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PURPOSE. Transcriptome is the entire repertoire of transcripts present in a cell at any particular
time. We undertook a next-generation whole transcriptome sequencing approach to gain
insight into the transcriptional landscape of the developing mouse lens.

METHODS. We ascertained mouse lenses at six developmental time points including two
embryonic (E15 and E18) and four postnatal stages (P0, P3, P6, and P9). The ocular tissue at
each time point was maintained as two distinct pools serving as biological replicates for each
developmental stage. The mRNA and small RNA libraries were paired-end sequenced on
Illumina HiSeq 2000 and subsequently analyzed using bioinformatics tools.

RESULTS. Mapping of mRNA and small RNA libraries generated 187.56 and 154.22 million
paired-end reads, respectively. We detected a total of 14,465 genes in the mouse ocular lens at
the above-mentioned six developmental stages. Of these, 46 genes exhibited a 40-fold
differential (higher or lower) expression at one the five developmental stages (E18, P0, P3, P6,
and P9) compared with their expression level at E15. Likewise, small RNA profiling identified
379 microRNAs (miRNAs) expressed in mouse lens at six developmental time points. Of
these, 49 miRNAs manifested an 8-fold differential (higher or lower) expression at one the five
developmental stages, as mentioned above compared with their expression level at E15.

CONCLUSIONS. We report a comprehensive profile of developing murine lens transcriptome
including both mRNA and miRNA through next-generation RNA sequencing. A complete
repository of the lens transcriptome of six developmental time points will be monumental in
elucidating processes essential for the development of the ocular lens and maintenance of its
transparency.
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The ocular lens is an excellent model for investigating both
intricate details of development and pathophysiological

mechanism of disease. The ocular lens is a transparent
biconvex structure that helps focus light on the retina. The
maintenance of lens transparency is essential for the normal
visual function, and lack thereof leads to visual impairment by
development of lens opacities. The lens arises from the head
ectoderm that thickens to form the lens placode.1,2 The lens
placode invaginates together with the optic vesicle to form the
lens pit and the optic cup, respectively.1,2 Subsequently, the
lens pit separates from the ectoderm to form the lens vesicle
that gives rise to anterior and posterior single layers of cells.1,2

Cells of the former layer differentiate into the epithelium while
cells forming the posterior layer differentiate into primary fiber
cells forming the lens nucleus.1,2 The lens grows rapidly during
late embryonic and early postnatal stages due to proliferation of
epithelial cells that elongate and differentiate into secondary
fiber cells continuously adding to the fiber mass.1,2

Cataract, clouding of the lens, is the leading cause of blindness
worldwide and accounts for one-third of the total cases of
blindness in children.3,4 A significant fraction of cataractogenesis
is familial with a total of 35 genes associated with congenital
cataracts.5,6 Nonetheless, these genes constitute a small fraction

of the total genetic load, and the total number of genes associated
with this debilitating disorder is presumed to be much higher.

Previously, serial analysis of gene expression (SAGE) and
RNA microarrays have been used to investigate transcriptional
activities of the mouse and human ocular lens.7–9 However,
both of these techniques have inherent limitations including
the extremely short length of the SAGE tags that may be shared
by multiple genes, and the inbuilt limitation of microarrays that
can detect only those transcripts included on the array itself.
Next-generation sequencing (NGS) technology provides an
efficient and cost-effective platform to investigate the transcrip-
tional landscape accurately and with much greater sensitivity,
which is essential to reliably detect and quantitate rare but
physiologically relevant coding as well as noncoding RNA
molecules. Recently, two studies reported to use NGS to
investigate the mouse lens transcriptome.10,11 However,
neither study examined the lens transcriptome through
different developmental stages nor was microRNA (miRNA)
investigated in the lens transcriptome.

miRNAs are important regulatory molecules that act as post
transcriptional regulators and according to some estimates each
miRNA can regulate the expression of 100 to 200 target genes.12

Severe microphthalmia with no visible lens and a poorly stratified
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corneal epithelium is observed in Dicer conditional knockout
mice.13 Wolf and colleagues14 confirmed the indispensable role of
miRNA-based regulation in differentiation and development of
the lens tissue. This notion was further strengthened with the
identification of the role of Pax6 in the regulation of miR-204,
where the latter acts as a negative modulator of gene expression
during lens development in vertebrates.15

In this study, we employed NGS to create mouse lens
expression profiles for both mRNA and miRNA at six
developmental stages. Deep sequencing of mRNA libraries
generated 187.56 million unique reads that identified expres-
sion of 14,465 genes in the mouse lens transcriptome.
Likewise, sequencing of the small RNA libraries generated
154.22 million unique reads that retrieved 379 miRNAs
expressed at different developmental stages.

