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Abstract

The discovery of cytosolic RNA granule (RG) component proteins associated with human cataract 

has initiated investigations on post-transcriptional mechanisms of gene expression control in the 

lens. Application of established mouse lens epithelial cell lines (LECs) can provide rapid insights 

on RG function in lens cells, especially because mouse mutants in several RG components are not 

available. However, although these LECs represent potential reagents for such analyses, they are 

uncharacterized for lens gene expression or RG formation. Therefore, a detailed molecular and 

cellular characterization of three permanent mouse LECs 17EM15, 21EM15 and αTN4 is 

performed in this study. Comparative analysis between microarray gene expression datasets on 

LEC 21EM15 and iSyTE lens tissue demonstrates that 30% of top 200 iSyTE identified lens-

enriched genes are expressed in these cells. Majority of these candidates are independently 

validated to either have lens expression, function or linkage to cataract. Moreover, analysis of 

microarray data with genes described in Cat-Map, an online database of cataract associated genes 

and loci, demonstrates that 131 genes linked to cataract loci are expressed in 21EM15 cells. 

Furthermore, gene expression in LECs is compared to isolated lens epithelium or fiber cells by 

qRT-PCR and by comparative analyses with publically available epithelium or fiber-specific 

microarray and RNA-seq (sequencing) datasets. Expression of select candidate genes was 

validated by regular and real-time quantitative RT-PCR. Expression of lens epithelium-enriched 

genes Foxe3, Pax6, Anxa4 and Mcm4 is up-regulated in LEC lines, compared to isolated lens fiber 

cells. Moreover, similar to isolated lens epithelium, all three LECs exhibit down-regulation of 

fiber cell-expressed genes Crybb1, Mip and Prox1 when compared to fiber cells. These data 

indicate that the LEC lines exhibit greater similarity to lens epithelium than to fiber cells. 

Compared to non-lens cell line NIH3T3, LECs exhibit significantly enriched expression of 

transcription factors with important function in the lens, namely Pax6, Foxe3 and Prox1. In 

addition to these genes, all three LECs also express key lens- and cataract-associated genes, 

namely Dkk3, Epha2, Hsf4, Jag1, Mab21l1, Meis1, Pknox1, Pou2f1, Sfrp1, Sparc, Tdrd7 and 
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Trpm3. Additionally, 21EM15 microarrays indicate expression of Chmp4b, Cryab and Tcfap2a 

among others important genes. Immunostaining with makers for Processing bodies (P-bodies) and 

Stress granules (SGs) demonstrates that these classes of RGs are robustly expressed in all three 

LECs. Moreover, under conditions of stress, 17EM15 and αTN4 exhibit significantly higher 

numbers of P-bodies and SGs compared to NIH3T3 cells. In sum, these data indicate that mouse 

LECs 21EM15, 17EM15 and αTN4 express key lens or cataract genes, are similar to lens 

epithelium than fiber cells, and exhibit high levels of P-bodies and SGs, indicating their suitability 

for investigating gene expression control and RG function in lens-derived cells.
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It has recently been demonstrated that alterations of cytoplasmic RNA granule (RG) 

components can cause human eye disorders, including pediatric cataract and glaucoma, as 

well as other degenerative diseases (Lachke et al., 2011; Ramaswami et al., 2013; Wolozin, 

2014). RGs are dynamic ribonucleoprotein (RNP) complexes present in the cytoplasm of 

eukaryotic cells that are implicated in the regulation of various aspects of mRNA control, 

including mRNA stability, degradation, intracellular localization and translation into protein 

(Adjibade and Mazroui, 2014; Anderson and Kedersha, 2009; Buchan, 2014; Lachke and 

Maas, 2011; Moore, 2005). Eukaryotic cells exhibit at least two classes of RGs, namely, 

Processing bodies (P-bodies) and stress granules (SGs) (Eulalio et al., 2007; Kedersha et al., 

2013; Parker and Sheth, 2007; Sheth and Parker, 2003) whereas metazoan cells may also 

harbor additional RGs like transport RNP particles or germ cell-specific granules (GCGs) 

(de Mateo and Sassone-Corsi, 2014; Fritzsche et al., 2013; Gao and Arkov, 2013; Kiebler 

and Bassell, 2006; Lachke et al., 2011). Therefore, study of RGs in a cell or tissue-specific 

environment represents a critical first step in understanding their specialized function in 

post-transcriptional regulation of gene expression.

P-bodies are cytoplasmic ribonucleoprotein complexes that harbor mRNAs that are recruited 

away from active translation and need to be temporarily stored or degraded (Anderson and 

Kedersha, 2009). P-bodies associate with the molecular machinery involved in translation 

repression as well as mRNA decay, such as non-sense mediated decay (NMD), micro (mi) 

RNA-mediated silencing or decay, and Xrn1-mediated 5′ to 3′ degradation (Anderson and 

Kedersha, 2009; Eulalio et al., 2007). P-bodies are endogenously found in cells, but can also 

be stimulated to increase in numbers as a response to stress (Parker and Sheth, 2007). SGs 

on the other hand, assemble in conditions of stress, and are cytoplasmic aggregates of stalled 

translation preinitiation complexes (Buchan and Parker, 2009; Kedersha et al., 2013). SGs 

contain 48S preinitiation complexes as the core components, and also include small 

ribosomal subunits as well as the early translation initiation factors eIF2, eIF3, eIF4E, and 

eIF4G (Kedersha et al., 2013; Kedersha and Anderson, 2002). SGs can interact with P-

bodies resulting in exchange of mRNAs that are then directed to translational re-initiation or 

degradation (Kedersha et al., 2005).
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Recently it was demonstrated that a novel RG component Tudor domain containing 7 

protein (Tdrd7) exhibits a highly enriched expression pattern in vertebrate lens development 

and its deficiency in human, mouse and chicken causes cataracts (Lachke et al., 2011). 

Interestingly, Tdrd7 is found to differentially associate with other granule proteins like Stau1 

and Dcp1a, a P-body marker, in lens fiber cells. This finding has led to a new interest in 

investigating post-transcriptional control mechanisms in the lens. However, due to their 

overall importance to cellular regulation, it is expected that deleting core RG components 

such as Dcp1a and Ddx6 would cause embryonic lethality in mice. Furthermore, conditional 

null mouse mutant alleles for these genes or many other RG components are not currently 

available. Mouse lens epithelial cell lines 17EM15, 21EM15, and αTN4, offer an alternative 

reagent for these investigations, but their suitability for studying RG-mediated post-

transcriptional control is currently undetermined. Moreover, although a number of studies 

have utilized LEC lines to gain insights into lens biology and disease, few reports have 

described their detailed characterization or their potential to support lens gene expression 

(Carper et al., 2001; Dave et al., 2012; Donner et al., 2007; Haque et al., 1999; Krausz et al., 

1996; Lachke et al., 2011; Liu et al., 2008; Nakajima et al., 2006; Reddan et al., 1989; Rich 

et al., 1999; Rowan et al., 2008; Russell et al., 1990; Spector et al., 2002; Tanaka et al., 

2004; Yamada et al., 1990). Therefore, we aimed to investigate these mouse LECs for their 

expression of lens marker genes and their capacity to support formation of distinct RGs.

