuclear deg-

radation during terminal differentiation, and mice deficient for this gene exhibit cataracts

[15,26]. We therefore examined the consequence of Dnase2b down-regulation in Celf1
lacZKI/lacZKI

early postnatal lens and detected the abnormal retention of nuclei in centrally located fiber

cells (Fig 3A–3B’ and S8 Fig). This defect is observed in all three types of Celf1 knockout

mouse lenses, even at later stages, indicating that the nuclear degradation pathway is not sim-

ply delayed but is fundamentally defective (S9A–S9F” Fig). Strikingly, zebrafish celf1 morphant

lenses also exhibit defective fiber cell nuclear degradation, suggesting a functional conservation

of Celf1 in developing fish and mammalian lenses (Fig 3C–3D’; S9G–S9H’ Fig). We next exam-

ined the microarray data for altered expression of other factors involved in nuclear degrada-

tion, but did not uncover significant changes in such factors in the Celf1cKO/lacZKI lens data.

While this analysis does not rule out translational level changes in these factors, it reinforced

Dnase2b as a key candidate for further investigation in Celf1cKO/lacZKI lens. Dnase2b mRNA

down-regulation in Celf1cKO/lacZKI lenses is confirmed by RT-qPCR (Fig 3E). Further insight

into Celf1-mediated Dnase2b control is gained from RNA-immunoprecipitation (RIP) and

cross-linking immunoprecipitation (CLIP) assays that demonstrate an enrichment of Dnase2b

mRNA in the Celf1 antibody pulldown on normal mouse lens (stage P15) (Fig 3F and 3G).

These findings identify Dnase2b as a direct target of Celf1 and lead to the hypothesis that this

RBP-RNA interaction is necessary for elevated Dnase2b transcript levels. Indeed, Celf1 overex-

pression in NIH3T3 cells that carry a luciferase reporter-Dnase2b 3’ UTR fusion construct

result in elevated levels of luciferase reporter transcripts (Fig 3H; S10A and S10B Fig).

Together, these data indicate that Celf1 functions to control Dnase2b mRNA levels through

interactions with its 3’UTR. In normal fiber differentiation, in addition to optimal levels of

Dnase2b, phosphorylation of nuclear envelope proteins lamins A and C is also necessary for

the breakdown of the nuclear membrane so that Dnase2b can gain access to fiber nuclear

DNA [14]. In Celf1cKO/lacZKI lenses, fiber cell nuclei exhibit reduced phosphorylation of lamin

A/C (Fig 4A–4D’; S11A–S11F Fig). Interestingly, there is variation in the levels of phospho-

lamin in the fiber cell nuclei of Celf1cKO/lacZKI lens, which may reflect the presence of residual

Celf1 protein in a subset of fiber cells in the Celf1cKO/lacZKI lens. Together, these findings indi-

cate that defective phosphorylation of nuclear lamins and reduced Dnase2b levels together

contribute to the fiber cell nuclear degradation defects in Celf1cKO/lacZKI lenses.

Celf1 re-wires mitotic machinery components to control fiber cell nuclear

envelope breakdown

We next investigated the molecular basis of the lamin A/C phosphorylation defect in

Celf1cKO/lacZKI mice. It is established that expression of the cyclin-dependent kinase (Cdk)

inhibitor protein p27Kip1 (Cdkn1b) gets elevated in epithelial cells located in the lens transition

zone, where it functions in coordinating their cell cycle exit and commitment to fiber differen-

tiation [27]. In later stages of fiber differentiation, a sharp reduction of p27Kip1 protein is

Celf1 controls vertebrate lens development
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Fig 3. Celf1 deficiency in mouse and fish causes fiber cell nuclear degradation defects. (A, B) Histological analysis of control and

Celf1lacZKI/lacZKI mouse lenses at post natal day 4 (P4) stage shows abnormal presence of nuclei in centrally located fiber cells only in

Celf1lacZKI/lacZKI mice. (A’, B’) High-magnification of the dotted-line area in A, B. Asterisk denote abnormally retained nuclei. (C, D) In

zebrafish, compared to control, celf1KD lens exhibit abnormal presence of nuclei in the central fiber cell region. (C’, D’) High-

magnification of the dotted-line area in E, F. Asterisk denote abnormally retained nuclei. (E) RT-qPCR analysis confirms significant

Dnase2b down-regulation in Celf1cKO/lacZKI lenses compared to control. (F) RNA immunoprecipitation (RIP) and (G) cross-linked RNA

immunoprecipitation (CLIP) shows Dnase2b to be enriched in Celf1-pulldown in wild-type mouse lens. (H) Celf1 over-expression in

NIH3T3 cells, which carry Dnase2b 3’UTR downstream of a luciferase reporter, results in significant increase of luciferase mRNA. Abbr.:

f.c., fold-change; NS, not significant. Asterisks in E, G, H indicate a p-value< 0.005.

https://doi.org/10.1371/journal.pgen.1007278.g003
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necessary for activation of the cyclin-dependent kinase Cdk1, which in turn phosphorylates

nuclear lamin A/C to initiate nuclear envelope disassembly [14,28]. However, the mechanism

underlying the sharp reduction of p27Kip1 is not understood [29].

Fig 4. Celf1-mediated post-transcriptional control of mitotic machinery components facilitates lens fiber cell nuclear degradation. (A, A’) Compared to control

lens, phosphorylation of Lamin A/C (pLamin A/C) is reduced in Celf1cKO/lacZKI lens. Dotted-line areas of the fiber cell regions in control (B-D) and Celf1cKO/lacZKI mice

(B’-D’) lenses are shown at high-magnification. Arrows in B, C indicate examples of high pLamin A/C expressing nuclei, while no nuclei are observed in D as this area

represents a normal nuclear-free zone in the control lens. Asterisks in B’-D’ indicate reduced signals of pLamin A/C in Celf1cKO/lacZKI lens fiber cell nuclei. Note the

presence of nuclei in D’ in the centrally located fiber cells due to the nuclear degradation defects in the Celf1cKO/lacZKI lens. (E, E’) Unlike in the control lens where

p27Kip1 protein is restricted to cells of the transition zone and cortical fiber cells (arrow), high levels of p27Kip1 protein are detected in the entire fiber cell compartment

(asterisks) including the central region in Celf1cKO/lacZKI lens. (F, F’) High-magnification of dotted-line areas in E and F. Asterisks indicate elevated signals of p27Kip1

protein. (G) Quantification of the p27Kip1 immunofluorescence signals from control and Celf1cKO/lacZKI lenses shows significantly increased p27Kip1 protein levels in

Celf1cKO/lacZKI lenses. (H) Western blot analysis shows increased levels of p27Kip1 protein in Celf1cKO/lacZKI lens compared to control. (I) Compared to control, p27Kip1

mRNA levels are not significantly altered in Celf1cKO/lacZKI lens. (J, K) RIP and CLIP assays, respectively, identify p27Kip1 mRNA to be highly enriched in

Celf1-pulldown in wild-type mouse lens. (L) A potential Celf1 binding GU-rich region in present in the mouse p27Kip1 5’ UTR. (M) Activity of firefly luciferase fused

downstream of p27Kip1 5’ UTR is significantly elevated in Celf1-knockdown (Celf1-KD) mouse lens cell line compared to control (firefly luciferase normalized to

Renilla luciferase (Rluc)). (N-O’) Compared to control, p21Cip1 mRNA and protein is abnormally elevated in Celf1cKO/lacZKI lens. Asterisk in O’ indicate high expression

of p21Cip1 protein in the Celf1cKO/lacZKI lens. Abbr.: e, epithelial cells; f, fiber cells; tz, transition zone; NS, not significant. Scale bar in A’, E’, O’ is 75 μm and in D’ and F’

is 12 μm. Asterisks in G, K, M and N indicate a p-value< 0.0005, 0.005, 0.05 and 0.005, respectively.

https://doi.org/10.1371/journal.pgen.1007278.g004
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We find that p27Kip1 protein levels are abnormally high in Celf1cKO/lacZKI lens fiber cells

without an accompanying significant increase in its mRNA (Fig 4E–4I; S12A Fig). This lack of

transcript-level changes of p27Kip1 in the Celf1cKO/lacZKI lens suggests that this factor may be

regulated at the post-transcriptional level in the lens. In the Celf1cKO/lacZKI lens, at E16.5, a few

nuclei of the lens epithelium exhibited elevated p27Kip1 protein expression compared to con-

trol, but this subtle defect was not observed by stage P0 (S12B Fig). However, the Celf1cKO/lacZKI

lens fiber cells continued to express high p27
Kip1

protein levels at P0 (S12C and S12D Fig).