MATERIALS AND METHODS

Samples Collection and RNA Isolation

The use of mice in this study was approved by Johns Hopkins
Animal Care and Use committee (ACUC; Baltimore, MD, USA),
and all experiments were performed in accordance with a
protocol approved by Johns Hopkins ACUC. We acquired
pregnant female C57BL/6 mice from Charles River laboratory
(Wilmington, MA, USA). Lenses were obtained at six different
developmental stages including embryonic day 15 and 18, and at
postnatal day 0, 3, 6, and 9. To obtain the lenses, mice were first
anesthetized by isoflurane and subsequently euthanized through
cervical dislocation. The lenses were isolated using forceps
under a microscope. Two biological replicates, each consisting
of 8 to 9 pups, were used for each developmental stage. Lenses
were dissolved immediately in Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and total RNA was extracted from each
pool according to manufacturer’s instructions. The quality and
quantity of the total RNA was determined on a NanoDrop Lite
spectrophotometer (Thermo Scientific, Inc., Grand Island, NY,
USA).

Library Preparation for RNA Sequencing

We used Illumina TruSeq RNA Sample Preparation Kit v2
(Illumina, Inc., San Diego, CA, USA) to prepare mRNA
sequencing libraries, according to manufacturer’s instructions.
Briefly, 4 lg of total RNA was used for polyA mRNA selection
using streptavidin-coated magnetic beads followed by thermal
fragmentation of selected mRNA. The fragmented mRNA was
used as a template for cDNA synthesis by reverse transcriptase
with random primers. This cDNA was further converted into
double stranded DNA that was end-repaired to incorporate the
specific index adaptors for multiplexing, followed by a
purification step and amplification for 15 cycles. The quality
and functionality of final amplified libraries were examined
with a DNA high sensitivity chip on an Agilent 2100
Bioanalyzer (Agilent, Palo Alto, CA, USA) and quantitative
(q)PCR according to manufacturer’s instructions. Subsequent-
ly, RNA-Seq libraries with unique index sequences were pooled
in equimolar ratio and the final size selection of 400 to 500 bp
was performed on a Caliper LabChip XT DNA 750 chip
(Caliper Life Sciences, Hopkinton, MA, USA).

Small RNA Library Preparation for miRNA
Sequencing

We used Illumina TruSeq Small RNA Sample Prep Kit for small
RNA library preparation according to manufacturer’s instruc-
tions. Briefly, l to 2 lg of total RNA without selection for small

RNAs was processed for ligation to a 30 RNA adapter followed
by ligation to 50 RNA adapters. The adapter-ligated RNA was
subsequently converted to single-stranded cDNA using Super-
Script II Reverse Transcriptase. The cDNA was amplified for 11
cycles using a common primer and primers with unique index
sequences. The small RNA libraries were purified using
AmPure XP beads (Beckman Coulter, Indianapolis, IN, USA)
and examined on Agilent 2100 Bioanalyzer. Finally, the 130- to
170-bp size selection was performed on a 2% agarose gel.

Next-Generation RNA Sequencing

Initially, we sequenced two mRNA libraries (MLT1 and MLT2),
two biological replicates representing the postnatal Day 3 on a
MiSeq genome analyzer (Illumina, Inc.). Briefly, 20 pM of P3
library was used for cluster generation, followed by paired-end
(2 3 150 bp) sequencing on the MiSeq genome analyzer. The
total output reads were deindexed (separation of reads) based
upon the unique bar-codes using Cassava software (v1.8;
Illumina, Inc.).

Subsequently, all 12 mRNA and 12 small RNA bar-coded
pooled libraries were clustered using TruSeq V3 (Illumina,
Inc.) flow cells at 13 and 16 pM concentration, respectively.
These libraries were paired-end sequenced using Illumina’s
TruSeq SBS Kit V3 (Illumina, Inc.) in two independent lanes on
a HiSeq 2000 genome analyzer (2 3 100 bp; Illumina, Inc.)
followed by deindexing based upon the unique barcodes using
Cassava software (v1.8).