In this study, we present the characterization of three LECs 17EM15, 21EM15 and αTN4 in 

comparison to the mouse fibroblast cell line NIH3T3 as well as isolated lens epithelium and 

fiber cells. Through comparative gene expression analysis as well as regular and quantitative 

RT-PCR, we find that these LECs exhibit robust expression of several key lens genes. These 

analyses also indicate that the three LECs are similar to isolated lens epithelium expression 

compared to lens fiber cells. In addition, these data demonstrate that the LECs express many 

other genes with lens function as recognized by the online databases iSyTE and Cat-Map, 

and provide a systematic catalog of their expression levels. Finally, in light of our recent 

identification of RG components associated with cataract, we present evidence that these 

LECs support formation of robust levels of P-bodies and SGs, and therefore are suitable for 

studies on RG-mediated post-transcriptional control of gene expression.

METHODS

Mouse Husbandry

Mice were bred and maintained at the University of Delaware Animal Facility adhering to 

the ARVO Statement for the use of animals in ophthalmic and vision research. Wild type 

ICR outbred mice were obtained from Taconic (Hudson, New York) and used for 

immunostaining analysis. Mice were housed in a 14 hour light to 10 hour dark cycle. 

Embryos were staged by designating the day that the vaginal plug was observed in the dam 

as E0.5.

Cell Culture

The mouse LECs 17EM15 and 21EM15 were a generous gift of Dr. John Reddan (Oakland 

University, Michigan) who originally developed these lines (Reddan et al., 1989). The 
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mouse LEC αTN4, with confirmed original source from Dr. Paul Russell’s laboratory 

(Yamada et al., 1990), was obtained from Dr. Richard Maas (Brigham and Women’s 

Hospital and Harvard Medical School, Massachusetts). The mouse fibroblast cell line 

NIH3T3, with confirmed original source, was obtained from Dr. Gary Laverty (University 

of Delaware, Delaware). All four cell lines were cultured in 100 mm cell culture treated 

plates (Thermo Scientific, Waltham, MA; 130182), 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). The cells were grown at 

37°C, and water saturated atmosphere with 5% CO2. These cells grow well in these 

conditions and usually are 80% confluent after three days in culture (after 10% seeding). 

Cells were passaged three times, and grown to 60% or 80% confluence for 

immunofluorescence or RNA isolation, respectively.

Cell Line Authentication

Genomic DNA was extracted from cell lines using the Gentra Puregene DNA kit (Qiagen, 

Venlo, Netherlands). Primers were chosen for authentication based on murine and human 

short tandem repeats (STRs) within their respective genomes as recommended (Almeida et 

al., 2014). The two human primers D4S2408 and D8S1106 are abbreviated to HD4S and 

HD8S respectively within this publication. PCR amplification was performed using the 

Qiagen PCR kit (20 μl ddH2O, 2.5μl 10x Coral Red Buffer, 0.5 μl 10μM dNTP, 0.5 μl of 

each 10 μM primers, 0.5 μl template cDNA, 0.5 μl taq polymerase). PCR products were 

amplified using the following program: 95°C for 3 minutes, 94°C for 45 seconds, 59°C for 2 

minutes, 72°C for 1 minute, cycled 30 times, final extension at 72°C for 10 minutes. PCR 

products were size separated on a 1% agarose gel and imaged with UVP GelDoc-It 310 

Imager (Upland, California).

Whole-Genome Datasets Analyses

Microarray datasets for LEC 21EM15 cells infected with lentiviral preparations containing 

GFP and considered as control were generated in a previous study (Lachke et al., 2011) were 

obtained from GEO (GSM634229, GSM634230 and GSM634231). Analysis of these 

datasets was performed under ‘R’ Statistical environment [http://www.r-project.org/

index.html]. Raw expression datasets (Illumina MouseWG-6 v2.0 chip) were imported and 

background corrected using lumi (Du et al., 2008) package available within Bioconductor 

[http://www.bioconductor.org/], followed by normalization using Rank invariant method 

included in lumi (Du et al., 2008). Three independent biological replicates were considered 

in these analysis and probes with detection p-value ≤ 0.05 in at least two replicates were 

considered significantly present and were used to reduce probe-level experiment to gene-

level by selecting probes with highest median expression for a gene. Selected candidates of 

significantly expressed genes from normalized LEC 21EM15 microarray datasets were 

validated by RT-PCR. Further, expression of select genes in LEC 21EM15 microarrays was 

compared to isolated lens epithelium and lens fiber cells microarrays and RNA-seq datasets 

reported in previous studies (Hoang et al., 2014; Nakahara et al., 2007). Briefly, due to 

platform differences (microarrays on different chips, microarrays vs RNA-seq), we analyzed 

the epithelium vs fiber cells in each dataset to first identify a signature set of genes that 
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represents each cell type and then compared it with gene expression in 21EM15 cells. These 

datasets were obtained from NCBI’s GEO (GSE7533) and SRA (SRP040480).

iSyTE-based Lens Gene Expression Analysis

We recently developed a bioinformatics tool called as iSyTE – integrated Systems Tool for 

Eye gene discovery (Lachke et al., 2012b), which has contributed to the characterization of 

several important candidates associated with lens development and cataract. Significantly 

expressed genes from (please see whole-genome dataset analysis for details on significance) 

LEC 21EM15 microarray datasets were searched in iSyTE data using in-house scripts to 

identify candidates within top 200 iSyTE enrichment minranks.

Immunostaining Analysis

For immunostaining analysis on cultured cells, cells were grown in 16 well Thermo 

Scientific Nunc™ Lab-Tek™ glass chamber slides with 200 μl of media (reported above), 

and seeded at 8.0 × 103 and incubated for approximately 24 hr to reach 60% confluence. 

Cells were stressed with 0.5 mM aresenite for 45 minutes at 37°C and 5% CO2, washed in 

1X PBS, fixed in 4% paraformaldehyde at room temperature for 15 minutes and 

permeabilized with cold methanol for 10 minutes. Cells were then blocked in 5% chicken 

serum (Abcam, Cambridge, Massachusetts) in 1X PBS containing 0.3% TritonX100 for 1 hr 

at room temperature and incubated with primary antibody overnight at 4°C.

For immunostaining analysis on lens tissue, mouse embryonic head tissue embedded in OCT 

was cryosectioned into 12 μm thick coronal sections after fixation in 4% PFA on ice for 30 

min and treatment with 30% sucrose for 4 hr. Similar to immunostaining of cultured cells, 

chicken serum (Abcam) (5% solution in 1X PBS and 0.3% TritonX100) was used for 

blocking and antibody dilution. Sections were incubated with primary antibody overnight at 

4°C. The appropriate chicken anti-primary antibody conjugated with either Alexa 488 or 

Alexa 594 fluorophores (Invitrogen, Grand Island, New York) was used at a concentration 

of 1:500 for 2 hr at room temperature.