Together, these data suggest that Celf1 normally functions to post-transcriptionally inhibit

p27Kip1 protein expression in late stages of fiber differentiation. In support of this, p27Kip1

transcripts are enriched in Celf1-RIP and CLIP pulldown assays (Fig 4J and 4K), suggesting

that Celf1 directly associates with p27Kip1 mRNA in the developing mouse lens. Several studies

have shown that Celf1 binds to GU-rich motifs in target RNAs. These are based on SELEX

(systematic evolution of ligands by exponential enrichment) assays [30] and by identifying

conserved motifs within various Celf1-controlled transcripts [31–33]. Further, the structural

bases for the strong preference of Celf1 for GU-rich element binding has also been demon-

strated by biophysical approaches [34]. Accordingly, the p27Kip1 mRNA 5’UTR has a GU-rich

element that represents a potential Celf1 binding region (Fig 4L). Therefore, to test the hypoth-

esis that Celf1 directly represses p27Kip1 translation, we generated stable shRNA-mediated

Celf1-knockdown (Celf1-KD) (S13 Fig) in a well characterized mouse lens-derived cell line

21EM15 [35] and transfected it with p27Kip1 5’UTR fused to a luciferase ORF reporter con-

struct driven by the SV40 promoter. Celf1-KD cells had significantly elevated luciferase

reporter levels compared to control (Fig 4M), indicating a release of p27Kip1 translational inhi-

bition upon Celf1 reduction. Together, these data suggest that Celf1 represses the translation

of p27Kip1 in differentiating fiber cells through direct interaction with its 5’UTR. Interestingly,

Celf1-mediated translational repression of p27Kip1, potentially through interference of an in-

ternal ribosome entry site (IRES) in its 5’UTR, is observed in cultured breast cancer cells [36],

but has never before been described in developing tissue. Further, similar to p27Kip1, the Cdk-

inhibitor p21Cip1 (Cdkn1a) functions to regulate the cell cycle by inducing growth arrest [37].

While in normal lens development, p21Cip1 is repressed [27], we find both p21Cip1 mRNA

(among the high-priority DEGs) and protein to be abnormally elevated in Celf1cKO/lacZKI lens

(Fig 2A, Fig 4N–4O’). This is of significance given that elevated levels of p21Cip1 has been

linked to cataract [38]. We also performed Celf1 CLIP-RTqPCR on mouse lenses for p21Cip1,

but did not detect p21Cip1 transcripts to be enriched in the Celf1 pulldowns. This may be

because the lens does not normally express p21Cip1 transcripts [27]. However, the direct inter-

action of Celf1 with p21Cip1 has been investigated in HeLa cells that have abundant expression

of p21Cip1 mRNA [39], and in this dataset CLIP identifies p21Cip1 as a direct binding target of

Celf1. Together, our findings indicate that Celf1 is necessary to negatively control the expres-

sion of the cell cycle regulators p27Kip1 and p21Cip1 and the phosphorylation status of lamin A/

C to orchestrate fiber cell nuclear envelope breakdown in lens development.

Celf1 deficiency affects Actn2 and Sptb and causes abnormal fiber cell

morphology

The severe fiber cell defects observed in Celf1cKO/lacZKI mice (Fig 1L and 1L’) suggest its poten-

tial function in controlling fiber cell morphology/organization. In agreement with this, among

the Celf1cKO/lacZKI lens DEGs, transcripts for Actn2 (α-actinin 2; F-actin crosslinking protein)

and Sptb (also known as Spnb1; β-spectrin; protein required for cell membrane organization/

stability) are among the high-priority candidates that are significantly downregulated (Fig 2A).

The reduced Actn2 transcript levels were confirmed by RT-qPCR (Fig 5A). Actn2 is a spectrin
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family protein that contains a conserved actin-binding domain to facilitate crosslinking of

actin [40]. Interestingly, Actn2 knockdown in zebrafish results in lens defects and micro-

phthalmia [41]. Further, iSyTE analysis identifies Actn2 as a lens-enriched gene in develop-

ment (Fig 2A). These findings offer a hypothesis that the abnormalities in fiber cell

morphology in Celf1cKO/lacZKI lenses may be reflective of Actn2 downregulation-mediated

cytoskeletal defects. Therefore, we next tested potential interactions between Celf1 protein and

Actn2 mRNA by performing RNA immunoprecipitation (RIP) on normal mouse lenses (stage

P15). RIP analysis identified Actn2 as an enriched transcript in Celf1-pull down lysates but not

in the IgG control (Fig 5B), suggesting that Celf1 directly interacts with Actn2 mRNA.

Next, we investigated Sptb (β-spectrin) expression in more detail in the Celf1cKO/lacZKI lens.

Spectrins (classified as α- and β-spectrins) are membrane skeletal proteins that line the cell

membrane mediating its stability by positioning transmembrane proteins and thereby control-

ling cell shape [42]. Further, spectrins crosslink with actin filaments, which is important for

fiber cell packing [43,44]. We performed CLIP-RTqPCR on mouse postnatal day 13 lens and

identified Sptb transcripts in the Celf1 pulldown, suggesting that Celf1 directly regulates Sptb
transcripts (Fig 5C). We identified two differentially expressed Sptb mRNA splice isoforms in

normal lenses, the high-expressed Sptb isoform 1 (ENSMUST00000021458, contains 35 exons

and codes for a splice isoform with a longer C-terminus region) and the low-expressed Sptb

isoform 2 (ENSMUST00000166101, contains 31 exons and codes for a splice isoform with a

shorter C-terminus region) (S14 Fig). Using RT-qPCR, we find the abundance of these iso-

forms to be affected in the Celf1cKO/lacZKI lenses, with Sptb isoform 1 being reduced and Sptb

isoform 2 being elevated (Fig 5D). Spbt isoform 1 contains the pleckstrin domain in its

extended C-terminal region, which is involved in membrane interactions, and based on its

expression, is the predominant isoform in the lens. Thus, the abnormal levels of the two Sptb

isoforms, along with reduced Actn2, may contribute toward the fiber cell morphology defects

in Celf1cKO/lacZKI lenses.

To determine the impact of these mis-regulated cyto- and membrane-skeletal factors, we

investigated F-actin pattern in Celf1cKO/lacZKI and control lenses in mouse and fish. In mouse,

phalloidin staining of lens sections shows that while F-actin levels are not altered significantly,

it appears abnormal, likely secondary due to cytoskeletal defects or the gross cellular disorgani-

zation in Celf1cKO/lacZKI lenses (Fig 5E and 5E’). Similarly, in zebrafish, compared to control, F-

actin appears abnormal in celf1 knockdown lenses (Fig 5F and 5F’). These findings demon-

strate a critical function for Celf1 in maintaining fiber cell cytoskeletal structure in lens devel-

opment. Further, in mouse, scanning electron microscopy (SEM) was performed to analyze

cortical fiber cells (located in the lens outer cortex) and nuclear fiber cells (located near the

core of lens) at stage P15. In control lenses, both cortical and nuclear fiber cells are arranged in

a discrete parallel arrangement that interlink with the neighboring fiber cells through mem-

brane protrusions (Fig 5G and 5H). In contrast, both cortical and nuclear fiber cell

Fig 5. Celf1 deficiency in mouse and fish causes defects in fiber cell morphology. (A) RT-qPCR analysis confirms

significant Actn2 down-regulation in Celf1cKO/lacZKI lenses compared to control. (B) RNA immunoprecipitation (RIP)

identifies Actn2 as an enriched transcript in Celf1-pulldown in P15 wild-type mouse lens. (C) Cross-linked RNA

immunoprecipitation (CLIP) shows Sptb transcripts to be enriched in Celf1-pulldown in wild-type mouse lens. (D)

RT-qPCR analysis shows that the high-abundant Sptb isoform (isoform 1 (ENSMUST00000021458)) is reduced, while

the low-abundant Sptb isoform (isoform 2 (ENSMUST00000166101)) is abnormally elevated in Celf1cKO/lacZKI lenses.