Bioinformatics and Data Analyses

The mRNA sequencing data were analyzed using two different
pipelines: DNASTAR (DNASTAR, Madison, WI, USA), a commer-
cially available tool, and Tophat (version 2.0.9; University of
Maryland, College Park, MD, USA) with DESeq (version 1.15.3.;
EMBL, Heidelberg, Germany).16,17 Initially, we used DNASTAR
for analysis of the sequencing data. The reads were aligned into
an assembly with the SeqMan NGen version 11 using the default
parameters. The Mus musculus (GRCm38.p2) reference ge-
nome was used for the mouse lens transcriptome assembly. The
gene expression quantification, normalization, and statistical
analysis were performed with ArrayStar Version 11 (DNASTAR)
using default parameters. The expression data were normalized
by calculating the reads per kilobase per million mapped reads
(RPKM) values for each gene.18

In parallel, we employed Tophat/DESeq for an independent
replication of the analysis performed on the DNASTAR
platform. The analysis included preprocessing of FASTQ file
format sequencing reads by removing the adapter sequences
using SeqPrep (in the public domain, https://github.com/
jstjohn/SeqPrep). The preprocessed sequencing reads were
aligned against the Mus musculus (GRCm38/mm10) tran-
scriptome using default parameters. Subsequently, duplicate
reads caused by PCR amplification were removed using the
rmdup option of SAMtools (version 0.1.18; Wellcome Trust
Sanger Institute, Cambridge, UK).19 The proposed gene
ontologies were identified using the Protein Analysis Through
Evolutionary Relationships (PANTHER) classification system (in
the public domain, http://www.pantherdb.org/).20

The FASTQ files of sequencing reads for small RNA were
subject to adapter sequence removal by SeqPrep (in the public
domain, https://github.com/jstjohn/SeqPrep) followed by clas-
sification of reported and novel miRNAs using miRDeep2.21

Briefly, the sequencing short reads were aligned against the
Mus musculus (GRCm38/mm10) reference genome with the
mapper module of miRDeep2 that uses Bowtie (version 0.12.8;
University of Maryland). Reported miRNAs were identified by
miRDeep2 through reported miRNA hairpins and mature
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miRNA sequences downloaded from the miRBase (Release 20)
database (University of Manchester, Manchester, UK).22

We used RPKM (mRNA) and RPM (miRNA) expression data
from individual time points for principal component analysis
(PCA) to perform direct comparisons between time points in
developing ocular lens. Partek Genomics Studio (Partek, Inc.,
St. Louis, MO, USA) was used to create PCA plots where the
expression values were in quantile normalized log2 notation.
In parallel, we created expression profile plots to examine
mRNA and miRNA differential transcription using Spotfire
DecisionSite with Functional Genomics (TIBCO Spotfire,
Boston, MA, USA). The earliest developmental stage, E15,
was set as the reference point, and the remaining five time
points were separately compared to E15, thus yielding
individual transcripts’ fold change between E15 and increas-
ingly greater development. For graphical purposes a virtual E15
to E15 comparison (0.0-fold change of course) was included.

RESULTS

To investigate the transcriptional landscape of ocular lens
during development, we performed high-throughput RNA
sequencing on mouse lens at two embryonic (E15 and E18)
and four postnatal stages (P0, P3, P6, and P9), where E and P
refer to embryonic and postnatal respectively, while the
number corresponds to the day in that phase. The extracted
lenses from each developmental stage were divided into two
biological replicates for total RNA extraction. Twelve mRNA
and 12 small RNA sequencing libraries (E15a, E15b, E18a,
E18b, P0a, P0b, P3a, P3b, P6a, P6b, P9a, and P9b) were
prepared using total RNA from each developmental stage as
described in materials and methods.