To establish the identity of a subset of lens RGs as P-bodies, experiments were performed 

with the translation elongation inhibitor cycloheximide (CHX) (Sigma-Aldrich, Saint Louis, 

Missouri), treatment of which is known to disassemble P-bodies (Kedersha and Anderson, 

2007). Briefly, mice pregnant with E12.5 embryos were subjected to intra-peritonial 

injection with 150 μg/gm body weight of CHX solution in DMSO (Sigma-Aldrich) or 

DMSO only (control), and sacrificed after 4 hr 30 min. Embryonic head tissues were 

dissected and processed for immunofluorescence analysis of lens sections as described 

above. Commercial antibodies were obtained from the following sources and used at the 

indicated dilutions: eIF3η antibody (sc16377, 1:200; Santa Cruz Biotechnology, Dallas, 

Texas), Dcp1a antibody (H00055802-M06, 1:600; Novus Biochemicals, Littleton, 

Colorado) and Ddx6 antibody (ab54611, 1:800; Abcam). Images were obtained by confocal 

microscopy using a Zeiss model 780 instrument (Zeiss, Jena, Germany) and optical sections 

in the range of 0.6 – 1.0 μm. Three biological replicates were stained for the P-bodies for 

each time-point in these experiments. Digitized images were processed with Adobe 

Photoshop.
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RNA Granule Quantification

Cells were immunostained with P-body (Ddx6) and SG (eIF3η) specific antibody markers 

and these RGs were counted under normal and stress (arsenite treated) conditions. At least 

three microscopic fields on each slide at 40x magnification were using for quantification. 

Independent RG counts from two researchers were averaged. The difference in RG counts 

under non-stress and stress conditions was calculated for individual cell lines and between 

cell lines. P-values were estimated using Student’s t-test.

RT-PCR Analysis

Total RNA was extracted from isolated lens epithelium or fiber cells from P60 stage mouse 

lens as described, as well as from lens epithelial cell lines 17EM15, 21EM15 and αTN4, and 

the fibroblast cell line NIH3T3 using the RNeasy Mini Kit (Qiagen). For isolation of 

epithelium or fiber cells, mice were euthanized, eye balls were removed and immersed in 1X 

PBS (Fisher Scientific, Hampton, New Hampshire) at room temperature. Lenses were 

dissected out using a light microscope. Finally the capsule was peeled to separate the lens 

fibers from the lens epithelium, which is firmly adherent to the lens capsule creating 

capsular bags. Capsular bags from 5 lenses were pooled per biological replicate to obtain 

enough tissue for RNA extraction. Similarly lens fibers from 5 lenses were pooled to 

produce each biological replicate. An iScript cDNA Synthesis Kit (Bio-Rad, Hercules, 

California) was used for cDNA synthesis followed by both regular PCR as well as real time 

quantitative PCR as described previously (Lachke et al., 2011). For regular (semi-

quantitative) RT-PCR, cDNA was PCR amplified using the Qiagen PCR kit and the 

following program: 94°C for 2 minutes, 94°C for 15 seconds, 57°C for 30 seconds, 72°C for 

30 seconds, cycled 45 times, final extension at 72°C for 7 minutes. PCR products were size 

separated on a 1% agarose gel and imaged with UVP GelDoc-It 310 Imager (Upland, 

California). Primer sequences are provided in Table 1. qPCR was performed using a 

LowRox SYBR green kit and analysis on a 7500 Fast PCR system (Applied Biosystems, 

Foster City, California). Statistical analysis was performed using a two-level nested analysis 

of variance to determine the significance of the fold change.

RESULTS

Authentication of Mouse LECs

For this study, we selected three established mouse LEC lines that have been used in lens 

research (Carper et al., 2001; Donner et al., 2007; Haque et al., 1999; Krausz et al., 1996; 

Lachke et al., 2011; Nakajima et al., 2006; Reddan et al., 1989; Rich et al., 1999; Rowan et 

al., 2008; Russell et al., 1990; Spector et al., 2002; Tanaka et al., 2004; Yamada et al., 

1990). Recognizing the difficulties in data interpretation that result due to misidentification 

of cell lines, the eye community requires that before a cell line is proposed for use in an 

ocular study, its identity needs to be firmly established by molecular characterization 

(Beebe, 2013). Therefore, we obtained the mouse LECs 17EM15 and 21EM15 directly from 

Dr. John Reddan, who originally developed these lines (Reddan et al., 1989). In addition, we 

obtained αTN4 and fibroblast cell line NIH3T3 with confirmed original sources from 

experts in the field Drs. Richard Maas and Gary Laverty, respectively. To further determine 

the authenticity of the cell lines as recommended by the eye research community, we used 
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mouse and human-specific primer sets designed to detect STRs within the respective 

genomes as previously described (Almeida et al., 2014). As expected, all four cell lines 

exhibit amplification of mouse STR region-specific PCR products, while no PCR product 

with the human genome-specific STR primer sets is detected (Figure 1). We note that for the 

αTN4 line, although amplification of the STR 5-5 marker produced a weak product (Figure 

1), it was nevertheless consistently detected in several biological replicates with independent 

DNA preparations. Although these cell lines have not been karyotyped in detail, RT-PCR 

gene expression and in particular microarrays on 21EM15 indicate chromosome-wide 

expression of all mouse genes. This data confirms that all the LECs as well as the NIH3T3 

cells used in this study were derived from mouse.

Expression Profiling of Mouse LEC 21EM15

We first sought to gain insight into the gene expression profile of a mouse LEC, 21EM15, 

for which microarray expression datasets were already available in GEO. We first compared 

21EM15 expression data with lens gene expression data in iSyTE, an effective tool we 

recently developed for lens gene discovery (Lachke et al., 2012b), and identified that ~80% 

of the top 200 minRank iSyTE genes were significantly expressed in this cell line. This gene 

list was further interrogated through Cat-map, OMIM and literature-based analysis to 

identify association of candidate genes with cataract, or function and/or expression in the 

lens. Through this analysis, we identified 67 genes (~30%) that have established lens 

function and/or are linked to cataracts, and were significantly expressed in 21EM15 cells 

(see supplementary Table S1 for list of candidate genes). A scatter plot of select candidate 

genes from this list serves to indicate their relative expression in 21EM15 cells (Figure 2A).

Next we analyzed 21EM15 expression data with genes described in Cat-Map, an online 

database of cataract associated genes and loci (Shiels et al., 2010). At an expression cut-off 

of 185 fluorescence intensity units, 131 candidate Cat-Map genes are detected as 

significantly expressed in 21EM15 cells (see supplementary Table S2 for list of candidate 

genes).

