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Purpose: Despite strong evidence demonstrating that normal lens development
requires regulation governed by miRNAs, the functional role of specific miRNAs in

mammalian lens development remains largely unexplored.

Methods: A comprehensive analysis of miRNA transcripts in the newborn mouse lens,
exploring both differential expression between lens epithelial cells and lens fiber cells
and overall miRNA abundance was conducted by miRNA-seq. Mouse lenses lacking
each of three abundantly expressed lens miRNAs: miR-184, miR-26 and miR-1 were

analyzed to explore the role of these miRNAs in lens development.

Results: Mice lacking all three copies of miR-26 (miR-26"<°) developed postnatal
cataracts as early as 4-6 weeks of age. RNA-seq analysis of neonatal lenses from miR-
26™° mice exhibited abnormal reduced expression of a cohort of genes found to be
lens-enriched and linked to cataract (e.g. Foxe3, Hsf4, Mip, Tdrd7, and numerous
crystallin genes), and abnormal elevated expression of genes related to neural
development (Lhx3, Neurod4, Shisa7, Elavi3 ), inflammation (Ccrl, Tnfrsfl2a, Csf2ra),
the complement pathway, and epithelial to mesenchymal transition ( Tnfrsfla, Ccl7,

Stat3, Cntfr).

Conclusion: miR-1, miR-184 and miR-26 are each dispensable for normal embryonic
lens development. However, loss of miR-26 causes lens transcriptome changes and

drives cataract formation.
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Introduction

Gene regulation occurs at many levels. Within the lens, many studies have
documented the importance of particular transcription factors for establishing lens cell
fate and for driving the expression of crystallins, the major proteins expressed by
differentiated fiber cells* . However, post-transcriptional regulation of gene expression,
though less studied in the context of lens biology, also has an important role in lens
development and homeostasis®>. MicroRNAs (miRNAs) play a well-recognized role in
post-transcriptional gene regulation, but the role of miRNAs in lens development is not
well understood®*,

Several reports suggest that miRNAs may play a role in lens development and
pathogenesis®. The mouse lens expresses the transcript for miRNA processing enzyme
DICER®®, and several miRNA are highly enriched and exhibit spatial and temporal
specificity in the lens, raising the question of how these miRNAs function in lens
development’™. Targeted deletion of Dicer in the mouse lens globally inhibited miRNA
processing and led to severe lens degeneration characterized by increased apoptosis
and decreased cell proliferation subsequent to E12.5*'°. The mouse lens epithelium
expresses miR-204°, and global knockdown of miR-204 in medaka fish resulted in
microphthalmia and abnormal lens formation'’. In the lens, PAX6-induced the
expression of miR-204 resulting in the down-regulation of Sox11, Myo10 and Fbn2*. Of
these three miR-204 targets, Sox11'?'® and Fbn2'* play a role in normal lens
morphogenesis. Posterior Capsular Opacification (PCO), the major complication of
human cataract surgery, results from an epithelial to mesenchymal transition (EMT) of

lens epithelial cells that remain following the removal of the cataractous lens. miR-204

3
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can inhibit lens cell EMT by negatively regulating SMAD4 in the TGF-B signaling
pathway’®. Notably, miR-204 expression decreases in PCO**°. Further, deficiency of a
cataract-linked gene Tdrd7 results in misexpression of a cohort of miRNAs that are
associated with mRNA targets relevant to lens biology and pathology*’. In addition, the
expression of many different miRNAs changes during fiber cell differentiation® or during
cataract development™® %,

Despite several studies documenting the expression of miRNAs in the whole

79172022 5nd lens epithelial cell lines®, a clear picture of differential expression of

lens
mMiRNAs in isolated lens epithelium versus lens fiber cells is lacking. To address this
gap in knowledge, we conducted a small RNA-seq analysis of newborn mouse lens
epithelium and lens fiber cells to quantify and characterize the differential expression of
the miRNAs therein. This analysis identified miR-184, miR-26, miR-204, and miR-1 as
the most abundantly expressed miRNAs in the newborn mouse lens. To functionally
assess their role, we examined lens development in the absence of miR-184, miR-26 or
miR-1 in mice. Although mice lacking any one of these miRNAs exhibited normal

embryonic lens development, mice lacking miR-26 consistently exhibited aberrant lens

gene expression and developed postnatal cataracts.
Methods

Animals

All procedures were approved by the Miami University Institutional Animal Care and
Use Committee and complied with the ARVO Statement for the Use of Animals in
Research, consistent with those published by the Institute for Laboratory Animal

Research (Guide for the Care and Use of Laboratory Animals). FVB/N mice were
4
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91 euthanized by CO, asphyxiation followed by cervical dislocation. Single and double
92 miR-1-1 and miR-1-2 newborn knockout samples were kindly provided by Dr. Deepak

93 Srivastava from University of California, San Francisco.

94 Small RNA sequencing, mRNA sequencing and library preparation

95 Newborn FVB/N strain mouse lenses were dissected into capsules containing adhering

96 epithelial cells and fiber cells. Epithelial and fiber cell fractions were each pooled into

97 three biological replicates for a total of six samples, each containing tissue from 8

98 lenses. Total RNA was extracted using mirVana™ miRNA isolation kit (# AM1560,

99 ThermoFisher Scientific). Small RNA was isolated from total RNA by size-selection and
100 NEBNext Multiplex Small RNA Library Prep Kit was used for 50bp-single-ended

101 sequencing to yield ~5 million reads per sample.

102  Four whole lenses were harvested from miR26 triple knockout (TKO) mice at two stages
103 (Day 5 and 20 weeks). For 20-week-old mice we selected lens exhibiting cataract (C)
104 and TKO mice without cataract upon visual inspection. RNA extraction was performed
105 using RNEasy Mini Kit (Qiagen cat. 74104) following the manufacturer’s instructions.
106 The RNA Integrity Number (RIN) was determined using an Agilent 2100 Bioanalyzer
107 and samples with RIN > 7 were used for sequencing. RNA passing in-house quality

108 control were sent to Novogene (Sacramento, CA, USA) for mRNA library preparation

109 and sequencing using NovaSeq PE150 with approximately 30 million reads per sample.

110 RNA Seq Data Analysis
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111  Raw reads were quality-analyzed using FastQC (Babraham Bioinformatics- FastQC A
112  Quality Control tool for High Throughput Sequence Data) and MultiQC. Low-quality
113 bases and adapters were trimmed using Cutadapt 3.4 and Trim Galore 0.6.5 with the
114  parameters -q 20 --phred33 --length 20. Mouse genome GRCm39 version: M27 was
115 indexed using Hisat2 (2.1.0-4), incorporating splice junctions from Gencode GTF

116 gencode.vM27.annotation.gtf file?*. Gene counts were generated using Stringtie2.1.5%
117 and gencode GTF annotation gencode.vM27.annotation.gtf. Differential expression

118 testing was performed with DESeq2%. Differentially expressed genes (DEGSs) are

119 defined throughout by an adj. p-value < 0.05, and log, fold change (LFC) 21 criteria

120  were applied.

121  For microRNA-sequencing, bowtie (versionl.3.1) was used for alignment followed by
122  mirdeep2 (0.1.2)*" and the miRbase release 22.1. Gene ontology analysis was done

123 using gPRofiler®. Pathway enrichment analysis was performed with the Database for
124  Annotation, Visualization and Integrated Discovery (DAVID) online tool®**°. Venn

125 diagrams were made using Venny*'.