(E, E’) In mouse, phalloidin staining of lens tissue sections (stage P0) shows uniform F-actin deposition along the fiber

cell margins in control, while Celf1cKO/lacZKI lenses exhibit abnormal pattern of F-actin (asterisk). (F, F’) In zebrafish,

while control lens exhibits normal F-actin deposition, celf1KD lens (stage 4dpf) exhibits abnormal F-actin pattern

(asterisk) in fiber cells. (G-H’) In mouse, scanning electron microscopy analysis of cortical and nuclear fiber cells

shows disrupted cell organization (asterisk) in Celf1cKO/lacZKI lenses (stage P15). Scale bar in D’ is 75 μm and G’ is

2.5μM.

https://doi.org/10.1371/journal.pgen.1007278.g005
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organization is severely abnormal in Celf1cKO/lacZKI lens, exhibiting irregular arrangement of

membrane protrusions and inter-digitations between neighboring cells (Fig 5G’ and 5H’).
Collectively these data suggest that Celf1 deficiency causes severe alterations in mRNA levels

or specific isoform abundance of key genes Actn2 and Sptb that results in abnormal fiber cell

morphology.

Discussion

While signaling, transcriptional, epigenetic and non-coding RNA-mediated gene expression

control is well characterized, the importance of RBP-driven post-transcriptional control in

vertebrate organogenesis is not well defined, barring a few exceptions [13,45]. Further, for the

past 50 years, the ocular lens has been studied as an extreme example of cell type-specific gene

expression, largely focusing on the transcriptional control of crystallin genes in cells that even-

tually degrade their nuclei and other organelles to achieve transparency. Here, we demonstrate

that a conserved RBP is necessary for the dynamic spatio-temporal control over the lens fiber

cell proteome, and its deficiency in different vertebrates results in cataract. Thus, the long-

standing dogma that transcription is the predominant factor in regulating lens fiber differenti-

ation is refuted by these findings that highlight distinct post-transcriptional roles of Celf1 in

the lens. Significantly, these data reveal a new RBP-based mechanistic layer of control–involv-

ing mRNA translation, stability or alternative splicing–over p27Kip1, Actn2, Dnase2b and Sptb

expression during lens development.

These data establish Celf1 as an important regulator in vertebrate lens development, while

shedding new light on the regulation of known–as well as several new–target genes. For exam-

ple, (1) while it was known that germline deletion of Dnase2b in mouse caused nuclear degra-

dation defects and cataract [15], the mechanism of how Dnase2b was expressed at high levels

was not understood; (2) Similarly, it was shown that down-regulation of p27Kip1 is necessary

for nuclear degradation in differentiating fiber cells [28], but how this p27Kip1 control was pre-

cisely accomplished in these cells was not understood; (3) Additionally, elevated expression of

p21Cip1 was linked to cataract [38], but which factor negatively controlled p21Cip1 in the lens

was not understood; (4) Alternative splicing of key genes was long suspected to be important

for lens development [3], but no factor controlling this post-transcriptional control mecha-

nism was characterized in the lens; and (5) It is long known that the characteristic cellular

morphology is critical for lens transparency but the regulatory mechanism to control cytoskel-

etal factors, including F-actin, in these elongated cells was not well understood [44]. Data in

the present manuscript establish that the RBP Celf1 mediates post-transcriptional regulation

to control known (p27Kip1, p21Cip1, Dnase2b), as well as novel (Actn2, Sptb), factors thereby

orchestrating fiber differentiation during lens development. Although other post-transcrip-

tional RBPs such as Tdrd7 and Caprin2 are known to function in lens development [16,46],

their gene knockout mouse models do not exhibit nuclear degradation defects that are

observed in the Celf1cKO/lacZKI lens. This indicates that different RBPs have distinct function in

lens development.

From these new data, and in light of previous findings [14,15,28,38], a model is defined for

the molecular mechanism of Celf1 function in lens development (Fig 6). In one pathway, Celf1

positively regulates a lysosomal nuclease Dnase2b in fiber cells while also indirectly facilitating

its access to nuclear DNA by negatively regulating p27Kip1 and p21Cip1. Down-regulation of

these Cdk-inhibitors results in the activation of Cdk1, which phosphorylates nuclear lamins A/

C to initiate fiber cell nuclear envelope breakdown, thus allowing Dnase2b access to degrade

nuclear DNA. This model shows how components of the mitotic machinery–normally

involved in nuclear disassembly during cell division–are rewired by RBPs to regulate cell
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differentiation. In separate pathways, Celf1 is necessary for appropriate levels of the F-actin

crosslinking protein Actn2 (α-actinin 2), which is previously associated with lens defects [41],

and also for the high abundance of the specific alternative splice isoform of Sptb, β-spectrin,

which is necessary for cell membrane integrity [43]. Deficiency of Celf1 reduces these factors,

culminating into fiber cell morphology defects. Together, the fiber cell nuclear degradation

and morphology defects cause cataract in the Celf1 deficient lens.

The findings described here provide new control mechanisms for universally important fac-

tors such as p27Kip1, p21Cip1, alpha-actinin, Beta-spectrin, which are involved in differentiation

and morphology of a multitude of different cell types. Indeed, the Celf1-mediated p27Kip1

post-transcriptional control mechanism described here in the lens may serve to inform on the

Fig 6. Model for Celf1-mediated post-transcriptional gene expression control in the lens. In normal lens development, Celf1 is required for nuclear degradation

and proper cell morphology in fiber cell differentiation. Celf1 positively regulates the nuclease Dnase2b (being necessary for its high mRNA levels) and negatively

regulates the cyclin-dependent kinase inhibitors p21Cip1 (being necessary for its low mRNA levels) and p27Kip1 (by inhibiting its translation into protein). Inhibition of

p21Cip1 and p27Kip1 allows the activation of Cdk1, which phosphorylates Lamin A/C to initiate nuclear envelope breakdown in fiber cells. Thus, Celf1 controls the

nuclease (Dnase2b) as well as its access to nuclear DNA, to regulate nuclear degradation in lens fiber cells. These findings show how mitotic machinery components–

normally involved in nuclear envelope disassembly during cell division–are post-transcriptionally rewired by RNA-binding proteins to regulate cell differentiation in

lens development. Additionally, Celf1 controls the splice isoform abundance of the membrane-organization protein Sptb (β-spectrin) and high transcript levels of the

F-actin-binding protein Actn2 (α-actinin 2), to regulate fiber cell morphology. Abbr.: Epi, epithelium; TZ, transition zone; FC, fiber cells.

https://doi.org/10.1371/journal.pgen.1007278.g006
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complexity of p27Kip1 regulation in other developing tissues, and the impact of its mis-regula-

tion on cell growth and cancer, as well as on the pathobiology of other Celf1-associated defects

such as myotonic dystrophy. The translational control of p27Kip1 has been investigated in dif-

ferent cell types. The 5’UTR of p27Kip1 has an IRES that supports cap-independent translation

and other elements that allow translational control in specific phases in the cell cycle [47–49].