Furthermore, a list of 50 important genes, which are significantly expressed in 21EM15 cells 

and identified based on iSyTE or Cat-Map filters, is provided in Table 2. Within this list, it is 

evident that 38% (n=19) candidates represent genes whose functional compromise is directly 

causative of human cataract. Mouse mutants for 40% (n=20) of candidates where the gene is 

rendered non-functional exhibit lens defects and cataract, while 7 other candidate genes 

exhibit enriched or dynamic expression pattern in the lens (Table 2). A heat-map based on 

Table 2 allows visualization of the candidate genes for comparative analysis between their 

relative expression levels in 21EM15 cells (Figure 2B). These data demonstrates highly 

significant expression of several genes important to lens biology, including but not limited 

to Dkk3, Cryab, Chmp4b, Col4a1, Col5a5, Crim1, Efna5, Epha2, Fyco1, Gcnt2, Pvrl3, 

Sparc, Spp1, Sfrp1, Tcfap2a, Tdrd7, Trpm3 and Vim. Thus, 21EM15 microarray analysis 

indicates that these cells exhibit high levels of expression for several important candidate 

genes that are associated with lens biology and cataract, or are known to be expressed in the 

lens.
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Comparative analysis of LECs to isolated lens epithelium and fiber cells

Although the above comparative analysis of 21EM15 microarrays to iSyTE and CatMap 

databases provides important insights, the former is based on enriched-expression of genes 

in the whole embryonic lens, while the latter informs on genes associated with cataract, 

regardless of their expression in the lens epithelium or fiber cells. Therefore, we next sought 

to address how these LEC lines compare to postnatal mouse lens epithelium and fiber cells.

We isolated postnatal mouse lens epithelium and lens fiber cells and compared qRT-PCR 

and semi-RT-PCR expression of key epithelium-enriched or fiber cell enriched genes with 

LEC lines. The expression of lens epithelium-enriched genes, Foxe3 and Pax6 as well as 

others (Anxa4, Mcm4) identified from lens epithelium/fiber cell microarrays and RNA-seq 

data (see below) follows similar expression trends in lens epithelial cell lines, in contrast to 

lens fiber cells (Fig. 3A–D). Moreover, we find that following the same trend as in isolated 

lens epithelium, expression of fiber cell-expressed genes Crybb1, Mip, Prox1 is down-

regulated in all three LECs, compared to isolated fiber cells (Fig. 3B, C). These data indicate 

that these lens epithelial cell lines exhibit greater similarity to lens epithelium than to fiber 

cells.

We also performed comparative analysis between the lens epithelial cell line 21EM15 

microarrays and previously generated P14 stage mouse postnatal lens epithelium and fiber 

cells microarray datasets (Nakahara et al., 2007). Furthermore, we also compared 21EM15 

cell line gene expression with RNA-seq data on isolated epithelium and fiber cells from 

newborn mouse lenses (Hoang et al., 2014). This analysis is represented by a heat-map for a 

signature set of genes that are lens-epithelium or lens fiber cell enriched (Figure 3D). 

Although limited because of different platforms (different microarray chips and sequencing), 

these analyses support the conclusion that the mouse epithelial cell line 21EM15 exhibits a 

gene expression pattern that is more similar to isolated lens epithelium compared to lens 

fiber cells.

RT-PCR Validates Lens-expressed Genes in LEC lines

From the above comparative microarray dataset analysis as well as from the lens literature, 

30 genes were selected for further validation in the LECs 17EM15, 21EM15 and αTN4. 

Among these candidates are included some important genes that have significant expression 

in 21EM15 microarrays but are not identified within the iSyTE or Cat-Map databases (see 

supplementary Table S3 for list of candidate genes). Also included are candidates with 

known function in the lens based on literature, as well those that were identified by iSyTE or 

described in Cat-Map as associated with lens defects (Table S3). In real time qRT-PCR 

analysis, Pax6, Foxe3 and Prox1 were found to have higher expression in all three LEC 

lines in comparison to NIH3T3 cells (Figure 4A). Moreover, expression of 27 genes 

including key genes Dkk3, Epha2, Hsf4, Jag1, Mab21l1, Meis1, Meis2, Pknox1, Pou2f1, 

Sfrp1, Sparc, Tdrd7 and Trpm3, among others, was analyzed by RT-PCR, which confirmed 

that all three LECs express these important lens genes (Figure 4B). The full list of genes 

expressed in 21EM15 cells in provided in supplementary Table S4.

Terrell et al. Page 8

Exp Eye Res. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



P-bodies are Expressed in Embryonic and Postnatal Lens

To gain further insight into the relevance of RGs in lens biology, we next sought to 

investigate the expression of cytoplasmic P-bodies in embryonic and early postnatal stages 

of lens development. We immunostained E12.5 mouse lens tissue with Dcp1a that serves as 

a marker for P-bodies. At E12.5, we find that high levels of P-bodies can be detected in both 

the lens anterior epithelium and fiber cells (Figure 5A, A′, A″). We next sought to validate 

the identity of these RGs as bona fide P-bodies by challenging them with cycloheximide 

(CHX) in utero. CHX inhibits protein synthesis by blocking the translocation step during 

translation of mRNAs and therefore titrates them away from P-bodies resulting in their 

disassembly. CHX treatment results in dissolution of P-bodies in anterior epithelium and 

fiber cells at E12.5 (Figure 5B, B′, B″), confirming the identity of these cytoplasmic RGs as 

P-bodies. We next tested the presence of P-bodies in early postnatal lens at day 4 (P4). 

Contrary to E12.5, P-bodies were completely absent in fiber cells at P4 (Figure 5C, D), but 

were detected in the anterior epithelium (Figure 5C′, C″) and the transition zone (Figure 5D′ 

and D″). These findings were confirmed by a second P-body marker Ddx6 (data not shown) 

and demonstrate that P-bodies exhibit a dynamic expression pattern in lens development.

LECs Support Formation of P-bodies and SGs

To determine the applicability of these LECs to study RGs, we investigated their potential 

for supporting P-bodies and SGs. We compared 17EM15, 21EM15, αTN4 and NIH3T3 in 

their ability to form P-bodies and SGs under normal and conditions of oxidative stress 

induced by arsenite. While eIF3η, an early initiation factor, was used to determine the 

presence of SGs (Kedersha and Anderson, 2007), Ddx6 was used to determine the presence 

of P-bodies (Kedersha and Anderson, 2007). In unstressed conditions, P-bodies are detected 

in the LECs 17EM15, 21EM15 and αTN4 as well as the non-lens cell line NIH3T3 (Figure 

6), and their numbers are found to increase under conditions of stress, as has been described 

for other cell lines (Anderson and Kedersha, 2009). As expected, formation of SGs was 

detected only under conditions of stress in all four cell lines (Figure 6).

To gain further insights into potential variation between the ability of these various cell lines 

to harbor these RGs, the numbers of P-bodies and SGs per cell were estimated for each cell 

line by counting these cytoplasmic RGs under normal and stress conditions. In both 

unstressed or stress conditions, αTN4 and 17EM15 cells exhibit significantly higher 

numbers of P-bodies compared to NIH3T3 cells (Figure 7). Interestingly, in conditions of 

stress, 17EM15, 21EM15 and αTN4 exhibit significantly higher numbers of SGs compared 

to NIH3T3 cells. These data demonstrate that all three LECs have the potential to form P-

bodies and SGs. Furthermore, they suggest that specific LECs, αTN4 and 17EM15, have the 

potential to form higher levels of P-bodies compared to NIH3T3, while all three LECs form 

higher number of SGs compared to NIH3T3.