126 miRNA target prediction

127  miRNA target prediction was done using two software miRwalk®* and Targetscan
128  (8.0)*%. Only the targets predicted by both of the software were used for downstream

129  analysis. All default parameters were used.

130 Gene set enrichment analysis (GSEA)
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131  Gene set enrichment analysis (GSEA) was performed on the normalized count matrix
132  obtained from DESeg2, and murine genes were converted to human orthologs. GSEA
133  was performed using 1000 permutations and gene set permutations with gene set size

134 filters; min = 15 and max = 500. Hallmark gene set was used for analysis>*.

135 Quantification by RT-gPCR

136 For mRNA genes, cDNA was synthesized using Superscript Il Reverse

137 Transciptase (#18080044, ThermoFisher Scientific. gqPCR assays were performed on

138 the cDNA using Gotaq Green Master Mix (Promega) following the manufacturer's

139 instruction and read using CFX96 connect (BioRad). Intron-spanning primers were

140 designed to specifically quantify targeted mRNA transcripts. Each biological sample was

141 analyzed in triplicate by gPCR. The cycling conditions consisted of 1 cycle at 95° C for

142  100s for denaturation, followed by 40 three-step cycles for amplification (each cycle

143  consisted of 95° C incubation for 20s, an appropriate annealing temperature for 10s,

144 and product elongation at 70° C incubation for 20s). The melting curve cycle was

145 generated after PCR amplification. The reaction specificity was monitored by

146  determination of the product melting temperature, and by checking for the presence of a

147  single DNA band on agarose gels from the RT-gPCR products. Gene expression was

7
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148 calculated and normalized to GAPDH level using delta-delta Ct method (Applied

149 Biosystems). Full primer sequences were listed on Table S4. The expression level of

150 miRNAs was quantified using specific Tagman probes (ThermoFisher scientific)

151  following the manufacturer’s instruction and normalized to snoRNA-202 level. Statistical

152  analysis of RT-gPCR data was performed using student two tailed T test on 3 or more

153 independent experiments. Error bars represent SEM. Differences were considered

154  significant when *p value < 0.05.

155 Generation of miR KO mice

156 Knockout (KO) mice for miR-184 and for each member of the miR-26 family were
157 generated using CRISPR/Cas9 via zygote microinjection. Two specific gRNAs flanking
158 each mIRNA genomic sequence were designed using CRISPR design tool

159  (http://crispr.mit.edu/) and synthesized via gBlocks Gene Fragment (IDT integrated DNA

160 Technologies). gRNAs were in vitro transcribed using in vitro MEGAscript T7
161 transcription kit (#AM1334, ThermoFisher Scientific) and purified using MEGAclear
162  Transcription Clean-up kit (#AM1908, ThermoFisher Scientific). A mixture of Cas9
163 mRNA (50 ng/ ul, #L-6125, TriLink Biotechnologies) and two specific gRNAs (25 ng/ pl
164  each) for each miRNA target were injected to single-cell zygotes. Desired miR KO mice
165 were screened by PCR and confirmed by DNA sequencing and RT-qPCR (primers

166 listed in Table S3. Compound miR-26 KO mice were generated by inter-crossing single
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167 KO mice for each of miR-26al, miR-26a2 and miR-26b. To test the off-targeted effects
168 of the gRNASs, for each gRNA, the top 4 genes with highest risk of being targeted in the
169 exon regions in founder mice were analyzed and confirmed by PCR and DNA

170  sequencing.

171 Lens photography
172 Age-matched animals were euthanized and their eyes were dissected in phosphate-
173  buffer saline (PBS). Lenses were dissected in PBS and photographed using a Motic

174  Stereo Zoom microscope.

175 Histology

176 Tissues were collected and fixed in 10% neutral buffered formalin for 24 hr.
177  Standard protocols were used to process and embed tissues in paraffin wax before
178 sectioning at 5um thickness. Standard hematoxylin and eosin-stained sections were
179 performed to analyze the structure of the lens, and images were captured using a Nikon
180  TI-80 microscope.

181

182 Results

183 small RNA-seq facilitates comparative expression of miRNAs between lens

184  epithelial and fiber cells

185 We collected RNA from isolated lens epithelial and fiber cells from newborn mice
186 and performed small RNA-seq to analyze the differential expression of miRNAs. A

187  distance matrix of expressed miRNAs clearly distinguished lens epithelial cells from lens
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188 fiber cells (Figure S1). Of all annotated miRNAs that were detected in the lens, 184
189  were differentially expressed between epithelial and fiber cells (fold change >1, adjusted
190 p value <0.05) (Figure 1A). Lens epithelial cells were enriched for 76 miRNAs and fiber
191 cells were enriched for 108 miRNAs (Table S1). The top 25 differentially expressed
192 miRNAs (Figure 1B), included 16 and 9 miRNAs that were more abundantly expressed

193 infiber cells and epithelial cells, respectively.

194 The lens-expressed miRNAs were also examined in terms of overall abundance
195 across both epithelial and fiber cells by averaging the log, fragments per kilobase of
196 transcripts per million mapped reads (FPKM) from all six samples. The top 25 miRNAs,
197 listed in terms of overall abundance in the lens, are shown in a heatmap based on their
198 expression in lens fiber cells (Figure 1C). Three of the top differentially expressed
199 miRNAs (miR-1, miR-340, and miR-378a) were also found in the 25 most abundantly
200 expressed miRNAs. The most abundant miRNAs in the lens included miR-184, miR-
201 26a, miR-204, and miR-1 (Table S2). Focusing on these most abundant miRNAs in the
202 lens, miR-184 exhibited high expression in both cell types. miR-26a transcripts were not
203 differentially expressed between the epithelium and fibers. miR-204 was expressed
204  significantly higher in the lens epithelium than in the lens fibers. In contrast, fiber cells
205 expressed significantly more miR-1 than epithelial cells. Given that multiple lines of miR-
206 204 knockout mice have been reported (see discussion), we chose to focus on miR-
207 184, miR-1 and miR-26. The expression of these microRNAs in lens epithelial cells and
208 lens fiber cells was confirmed by RT-gPCR (Figure S2). Given their relatively high
209 expression in the lens, we undertook a functional analysis of miR-184, miR-1 and miR-

210 26 during mouse lens development.

10
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211  The role of miR-26 in the lens

212 To abrogate miR-26 transcripts from the mouse lens, we employed a CRISPR/Cas9
213 editing strategy. miR-26 is present in three copies in both the mouse and human
214 genome. The three members of miR-26 gene family include miR-26al, miR-26a2 and
215 miR-26b, each of which are found within introns of three different Ctdsp host genes
216 located on three different chromosomes (Figure 2A). While both miR-26al and miR-
217 26a2 genes produce an identical mature miR-26a-5p, the miR-26b gene expresses
218 mature miR-26b-5p. Mature miR-26a-5p and miR-26b-5p sequences share an identical
219 seed region and only differ in two nucleotides, suggesting that they are likely to function
220 redundantly. Each miR-26 locus was individually targeted by two gRNAs (Table S3) via
221  zygote microinjection (Figure S3). PCR screening showed targeted deletion for each of
222 miR-26 family members (Figure 2B). DNA sequencing confirmed the loss of almost the
223 entire miR-26al and miR-26a2 genomic sequences (Figure 2C). However, a much
224  smaller deletion in miR-26b was achieved that only disrupted the seed sequence.
225 Among the four highest scoring potential off-targeted genes for each gRNA, our
226  analysis only showed a small deletion in one allele of Tbkl by the miR-26al_gRNA2,

227  which was eliminated by backcrossing to FVB/N wild-type mice.