Initially, we sequenced two mRNA libraries (MLT1 and
MLT2), two biological replicates representing the postnatal
Day 3, on a MiSeq genome analyzer. The deindexed data
yielded a total of 10,213,826 and 13,547,058 reads for the two
libraries, respectively, that were uploaded to SeqMan NGen
version 11 for quality check and mapping to the Mus musculus

genome. Quality control (QC) examination of these sequenc-
ing reads revealed that 99.5% of the reads were of approxi-
mately 150 bp. Of these, only 0.08% had ambiguous base calls
with greater than 95% of the sequencing data yielding a PHRED
score of 30 or above (a PHRED score of 30 represents 0.1%
probability of a false calling). Approximately 60% of all
sequencing reads demonstrated GC content of 40% to 60%
while the remaining 40% reads represented a mixture of low
(25%–40%) and high GC content (60%–70%). Our results
suggest a homogenous distribution of each of the four
nucleotide bases at each particular position of the read length
ranging from 20 to 150 bp.

RNA sequencing data of both biological replicates were
independently mapped against the Mus musculus (GRCm38.p2)
reference genome, which resulted in 89.48% and 89.57%
alignment for the two biological replicates, respectively. The
expression data were normalized by calculating the reads per
kilobase per million mapped reads (RPKM)18 values for each
gene and the retest reliability conducted by examining the RPKM
values of these biological replicates suggested a high correlation
between both replicates with a Pearson coefficient value of 0.98
(Supplementary Fig. S1). The high reproducibility of these two
replicates and successful outcome of the quality control
parameters boosted our confidence. Subsequently, we pooled
the 12 barcoded mouse lens mRNA and the 12 barcoded small
RNA libraries and sequenced them in two independent lanes on a
HiSeq 2000 genome analyzer (23100 bp). All raw and processed
sequencing data reported in this manuscript have been

deposited in NCBI’s Gene Expression Omnibus,23 and are
accessible through GEO series accession number GSE69221.

The output reads were deindexed based upon the unique
bar-codes using Cassava software, resulting in a total of 394.52
million raw reads. These deindexed raw reads were initially
mapped to Mus musculus genome by SeqMan NGen version
11; of which 164.78 million paired-end reads passed the quality
control filters and were uniquely aligned to the reference
genome (data not shown). In parallel, the 394.52 million
deindexed reads were also mapped to Mus musculus genome
with Tophat algorithms. Of these, 187.56 million paired-end
reads properly aligned to the mouse genome after removal of
PCR duplicates by the rmdup option of SAMtools, which
identified 58.63 million (19.0%) reads to be PCR duplicates
(Table 1). DNASTAR and Tophat revealed 164.78 million and
187.56 million uniquely mapped paired-end reads representing
nearly 2753 and 3133 sequence coverage, respectively, for a 60
Mb Mus musculus transcriptome.

The mapped reads (187.56 million) were assembled into
transcripts, and the expression was measured and normalized
using RPKM method. The analyses revealed expression (‡1.0
RPKM) of 14,465 genes present in at least one of six
developmental stages (Table 2; Supplementary Table S1), which
suggests that approximately 62.48% of the total mouse coding
exome is expressed in lens transcriptome. We observed a higher
number of genes expressed in the embryonic stages compared
with number of genes expressed at postnatal stages (Table 2).

Subsequently, we investigated gene ontologies (GO) of the
genes expressed in six developmental stages using the
PANTHER classification system. The gene ontologies of mouse
lens transcripts were characterized on the basis of the
molecular function (MF), biological process (BP), and protein
classification (PC). The analysis revealed a total 10 unique
molecular function GO terms associated with mouse lens
mRNAs that includes binding (34%), catalytic activity (34%),
transcription regulator activity (10%), and (7%) structural
molecule activity (Supplementary Fig. S2A–S2F). Similarly, a
total of 14 biological process GO terms were identified in
embryonic and postnatal mouse lens (Supplementary Fig.
S3A–S3F). The mouse lens transcriptome revealed 29 distinc-
tive protein classification GO terms including nucleic acid
binding (16%), transcription factors (10%), cytoskeletal pro-
teins (4.9%), chaperone (1.7%), and (0.7%) structural proteins
(Supplementary Fig. S4A–S4F).

Deindexing of the raw data from the small RNA sequencing
libraries yielded 239.25 million filter-passing reads (Table 1). The
reads were subsequently processed with SeqPrep that removed
24.28 million (10.14%) adapter sequences (Table 1). The 214.97
million trimmed (ranging from 20–25 bp in size) reads were
mapped to the Mus musculus reference genome. Of which,
154.22 million (71.73%) showed unique alignment while 19.26
million reads (8.96%) mapped to multiple targets (>5) in the
mouse reference genome (Table 1). Mapping to the mouse
genome generated 8 to 27 million uniquely aligned reads for 11 of
the 12 small RNA libraries while one of the biological replicates of
P3 produced only 2.3 million mapped reads (Table 1).