Importantly, the present data show for the first time that Celf1 negatively controls p27Kip1

translation in a developing tissue. Interestingly, the ELAV family protein HuR has been shown

to inhibit p27Kip1 translation via the IRES in its 5’UTR in HeLa cells [50]. We have identified

HuR in mouse embryonic lens [16] and it will be interesting to investigate in future studies

whether this protein functions with Celf1 to cooperatively regulate p27Kip1 translation in the

lens. Further, our new findings on Celf1-based translational regulation of p27Kip1, along with

the findings that mutations in the 5’UTR of L-ferritin mRNA mis-regulate its translation into

protein and result in hyperferritinaemia and cataract [51], together serve to highlight the

importance of translational control of key factors linked to cataractogenesis. Further, while

Celf1 is implicated in control of p21Cip1, depending on the specific cell line investigated, it has

been reported to be either a positive regulator or a negative regulator of p21Cip1 [52,53]. Here,

we show for the first time that in lens fiber cells, Celf1 negatively regulates p21Cip1. The find-

ings in the present study are generally significant because RBP function in RNA processing is

increasingly recognized as a critical factor for fully comprehending human disease phenotypes

[54]. Together with the finding that deficiency of the post-transcriptional regulatory protein

TDRD7 causes juvenile cataracts in human, mouse and chicken [16], these data highlight the

importance of RBP-mediated post-transcriptional regulatory networks for precise spatiotem-

poral control of cellular proteomes in vertebrate organogenesis.

Materials and methods

Ethics statement

The University of Delaware Institutional Animal Care and Use Committee (IACUC) reviewed

and approved the animal protocols (number 1226). Animal experiments were performed

according to the Association for Research in Vision and Ophthalmology (ARVO) statement

for the use of animals in ophthalmic and vision research.

Generation of Celf1 targeted deletion mouse

A new conditional knockout mouse model (Celf1cKO/cKO) was generated in this study wherein Celf1
exon five is flanked by loxP sites (Celf1flox/flox) (Clinique de la Souris, Strasbourg). In addition, previ-

ously generated Celf1 germline targeted knockout animals (referred to as Celf1lacZKI/lacZKI) [11] were

also used in this study. Further, to address potentially incomplete Celf1 deletion in Celf1cKO/cKO

mice, Celf1 compound conditional knockout mice (referred to as Celf1cKO/lacZKI) were generated as

follows. Germline Celf1 heterozygous mice (Celf1lacZKI/+)were initially crossed with Pax6GFPCre
transgenic mouse line [20] that express Cre recombinase in the embryonic day (E) 9.5 lens placode,

to first generate Celf1 heterozygous and Pax6GFPCre heterozygous (Pax6GFPCre+/-: Celf1lacZKI/+)

animals. Pax6GFPCre+/-: Celf1lacZKI/+ animals were then crossed with Celf1flox/floxmice to generate

Celf1 compound knockout mice (Pax6GFPCre+/-:Celf1flox/lacZKI; referred to as Celf1cKO/lacZKI) that

remove Celf1 exon five in one of the Celf1 alleles in the developing lens starting at E9.5, while

the other Celf1 allele is germline deleted. Celf1 conditional knockout animals (Pax6GFPCre+/-:
Celf1flox/flox; referred to as Celf1cKO/cKO) were generated by crossing Celf1flox/floxmice with Pax6G
FPCre+/-:Celf1flox/+ mice. To generate Celf1 germline knockout, Celf1lacZKI/+ males were crossed with

either Celf1lacZKI/lacZKI or Celf1lacZKI/+ females. Embryos were staged by designating the day that the

vaginal plug was observed as embryonic day (E) 0.5. Post- natal mice were staged by designating the
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day of birth as post-natal day 0 (P0). Control mice used in this study were either Celf1flox/flox and/or

Pax6GFPCre+/-: Celf1+/+ genotype, which did not exhibit any lens defects. Genotyping was per-

formed on tail-DNA prepared from post-natal or embryonic tissue using the Direct PCR Lysis

reagent (Viagen Biotech, Los Angeles, CA). Animals were genotyped by using the following prim-

ers. Celf1 germline deletion allele (Celf1lacZKI) is amplified by primers: KODEL2S-Forward-5’- GA

ATTATGGCCCACACCAGT-3’ and KODEL2R-Reverse-5’-GAGGGTTTTGGCTCCTATCC-3’.

Celf1 floxed allele (Celf1flox) are amplified by primers: LF-Forward-5’- CCATAACATGAAGGTC

CTCCCTGGGGT-3’ and LR-Reverse-5’- GGCTGAACTGCAGGATCACAGCACC-3’. Cre geno-

mic region is amplified by primers: Forward-5’-TTCAATTTACTGACCGTACACC-3’ and 5’-CC

GACGATGAAGCATGTTTAG -3’.

Zebrafish maintenance

Wild-type AB and TL Zebrafish (Danio rerio) strains were used for this study. Fish were main-

tained at 28.5˚C on a 14 hour light/10 hour dark cycle in accordance with University of Texas

at Austin, IACUC provisions.

Knockdown of celf1 in zebrafish by splice altering morpholinos

To generate celf1- knockdown (KD) zebrafish (celf1KD), celf1 pre-mRNA was targeted by celf1
antisense (celf1-MO) and control celf1 mismatch (celf1-MM) morpholinos (MOs) purchased

from Open Biosystems and Gene Tools (Philomath, OR), respectively. The predicted outcome

of the morpholino-mediated knockdown on the celf1 protein is a frame shift which is expected

to result in 12 incorrect amino acids being translated before a premature stop codon. Both

MOs were injected at a concentration of 2.2 ng/embryo at the 1–4 cell stage into wild type

embryos. MOs sequences are the following: celf1-MO 5’-AACATTTTCTCACCCCTGGAAG

AAT-3’ (Celf1- specific morpholino (MO), test) and celf1-MM 5’-AAGATTTTGTCACCGC

TGCAACAAT-3’ (Celf1 mismatch morpholino (MM), control), wherein underline depicts

nucleotide mismatches in the MM compared to the control. To confirm the splice-altering effi-

cacy of the morpholino, RT-PCR was performed on both groups of injected zebrafish embryos

(celf1-MO and celf1-MM) using the celf1-specific primers, Forward 5’- ATGAATGGGTC

TCTGGACCAC-3’ and Reverse 5’-CATTGTTTTTCTCACTGTCTGCAGG-3’. To confirm

splice-defect induced celf1 knockdown, DNA from the appropriate size bands isolated by aga-

rose gel electrophoresis was purified using QIAquick Gel Extraction Kit (Qiagen, Hilden, Ger-

many) and validated by the Sanger sequencing.

Zebrafish celf1 transgenics

A ~1.2kb (1152 bp) celf1 genomic (potential enhancer) sequence that is located in the upstream

region of celf1 start codon was PCR amplified using the following primers; Forward: 5ʹ-GTAC

AGGTACCGCTTTCTCTTCCTGC-3ʹ and Reverse: 5ʹ-GTAGACACTAGTTTCTTCAGG

CCTTC-3 and the amplicon was cloned into the Pgem-T Easy Vector (Promega, Madison, WI).

This genomic (potential enhancer) region encompasses the celf1 5’ UTR and extends from

+9808 to +10959 downstream of the transcription initiation site (+1) (Ensemble genome

sequence (ID: ENSDARG00000005315)). This region begins at position 85 bp downstream

from the start of exon 3 and includes 39bp of exon 3 as well as the first 1113 bp of intron 3. The

start codon (ATG) of the zebrafish celf1 is located in exon 4. A GFP expression vector was then

constructed using the celf1 1.2kb genomic sequence, nuclear EGFP and SV40 polyA sequence

in a Tol2 transposon as previously described [55] and according to the manufacturer’s instruc-

tion from the MultiSite Gateway Three Fragment Vector Construction Kit (Invitrogen, Carls-

bad, CA). For transgenesis, 25pg (picograms) of DNA expression construct and 25pg of
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transposase mRNA were injected into one-cell stage embryos using a microinjector (Harvard

Apparatus, Medical Systems Research Products, Holliston, MA). Injected embryos were exam-

ined under a fluorescence microscope (Leica Microscope MZ 16F, Buffalo Grove, IL) at various

developmental stages to assess for expression of the EGFP reporter gene. EGFP injected

embryos (F0; founder fish) were grown up 3–4 months. F0 fish harboring the transgene were

mated with wild type fish to generate transgenic stable lines (F1).