228 Each targeted deletion of miR-26al or miR-26a2 led to a significant reduction of
229 mature miR-26a-5p production in single knock-out (KO) lenses (Figure 3A-B). The small
230 deletion in miR-26b eliminated miR-26b-5p production (Figure 3C). To determine
231 whether targeted disruption of miR-26al, miR-26a2 and miR-26b affected the

232  expression of their host genes, we performed RT-gPCR on lens RNA for transcripts for

11
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233  CtdspL, Ctdspl and Ctdsp2 in the context of the relevant miR-26 KO (Figure S4). In no
234 case, did the deletion of a copy of miR-26 significantly affect the expression of the

235 Ctdsp host gene.

236 Mice homozygous for any of the single miR-26 KO genes (miR-26al, miR-26a2, or
237 miR-26b) were viable, fertile and without any obvious lens phenotype. Likewise, lenses
238 from any combination of double miR-26 KO alleles appeared normal (data not shown).
239 However, mice homozygous for all three miR-26 deletions (miR-26al, miR-26a2, and
240  miR-26b), hereafter referred to as miR-26"° mice, developed nuclear cataracts as early
241  as 4 weeks of age, with 75% (9/12) of miR-26™° mice displaying cataracts in at least
242  one eye by 6 weeks of age (Figure 3D-I). Often, the cataracts started unilaterally, but
243 eventually both eyes developed cataracts such that by 22 weeks of age, bilateral
244  cataracts had developed in 100% of the mice (N=10). These cataracts progressed with
245 time such that by 24 weeks, most lenses had ruptured through the capsule (Figure 3I).
246  Although all of the single miR-26 KO mice exhibited normal fertility, increasing the

247  number of miR-26 KO alleles had a negative effect on fertility. miR-26"°

mice typically
248 become infertile after one or two litters, with reproductive tract tumors often appearing in
249 miR-26"“° males (data not shown). As a result, miR-26"“° mice were preferably

250 generated by mating mice homozygous for deletions in two miR-26 alleles and

251 heterozygous for the third miR-26 allele.
252  Transcriptome changes in miR-26 TKO mouse lenses

253 To gain mechanistic insight into lens pathology in miR-26"™<° mice, we performed

254 RNA-seq on miR-26™ lenses at two stages: five days after birth (P5), well before the

12
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255  appearance of cataracts, and at twenty weeks (W20), a time at which most miR-26"<°
256  mice had developed cataracts. For the W20 stage, we collected RNA from miR-26"<°
257 lenses with cataract (C) and without an obvious cataract (NC). We compared gene
258  expression in these miR-26™° samples to the gene expression in age-matched wild-
259 type control (FVB) lenses. Distance matrix clustering (pairwise comparisons of total
260 gene expression from each sample) revealed distinct clustering of replicates within each
261  experimental group (Figure 4A). The miR-26"° and FVB lenses at P5 showed the
262 closest global relationship among the analyzed groups via hierarchical clustering;
263  however, the W20 miR-26™° lenses were closer in overall gene expression to W20
264  FVB/wildtype lenses than the P5 FVB lenses. A 3-dimensional principal component
265 analysis plot (Figure 4B) demonstrated close clustering of replicates from each
266  experimental group. Consistent with the distance matrix, the P5 FVB and miR-26"<°
267 samples displayed a relatively clustered spatial proximity as opposed to the W20
268  samples. Similarly, W20 miR-26"™° lenses with cataract formed a cluster notably distinct
269 from all other groups. Interestingly, these data underscore that the transcript profile of

270 lenses presenting both NC and C are quantifiably distinct, even when collected at the

271 same age and if collected from contralateral eyes of the same mouse.

272 A total of 1,653 genes (1,000 up-regulated and 653 down-regulated) exhibited

273  differential expression (log, fold change 21, pagjust <0.05) between the normal FVB and

274 miR-26"° lenses at P5, before the onset of cataract development. With age, the
275 number of differentially expressed genes increased between FVB and miR-26"<°

276 lenses. At W20, 5,143 genes (1,476 up-regulated and 3,667 down-regulated) were

13
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277  differentially expressed between the FVB lenses and the miR-26"<° lenses that did not
278  exhibit overt lens opacity at this age. This differential gene expression number at W20
279 rose to 8,241 (3,171 up-regulated and 5,070 down-regulated) when comparing the miR-
280 26'%° lenses with cataracts to the FVB lenses. All relevant differential gene

281 comparisons are listed in Table 1.

282 Table 1: Differential Gene Expression Analyses Between Wild-Type (FVB) and miR-26

283  Triple Knockout (TKO) Lenses

Conditions DEGs Up Down  Table Number
FVB_P5_vs_TKO_P5 1653 1000 653 S5
FVB_W20_vs_TKO_C_W20 8241 3171 5070 S6
FVB_W20_vs_TKO_NC_W20 5143 1476 3667 S7
TKO_P5 vs TKO NC W20 8851 2529 6322 S8
TKO_P5 vs TKO C W20 10287 3453 6834 S9
FVB_P5_vs_FVB_W20 6264 2040 4224 510

284 W20 = Week 20, P5 = Postnatal day 5, C = Cataract, NC = No Cataract, DEGs =

285 Differentially Expressed Genes

286 To determine the effect of miR-26 loss on lens fiber cell differentiation, we compared
287  genes typically associated with lens epithelial cells (Figure 5A) or lens fiber cells (Figure
288 5B) in each condition. The pattern of epithelial gene expression segregated into six
289 main groups (I-VI). Genes in group | exhibited relatively low expression in both FVB
290 and miR-26"° lenses at P5 and in FVB lenses at W20. However, these genes
291  exhibited abnormally elevated expression in the miR-26™° lenses at W20, with the
292 highest expression seen in lenses with obvious cataracts. Genes in group | include two

293 VEGEF receptor genes, Fltl and Kdr, Gabbrl (encoding the GABA BL1 receptor), Dach2

14
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294  (atranscription factor), and Cx3cll (a chemokine associated with neurons and glia). The
295  expression pattern of group Il genes exhibited reduced expression in the P5 miR-26"<°
296 lenses relative to the FVB lenses. All of the group Il genes were more highly
297 expressed at W20 with DII1 showing peak expression in FVB lenses, Pdpn showing
298 peak expression in mMiR-26"° lenses without cataract and Rgs6é showing peak
299  expression in miR-26™° lenses with cataract. Genes in group VI (Slc22a23, SIc38a3
300 and Sulfl) were expressed at an intermediate level in both FVB and miR-26"%° lenses
301 at P5, exhibited very low expression in FVB lenses at W20, and reached their highest
302 expression in W20 miR-26"™° lenses with cataracts. The genes in group Il (including
303 Npnt, Cdhl, Foxe3 and Pdgfra) were expressed at the highest level in both P5 samples
304 with most of these genes showing reduced expression in the FVB lenses at W20.
305 Importantly, these key genes showed reduced expression in W20 miR-26"° lenses
306  without cataracts and even further reduction in expression in the W20 miR-26"° lenses
307 with cataracts. Genes in group IV exhibited generally higher expression in FVB lenses
308  at W20 with mild and marked reductions in expression in W20 miR-26"*° lenses without
309 and with cataracts, respectively. The genes in group V (including Cdk1, Mki67 and Btgl
310 associated with cell proliferation) exhibited peak expression in the P5 samples with
311 generalized reductions in expression at WK 20. In sum, key lens epithelial genes (e.g.,
312 Cdhl, Foxe3, etc.) showed reduced expression in W20 miR-26"%° lenses with cataract,
313 suggesting that alteration of normal epithelial transcriptome could contribute to the lens

314 defects in these mice.