We searched for reported or novel miRNAs by examining
the aligned data for miRNA hairpins and mature miRNA
sequences. These analyses discovered expression (‡1.0 RPM)
of 379 miRNAs present in at least one of the six developmental
stages (Table 2; Supplementary Table S2), which constitutes
approximately 32% of the mouse microRNAome. It is worthy of
note that the total number of microRNA expressed at
embryonic Day 15 (379) decreased to a total of 292 miRNAs
by postnatal day 9 in mouse lens (Table 2). miR-92a-3p, miR-
204-5p, miR-184-3p, miR-181a-5p, miR-99b-5p, miR-26a-5p,
miR-92b-3p, and miR-127-3p were the overall most highly
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expressed miRNAs in mouse embryonic lens (Supplementary
Table S2).

Principal component analysis can provide an overall
understanding of the expression differential, in particular,
cellular environments. It illustrates how samples at particular
time points differ by using all the transcript values for all the
samples and subsequently grouping these samples by similarity
to represent many dimensions of the data (one per transcript)
condensed into three dimensions. We employed PCA to
provide global views of mRNA and miRNA expression in
developing lens. These analyses reveal that there is indeed a
time course running from E15 to P9, reflected in these time
points chronological order across the first, most significant,
dimension or component of the plots (Fig. 1A, 1B).

Time course analyses were run to depict how the
transcription of mRNA and miRNA changes across time in
the developing lens, to intuitively track the trajectory of each
transcript across time. The expression profile plots show that a
considerable proportion of the transcripts exhibit a change in
their expression levels, either up or down, from their levels at
E15 and, further, the degree of change increases as time passes
(Fig. 2A, 2B). We identified a total of 46 genes that exhibited
40-fold expression differential compared with transcriptional
levels at E15 (Supplementary Table S3). Likewise, we identified
49 miRNAs that manifested an 8-fold or higher expression

TABLE 1. The Summary and Statistics of the Mouse Lens Next-Generation Whole Transcriptome Sequencing

Mouse Lens Transcriptome Sequencing (2 3 100 bp)

D. Stage

Sample

ID

TR,

106

TR w/o

Adapter,

106

Total

MR,

106

MR w/o PCR

Duplication,

106

PPR w/o PCR

Duplication,

106

PPR w/o PCR

Duplication,

%

Sequenced

Bases, Mb

E15 MLT-E15A 27.08 26.95 21.41 19.81 15.34 77.44 1534.61

MLT-E15B 27.54 27.34 21.35 18.30 13.77 75.25 1377.30

E18 MLT-E18A 35.62 35.32 28.02 24.97 19.55 78.29 1955.12

MLT-E18B 48.41 47.96 38.49 34.09 27.45 80.52 2745.63

P0 MLT-P0A 29.06 28.76 22.74 17.71 13.26 74.87 1326.25

MLT-P0B 35.53 35.15 27.77 22.20 16.87 75.99 1687.54

P3 MLT-P3A 26.14 25.90 20.38 16.32 11.89 72.89 1189.77

MLT-P3B 30.99 30.61 24.15 19.09 14.24 74.59 1424.47

P6 MLT-P6A 33.93 33.53 26.12 19.57 14.18 72.50 1418.92

MLT-P6B 35.31 34.92 27.18 20.19 14.70 72.85 1470.82

P9 MLT-P9A 37.74 37.29 28.89 21.02 14.97 71.25 1497.85

MLT-P9B 27.12 26.87 20.96 15.57 11.28 72.45 1128.19

Total 394.52 390.65 307.52 248.89 187.56 75.36 18756.54

Mouse Lens Small RNA Sequencing (2 3 100 bp)