Frog celf1-knockdown

Xenopus laevis embryo manipulations, embryo staining and histological methods were per-

formed as previously described according to approved protocols [21]. Briefly, the celf1-specific

morpholinos 5’-TTGTGCCATTCATTATCTTAGAAAT- 3’ and 5’-ATTGTGCCATTCAT

TTTCTTGGAAA-3’ (NCBI Accession number BG513033), were used for generating celf1-

knockdown. The specific nucleotides complementary to the ATG initiation codon are under-

lined. The morpholino 5’-CCTCTTACCTAGTTACAATTTATA- 3’ was used as standard

control.

Nuclear staining of zebrafish celf1-MO and celf1-MM injected embryonic

eye tissue

To assay the nuclear degradation defects in celf1 knockdown embryos, 4-5dpf embryos were

fixed and sectioned as previously described [56]. Sections were rehydrated with PBTD (0.1%

Tween-20, 1% DMSO in 1X PBS) and nuclei staining solution (SytoxGreen, Molecular probe,

Eugene, Oregon) was added at 1:1000 dilution and incubated overnight at 4˚C. Slides were

washed three times with PBTD and mounted with vectashield mounting media (Vector Labo-

ratory Inc, Burlingame, CA) and imaged with confocal microscopy.

In situ hybridization

In situ hybridization (ISH) for detecting RNA was performed as previously described for

mouse [17] using Celf1 open reading frame (ORF)-specific probe (amplified by the primers:

Celf1-F-5’- GCTATTTAGGTGACACTATAGACCCTGAGCAGCCTCCACCC-3’, Celf1-R-

5’- TTGTAATACGACTCACTATAGGGGCCACTGCTGCCCAGACCAC-3’, where the

underlined nucleotides in the forward primer denote the SP6 promoter sequence while the

underlined nucleotides in the reverse primer denote the T7 promoter sequence). Mouse E12.5

embryonic head tissue fixed overnight in 4% paraformaldehyde (PFA) at 4˚C were used for

obtaining coronal sections (16 μm thickness, cryosectioned) that were used for ISH analysis.

For zebrafish, a celf1 full-length ORF-specific probe was used according to an established in
situ protocol [57]. Zebrafish eyes from 1–4 dpf embryos were fixed and cryosectioned for ISH

analysis.

Immunofluorescence

Mouse head tissue from developmental stages E11.5, E14.5, E16.5 and P0 was fixed in 4% PFA

for 30 minutes on ice, and equilibrated in 30% sucrose overnight at 4˚C before mounting in

OCT (Tissue-Tech, Doral, FL). Sections (16um thickness) at similar depths were used in all the

experiments to compare the expression of proteins between Celf1cKO/lacZKI and control lens.

Frozen sections (16 μm thickness) were blocked in either 5% chicken serum (Abcam, Cam-

bridge, UK) or 5% donkey serum (Jackson ImmunoResearch, West Grove, PA) or 10% BSA

(Sigma-Aldrich, St.Louis, MO) along with 0.1% Tween for one hour at room temperature. The

following primary antibodies were purchased from Abcam, Cambridge, UK and Santa Cruz
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Biotechnology, Dallas, TX and used in the given dilutions in the respective blocking buffers:

Celf1 (ab-9549, 1:500 dilution), p27Kip1 (SC- 528, 1:100), Lamin A/C (ab-58528, 1:100 dilu-

tion), p21Cip1 (SC-397, 1:100). In addition, a previously generated polyclonal antibody raised

against X. laevis celf1 [21], was used at 1:500 dilution. After one hour blocking, the sections

were incubated with the primary antibody overnight at 4˚C. Slides were washed and incubated

with the appropriate secondary antibody conjugated to Alexa Fluor 594 (1:200) (Life Technol-

ogies, Carlsbad, CA) and the nuclear stain DRAQ5 (1:2000) (Biostatus Limited, Loughbor-

ough, UK). Slides were washed, mounted using mounting media as described [58]. For F-actin

staining, mouse lens tissue at P0 from both control and Celf1cKO/lacZKI animals were blocked

with 2% BSA (Sigma-Aldrich, St.Louis, MO) for one hour at room temperature and stained

with Alexa Fluor 568 labeled phalloidin at 1:200 dilution (A12380, Invitrogen, Carlsbad, CA),

0.25% Triton X-100, and DAPI at 1:2000 dilution (D21490, Invitrogen, Carlsbad, CA) for

overnight at 4˚C. Lenses were washed three times with 1X PBS containing 0.1% Triton X-100

and mounted using mounting media as described. All sections were imaged using the Zeiss

LSM 780 confocal microscope configured with Argon/Krypton laser (488 nm and 561 nm

excitation lines) and Helium Neon laser (633 nm excitation line) (Carl Zeiss Inc, Oberkochen,

Germany). Optimal adjustment of brightness/contract was performed in Adobe Photoshop

(Adobe, San Jose, CA) and applied consistently for all images. Fiji imageJ software (NIH,

Bethesda, MD) was used to quantify the differences in the fluorescence signal intensity of

Lamin A/C and p27Kip1 between control and Celf1cKO/lacZKI lens. To measure the fluorescence

intensity, images were split into single channel and the fluorescence intensity of the region of

interest (individual nuclei) was measured in the red channel or the blue channel (Draq5 stain-

ing) for normalization and quantification of the intensity ratios in three biological replicates

and a student t-test was performed to estimate statistical significance.

Western blot analysis

Lenses from control and Celf1cKO/lacZKI animals were dissected and homogenized in ice-cold

lysis buffer (50mM Tris-HCl at pH 8, 150mM NaCl, 1% nonidet P40, 0.1%SDS, 0.5% sodium

deoxycholate, along with protease inhibitors (Thermo Fisher Scientific, Waltham, MA). For

cell line lysate preparation, lysis buffer (1 mL) was directly added to the cell culture plate and

incubated at 4˚C for 30 min. Cell debris was removed by centrifuging lysates at 14,000 RPM

for 30 min at 4˚C. Protein concentration was determined using Pierce BCA protein kit

(Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. Total

protein (25–50 μg) was resolved on TGX stain free polyacrylamide gels (Bio-Rad, Hercules,

CA Hercules, CA) and transferred onto PVDF membrane (Thermo Fisher Scientific, Wal-

tham, MA). Blots were blocked with 5% non-fat dry milk for 1 hour at room temperature and

incubated with primary antibody (p27Kip1 BD Bioscience, San Jose, CA) 610241 and Celf1 ab-

9547 at 1:500 and 1:1000 dilutions, respectively) over night at 4˚C. Blots were incubated with

secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technology, Dan-

vers, MA) for one hour at room temperature, and the signals were detected with Super-

SignalTM West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham,

MA).

Dark-field microscopy, grid imaging and histological analysis

Control and Celf1 deficient mouse eyes were dissected in 1X PBS and imaged by light micros-

copy (Zeiss Stemi SV dissecting microscope). Mouse eyes were further dissected to isolate

lenses for grid imaging. For the grid images, lenses from control and Celf1 deficient mice at

stage P30 were placed on a 300-mesh electron microscopy grid (Electron Microscopy Sciences,
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Hatsfield, PA, Catalog No. 6300H-Cu) and imaged to evaluate the refractive properties of the

lens as previously described [18]. Hematoxylin and Eosin (H&E) staining was performed on

sections from mouse embryonic head tissue or postnatal eye tissue as described [58].

Scanning electron microscopy

Mouse eyes from control and Celf1 deficient mice at stage P15 were processed as previously

described [18]. Samples were imaged with a field emission scanning electron microscope,

Hitachi S-4700 (Tokyo, Japan).