315 The pattern of fiber cell gene expression (Figure 5B) fell into three major groups (I-

316 lll). The most obvious characteristic shared by all three groups was low expression of
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317 several key fiber cell genes in the W20 miR-26"™°

samples, whether with or without
318 cataract. The genes in group | (including Cryba4, Cryba2, Crygs, Liml, Gja3, Bfspl,
319 Mip, and Dnase2b) exhibited high expression in both P5 lens samples (with no change

6TKO

320 between control and miR-2 ) and in W20 FVB lenses. However, a significant drop in

321 the expression of these key lens genes was observed in miR-26"¢°

W20 samples
322 without cataract, and these were even further reduced in W20 miR-26"™° lenses with
323 cataract. Genes in group Il (including Gja8, Hsf4, Tmodl and several genes encoding
324 B- and y-crystallins) exhibited high expression in both P5 lens samples with
325 progressively decreasing expression in the FVB lenses with age. Again, compared to
326 control, miR-26"™° samples without and with cataract at W20 showed significant
327 reduction in these genes. Finally, Group Il genes (including Crybb2, Lgsn and Lctl)
328 exhibited low expression at P5 with peak expression in the W20 FVB lenses and low

6% lenses without and with cataracts,

329 and very low expression in the miR-2
330 respectively. Thus, while the majority of these fiber genes had normal expression in
331 control and miR-26"<° at P5, by WK 20, they were significantly reduced in the miR-

332 26" samples.

333 We also examined genes that were differentially expressed in any of the miR-26"™°

334 samples and included in the list of genes recognized as cataract-associated in the Cat-
335 Map database® or the list of genes exhibiting high “lens-eneriched” expression and
336 recognized as high-priority in the iSyTE database®. Of the 496 genes listed in Cat-Map,
337 58 (11.7%) of these are up-regulated (Figure S5) and 145 (29.2%) are down-regulated
338  (Figure S6) in the miR-26 miR-26"° lenses. Four genes (Aipl1, Ndp, Shh and Otx2) are

339 up-regulated and two genes (Bfsp2 and Myo7a) are down-regulated in all miR-26"™°
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340 conditions. Of the 528 genes listed in iISYyTE as enriched in the lens, 76 (14.4%) are up-
341 regulated (Figure S7) and 290 (54.9%) are down-regulated (Figure S8). Three genes:

342  Crym, Rrh, and Kcnkl were upregulated in all of the miR-26"<°

samples and three
343  genes: Bfsp2, Hspbl, and Frem2 were down-regulated in all of the miR-26"<° samples.
344  While there was overlap in both Cat-Map and iSyTE gene lists, in general more genes
345 in both lists were down-regulated than were up-regulated. Genes characteristic of fiber
346  cell differentiation and lens identity (eg. Bfsp2, Cryga, Crybb2, Dnase2b, Foxe3, Gja8,
347  Mip, and Tdrd7) tended to be down-regulated in the miR-26"° samples. In contrast,
348  most of the up-regulated genes the miR-26"° samples were related to cellular signaling

349 (eg. Bmp3, Porcn, Rgs6, Ndp, and Shh) or transcription factors associated with retinal

350 development (eg. Nrl, Otx2, and Vsx2).
351 Identification of direct targets of miR-26 in the lens

352 To identify potential targets of miR-26, we utilized two web based tools (Targetscan
353 and miIRWALK) to evaluate all the protein-coding genes in the mouse genome. This
354 analysis identified a total of 8,727 predicted targets and 1,520 of these targets (17.4%)
355 were predicted by both software packages (Figure S9). We analyzed these 1,520
356 potential target genes for differential expression in the miR-26™° lenses. Of these
357 potential targets, 396 (~26%) were up-regulated (Figure 6A), while 265 (17.4%) were
358 down-regulated in at least one class of miR-26™° samples (P5, W20 _C or W20_NC)
359 (Table S11). Only 45 (3%) of these potential target genes were up-regulated in the miR-
360 26'<C lenses at P5, and 26 (1.7%) of these genes were commonly up-regulated in all

361 miR-26 conditions (P5, C_W20 and NC_W20) analyzed (Figure 6B). An additional 352
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362 potential miR-26 targets are up-regulated in the miR-26"° lenses at week 20 (C_W20
363 and/or NC_W20). The 26 commonly up-regulated genes also demonstrate a
364 progressive increase in expression (FVB_P5 < TKO_P5 < FVB_W20 < TKO_NC_W20
365 < TKO_C_W20), with the miR-26"° lenses with cataracts at week 20 showing the
366 highest expression of these genes. 54% of these 26 genes are associated with nervous
367 system development or synaptic membrane proteins (Acsl6, Csflr, Elavi2, Elavl3,
368 Grik2, Lhx3, Netol, Neurod4, Shisa7, Snph, Slcla2, Shank2, Tfap2c, and Unc5d),
369 based on gene ontology analysis. From a gene regulatory standpoint, three of these 26
370 genes are transcription factors (Lhx3, Neurod4 and Tfap2c), and three others are RNA-
371 binding proteins (Celf5, Elavl2, and Elavl3). In summary, the majority of the commonly
372 up-regulated predicted miR-26 targets in the lens normally participate in neuronal

373 development or function.

374 There were also 258 genes that were up-regulated in all the miR-26™° samples that
375 were not predicted to be direct targets of miR-26. A gene ontology (GO) analysis of
376 these 258 genes (Figure 6C) revealed enrichment for terms relevant to ion transport,
377 neuronal differentiation, and visual perception. When these 258 genes were analyzed
378 for enrichment in the reactome pathway, the top pathways identified included: Neuronal
379 System, Transmission across Chemical Synapses, Potassium Channels and
380 Neurotransmitter release cycle (Figure 6D). Of the 1,520 potential target genes
381 identified, 265 (17.4%) were down-regulated in at least one miR-26"<° sample (Figure
382 S10 - Table S12). There were 75 genes down-regulated in all miR-26"<° samples, of
383 which 3 were predicted to be miR-26 targets. Gene ontology analyses of these 75

384 genes failed to show any significant enrichment in key GO terms. Together, these data
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385 suggest that miR-26 normally functions to suppress — in the lens — genes involved in
386 neuronal biology, and thus deficiency of miR-26 may alter the lens transcriptome and
387 contribute to the lens defects. Thus, it appears that most of the up-regulated transcripts
388 in the miR-26™° lenses that are not predicted to be direct targets are also primarily

389 involved in neural biology.
390 Gene set enrichment analysis of differentially expressed genes in miR-26"° lenses

391 Gene set enrichment analysis (GSEA) represents a way to comprehensively explore
392 differential gene expression between any two conditions with respect to molecular
393 signature database collection (hallmark) gene sets which are characteristic of specific
394  biological states or processes. To determine how gene expression changes in the miR-
395 26'% mice with age, gene expression in miR-26"° lenses at P5 were compared with
396 the miR-26™° lenses at W20 without cataract or the miR-26™° lenses at W20 with
397 cataract using GSEA. A significant enrichment was observed for genes related to
398 Inflammatory response and Complement in the W20 miR-26"<° lenses without cataract
399 compared to P5 miR-26™° lenses (Figure 7A). Similarly, an enrichment was observed
400 for tumor necrosis factor alpha (TNFA) signaling via NFKB in the miR-26"<° W20 lenses
401  with cataract compared to the P5 miR-26"%° lenses. Given these findings, we compared
402 gene expression related to genes listed under Inflammation in the GSEA list in all five
403 conditions. Altogether, there were 63 genes related to inflammation that were
404  differentially expressed (Figure 7B). Most of the inflammation-related genes exhibited
405 low expression in the P5 lenses, moderate to low expression in the FVB lenses at W20

406  and moderately high to high expression in the W20 miR-26™° lens samples, with the
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407 highest expression in those lenses displaying cataract (including Ccrl, Tnfrsfl2a,
408 Csf2ra, and Stat3). These results underscore broad dysregulation of gene sets involved
409 in inflammation and the complement cascade in miR-26"<° lenses, which could

410 implicate aberrant immune responses in the observed cataractogenesis.