DISCUSSION

In recent years cytoplasmic RGs have become established as an integral part of post-

transcriptional regulation within eukaryotic cells, carrying out various aspects of gene 

expression control by regulating mRNA localization, stability, decay, or translation into 
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protein (Anderson and Kedersha, 2009). Over the last decade, several distinct types of RGs 

have been identified and characterized, with SGs and P-bodies being found in all eukaryotic 

cells tested (Anderson and Kedersha, 2009). The significance of these cytoplasmic RNP 

complexes in development and disease is beginning to get unraveled and recently it was 

demonstrated that deficiency of an RG component Tdrd7 results in formation of cataracts in 

diverse vertebrates, including human (Lachke et al., 2011). This has led to a growing interest 

in investigating RG-based post-transcriptional control mechanisms in the lens.

Here we have investigated the utility of three mouse LECs as a potential resource for 

gaining insights into function of RGs in lens cells by testing their potential to express key 

lens genes as well as to form distinct RGs in culture. In past, several naturally or virally 

transformed LEC lines have been established from different animal species including 

human, bovine, rabbit and mouse (Andley et al., 1994; Ibaraki et al., 1998; Reddan et al., 

1989; Weinstein et al., 1982; Yamada et al., 1990). However, these have been only partially 

characterized with regards to their potential to support expression of lens genes and none 

have been characterized for expression of RGs. The human cell line HLE-B3 is described to 

express β-crystallin (Andley et al., 1994), while a second human cell line SRA01/04 is 

reported to express CRYAA and CRYBB2 based on RT-PCR amplification (Ibaraki et al., 

1998). The bovine cell line expresses α- and γ-crystallins (Weinstein et al., 1982) and the 

rabbit cell line N/N1003A expresses Pax6 (Krausz et al., 1996). Western blot and RT-PCR 

analyses have demonstrated that mouse LEC αTN4 expresses αA- and αB-crystallins as 

well as Pax6 transcripts (Krausz et al., 1996; Yamada et al., 1990) and while expression 

studies on 17EM15 and 21EM15 cells are limited (Haque et al., 1999), besides αA- and αB-

crystallins they have been described to support Notch1 mediated signaling (Rowan et al., 

2008) and expression of Pax6, Sox2, Prox1, Jag1, Epha2, Hspb1 and Crygs (Lachke et al., 

2011).

Through comparative gene expression analysis and RT-PCR, we find that LECs 17EM15, 

21EM15 and αTN4 express a number of genes important to lens development and 

homeostasis. We investigated if these cells also express new promising candidates in lens 

biology by comparative analysis with our recently developed bioinformatics tool iSyTE, 

which utilizes lens-enriched gene expression for prioritization of candidate genes with lens 

function (Lachke et al., 2012b). Application of iSyTE has thus far contributed to the 

characterization of several genes associated with lens development and cataract that include 

the Tudor family RNA binding protein - Tdrd7 (Lachke et al., 2011), cell adhesion protein- 

Pvrl3 (Lachke et al., 2012a), selenoprotein- Sep15 (Kasaikina et al., 2011), chromatin 

modulators- CBP, p300 (Wolf et al., 2013), and the transcription factor- Zeb2 (Manthey et 

al., 2014). Comparison of 21EM15 microarray datasets with the top 200 iSyTE-enriched 

candidate genes revealed that ~80% of these genes were significantly expressed in 21EM15 

and ~30% have known lens function or expression.

Furthermore, comparative analysis of 21EM15 microarrays with Cat-Map identified 131 

genes in this database that are significantly expressed in these cells. These include several 

key transcription factor genes (e.g. Pax6, Six3, Sox2, Meis1, Foxe3, Maf, Prox1 and Hmx1) 

and receptor or ligand genes (Efna5, Epha2 and Trpm3) as well as important genes linked to 

human cataract (Adamtsl4, Chmp4b, Col4a5, Cryaa, Cryab, Cryba4, Crygs, Fyco1, Gcnt2, 
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Gja1, Leprel1, Myh9, Pvrl3, Pxdn, Rab3gap1, Tdrd7 and Vim). However, many other 

important cataract linked genes, especially those encoding crystallins, e.g. Cryba1, Crybb1, 

Crybb2, Crybb3, Crygc, and Crygd, as well as other important proteins, e.g. Bfsp1, Bfsp2, 

Gja3, Gja8, Lim2 and Mip, are not expressed significantly in 21EM15 cells. Furthermore, 

expression of Crystallin genes, e.g. Cryaa, Cryab, Cryba4, and Crygs, in these cells, 

although significant in microarray analysis, is not similar to their relative high expression in 

lens fiber cells.

Moreover, while these data indicate that all three LECs possess a gene expression profile 

more characteristic of isolated lens epithelium than do NIH3T3 cells (and lens fiber cells), 

the LECs also harbor specific differences. Interestingly, 17EM15 and 21EM15 follow 

similar expression trends for many genes tested, but not all (e.g. Bcl2l13, Jag1, Hsf4, Myo6, 

Rab36, Slc3a2), perhaps reflective of their being derived by the same laboratory. The 

experimentally transformed cell line αTN4 differs from both these LECs and isolated lens 

epithelium in that it exhibits significantly higher expression of the epithelium markers Pax6, 

Anxa1 and Mcm4. Compared to 17EM15 and αTN4, 21EM15 cells have significantly lower 

expression of Prox1 and Crybb1. Thus, although all three LECs exhibit lens epithelial cell 

characteristic, they do differ in the expression levels of specific genes and also in formation 

of specific RGs, which could be a reflection of the underlying genetic or epigenetic changes 

that may have resulted due to culturing or selection, or their independent derivation from 

different mouse lens epithelia. Therefore in the absence of whole genome expression 

profiling data on all of the LECs, it is difficult to conclude if any one of the LECs is similar 

to isolated lens epithelium.

It should be noted that some genes are missed by the microarrays on 21EM15, but are 

present in the RT-PCR analysis, which is reflective of the suboptimal hybridization of 

transcripts to the microarray probesets specific for these genes on the Illumina microarray 

platform, leading to their being called “absent” in the analysis. From our experience 

analyzing both Affymetrix 430 2.0 and Illumina WG-6 microarrays, we have noted several 

such cases wherein the probeset for a specific gene is suboptimal. For example, the Foxe3-

specific probeset on the Affy chip correctly reports on the experimentally validated high 

expression of this gene in the lens. In contrast, the Foxe3 probeset on the Illumina WG-6 

microarray platform is not as effective for detecting Foxe3, and calls it “absent” – even in 

early lens samples, wherein the gene is highly expressed. Thus, microarrays on various 

different platforms or RNA-Seq analysis will be more informative in future analyses of these 

cell lines.

In the absence of detailed karyotyping on these cell lines, we sought to gain insight from the 

RT-PCR and microarrays data on the chromosomal constitution of these cell lines. We first 

noted that RT-PCR analysis of the genes in represents expression from majority of mouse 

chromosomes (1 through 11, 16, 17, 19) and thus suggests their presence in all three LECs. 

Furthermore, analysis of microarray data from 21EM15 confirmed that this cell line 

expresses genes from all the mouse chromosomes.

Thus, although these cells express key lens genes from iSyTE and Cat-map, and occasionally 

exhibit spontaneous aggregates of lentoid bodies in culture, they have limitations in their 
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application to study of fiber cells. Although presently there is no evidence of differentiation 

of these cells into a fiber cell fate, it will be interesting to investigate the effect of conditions 

used in studies that describe directed differentiation of embryonic stem cell and induced 

pluripotent stem cells into lens fate (Qiu et al., 2012; Yang et al., 2010). Nevertheless, these 

LECs offer advantages over primary cell culture that pose challenges such as potential 

variability between samples or limited lifespan, and in past have been useful in identifying 

targets that were later validated in the lens tissue (Lachke et al., 2011).