D. Stage

Sample

ID

TR,

106

TR w/o

Adapter, 106

UMR,

106

UMR,

%

MMR,

>5, 106

MMR,

>5, %

Sequenced

Bases, Mb

E15 MLM-E15A 19.11 17.41 10.82 62.16 2.95 16.96 1082.85

MLM-E15B 35.06 30.19 16.23 53.75 4.85 16.09 1623.15

E18 MLM-E18A 28.27 25.71 18.23 70.90 3.21 12.50 1823.58

MLM-E18B 37.69 35.92 27.42 76.35 2.67 7.44 2742.88

P0 MLM-P0A 12.13 10.68 8.26 77.29 5.59 5.23 826.23

MLM-P0B 17.31 15.25 11.73 76.91 8.64 5.67 1173.17

P3 MLM-P3A 3.61 3.13 2.37 75.68 1.23 3.94 237.63

MLM-P3B 14.66 13.06 10.49 80.33 5.60 4.29 1049.68

P6 MLM-P6A 18.09 16.08 12.42 77.23 8.87 5.52 1242.69

MLM-P6B 15.62 13.86 10.66 76.92 7.93 5.72 1066.69

P9 MLM-P9A 20.92 18.63 13.80 74.08 9.13 4.90 1380.26

MLM-P9B 16.71 14.98 11.73 78.31 8.63 5.76 1173.61

Total 239.25 214.97 154.22 71.73 19.26 8.96 15422.48

D. Stage, developmental stage; TR, total reads; MR, mapped reads; PPR, properly paired reads; UMR, uniquely mapped reads; MMR, multi
mapped reads.

TABLE 2. The Total Number of Genes and miRNAs Identified in
Multiple Stages of Mouse Lens Development

Developmental

Stage

Genes

‡1.0 RPKM

Genes Expressed

at Least in One of the

Developmental Stages

E15 13,274 14,465

E18 13,900

P0 12,560

P3 12,940

P6 12,130

P9 12,229

Developmental

Stage

miRNAs

‡1.0 RPM

miRNAs Detected at

Least in One of the

Developmental Stages

E15 379 379

E18 331

P0 316

P3 316

P6 303

P9 292
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differential when compared with miRNA expression at E15.
(Supplementary Table S4). It is worthy of note that mRNA
expression profiles show a greater differential regulation from
E15 levels compared with miRNAs (Fig. 2A, 2B; Supplementary
Tables S3, S4).

DISCUSSION

Here, we report a comprehensive mRNA and miRNA tran-
scriptome of mouse embryonic and postnatal lens tissue using
next-generation RNA sequencing. The lenses were obtained
from two embryonic and four postnatal stages, and two
sequencing libraries were prepared for each of the six
developmental time points; each library was then paired-end
sequenced on HiSeq 2000 genome analyzer. Deep sequencing
of mRNA libraries generated 187.56 million unique reads that
identified expression of 14,465 genes in the mouse lens
transcriptome. Likewise, sequencing of the small RNA libraries
generated 154.22 million unique reads that retrieved 379
miRNAs expressed at different developmental stages. Taken

FIGURE 1. Principal component analysis illustrating direct compari-
sons among developmental time points with expression values from
individual time points normalized to log2 RPKM and RPM for (A)
mRNA and (B) miRNA, respectively. The X, Y, and Z axes depict the
three largest components of the total expression variation expressed in
percent of the total, PC # 1, PC # 2, and PC # 3, respectively. These
analyses reveal that there is a time course running from E15 to P9,
which is reflected in these time points’ chronological order across the
first, most significant, dimension, or component of the plots. Note: the
axis values are essentially arbitrary.

FIGURE 2. Time-course expression profile plot representing the
developmental time-point comparisons for (A) mRNA and (B) miRNA.
The earliest developmental stage, E15, was set as the starting point, and
the other five-time point were separately compared with E15, thus
yielding individual transcripts’ fold changes between E15 and
increasingly greater development. The Y axis depicts the log2 fold
change of the expression at that time point versus expression at E15.
Transcripts that increased greatly (40-fold or greater for mRNA; 8-fold
or greater for miRNA) are highlighted in red, and those that decreased
greatly (minus 40-fold or less for mRNA; 8-fold or less for microRNA)
are highlighted in blue and the identities provided in Supplementary
Tables S3 and S4. Note: a virtual E15 to E15 comparison (0.0-fold
change of course) was included for graphical illustration.
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together, we present a complete repository of the lens
transcriptome including mRNA and miRNA profiles at six
developmental time points.