RNA isolation and RT-qPCR

Four lenses for each of three biological replicates were collected from control and Celf1 defi-

cient mice at stage P0 and total RNA was extracted using RNeasy mini kit (Qiagen, Hilden,

Germany). cDNA synthesis and RT-qPCR was performed as described [18] on ABI7300 Real-

Time PCR system (Applied Biosystems, Foster City, CA) using Power Syber Green PCR mas-

ter mix (Invitrogen Life technologies, Carlsbad, CA). Transcript levels were normalized to the

housekeeping gene Gapdh. For each sample, differential expression was determined using

ΔΔCT method. The following primers were used for qRT-PCR: Celf1-F-5’-ACAGATGA

AGCCTGCTGACA-3’ and Celf1-R-5’-CTCTGCTCAAGCCATCAGGT-3’; Dnase2b-F-5’-T

GCTCTGGGGAGGACCTTAC-3’ and Dnase2b-R-5’-CCCCTGCGTTCTGTTCCATA-3’;

p27Kip1-F-5’-GCCAGACGTAAACAGCTCCGAATT-3’ and p27Kip1-R-5’-AGGCAGATG

GTTTAAGAGTGCCT-3’; p21Cip1-F-5’-CGGTGTCAGAGTCTAGGGGA-3’ and p21Cip1-R-

5’-CATGAGCGCATCGCAATCAC-3’; Actn2-F-5’-GAATCAGATAGAGCCCGGCG-3’ and

Actn2-R-5’-ATGTTCTCGATCTGGGTGCC-3’; Sptb-001 ENSMUST00000021458—Exon 36

-F-5’-TGGCTACAGAGCATGAGCAC-3’ and Exon 36 -R-5’-TCCTTTTCCTTCTTGCC

AAC-3’; Sptb-002 ENSMUST 00000166101- Exon 32-F-5’- AGAGGAGGAAGGCGAGAC

AG-3’ and Exon 32-R-5’-GGAACTAGACAAGCGGGACA-3’; Gapdh-F-5’-GATCGTGGAA

GGGCTAATGA-3’ and Gapdh-R-5’-GACCACCTGGTCCTCTGTGT-3’; B2M-F-5’- TGGT

GCTTGTCTCACTGACC-3’and B2M-R-5’- CCGTTCTTCAGCATTTGGAT-3’. Primers for

Sptb isoforms RT-PCR: Sptb-001 ENSMUST00000021458 Exon 32-36-F-5’-AGAGGAGGA

AGGCGAGACAG-3’ and Sptb-001 ENSMUST00000021458 Exon 32-36-R-5’-TCCTTTTC

CTTCTTGCCAAC-3’; Sptb-002 ENSMUST00000166101 Exon 32-F-5’-AGAGGAGGAAG

GCGAGACAG-3’ and Sptb-002 ENSMUST00000166101 Exon 32-R-5’-CTCTGGCAGCA

GCGACTC-3’. For fish, total RNA from 1dpf embryos was isolated using Trizol reagent (Invi-

trogen Life technologies, Carlsbad, CA), and cDNA was synthesized using iScript cDNA syn-

thesis kit (Bio-Rad, Hercules, CA).

Microarray analysis

Total RNA from wild-type and Celf1cKO/lacZKI mouse lenses at stage P0 was isolated (two lenses

for each biological replicate) as described above and used for microarray gene expression profil-

ing analysis on the Illumina MouseWG-6 v2.0 BeadChip platform (Illumina, San Diego, CA).

Raw microarray data files were imported to ‘R’ statistical environment (http://www.r-project.

org/) and background corrected using lumi package at Bioconductor (www.bioconductor.org),

followed by normalization by Rank Invariant method as previously described [59]. Differen-

tially expressed genes (DEGs) were identified at a significant p-value< 0.05 and fold change

cut-off of ±2.0 or ±2.5. High-priority candidates were identified using iSyTE-based analysis and

previously established filtering criteria [22,59]. The microarray data generated in this study are

deposited in the Gene Expression Ominbus database (www.ncbi.nih.gov/geo) and the accession

number is GSE101393.

Celf1 controls vertebrate lens development

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007278 March 22, 2018 19 / 28

http://www.r-project.org/
http://www.r-project.org/
http://www.bioconductor.org/
http://www.ncbi.nih.gov/geo
https://doi.org/10.1371/journal.pgen.1007278


iSyTE-based analysis

Celf1 transcript expression in developing lens was investigated in previously generated wild-

type mouse lens microarrays (E10.5, E11.5, E12.5) (GSE32334) in the iSyTE database [17].

Scatter plot analysis was performed, as previously described [59], to investigate if DEGs in Cel-
f1lacZKI/lacZKI lens microarrays showed preferential expression in the lens. Briefly, iSyTE assigns

lens-enrichment scores to genes based on their comparison with mouse whole embryonic tis-

sue (WB) [17]. For iSyTE lens- enrichment (fold-change), P0 lens microarrays (GSE165333)

were compared to WB (GSE32334). In a quadrant plot, Celf1lacZKI/lacZKI lens DEGs (±2.0 fold-

change, p-value< 0.05) were plotted against their iSyTE lens enrichment fold-change.

RNA immunoprecipitation

Celf1/RNA-immunoprecipitation was performed according to manufacturer instructions

(EMD Millipore, Billerica, MA, 17–700). Briefly, wild-type P15 mouse lens lysates were used

(n = 15 P15 stage lenses per replicate). Pre-conjugation of Celf1 antibody (EMD Millipore, Bil-

lerica, MA, 03–104) and IgG antibody with magnetic beads was performed for 45 min. at

room temperature and unbound antibody was removed by washing. Lens protein lysate was

added to the beads-antibody complex and incubated overnight at 4˚C. Bound RNA isolated by

phenol-chloroform extraction was used in RT-PCR analysis.

Cross-Linking immunoprecipitation

Freshly dissected wild-type stage P13 mouse lenses were UV irradiated three times at 4000 μJ/

cm2 and 254 nm on ice for cross-linking, and stored at −80˚C. Celf1/RNA complexes were

immunoprecipitated from lens protein extracts as described [60], except that the RNase treat-

ment was omitted. The co- immunoprecipitated RNA was analyzed by RT-qPCR. B2M (Beta-

2-Microglobulin) is used as a negative control in CLIP-RTqPCR and RIP-RTqPCR experi-

ments because B2M mRNA levels are not affected by Celf1 inactivation and there is no evi-

dence of an interaction between B2M and Celf1.

Cell culture

The mouse lens epithelial cell line 21EM15 was directly obtained from Dr. John Reddan (Oak-

land University, MI). Cells were cultured in 100mm cell culture treated plates (Eppendorf)

under standard conditions (10 mL of DMEM with 4.5 g/L glucose, L- glutamine, and sodium

pyruvate included (Corning Cellgro, Manassas, VA, 10-013-CV)), 10% Fetal Bovine Serum

(Fisher Scientific, Pittsburg, PA, 03-600-511), and 1% penicillin- streptomycin (GE Healthcare

Life Sciences, Logan, UT, SV30010). Cells were incubated at 37˚C in a humid chamber with

5% CO2 as described [16].

Generation of Celf1 stable knockdown cell lines

Five different lentiviral particles containing shRNA (small hairpin RNA) sequences targeting

mouse Celf1 mRNA (Sigma-Aldrich, St-Louis, MO, clone ID: NM_198683.1-1279s21c1;

NM_198683.1-869s21c1; NM_198683.1- 1739s21c1; NM_198683.1-1320s21c1; NM_198683.1-

868s21c1) were used to transduce mouse lens cell line 21EM15 as previously described [16].

Non-targeting shRNA control transduction particles were used as a control (Sigma-Aldrich,

Catalog No. SHC0-016V- 1EA). Standard manufacturer protocol was used to infect 21EM15

cells with lentiviral particles. Briefly, anti-Celf1 shRNA containing viral particles (106TU) were

used to infect 1.6 x 104 21EM15 cells in the presence of 8 μg/ml polybrene (Sigma, St-Louis,

MO). Media was changed 24 hours after transduction to prevent cell death from virus toxicity.
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Clones were selected at a final concentration of 6μg/ml puromycin and clones were selected

using Pyrex cloning cylinders (Sigma-Aldrich). The extent of Celf1 knockdown was deter-

mined by Western blot analysis.