These LECs will be beneficial to gain insights into molecular regulation or function of genes 

as well as in various high-throughput approaches and screens as described below. Because 

these cells are easily transfected by plasmid or lentiviral constructs they are amenable to 

shRNA-mediated gene knockdown approaches (Donner et al., 2007; Lachke et al., 2011; 

Rowan et al., 2008). Unlike αTN4, the 17EM15 and 21EM15 cell lines are not 

experimentally transformed, and may potentially harbor spontaneous transformation events 

as has been described for other cells line (Boukamp et al., 1988; Hughes, 1996; Todaro and 

Green, 1963). However, all three cell lines grow well in culture conditions and display 

consistent growth kinetics across passages. Therefore these LECs can be used to investigate 

the molecular function of Cat-Map genes or new iSyTE-predicted candidate genes with 

potential function in the lens. Furthermore, similar to previous approaches (Ohn et al., 

2008), these LECs can be used in high-throughput screens for identifying candidates that 

mediate RG assembly or function. For the key lens genes that are expressed, these LECs can 

be used in approaches to test protein-protein interactions (Mak and Moffat, 2012; Völkel et 

al., 2010). Recently, protocols have been developed and applied for the successful isolation 

and biochemical characterization of RGs like chromatoid bodies (Meikar and Kotaja, 2014). 

Similarly, these cell lines can be a useful resource to isolate protein and RNA components 

from P-bodies and SGs for further characterization. Given the recent connection of SGs to 

apoptosis (Thedieck et al., 2013), these approaches have the potential to unravel surprising 

new regulatory connections in lens biology. Recent findings have indicated a function for 

miRNAs in lens development. Since P-bodies are linked to miRNA-mediated control, these 

cell lines may offer a reagent for investigating their potential role in miRNA-mediated 

regulatory control of lens genes. Finally, detection of high levels of P-bodies and SGs in 

these LECs make them a useful resource for testing the molecular strategies that lens 

epithelial cells potentially use to neutralize the effect of stress factors such as ultraviolet 

radiation.

Thus, our data demonstrate that LECs 17EM15, 21EM15 and αTN4 retain expression of 

several important lens marker genes and are similar to isolated lens epithelium than to lens 

fiber cells. These LECs also exhibit elevated levels of P-bodies or SGs when compared to 

NIH3T3 cells in normal and oxidative stress conditions. In sum, these findings indicate their 

suitability for investigating the molecular function of these cytosolic ribonucleoprotein 

complexes in lens cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• A detailed molecular and cellular characterization of three permanent mouse 

lens epithelial cell lines (LEC) 17EM15, 21EM15 and αTN4 was performed

• Comparative analysis between microarray gene expression datasets on LEC 

21EM15 and iSyTE lens tissue identified several lens-enriched and Cat-Map 

genes that are expressed in these cells

• Compared to non-lens cell line NIH3T3, all three LECs exhibit significantly 

enriched expression of Pax6, Foxe3 and Prox1

• Mouse LECs 21EM15, 17EM15 and αTN4 express key lens cataract genes and 

exhibit high levels of Processing bodies and Stress granules, indicating their 

suitability for investigating gene expression control and RNA granule function 

in lens-derived cells
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Figure 1. Authentication of lens epithelial cell lines using mouse and human specific STRs
To validate their species identity, PCR on genomic DNA from individual cell lines was used 

to test the presence or absence of mouse or human-specific short tandem repeats (STRs) as 

previously recommended (Almeida et al., 2014). Mouse-specific PCR products are indicated 

by their chromosomal location (X-1 through 18-3). As expected, none of the cell lines 

amplify human STRs (HD4S – human D4S2408, HD8S – human D8S1106), but exhibit 

mouse-specific STR amplification, confirming their mouse origin.
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Figure 2. iSyTE-identified lens-enriched genes and cataract-associated genes in Cat-Map are 
expressed in the LEC 21EM15
(A) Scatter plot of select genes within the top 200 minrank in iSyTE indicates expression of 

several key lens genes in LEC 21EM15 microarrays. The y-axis indicates iSyTE enrichment-

based rank. Size of filled circles represents normalized expression levels of genes. (B) Heat 

map of select genes that exhibit significant expression in LEC 21EM15 microarrays and are 

either identified as iSyTE enriched genes, have a known function in the lens or found in Cat-

Map. Visualization of the candidates as a heat map allows comparative analyses between 

their relative expression levels in these cells.
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Figure 3. Lens epithelial cell lines exhibit gene expression pattern similar to isolated lens 
epithelium compared to lens fiber cells
(A) Real time quantitative RT-PCR confirms significant up-regulation of lens epithelium-

expressed genes Anxa2, Mcm4, and Pax6 in the LECs and isolated lens epithelium when 

compared to isolated lens fiber cells. (B) In contrast, real time quantitative RT-PCR exhibits 

significant down-regulation of lens fiber cell-expressed genes Crybb1, Mip, and Prox1 in the 

LECs and isolated lens epithelium when compared to isolated lens fiber cells. (C) Regular 

semi-quantitative RT-PCR demonstrates relative expression levels of the epithelium marker 
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Foxe3, the fiber cell early differentiation marker Prox1 and the fiber cell differentiation 

marker Crybb1 in isolated lens epithelium and fiber cells as well as in 17EM15, 21EM15 

and αTN4 cells. (D) Heat-map of comparative gene expression analysis between isolated 

lens epithelium and fiber cell microarrays and RNA-seq data and the LEC 21EM15 

microarrays for select epithelium- or fiber cell-enriched genes. Asterisk denotes p-values < 

0.05.
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Figure 4. RT-PCR validation of key lens genes in lens epithelial cell lines
(A) Real time quantitative RT-PCR demonstrates significant up-regulation of Pax6, Foxe3 

and Prox1 in these LECs. (B) Regular semi-quantitative RT-PCR validates expression of 27 

key lens genes in LEC lines 17EM15, 21EM15 and αTN4. Candidates were selected based 

on their expression in 21EM15 microarray data, their identification among top ranked genes 

in iSyTE, or other compelling evidence from literature. Asterisk denotes p-values < 0.05.
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Figure 5. Embryonic and early postnatal mouse lens harbors cytoplasmic Processing bodies
(A) Immunostaining by Dcp1a, a Processing body (P-body) marker, demonstrates that 

mouse lens at stage embryonic day 12.5 (E12.5) harbors P-bodies in both lens anterior 

epithelium (Epi) (A′) as well as in fiber cells (FC) (A″). (B) In presence of translational 

elongation inhibitor cycloheximide (CHX), these cytoplasmic structures can be 

disassembled in both Epi (B′) and FC (B″), indicating them are bona fide P-bodies. (C) 
Mouse lens at postnatal day 4 (P4) exhibits P-bodies in the Epi (C′) and (C″) but not in FC. 