The earliest transcriptional details of the lens tissue come
from expressed sequence tag (EST) analysis and microarray-
based investigation of the human and mouse lens tissue,
respectively. Initially, Wistow and colleagues7 explored the
expression profile of the human lens through EST analysis and
identified 1455 unique groups, of which, only two-thirds
correspond to named genes in GenBank. Wride and col-
leagues8 investigated gene expression in mouse lenses using
microarrays and identified 1668 genes in mouse lenses at levels
significantly above background.

More recently, NGS-based transcriptome analyses of single
developmental stages have been reported.10,11 Manthey and
colleagues10 used high-throughput RNA sequencing that
identified expression of more than 7700 genes at levels greater
than 2 RPKM in E15.5 mouse lens. Of these, 7605 genes were
present in our E15 mouse lens RNA-Seq dataset. Likewise,
Hoang and colleagues11 investigated expression profiles mouse
lens epithelial and fiber cells and reported 13,732 and 10,850
genes expressed in lens epithelial and fiber cells, respectively.
Although the total number of genes identified by Hoang and
colleagues,11 and that present in our developmental tran-
scriptome is comparable (~14,000), surprisingly, only 75%
(10,618 genes) of the transcriptome was found to be common
in both datasets.

Cataracts are the leading cause of blindness worldwide with
surgical removal of the cataractous lens providing the only
treatment. The Cat-Map database includes 198 genes associated
with congenital and age-related cataracts.5 All of them were
expressed in at least one of the six mouse lens developmental
time points examined in the current study. Among these, we
identified 26 genes associated with autosomal dominant, and
11 genes associated with autosomal recessive congenital
cataracts (Supplementary Table S5). We also identified 17 and
165 genes associated with age-related cataracts and cataracto-
genesis with other ocular and nonocular anomalies, respec-
tively.

A majority of the genes in our dataset exhibited steady
expression levels throughout the six developmental stages
investigated in this study. Nonetheless, we identified genes that
were significantly up- or downregulated in either embryonic or
postnatal time points (Supplementary Table S3). Among these,
we found crystallin beta B2 (CrybB2), collagen, type IV, alpha 3
and 4 (Col4a3 and Col4a4) exhibited 866-, 253- and 630-fold
higher expression, respectively, in P9 lenses compared with
their levels at E15 (Supplementary Tables S1, S3) consistent
with expression patterns reported previously.24,25 Likewise,
we found that Fgf1 displayed a 40-fold higher expression in P9
lenses compare with levels at E15 (Supplementary Tables S1,
S3) consistent with its role reported previously in lens
epithelial cell proliferation and fiber cell differentiation.26,27

Interestingly, Fgf15/19 exhibited a higher expression during
the embryonic stages that decreased substantially as the mice
aged, leading to a 77-fold downregulation in P9 lenses
compared with levels at E15 (Supplementary Tables S1, S3).

Sfrp2, a secreted frizzled-related protein is one of the
earliest markers of lens induction that has shown to be
expressed at E9.5 in mouse lens placode.28 We identified two
secreted frizzled-related protein genes, Sfrp1 and Sfrp2 in the
mouse lens transcriptome. Sfrp1 exhibited a steady expression
pattern throughout the developmental stages investigated in
this study while Sfrp2 illustrated high expression at E15 that
decreased almost 300-fold in P9 lenses (Supplementary Tables
S1, S3). In contrast, lengsin, periplakin, and desmoyokin are
lens-specific proteins that are expressed dominantly in lens
fiber cells. Lengsin expresses dominantly in terminally differ-

entiating secondary lens fiber cells while periplakin and
desmoyokin are expressed dominantly in mature fiber
cells.29,30 Consistent with the previously reported expression
pattern, all three genes exhibited a higher expression in P9
lenses compared with E15 (Supplementary Tables S1, S3).