411 GSEA analysis also suggested that the miR-26™° lenses at week 20 were
412  undergoing significant epithelial to mesenchymal transition (EMT). Increased EMT was
413 a characteristic of both W20 miR-26"<° lens samples regardless of cataract status
414 compared to the P5 miR-26"° lenses by GSEA (Figure 7C). We explored the
415 expression of 95 genes related to EMT that were differentially expressed in our miR-
416  26'™° lenses. There were significant differences in the expression of these genes
417  between the two P5 samples. In general, the P5 miR-26"° lenses exhibited a lower
418 expression of EMT related genes than the P5 FVB lenses. In contrast, the majority of
419 these genes (including Ccnl, Ccn2, Tgfbi, Vegfa, Fn, Vcaml, Mmp3, and Mmp14) were
420 expressed most highly in the W20 samples with cataract followed by the W20 samples
421  without cataract and expressed least in the FVB W20 samples (Figure 7D). Twenty of
422  the EMT genes (including Fbin2, Mmp2, Col5a2, Lamal, and Cdh2) were more highly
423  expressed in the P5 FVB lenses than in the W20 miR-26"™° lenses and four of these
424  EMT-related genes (Mylk, Sgcd, Tgfbl, and Notch2) were most highly expressed in the
425 FVB W20 sample. Thus, miR-26 TKO led to temporally-controlled dysregulation of EMT
426  gene sets, lending direct insights to regulators of EMT that may participate in cataract

427  formation.
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428 To gain more insight into early changes in the lenses lacking miR-26, we performed

429  GSEA analysis on differentially expressed genes in the FVB and miR-26"<°

samples at
430 P5. This revealed a specific enrichment for genes associated with the G2M checkpoint
431 and E2F targets in the miR-26"<° lenses (Figure S11A-B). Both of these hallmark gene
432  sets suggest an alteration of cell cycle control in the P5 miR-26"™ lenses. To further
433 explore cell cycle regulation in the miR-26"° lenses, we compared gene expression for
434 E2F target genes in all five conditions (Figure S11C). Almost all of these genes
435 demonstrated peak expression in the miR-26"<° samples at P5, with reasonably low
436  expression in all the W20 samples. The exceptions to this trend were Weel, and
437  Donson (DNA replication fork stabilizing factor), which were expressed at higher levels

438 at W20 miR-26'° lenses, as well as Dlgap4, which was expressed in the P5 FVB

439  lenses but peaked in the W20 miR-26"° lenses with cataracts.

440 A previous study explored the function of miR-26 in cultured human lens epithelial
441 cells (SRA01/01) using miR-26 mimics and inhibitory oligonucleotides in an injury-

442  induced anterior subcapsular cataract mouse model*’

. This study suggested that miR-
443 26 inhibits fibrosis by negatively regulating the Jagged-1/Notch signaling pathway.
444  Therefore, differential expression of Jagged-1/Notch signaling pathway genes in the
445 miR-26"° datasets was examined (Figure S12). The differentially expressed genes
446  relevant to this pathway generally fell into three patterns of expression (I-1ll). Genes in
447  group | (including Numb, Jag2, and Hey2) exhibited very high expression in the W20
448 miR-26"° lenses with cataract, moderate expression in the W20 miR-26"° lenses

449  without cataract and low expression in all other conditions. Group Il genes (including

450 DII1, Tlel, and Tle2) are expressed at low levels in the P5 samples with increased
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451  expression in the W20 FVB samples and abnormally elevated expression in the W20
452  miR-26"° samples without and with cataract. Group Il genes (including DIl4, Notch 3,
453  Notch4, Tle3, Jagl, Heyl, and Heyl) were expressed at moderate to high levels in the
454 P5 samples with low expression in the W20 FVB lenses and abnormally reduced
455  expression in the W20 miR-26"° without and with cataracts. These data suggest that
456  expression of genes in the Jagged-Notch signaling pathway are not significantly altered
457 at P5, but by W20, these are either abnormally elevated or reduced in miR-26"<°

458 lenses. Together, these data suggest that miR-26 is necessary for normal expression

459  of genes in the Jagged-Notch signaling pathway in the lens.
460  The role of miR-184 in lens development

461 To investigate a possible role for miR-184, we employed a similar CRISPR/Cas9-
462 based strategy to create a null mutation in this miRNA gene, as described previously
463  (Figure S3). Two guide RNAs (gRNAs) complementary to the template strand of miR-
464 184 (Figure 8A) were co-injected with Cas9 protein into FVB/N zygotes and resultant
465 pups were screened for mutations by PCR and DNA-sequencing. From a total of 70
466 injected zygotes that were implanted, eight pups were born. Four of these pups
467 contained targeted alleles that were used to generate four independent lines of
468 homozygous miR-184 KO mice, each of which failed to express mature miR-184-5p
469 transcripts in the lens (Figure 8B). Only one of these lines, miR-184 KO line 2, was
470 studied in detail. miR-184 KO line 2 contained a 160 bp deletion in the miR-184 locus
471  (Figure 8C). In miR-184 KO line 2, among top 8 potential off-targeted genes (Cblb,

472  Narfl, Ptarl, Slc39a2, Hdac4, Qsoxl, Trim3 and Ipo9), PCR and sequencing only
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473 detected a deletion in Ptarl (data not shown) that was eliminated in this line by

474  outcrossing to wild-type FVB/N mice.

475 Homozygous miR-184 KO mice all appeared viable and failed to show any obvious
476  phenotype. No histological differences between the control and miR-184 KO newborn
477 eyes were detected (Figure 8D-E). No opacities or histological abnormalities in eyes
478  from miR-184 KO mice were detected when followed up to 10 months of age (Figure
479 8F-G). To determine if the loss of miR-184 led to changes in the expression of
480 confirmed and potential miR-184 target genes, we performed RT-gPCR on lenses from
481 3 week old (P21) control and miR-184 KO mice (Figure S13). Transcripts from
482  previously identified miR-184 target genes Ago2*® and Fzd7*° demonstrated increased
483  expression in miR-184 KO lenses. In contrast, the level of lens transcripts from the
484  previously identified miR-184 target gene Numbl remained unchanged in the miR-184
485 KOs, consistent with previous findings demonstrating that miR-184 primarily regulates
486  Numbl at the level of translation*’. The bioinformatics tools TargetScan, and miRWalk
487 were used to identify other potential miR-184 targets. Five miR-184 targets were
488  predicted by both software tools: Ras-related protein 2A (Rap2a), Ras-related protein
489 2C (Rap2c), Lipid phosphate phosphohydrolase 3 (Ppap2b), Foxhead box protein O1
490 (FoxOl) and Frizzled 1 (Fzdl). Transcripts from all of these predicted targets
491 demonstrated significantly increased expression in miR-184 KO lenses. Despite these
492 changes in gene expression, we did not detect any overt pathology as examined by
493 microscopy and histology in the miR-184 knockout mice, suggesting that the loss of
494  miR-184 alone was insufficient to disrupt lens homeostasis in FVB/N strain mice at least