(D) P4 mouse lens also exhibits P-bodies in the transition zone (TZ) (D′) and (D″). Similar 

results were obtained using Ddx6 as a P-body marker (data not shown). Dotted line box 

indicates area selected for representation at high magnification. Scale bar in A–D is 50 μm 

and in A′, A″, B′, B″, C′, C″, D′, D″ is 5 μm.
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Figure 6. Lens epithelial cell lines support formation of Processing bodies and Stress granules
The potential of LECs 17EM15, 21EM15, αTN4 and the non-lens cell line NIH3T3 to 

support formation of Processing bodies (P-bodies, red) and Stress granules (SGs, green) 

under normal and unstressed conditions was investigated by immunostaining with P-body 

and SG markers. Exposure to sodium arsenite (0.5 mM) for 45 min was used as a stress 

condition and Ddx6 and Elf3η were used as P-body or SG markers, respectively. The LECs 

17EM15, 21EM15, αTN4, as well as NIH3T3 cells, in unstressed conditions exhibit P-

bodies that appear to increase in number under conditions of stress. Formation of SGs was 

detected only under conditions of stress in all cell lines. These data indicate that all three 

LECs support formation of P-bodies and SGs. Dotted line box indicates area selected for 

representation at high magnification; arrowheads indicate P-bodies in unstressed conditions, 

and P-bodies and SGs in stressed conditions. Scale bar indicates 22.5 μm in merged images, 

while that at high magnification indicates 5 μm.
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Figure 7. Lens epithelial cell lines exhibit elevated numbers of Processing bodies or Stress 
granules in comparison to NIH3T3 cells
Processing bodies (P-bodies) and Stress granules (SGs) were counted under normal (un-

stress, U) and stress (S) conditions for all four cell lines. Average numbers of P-bodies and 

SGs per cell under both unstressed and stressed conditions are shown in the graph. 

Horizontal bar between cell lines denotes p-values < 0.05 for PB or SG counts per cell. In 

un-stress or stress conditions, αTN4 and 17EM15 cells exhibit significantly higher numbers 

of P-bodies in comparison to the NIH3T3 cell line. In conditions of stress, all three LECs 

exhibit significantly higher numbers of SGs compared to NIH3T3 cells. Asterisk denotes p-

values < 0.05.
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Table 1

Primers used for RT-PCR analysis.

Gene Name Forward Primer Reverse Primer Expected Product Size

Actb AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA 228

Akt2 TGGCTGGAAAAGGCGGTATT GCTCGTTCCCGCTCCTTATT 189

Aldh1a1 TGCAGGGGCAGCCATCTCCT TTCCCCCAGCGTCCTCCACC 447

Anxa2 CTTCAAGGGAGGCTCTCAGC TTTGACTGACCCGTAGGCAC 139

Bach2 TGCTGGCCGCATGCAGTGAA ATGGTCCTCTTGGGGGCGCT 308

Bcl2l13 TTCGGTGTGATGTACCTGGA ACGGTAGGGACCTGTGTGAG 461

Bfsp1 GTCCTGCAGCAGATCGTACA TGCTGCCTTCAATCTCAATG 388

Ccng1 AATGGCCTCAGAATGACTGC AGTCGCTTTCACAGCCAAAT 201

Cdh1 CGGAGAGGAGAGTCGAAGTG CATGCTCAGCGTCTTCTCTG 201

Clu TGGCCCTCTGGGAGGAGTGC TGTGGAAGCTCGGAGGCCCA 405

Cp ATTTTCAACGGGCTGATGAC ACTTTCTCGGGTTCAGAGCA 313

Cpeb1 GGGCGTTGGGTCCCGAATGG CCTGAAGCAAGGCCCGGACG 452

Cryba1 GGAAACTCTTCCAACCACCA CCACTGGCGTCCAATAAAGT 388

Cryba4 GAAGGCTTCCAGGGCCGACG GCCCACTTCAGTGCCGTCCC 363

Crybb1 CTTTGAGCAATCTGCCTTCC GTGCCACCAGAGACGGTTAT 267

Dhx32 AAGCCTGGCGACTGACGTGC TGACCACCAGGTCGCCCACA 356

Dkk3 TGTGTACACTGCTGGCGGCG GGTGCAGTGACCCCAGGCAC 563

Dnajb1 CCCATATAGCCACCTGCACT CTGCCTATCGCTCGAAAAAC 196

Elp2 (Statip1) TTGTGTCTGGAGCAGACGAG CAAAGGGCTGAGAGGCTATG 201

Epha2 GCCAGTTTAGCCACCACAAT CACTTCCCACATGACAATGC 428

Foxe3 GAAGCCGCCCTACTCATACA AGGAAGCTACCGTTGTCGAA 273

Gprc5b AGTTCAAACGGTGGAAGGTG CCCAGGCTGCTAGATCTTTG 418

Gprc5c TCAGCCCAGTCCTGCTTAGT GAAGGACCAAGCATCCTCAG 201

Hmox1 CACGCATATACCCGCTACCT TGTGCTTGACCTCAGGTGTC 199

Hs2st1 GAGAAGCCCTGTCTGTGTCC ATTCGCTCCAAAAAGCGATA 202

Hsf4 CTTTGTTCGCCAACTCAACA GTAGGGGTCCTGGAGGAGAG 508

Inppl1 GTGGAGAGGAGACAGGCAAC GGAGGTCTCTGTGGAAGCTG 200

Jag1 TAGCTGCCTGCCGAACCCCT GCTGGAGGCTGGAGGACCGA 590

Mab21l1 TGACACGAGCGAAGTGAAAC TGGGTTGGTCAGGATCTCTC 601

Man1c1 CTCGGCCTTCTACCTGACTG AACTGTCCCCAAGTCCTCCT 368

Mcm4 TGCTGCAAAAGGAGTCTGAA TGGGCTTAGGCTCTCTGTGT 202

Meis1 TCTGCACTCGCATCAGTACC GTTGTCCAAGCCATCACCTT 628

Meis2 GCGGTCTTCGCCAAGCAGGT TGCCTGCGGAGTGCGTTGAG 325

Mip GGAAACCTAGCGCTCAACAC CCATTGGAGTCACTGGGTCT 401

Myo6 AGGAGCTGGCAAAACAGAAA ATTTCCAAGGTGCAGGACAC 589

Pax6 AGTTCTTCGCAACCTGGCTA ACTTGGACGGGAACTGACAC 846

Pdpn (Gp38) TCTACTGGCAAGGCACCTCT CGTTTCATCCCCTGCATTAT 198
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Gene Name Forward Primer Reverse Primer Expected Product Size