We recently discovered multiple loss-of-function mutations
in FYCO1 responsible for autosomal recessive congenital
cataract.31 FYCO1 has been shown to promote plus-end
directed microtubule transport.31,32 Taken together, the
presence of components of autophagy in both lens epitheli-
um and lens fiber cells suggests that autophagy is a critical
process for maintenance of lens transparency. Matsui and
colleagues33 observed autophagy in embryonic lens cells and,
more recently, Morishita and colleagues34 reported that
deletion of Atg5 and Pik3c3 in lens results in development
of cataracts independent of programmed organelle degrada-
tion. To further explore the role of autophagy in developing
ocular lens, we searched for autophagy-associated genes in
the mouse lens transcriptome. Interestingly, we identified a
total of 133 autophagy-associated genes including the 39
genes previously identified in human lens epithelium and
fiber cells (Supplementary Table S6). A majority of these
autophagy-associated genes (121) exhibit a gradual increase
in expression from embryonic to postnatal mouse lens with
only 12 autophagy-associated genes maintaining a steady
expression from embryonic to postnatal lens (Supplementary
Table S6). In a recent study, transcriptome analysis identified
expression of 13,000 unique transcripts in the embryonic
chicken lens (E13).35 Interestingly, there is a relatively higher
expression of autophagy-associated genes in both postnatal
chicken and mouse lens transcriptomes consistent with the
notion that autophagy plays a critical role in lens fiber cell
differentiation.

miRNA have shown to be important regulators of protein-
coding transcripts and miRNA profiling has been performed
extensively in many mammalian tissues. Nevertheless, only a
few microarray-based global miRNA expression studies have
been reported for mouse and human ocular lens and human
lens cell lines.36–39 In contrast, we used massively parallel deep
sequencing technology to generate a comprehensive miRNA
profile of embryonic and postnatal mouse lens. Our analyses
identified miR-184 as the highly expressed miRNA in the mouse
lens transcriptome while miR-204 exhibited the second highest
expression. Both miR-184 and miR-204 exhibited a uniform
expression through various stages of mouse lens development
examined in this study. We detected mature miR-204 originat-
ing from both the 3p and 5p arms of the precursor miRNA with
a dominant expression of miR-204-5p in the mouse lens.
Previously, a heterozygous mutation in the seed region of miR-
184 has been associated with familial autosomal dominant form
of anterior segment dysgenesis.40,41 Likewise, miR-204 knock-
down has been associated with abnormal Meis2-mediated
regulation of the Pax6 transcriptional network that results in
microphthalmia and abnormal lens formation.42

Kubo and colleagues43 investigated differentially expressed
miRNAs by taking advantage of the Shumiya cataract rat (SCR),
a hereditary cataract model. The authors identified a significant
downregulation of let-7c, miR-29a, miR-29c, and miR-126 in
SCR lens. We detected expression of let-7c, miR-29a, and miR-
29c exhibiting a consistent increase from embryonic to
postnatal stages. Likewise, we identified both miR-126a and
miR-126b with a steady expression over the six developmental
stages investigated in this study (Supplementary Table S2).
Moreover, we detected mature miR-126 originating from both
arms of precursor miRNA with dominant expression of miR-
126a and miR-126b from 5p and 3p, respectively, in mouse lens
(Supplementary Table S2).
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miRNA and FGF signaling regulate a wide range of cellular
processes.14 Wolf and colleagues14 examined an FGF2-induced
rat lens epithelial explant system that identified 131 FGF2-
regulated miRNAs. They further demonstrated that miR-143,
miR-155, and miR-301 downregulate expression of c-Maf, a
lens-differentiation factor.14 We detected uniform expression of
miR-143 and miR-155 in all six stages while miR-301 exhibited
a higher expression in embryonic lenses that gradually
decreased as the mice aged.

miRNA arm switching (3p and 5p) is a common mechanism
that generates different mature miRNAs from the same pre-
miRNA hairpin for regulation of targets genes in different
tissues, or even within the same tissue at different develop-
mental stages.44–48 We identified expression of 379 unique
mature miRNAs in embryonic and postnatal mouse lens
(Supplementary Table S2). Of these, 201 miRNAs exhibited
expression from both 5p and 3p arms of the pre-miRNA hairpin
while 52 and 70 miRNAs displayed expression from only the 5p
arm or from only the 3p arm, respectively. Moreover, we
identified 56 miRNAs in the mouse lens that did not exhibit any
arm designation. Last but not least, we did not observe any arm
switching between embryonic and postnatal stages in mouse
lens, as previously observed in brain, ovary, testes, embryos,
and newborns mice.44

In conclusion, we present a complete repository of the lens
transcriptome including mRNA and miRNA profiles at six
developmental time points using next-generation RNA se-
quencing. Investigating the transcriptional landscape in model
tissue that closely mimics human ocular lens will serve as a
resource for lens research community and add to our
understanding of the transcriptome’s role in the maintenance
of lens transparency and in disease manifestation.
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