495  through the first 10 months of age.
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496  The role of miR-1 in lens development

497 The mouse and human genome each contain two copies of the miR-1 gene (in mice,
498 miR-1-1 on chromosome 2 and miR-1-2 on chromosome 18). These genes produce an
499 identical, mature miR-1-3p. The loss of both copies of miR-1 in mice leads to cardiac
500 failure and perinatal lethality **. We undertook an histological analysis of newborn
501 mouse lenses lacking either miR-1-1, miR-1-2, or simultaneously both miR-1-1 and
502 miR-1-2. Despite the high expression of miR-1 in the lens fibers, gross histological
503 analysis of newborn eyes did not reveal any obvious morphological defects in single or
504 double miR-1 null lenses (Figure S14). While it is possible that miR-1 deficient mice
505 would exhibit later postnatal lens defects, the lack of a clear newborn phenotype

506  suggests that this miRNA plays no major role in embryonic lens development.

507 Discussion

508 Although we published a comprehensive expression analysis of mRNAs and
509 IncRNAs expressed in the newborn FVB mouse lens epithelium and lens fiber cells a
510 decade ago*’, to our knowledge, no such study has examined the differential
511 expression of MIRNAs in these two tissue compartments. As such, this work describing
512  the miRNA expression profile in the lens will serve as a benchmark for evaluating the
513 role of miRNAs in lens development, as well as in pathological conditions. Here, we
514 report the relative abundance and differential expression of miRNAs in the newborn
515 mouse lens epithelium and fiber cells. Of the known miRNAs that we detected in the
516 lens, 184 displayed differential expression between the lens epithelium and lens fiber

517 cells. One of these, miR-1, preferentially expressed in the lens fiber cells, was the fourth

24


https://doi.org/10.1101/2024.01.29.577818
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.29.577818; this version posted January 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

518 most abundantly expressed miR in the newborn mouse lens in our dataset. This result
519 came as a surprise, given a previous report that failed to detect the expression of miR-1
520 in 4-week old lenses from C57BL/6 mice by Northern blot®. We chose to conduct a
521 functional analysis on three of the four most abundantly expressed miRNAs (miR-184,
522 miR-26, miR-1) in the lens. While they were conducted in whole lenses, other studies

523  also support the high lens expression of these miRNAs*"?%,

524 Although embryonic development took place normally in mice lacking all six alleles
525 of miR-26, these mice developed bilateral postnatal cataracts between 4 and 22 weeks
526 of age. These cataracts failed to appear in mice lacking only five of the six miR-26
527 alleles, attesting to the genetic redundancy of the three miR-26 genes expressed in the
528 lens. Evaluation of genes differentially expressed between wild-type (FVB/N) and miR-
520 26'%° lenses at 5 days of age pointed to a deregulation of cell proliferation at a stage
530 well before the onset of lens opacities and several key genes linked to cataract (Aipl1,
531  Ndp, Shh, Otx2, Bfsp2, and Myo7a). Moreover, miR-26"° mis-expressed genes also
532 included many candidates linked to cataract as listed in the Cat-Map database, as well
533 as candidates exhibiting lens-enriched expression that are recognized as high-priority in
534 lens biology by the iISyTE database. Further, GSEA analysis of transcripts differentially
535 expressed at 20 weeks of age demonstrated an enrichment for genes associated with
536 complement activation and epithelial to mesenchymal transition. Further, at P5 genes
537 involved in cell proliferation were identified to be mis-expressed, but this effect was not
538 observed at 20 weeks of age. Of the many predicted miR-26 direct target genes, 26
539  were up-regulated in all miR-26"° lens samples as examined analyzed by RNA-seq.

540 These included several immune response genes, including Lyz2, encoding a lysozyme;
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541 Lyvel, encoding a hyaluronan receptor; and Csflr, encoding a receptor that binds both
542 CSF-1 and IL-34. Transcripts for Slcla2, encoding a glutamate transporter, and Prr5l,
543  encoding a regulator of mMTORC2, were also consistently up-regulated predicted targets
544  in the miR-26"%° lenses. The up-regulation of these genes suggest that the loss of miR-
545 26 leads to an inflammatory response that is associated with EMT and fibrosis that

546  ultimately leads to cataract.

547 It is interesting to note that the gene ontology analysis of up-regulated transcripts in
548 the miR-26™° samples at 20 weeks identified genes encoding ion channels and other
549  genes important for neuronal development, suggesting a shift in gene expression to that
550 more consistent with neurons. While both lens and nervous system are of ectodermal
551 origin, these two lineages exhibit distinct functional outcomes. Nevertheless, both the
552 lens fiber cells and neurons share several molecular and structural features not
553 commonly found in other tissues, including the expression of nestin, synaptic proteins,
554  glutamate receptors, and GABA receptors®**’. Some of these neural characteristics
555 may be driven by molecular regulators of alternative splicing that are shared in both lens

556 and neurons, including several members of the ELAV/Hu proteins*®*°,

Despite this,
557 several recent studies have suggested that the suppression of neural gene expression
558 in lens cells may be an important component of normal lens development and

559  function®®®L,

560 A previous study of miR-26 in the human lens epithelial cell line SRA01/04
561 suggested that miR-26 loss suppressed proliferation and facilitated EMT through the

562 activation of Jagged-1/Notch signaling®’. This study found that Jag-1 transcripts were
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563 directly targeted by miR-26 mimics. However, in our present analysis we could not find
564 any genes associated with Jagged-1/Notch signaling in the common (predicted by both
565 web-based tools) list of the predicted target for miR-26 and DEGs for five day old miR-
566 26'<° lenses. These findings indicate that the up-regulation of Notch signaling and
567 associated EMT appear as late phenotypes in the miR-26™° lenses and could be

568 secondary targets of miR-26.

569 Our observation not only identifies the possible direct targets of miR-26, but also
570 enhances the use of the lens as a model for EMT as suggested by previous studies®°.
571  Furthermore, the KO of miR-26 shows characteristics such as increased immune
572 response and EMT, resembling PCO and fibrosis. Thus, the relevance of these
573 pathways to known lens pathologies points toward the broad spectrum of possible use
574 of miR-26 as a therapeutic target. Since miR-26"%° lenses were ruptured at 24-week-
575 old, it is tempting to speculate that this may be due to a combination of factors, including

576 increased lens osmotic pressure, increased EMT, and immune response, which can be

577 examined in the future.

578 Although we and others have found that miR-204 is expressed abundantly in the
579 lens, we chose not to currently focus on this miRNA given numerous previous

d°"%°,  While one of these

580 investigations of mice in which miR-204 had been delete
581  reports documented adult onset cataracts in mice lacking both miR-204 and miR-211°’,
582 none of these studies reported congenital cataracts or microphthalmia in mice lacking

583 mIiR-204 expression, suggesting that embryonic lens development in mice does not

584  require miR-204. Interestingly, a dominant point mutation in miR-204 is associated with
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585 several ocular disorders including early-onset cataracts in humans®. In contrast to the
586 apparent normal embryonic lens development in mice lacking miR-204, morpholino-
587 induced knockdown of miR-204 in medaka fish disrupted both lens and retina

588  development by interfering with the regulation of Meis2**.