Luciferase reporter assays

To test the Celf1 mediated translational repression of p27Kip1, a plasmid containing p27Kip1

5’UTR sequence upstream of firefly luciferase reporter, pGL3- p27Kip1 LUC (Addgene original

plasmid # 23047) and an internal control vector, pRL-TK Renilla luciferase (Promega) were

transiently co-transfected into Celf1 knockdown and control 21EM15 lens cell lines. After 48

hours of transfection cells were collected and firefly luciferase and Renilla luciferase activity

was measured using Promega Dual luciferase reporter assay system (Promega, Madison, WI,

E1910) according to the manufacturer’s instructions. Signals were measured with the Prome-

gaTM GloMaxTM 20/20 Luminometry System (Promega, Madision, WI).

Celf1 over-expression assays

To study Celf1 mediated regulation of Dnase2b mRNA, reporter constructs of (a) Dnase2b

3’UTR and (b) Celf1 ORF (Celf1 over-expression) were generated. To generate the Dnase2b

3’UTR plasmid, wild-type Dnase2b 3’UTR was cloned downstream of the firefly luciferase

gene in the pmirGlo vector (Promega, Madision, WI) using the Gibson Assembly Master Mix

kit (New England Biolabs, Ipswich, MA, NEB#E2611S/L) with the following primers: For-

ward-5’-tagttgtttaaacgagctCACACCCTCTGTCCTTGAA-3’ and Reverse-5’-atgcctgcaggtc-

gactCCTATATTTATTCACTTCCTTTACTGTC-3’. The nucleotides corresponding to the

target vector for the Gibson assembly are in lowercase. To generate the Celf1 over-expression

plasmid, the Gateway cloning system (Thermo Fisher Scientific, Waltham, MA) was used.

Briefly, the full-length coding sequence of Celf1 flanked by attb sites was generated by PCR

according to the manufacturer’s instructions using the following primers: Forward- 5’-GG

GGACAAGTTTGTACAAAAAAGCAGGCTTCACCAT-3’ and Reverse-5’- GGGGACC

ACTTTGTACAAGAAAGCTGGGTCCTATCAGTAGGGCTTACTATCATTCTTGGA

TGGC TGCGTTTAAGTTGGATT-3’. The PCR product was used in BP recombination reac-

tion with attp containing pDONR221 vector (Thermo Fisher Scientific, Waltham, MA) to cre-

ate the entry vector. Next, using LR recombination reaction, the Celf1 gene from BP clone was

moved into a destination vector, pDEST47 (Thermo Fisher Scientific, Waltham, MA) and con-

firmed by Sanger Sequencing. Celf1 over-expression plasmid was transfected into NIH3T3

cells for up to 72 hours and cells were assayed for Celf1 elevated levels by Western blotting. For

over- expression assays, both Celf1 over-expression plasmid and the dual luciferase-Dnase2b

3’UTR plasmid were transiently transfected into NIH3T3 cells for 48 hours. Cells were col-

lected, total RNA was isolated and cDNA were synthesized, and RT-qPCRs were performed as

described above using the following primers to amplify the luciferase product: Firefly Luc For-

ward-5’-GCCCCAGCTAACGACATCTA-3’, Firefly Luc Reverse-5’- TCTTTTGCAGCCCTT

TCTTG-3’.

Statistical analysis

All experiments were performed in three biological replicates unless stated otherwise. Statisti-

cal significance for RT-qPCR data was determined using nested ANOVA as previously

described [18]. Statistical significance for the fluorescence intensity measurement and lucifer-

ase assays was determined by two-tailed student t-test.
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Supporting information

S1 Fig. Celf1 mRNA expression in vertebrate lens development. (A) iSyTE identifies Celf1 as

a highly lens-enriched gene in lens development. Lens enrichment extent is indicated by differ-

ing red color intensities in the heat-map. (B) Analysis of iSyTE lens microarray datasets from

mouse embryonic stages 10.5, 11.5 and 12.5 shows highly enriched expression of Celf1 com-

pared to whole embryonic body tissue (WB) control. Celf1 microarray probe binding fluores-

cent signal intensity is represented on the Y-axis and the different mouse embryonic lens

stages are shown on the X-axis. (C) At 2dpf (day post fertilization), (D) 3dpf and (E) 4dpf, zeb-

rafish lenses exhibit expression of celf1 mRNA in the transition zone (arrow in C) and in later

stages in the posterior region (arrows in D and E). (C’ to E’) High-magnification of C to E. (F)

In Xenopus laevis, celf1 mRNA expression is observed from early developmental stage (St. 23)

in the eye region (arrow; lens area indicated by broken white line). (F’) High-magnification of

F. Lens area is indicated by broken white line. Asterisks in B represents a p-value less than

0.05.

(TIFF)

S2 Fig. celf1 reporter gene analysis and protein expression in developing vertebrate lens.

(A) Schematic of the zebrafish celf1 gene (not drawn to scale) shows the location of the ~1.2kb

potential enhancer in the genomic region upstream of the start codon (which is located in

exon 4). This ~1.2kb celf1 genomic region is fused to EGFP in the plasmid construct that is

used in the reporter assays. (B to E’) Lens-specific expression of EGFP in zebrafish indicates

strong celf1 enhancer activity at (B, B’) 1dpf, (C) 2dpf, (D) 3dpf and (E, E’) 4dpf. (F to I”)

Transverse sections of zebrafish eye exhibit high EGFP expression at (F to F”) 1dpf, (G to G”)

2dpf, (H to H”) 3dpf and (I to I”) 4dpf. (J) In Xenopus laevis, at St. 27, high celf1 protein

expression is present. (J’) High-magnification of dotted line area in J. Dotted-line circle shows

lens region. (K and L) In mouse lens, high Celf1 protein expression is detected by a mouse

monoclonal Celf1 antibody at stages E11.5 and E14.5. Fiber cells (f) and epithelium (e). (K’

and L’) High-magnification of dotted-line area in K and L, respectively. (M-P”‘) In mouse

lens, rabbit Celf1 antibody detects Celf1 protein in lens development at stages E12.5, E14.5,

E16.5 and P0. High magnification in dotted area is shown. In early stages, Celf1 protein is

detected predominantly in fiber cells (f), and at later stages, while it retains high fiber cell

expression, it is also detected in the epithelium (e). (Q) Celf1lacZKI/+ mouse reporter analysis

reveals β-galactosidase activity in the lens at embryonic stage E11.5, indicative of endogenous

Celf1 promoter/enhancer driven gene expression. (Q’) High-magnification of eye region in M’

shows high β-galactosidase activity in the lens (arrow). Scale bar in K and L is 75 μm while in

K’ and L’ is 12 μm.

(TIFF)

S3 Fig. Generation of the Celf1 conditional knockout mice. (A) Schematic representation of

targeting strategy to generate Celf1 conditional knockout (Celf1cKO/cKO) and Celf1 compound

conditional (Celf1cKO/lacZKI) mice. The “conditional allele” represents Celf1 floxed allele

wherein, exon five is flanked by loxP (red arrowheads). The “after Cre recombination allele”

shows the rearranged Celf1 allele after Cre mediated exon five deletion. The “Celf1 germline

KO allele” (Celf1lacZKI) represents the Celf1 germline targeted allele that has the lacZ cassette

inserted in exon one as previously described [11]. Black arrows indicate position of genotyping

primers. (B) Pax6GFPCre transgenic mouse line carries a GFP-Cre fusion gene driven by the

Pax6 P0 promoter 3.9-kb upstream region and show GFP-Cre expression early in lens devel-

opment starting in the lens placode stage at embryonic stage E9.5. Strong GFP-Cre is observed

in the lens vesicle at E10.5. (C) PCR analysis confirms the deletion of the floxed exon five in
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lens DNA obtained from Celf1cKO/lacZKI mice. The Celf1 lacZ knock-in allele is as previously

described [11]. (D) RT-qPCR analysis confirms significantly reduced (~25-fold) Celf1 mRNA

levels in P0 Celf1cKO/lacZKI lens. (E) Compared to control, immunofluorescence analysis with

and without Draq5 staining of DNA shows the near absence of Celf1 protein in Celf1cKO/lacZKI

lens at E14.5. (F) Western blot analysis shows the absence of Celf1 protein in Celf1cKO/lacZKI

lenses at P30, confirming Celf1 deletion in the mouse lens. Asterisks in D represent a p-value

of less than 0.005. Scale bar in E is 12 μm.