Pitx3 GAGGAATCGCTACCCTGACA ATAGCTGAAAGAGGCGTGCT 592

Pknox1 AGGGGTGTCCTGCCGAAGCA GCACCAGCCCGCTGATGTGT 499

Pou2f1 GCCTCGGCCTCCACCTCAGA GGAGGCTGCAGCGGCAGAAA 507

Prox1 CTGGGCCAATTATCACCAGT GCCATCTTCAAAAGCTCGTC 205

Ptprk GTGCCATAGGCATTGTTGTG ATGGATTTCTGCTTGGATGC 202

Pvrl3 TTGCCCTTTCCTTTGTCAAC TGCATGTCTGATGGTGGAAT 191

Rab36 GGCTCAGACTCTCCAAGGTG GCTGGGCCTCTTCTCTAGGT 545

Sfrp1 GGACCGGCCCATCTACCCGT GTGGCAGGGACAGTCGGCAC 412

Slc3a2 TCTTCACTCTGCCAGGGACT GCCACAAAGGGGAACTGTAA 526

Smyd2 GTGGAAGTCCGAAAGCTCAG TGAGGGAGTACACGGGGTAG 310

Sparc AGAATTTGAGGACGGTGCAG AAGTGGCAGGAAGAGTCGAA 216

Sulf1 TGTGCCTTTCTTCATTCGTG TTTGGCCTTCTTGTTTGTCC 199

Tdrd7 CTAAGGGCTGTCCTGCAGTC TGAGAGTTGCCTTTGGCTTT 340

Trim8 GACGTGGAGATACGGAGGAA CGATCTTAGGGGGAGAAAGG 436

Trpm3 GGGTCGCCAGGCAAGCCATT CCGGCAGCACACATGCTGGA 461

Zfp365 AAGTCCGGGCAGCCTTTGCG GCATCCCGGCTCGCTCATCC 486

Zwint TGGCGGACGCGGAGAAAAACG TCCGGCGCCTCTTGACCTCT 549
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Table 2

Microarrays-based expression of key lens and cataract genes in LEC 21EM15.

Gene Expression Cat-Map Association with Cataract and/or Function, Expression in 
the Lens Citation

Adamtsl4 1154 Yes Autosomal recessive isolated ectopia lentis and cataract (Ahram et al., 2009)

Aldh1a1 824 - Essential for lens transparency in human, rat and mouse (Choudhary et al., 2005)

Ank2 642 - Mouse mutants exhibit lens fiber cell defects and cataract (Moré et al., 2001)

Bcar3 217 - Mouse mutants exhibit lens defects (Kamaid and Giráldez, 2008; Near 
et al., 2009)

Btg1 7675 - Expressed in the lens (Kamaid and Giráldez, 2008)

Chmp4b 1450 Yes Autosomal dominant progressive pediatric posterior 
subcapsular cataract (Shiels et al., 2007)

Col18a1 1608 Yes Lens abnormalities; Col18a1:Hspg2 double mutant mice 
exhibit lens defects

(Menzel et al., 2004; Rossi et al., 
2003)

Col4a1 6207 Yes Mouse mutants exhibit vacuolar cataract (Van Agtmael et al., 2005)

Col4a5 775 Yes Dominant X-linked congenital cataract (Antignac et al., 1992)

Col4a6 310 - Expressed in the early mouse lens development (Bai et al., 2009)

Cp 2120 - Expressed and secreted by lens epithelial cells in culture (Harned et al., 2006)

Crim1 1047 - Mouse mutants exhibit smaller lens (Pennisi et al., 2007)

Cryaa 185 Yes Autosomal dominant congenital cataract (Litt et al., 1998)

Cryab 3594 Yes Autosomal dominant congenital cataract (Berry et al., 2001)

Cryba4 201 Yes Autosomal dominant cataract and microphthalmia (Billingsley et al., 2006)

Crygs 216 Yes Autosomal dominant progressive cortical cataract (Sun et al., 2005)

Dkk3 18542 - Expressed in early mouse eye and lens development (Ang et al., 2004)

Dock5 204 - Mouse mutants exhibit lens rupture and cataract (Omi et al., 2008)

Efna5 1014 Yes Mouse mutants exhibit cataract (Cooper et al., 2008)

Epha2 345 Yes Autosomal dominant posterior polar cataract (Shiels et al., 2008)

Fyco1 334 Yes Autosomal recessive congenital cataracts (Chen et al., 2011)

Gata3 189 Yes Mouse mutants exhibit lens defects (Maeda et al., 2009)

Gcnt2 318 Yes Autosomal recessive congenital cataracts, adult i phenotype (Yu et al., 2001)

Gja1 5930 Yes Cataract and other ocular defects (Paznekas et al., 2003)

Hmx1 257 Yes Cataract and other defects; and mouse mutants exhibit 
microphthalmia

(Munroe et al., 2009; Schorderet et 
al., 2008)

Itga3 1260 - Mouse mutants double null for Itga3 and Itga6 exhibit lens 
defects (De Arcangelis et al., 1999)

Itga6 213 - Mouse mutants exhibit lens fiber cell differentiation defects (Basu et al., 2014)

Itgb1 379 Yes Mouse mutants exhibit loss of lens epithelial cells (Simirskii et al., 2007)

Jag1 213 - Mouse mutants exhibit lens fiber cell differentiation defects (Le et al., 2012)

Leprel1 234 - Nonsyndromic myopia and cataract (Mordechai et al., 2011)

Maf 190 Yes Autosomal dominant juvenile onset cataract (Jamieson et al., 2002)

Meis1 1347 Yes Regulates Pax6 in lens; and mouse mutants exhibit eye defects (Hisa et al., 2004; Zhang et al., 
2002)
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Gene Expression Cat-Map Association with Cataract and/or Function, Expression in 
the Lens Citation

Myh9 5094 Yes Cataract and other defects; mouse mutants exhibit lens defects (Kunishima et al., 2001; Suzuki et 
al., 2013)

Ng23 2985 - Enriched expression in mouse lens development (Lachke et al., 2012b)

Nrcam 192 - Mouse mutants exhibit lens defects (Moré et al., 2001)

Pax6 202 Yes Congenital cataract, aniridia and corneal dystrophy; and 
induces ectopic lens

(Altmann et al., 1997; Glaser et 
al., 1994)

Prox1 279 Yes Mouse mutants exhibit lens fiber cell elongation defects (Wigle et al., 1999)

Prx 194 Yes Required for lens fiber cell membrane organization (Maddala et al., 2011)

Pvrl3 907 Yes Misregulation of Pvrl3 is associated with congenital cataract (Weinstein et al., 1982)

Pxdn 229 Yes Recessive congenital cataract (Khan et al., 2011)

Rab3gap1 1347 Yes Cataract and other phenotypes (Handley et al., 2013)

Sfrp1 3708 - Expressed in lens development (Chen et al., 2004)

Six3 260 Yes Functions in mouse lens development; and induces ectopic 
lens (Liu et al., 2006)

Sox2 293 Yes Functions in mouse lens development; and mutations cause 
anophthalmia

(Donner et al., 2007; Fantes et al., 
2003)

Sparc 14679 Yes Mouse mutants exhibit severe cataract and lens defects (Gilmour et al., 1998)

Spp1 10706 - ECM component in postoperative capsular opacification, 
expressed by LECs on injury (Saika et al., 2003)

Tcfap2a 1675 - Mouse null mutants exhibit lens defects (Pontoriero et al., 2008)

Tdrd7 696 Yes Deficiency causes cataract in human, mouse, chicken (Lachke et al., 2011; Tanaka et al., 
2011)

Trpm3 312 - Congenital cataract and glaucoma (Bennett et al., 2014)

Vim 24701 Yes Heterozygous G596A mutation causes pulverulent cataract (Müller et al., 2009)
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