589 Surprisingly, deletion of either of the two abundantly expressed miRNAs (miR-1 and
590 miR-184) had no significant effect on the morphological embryonic development of the
591 mouse lens. miR-1 is most commonly associated with cardiac, skeletal, and smooth

592 muscle development®:3

, and mice lacking both genomic copies of miR-1 (miR-1-1 and
593 miR-1-2) die from cardiac defects shortly after birth **®*. While the neonatal lethality of
594 miR-1 KOs prevented analyses of lenses lacking this miRNA beyond birth, we detected
595 no abnormalities in lens size or structure in newborn lenses lacking either or both copies
5906 of miR-1. Given the lack of obvious developmental abnormalities and the neonatal

597 lethality of the miR-1 KOs, we did not go beyond histological examination of newborn

598 lenses.

599 Multiple previous reports have associated a point mutation (+57 C>T) in the seed
600 region of miR-184 associated with human ocular abnormalities, including autosomal

601 dominant severe keratoconus and early onset anterior polar cataract®™ ®®

, autosomal
602 dominant endothelial dystrophy, iris hypoplasia, congenital cataract, and stromal
603  thinning (EDICT)**®. A recent study found that knocking out miR-184 in zebrafish did
604 not affect embryonic lens development, but these miR-184-deficient zebrafish

605 experienced microphthalmia and cataracts as adults, with no apparent corneal

606 abnormalities®®. The smaller lens size in these fish was attributed to reduced
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607 proliferation and fibrosis that was accompanied by elevated mRNA levels for cdknla
608 and reduced transcripts for transcription factors hsf4, ctcf, and sox9a. A previous report
609 of miR-184 deletion in mice described homozygotes as having elevated levels of TP63
610 and epidermal hyperplasia’. Consistent with our findings, the authors of this study
611 reported that the miR-184 knockout mice exhibited “no gross phenotype” and were
612 fertile. Given the numerous reports of human ocular abnormalities associated with

613  heterozygous point mutations in miR-184%-%"

, it was surprising that the homozygous
614 miR-184 knockout mice failed to display any gross developmental or postnatal ocular
615 abnormalities. However, miR-184 knockout lenses did demonstrate elevated transcript
616 levels for known miR-184 targets: Ago2 and Fzd7, as well as predicted targets FoxO1,
617 Fzdl, Ppap2b, Rap2a, and Rap2c. The deregulation of these and other genes in the
618 miR-184 knockout mice were not sufficient to disrupt lens morphogenesis or optical
619 clarity, at least on the FVB/N genetic background through 10 months of age. It is
620 possible that the dominant ocular phenotypes in human patients with point mutations in
621 miR-184 represent gain of function mutations. Further experiments will be required to

622 clarify the nature of the human ocular abnormalities associated with these miR-184

623  point mutations.

624 In summary, the ostensibly normal lens development of miR-184 KO mice,
625 single/double miR-26 KO mice, and miR-1 KO mice in our study are consistent with
626 previous studies showing that deletions of many miRNAs are tolerated due to
627 redundancies between miRNAs and between different pathways. Similarly, less than
628  10% of miRNA ablations result in developmental defects in C. elegans’. On the other

629 hand, we provide the first direct evidence that loss of a mIRNA family (miR-26) is

29
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630 sufficient to drive cataract formation, and we directly implicate perturbations in

631 inflammation, complement, activation and EMT in driving this phenotype.
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653

654 Figures and Tables

655 Figure 1. miRNA profiling of newborn lenses. (A) Volcano plot representing the
656 differentially expressed genes between lens epithelium and lens fiber cells. Red
657 represents the up-regulated genes (enriched in fiber cells) and blue represents the
658 down-regulated genes (enriched in epithelial cells). (B) Z-score heatmap displays top 25
659 differentially expressed miRNAs in lens epithelium and lens fiber cells. E: epithelial
660 cells, F: fiber cells (C) Comparative average expression of the most highly expressed
661 mIRNAs in lens epithelium and fiber cells. Transcript level was expressed as miRNA

662  counts normalized transformed by log,(FPKM) and plotted in a heatmap.
663

664 Figure 2. Generation of mice deficient in members of miR-26 family. (A) A diagram
665 illustrates the generation of miR-26 family KO mice using CRISPR/Cas9 technology.
666 Three members of the miR-26 family are located within the Ctdsp host gene family, and
667 produce mature miRNAs with identical seed sequences (red highlight). A mixture of
668 Cas9 mRNA and 2 gRNAs specific for each miRNA gene were injected into zygotes via
669  microinjection. Arrowheads represent the cutting sites of Cas9 enzymes. Arrows
670 represent the locations of the forward (F) and reverse (R) PCR primers used for
671 genotyping of resultant mice. Chr = Chromosome. (B) PCR with specific primers was
672 used for screening for targeted deletions in tail DNA from homozygous knockout (KO)
673 mice, resulting in expected reductions in amplicon size, relative to that in DNA from
674  wild-type (WT) mice. (C) DNA sequencing analysis demonstrated the deletions in the

675 miR-26 sequences with complete loss of miR-26al and miR-26a2 seed sequences and
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676 the partial loss of the miR-26b seed sequence (red boxes) in the respective KO mice.
677 The deleted nucleotides in the KO mice are represented by green text in the wild-type
678 (WT) sequence.

679

680 Figure 3. Severe cataract in adult miR-26™° mice. (A-B) A significant reduction of
681 mature miR-26a-5p level in 3-week-old single miR-26al and miR-26a2 KO lenses was
682 observed, assessed via RT-gPCR. (C) miR-26b-5p expression was completely
683  abolished in 3-week-old miR-26b KO lenses. (D,G) Cataract was observed in miR-26"<°
684 mice at 12 weeks old as compared with the control mice. (E,H) miR-26"° lenses
685 showed smaller size and apparent nuclear cataract at 6 weeks old as compared with
686 the control. (F,I) At 24 weeks old, TKO lenses ruptured and were severely deformed.
687 Error bars on the graph represent SEM and the asterisk represents a significant
688 difference from the control value. N.S, no significance.

689

690 Figure 4. mRNA profiling of miR-26™° mice at different stages. (A) Distance matrix
691 indicates difference between wild type (FVB/N) and miR-26 knockout at five day (P5) ,
692 twenty week old mice with cataract (TKO_C_W20) and twenty week old mice without
693 cataract (TKO_NC_W20) . (B) A three-dimensional principal component analysis plot
694  shows tight clustering of the three replicates within each group.

695

6'%° mice at

696 Figure 5. Lens fiber cell differentiation is severely affected in miR-2
697 later stages (W20) . (A) Heatmap indicates z-score adjusted expression values to

698 reveal a clear transition of epithelial genes across tested conditions, indicating the
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699 important role of miR-26 in maintaining epithelial cell identity. (B) Heatmap indicates z-
700 score adjusted expression values to show a clear transition of fiber genes across tested
701  conditions, indicating the important role of miR-26 in facilitating fiber cell differentiation.
702

703 Figure 6. Analysis of predicted miR-26 targets that are up-regulated in miR-26"™°
704 samples. (A) Venn diagram displays the genes up-regulated in TKO samples
705 intersected with common miR-26 targets predicted by miRwalk and Targetscan. (B)
706 Heatmap displaying z-score adjusted expression values in the lens for the verified
707  twenty-six targets for miR-26 with relative expression in all conditions. (C) Bubble plot
708 represents select gene ontology terms for 258 genes (excluding the 26 genes predicted
709 to be direct miR-26 targets) identified to be differentially expressed in all miR-26
710 knockout samples. BP = Biological Processes, MF = Molecular Function. (D) Bubble
711 plot represents top enriched pathways identified using the reactome database for the
712 258 differentially expressed genes.