(TIFF)

S4 Fig. Knockdown of celf1 in zebrafish and Xenopus laevis. (A) Schematic representation of

normal and altered splicing of celf1 in zebrafish. celf1 morphants (celf1 MO) were generated by

using splice altering morpholinos to knockdown celf1 in zebrafish. (B) Schematic representa-

tion of PCR strategy to detect normal (310 bp) and altered splicing (227 bp) in zebrafish. (C)

RT-PCR showing a 310 bp band indicating normal splicing in celf1 controls (celf1 MM) and a

227 bp band in the celf1-knockdown (celf1 MO) embryos confirming splice altering activity in

zebrafish morphants. (D) Sequencing data confirms the exclusion of exon five in zebrafish

celf1 MO embryos but not in controls. (E) In X. laevis, celf1 KD animals were generated by

injecting morpholinos against celf1 (see methods) in one of the cells of the embryos at the two-

cell-stage, as described previously [21].

(TIFF)

S5 Fig. celf1 deficiency results in ocular defects in zebrafish and Xenopus laevis. (A) celf1
knockdown (KD) in zebrafish results in microphthalmia and clouding of the eye by 4dpf. (B

and C) Histological analysis of X. laevismorphants at St. 42. celf1-knockdown (morpholino

injected side) shows various eye defects such as (B) small eye and (C) skewed eye, that are

absent in the control uninjected side. (D) Graph representing the distribution of the observed

eye defects in X. laevis celf1 morphants from three independent experiments.

(TIFF)

S6 Fig. Celf1 deletion in mouse causes severe lens defects and cataract. (A to B’) Six weeks

(A, A’) and four month (B, B’) aged Celf1lacZKI/lacZKI lenses shows severe cataracts and disrup-

tion of the lens tissue compared to control. In A’, the dotted area represents the disintegrated

lens tissue around the remaining lens core in Celf1lacZKI/lacZKI mice. (C to C’) Histological anal-

ysis of Celf1cKO/cKO lens exhibits slightly delayed fiber cell elongation compared to the control

lens at stage E12.5. Scale bars in C, C’ are 100 μm.

(TIFF)

S7 Fig. Xenopus celf1 morphants exhibit segmentation defects. Previously, Xenopus celf1
morphants have been described to have defective somite segmentation. In our present study

on Xenopus, we also observe these defects. The morpholino injected side (left) of Xenopus

embryos (St. 42) shows somite segmentation defects (arrow).

(TIFF)

S8 Fig. Celf1cKO/cKO mice exhibit nuclear degradation defects. (A) Z-stack serial imaging

analysis (serial slices#5 through 8 in a series of 10) demonstrates that Celf1cKO/cKO mouse lens

at stage P0 exhibits presence of nuclei (asterisk) in centrally located fiber cells compared to

control mouse lens which shows a distinct nuclei-free zone in this fiber cell region (broken

white line). (B) Z-stack serial imaging analysis (serial slices#7 through 12 in a series of 22)

demonstrates that Celf1cKO/cKO mouse lens at stage P0 exhibits presence of nuclei (asterisk) in

centrally located fiber cells compared to control mouse lens which shows a distinct nuclei-free
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zone in this fiber cell region (broken white line).

(TIFF)

S9 Fig. Celf1 deficiency-mediated nuclear degradation defects are persistent. (A to B”) In

mice, compared to control, Celf1cKO/cKO lens at stage P0 exhibits fiber cell nuclear degradation

defects. Note the abnormal presence of nuclei (asterisks) in the central region of the fiber cells.

A’ to B” are higher magnification images of A and B, respectively. (C to D”) Compared to con-

trol, Celf1lacZKI/lacZKI lens at seven-week age continue to exhibit nuclear degradation defects.

Note the abnormal presence of nuclei (asterisks) in the central fiber cell region. C’ to D” are

higher magnification images of C and D, respectively. (E and F) Compared to control where a

clear nuclear free zone is visible (broken white line), Celf1lacZKI/lacZKI mouse lens at 4 months

continue to exhibit nuclear degradation defects. Note the abnormal presence of nuclei (aster-

isks) in the central fiber cell region. (G to H’) Compared to control, zebrafish celf1 KD lens

exhibits nuclear degradation defects at stage 5dpf. Note the abnormal presence of nuclei (aster-

isks) in the central fiber cell region. E’ and F’ are high-magnification of the dotted-line area in

E and F.

(TIFF)

S10 Fig. Celf1 over-expression in NIH3T3 cells. (A) Dual reporter construct of Dnase2b

3’UTR-firefly luciferase and Renilla luciferase. Celf1 CDS-GFP fusion expression construct.

(B) Western blot analysis confirms over-expression of Celf1 protein at 24 hr, 36 hr, and 48 hr

after the transfections compared to the control (48 hr) that was transfected with an empty vec-

tor.

(TIFF)

S11 Fig. Celf1cKO/lacZKI lens exhibits reduction in phosphorylated-lamin A/C in fiber cells.

(A, A’) In Celf1cKO/lacZKI lens at stage P0, phosphorylation of Lamin A/C (pLamin A/C) is

reduced compared to control. High-magnification of fiber cell regions (dotted-line areas) of

control (B-E) and Celf1cKO/lacZKI (B’-E’) lens are shown. Arrows in B-D indicate high phos-

phorylated lamin A/C expression while its reduced expression in B’-E’ is indicated by asterisks.

(F) In mouse stage P0 lens, quantification of the immunofluorescence signals shows signifi-

cantly reduced Lamin A/C protein levels in Celf1cKO/LacZKI lens compared to control. Asterisk

in F represents a p-value<0.05. Scale bar represents 75 μm.

(TIFF)

S12 Fig. Celf1 negatively regulates p27Kip1 in lens development. (A) At E14.5, the p27Kip1

protein levels are reduced in central fiber region in the control lens–as expected, while in the

Celf1cKO/lacZKI lens, p27Kip1 protein levels in the central fiber region are elevated. (B) At E16.5,

Celf1cKO/lacZKI lens epithelium exhibits elevated p27Kip1 protein in a few nuclei compared to

control, but this difference was not observed at stage P0. (C, D) At stages E16.5 and P0, both

control and Celf1cKO/lacZKI lenses show p27Kip1 protein expression in the transition zone and in

cortical fiber cells. However, p27Kip1 protein expression is distinctly elevated in the centrally

located fiber cells in Celf1cKO/lacZKI lenses compared to control. Broken white line areas of fiber

cell regions is shown at high-magnification. Scale bar represents 75 μm.

(TIFF)

S13 Fig. Celf1-knockdown in mouse lens epithelial cell line 21EM15. Western blot analysis

confirms the reduction of Celf1 protein in the lenti-viral-based stable Celf1 knockdown lens

cell line 21EM15, compared to control.

(TIFF)
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S14 Fig. Celf1cKO/LacZKI lenses exhibit differential expression of Sptb isoforms. RT-PCR

analysis indicates that the high-abundant Beta-spectrin (Sptb) isoform (isoform 1

(ENSMUST00000021458)) is reduced, while the low-abundant isoform (isoform 2

(ENSMUST00000166101)) is abnormally elevated in Celf1cKO/lacZKI lenses. Amplicon sizes of

Sptb isoform 1 and isoform 2 are 681 and 121 base-pairs, respectively.

(TIFF)
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