713

714  Figure 7. miR-26 TKO_W20 transcriptomes are enriched for immune response
715 and Epithelial to mesenchymal transition (EMT) fate. (A) GSEA enrichment plot
716  represents the enrichment of the terms inflammatory response, TNFA signaling via
717 NFKB, and complement in TKO_W20 NC and TKO W20 _C samples, respectively
718 when compared with TKO_P5 samples. Genes are ordered along the x-axis based on
719  expression rank between the two conditions. Black bars indicate genes associated with
720 a given term. The green line indicates the enrichment score determined by GSEA. (B)

721  Heatmap using z-score scaled expression values shows inflammation genes across all
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722  conditions. (C) GSEA enrichment plot represents the enrichment of Epithelial to
723 mesenchymal transition (EMT) in TKO_W20 samples. (D) Heatmap using z-score
724  scaled expression values shows EMT-associated genes across all conditions.

725

726  Figure 8. Loss of miR-184 expression did not alter lens morphology. (A) Two
727 gRNAs were targeted 110 bp apart to excise the whole miR-184 sequence. Red
728 arrowheads indicate the cutting sites of the Cas9 enzyme. Indicated primers (red
729 arrows) were used in PCR screening for potential knockout mice. (B) RT-qPCR of 3-
730 week-old lens RNA showed that expression of miR-184-3p was completely abolished in
731 all four miR-184 KO mouse lines. Error bars on the graph represent SEM. gRNA= guide
732 RNA. (C) PCR screening of DNA from F1 heterozygous mice from the miR-184 KO line
733 2 founder (KO) and FVB/N (WT) using primers indicated in (A, Table S3), showing the
734 lower band indicating the deleted allele. DNA sequencing of miR-184 KO line 2
735 demonstrated a 160 bp deletion. (D-E). Histological analysis of control and miR-184 KO
736 newborn lenses failed to reveal any obvious morphological defect. (F-G) Lenses from
737 10 month-old miR-184 KO mice are free of opacity.

738

739 Figure S1. miRNA-seq on newborn lens epithelium and fibers. Distance matrix
740 indicates concurrence in clustering between sample types.

741

742  Figure S2. RT-gPCR analysis of miR-1, miR-184 and miR-26 expression in lens
743  epithelium and lens fibers. The expression of miR-1-3p in lens epithelium and lens

744  fibers normalized SnoRNA202 (A) or GAPDH (B). The expression of miR-184-3p (C),
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745 miR-26a-5p (D), and miR-26-5p (E) was normalized to SnoRNA202 by RT-gPCR. Only
746  miR-1-3p exhibited significantly enriched expression in lens fibers. N.S. = not significant.
747

748 Figure S3. Generalized strategy for targeting miR-loci for CRISPR/Cas9 mediated
749 deletion. Two specific guide RNAs (gRNAs) flanking the targeted miRNA sequence
750 were preincubated with Cas9 protein prior to microinjection into FVB/N zygotes. Injected
751  zygotes were transferred to pseudopregnant mice and resultant pups were screened for
752  the targeted deletion by PCR.

753

754  Figure S4. Deletion of miR-26 family members did not affect expression of their
755 host genes. Deletion of miR-26al, miR-26a2, and miR-26b genomic sequences did not
756  significantly affect the relative expression of their host genes. Error bars on the graph
757 represent SEM. N.S = no significant difference.

758

759  Figure S5. Cataract-associated genes that are up-regulated in the miR-26™°
760 lenses. (A) Venn diagram displays the intersections of genes that are up-regulated in
761 miR-26"° lenses at P5 and W20 with and without cataract with genes in the Cat-Map
762 list. (B) Heatmap using z-score adjusted expression values all genes in the Cat-Map list
763  that are up-regulated in any of the miR-26"° lens samples.

764

765 Figure S6. Cataract-associated genes that are down-regulated in the miR-26™°
766 lenses. (A) Venn diagram displays the intersections of genes that are down-regulated in

767 miR-26"° lenses at P5 and W20 with and without cataract with genes in the Cat-Map
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768 list. (B) Heatmap using z-score adjusted expression values all genes in the Cat-Map list
769 that are down-regulated in any of the miR-26"° lens samples.

770

771  Figure S7. iSyTE genes that are up-regulated in the miR-26"<° lenses. (A) Venn
772 diagram displays the intersections of genes that are up-regulated in miR-26"° lenses at
773  P5 and W20 with and without cataract with genes listed as lens-enriched in iISyTE. (B)
774  Heatmap using z-score adjusted expression values all genes in the lens-enriched iISyTE
775  list that are up-regulated in any of the miR-26"<° lens samples.

776

777  Figure S8. iSyTE genes that are down-regulated in the miR-26™° lenses. (A) Venn
778  diagram displays the intersections of genes that are down-regulated in miR-26"<°
779 lenses at P5 and W20 with and without cataract with genes listed as lens-enriched in
780 ISYTE. (B) Heatmap using z-score adjusted expression values all genes in the lens-
781  enriched iSyTE list that are down-regulated in any of the miR-26"° lens samples.

782

783  Figure S9, Venn diagram shows the predicted gene targets by miRwalk (blue) and
784  Targetscan (Yellow). Common targets predicted by both web-based software tools
785  were used for further analysis.

786

787  Figure S10. Venn diagram represents the genes down-regulated in miR-26™°
788 lenses compared to FVB control lenses. The down-regulated genes were intersected

789  with predicted targets for miR-26.

790
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791 Figure S11. Gene set enrichment analysis identifies proliferation enrichment in
792  miR-26™° mice at P5 stage. (A-B) GSEA enrichment plot represents E2F targets and
793  G2M checkpoint in miR-26 TKO_P5 stage (red) while compared with P5 FVB/N mice
794  (blue). Genes are ordered along the x-axis based on expression rank between the two
795 conditions. Black bars indicated genes associated with the given term. Green line
796 indicates the enrichment score determined by GSEA. (C) Heatmap displays expression
797 values scaled by z-score revealing highest expression of E2F target genes in the
798 TKO_P5 samples relative to other conditions.

799

800 Figure S12. Expression analysis of genes related to Notch-signaling in the miR-
801 26'FC lenses. Heatmap displays expression values scaled by z-score revealing three
802 categories of expression patterns of Jagged-1/Notch signaling genes.

803

804 Figure S13. Loss of miR-1 expression did not alter newborn lens morphology.
805 Histological staining of newborn mouse eye sections from control (A), single deletion (B
806 and C) and double deletions (D) of miR-1 genes. Gross histological analysis did not
807 reveal any obvious defects.

808

809 Figure S14. Gene expression changes in miR-184 KO lenses. Relative expression of
810 putative (black letters) and known miR-184-targeted genes (red letters) in 3-week-old
811 lenses from control and miR-184 KO lenses was quantified by RT-qPCR. Error bars on
812 the graph represent SEM and the asterisk represents a significant difference from the

813 control value. N.S, no significance.
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