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Purpose. MicroRNAs (miRNAs) are short, noncoding tran-
scripts that negatively regulate gene expression. They are im-
plicated in diverse cellular processes. The purpose of this study
was to obtain a global expression profile of miRNAs in the
developing retina and identify differences in miRNA expres-
sion between adult rod and cone photoreceptors.

MerHODS. Locked nucleic acid (LNA) microarrays were used to
investigate the miRNA transcriptome of the developing mouse
retina and brain. Real-time PCR was used to validate the array
findings. Laser capture microdissection was used to determine
the miRNA spatial pattern of expression.

Resurts. One hundred thirty-eight miRNAs were expressed at
at least one of the investigated time points. Several miRNAs
showed significant changes in expression between embryonic
day 15 and adult age in both retina and brain. Cluster analysis
identified subgroups of miRNAs showing defined expression
profiles. Globally, correlation of expression was higher, with
increasing sequence similarity of the mature miRNAs. The
miRNAs with identical seed sequences exhibited highly corre-
lated expression profiles. The co-expression of selected host
gene and intronic miRNA pairs was confirmed in adult retina.
In some cases, expression profiles of miRNAs showed weak
correlation with those of their host transcripts, suggesting
posttranscriptional regulation of miRNAs during development.
In addition, the miRNA transcriptome of rod- and cone-domi-
nant retinas showed only minor differences, and no miRNAs
specific for either cell-type were identified.

Concrusions. Global expression profiling revealed dozens of
miRNAs with significant expression changes in the developing
retina. Precise patterns of expression of miRNAs suggest their
specific roles in development. (Invest Ophthalmol Vis Sci.
2010;51:1823-1831) DOI:10.1167/i0vs.09-4657
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MicroRNAs (miRNAs) are small, highly conserved, noncod-
ing molecules of 18 to 24 nucleotides that regulate gene
expression in a wide variety of tissues and cell types."* The
human and mouse genomes have been reported to have 885
and 689 miRNAs, respectively (miRBASE Release 13.0, March
2009; www.mirbase.org/ hosted in the public domain by the
Faculty of Life Sciences, University of Manchester, Manchester,
UK). miRNAs are encoded in either the introns of protein-
coding genes or between genes as intergenic miRNAs. Bioin-
formatics studies have predicted that individual miRNAs can
target hundreds of distinct mRNAs. It has been estimated that
miRNAs may modulate the expression of 20% or more of the
human genome.?

miRNAs are involved in a diverse set of cellular processes,
ranging from proliferation, apoptosis, and malignant transfor-
mation® to neuronal development and fate specification.>”
Several groups have begun exploring the expression and func-
tion of miRNAs within the brain and retina. As one example,
conditional inactivation of Dicer in Purkinje cells leads to a loss
of miRNA expression and progressive cerebellar degenera-
tion.® Loss of Dicer in the retina, identified by using the floxed
Dicer allele and a Chx10-driven Cre, leads initially to the for-
mation of photoreceptor rosettes followed by progressive
functional and structural degeneration.® Dicer inactivation by
morpholinos in Xenopus resulted in a more severe phenotype,
with small retinas and associated lamination defects.'® A more
recent study has identified miR-24a as a regulator of apoptosis
during Xenopus eye development.'®

To gain a more complete understanding, several groups
have begun to investigate global patterns of miRNA expression
in the retina, particularly in the adult, and have compared these
patterns to those in other tissues, identifying a number of
miRNAs enriched in retina.'"'* Other studies have focused on
detailed analysis of the spatial and temporal expression pat-
terns of a few selected miRNAs within the retina.'?

Our goal in this report was to expand on this work by using
microarray analysis to comprehensively characterize the retinal
miRNA transcriptome during embryonic and postnatal devel-
opment. In addition, we wanted to explore potential differ-
ences between the rod and cone miRNA transcriptomes.
Therefore, we generated miRNA profiles of the developing
retinas of wild-type (WT, C57BL/6) and Nrl~/~ mice. Nrl is a
basic motif-leucine zipper transcription factor that when
knocked out leads to a retina in which essentially all photore-
ceptors are S-cones.'# !¢ In addition, we have compared these
retinal expression patterns to miRNA profiles derived from
embryonic day 15 and adult brain.

METHODS

RNA Isolation

Retinas from E15, E18, P1, P5, and P12 littermate embryos or pups
were pooled and total RNA was purified (TRIzol; Invitrogen, Carlsbad,
CA). The animals were treated in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research. Two
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independent biological replicates were generated for each time point.
In the case of adult retina, three independent pools of retinas from the
left and right eyes of individual 3-month-old mice were used to isolate
RNA. The RNA quality was assessed with a Bioanalyzer (Agilent, Santa
Clara, CA).

Laser Capture Microdissection

Enucleated eyes from three adult (3-month-old) C57BL/6 mice were
flash frozen in embedding medium. Sections 7 um thick were placed
on slides (PEN-membrane; Leica, Wetzlar, Germany), dehydrated, and
stained with Mayer’s hematoxylin solution for visualization of cell
nuclei. The sections were microdissected by using the laser capture
method (LMD6000; Leica). The cells were collected from the ganglion
cell layer (GCL), inner nuclear layer (INL), and the outer nuclear layer
(ONL), and the RNA was purified (TRIzol; Invitrogen).

Microarray Production

The obtained miRNA probe (miRCURY LNA; Exiqon, Vedbaek, Den-
mark) was printed in quadruplicate on epoxy-coated slides (Corning,
Lowell, MA) with an arrayer (MicroGrid II; Digilab Inc., Holliston, MA).

Labeling and Hybridization

One microgram total RNA was labeled (miRCURY LNA; Exiqon), using
Hy5 fluorescent dye. Each sample was co-hybridized with a Hy3-
labeled reference sample. For WT and N#I~/~ samples, hybridizations
were performed in triplicate and duplicate, respectively. The arrays
were washed and scanned (Scanarray ExpressHT; Perkin Elmer,
Waltham, MA).

Quantitative Real-Time PCR

For cDNA synthesis, an miRNA first-strand cDNA synthesis Kkits
(NCode; Invitrogen or miRCURY LNA; Exiqon) were used. Amplifica-
tion and melting curve analysis were performed with standard proce-
dures (IQ5; BioRad, Hercules, CA; see Supplementary Methods, http://
www.iovs.org/cgi/content/full/51/4/1823/DC1). Primers sequences
are listed in Supplementary Tables S1 and S2, http://www.iovs.org/
cgi/content/full/51/4/1823/DC1.

RESULTS

miRNA Profiling of C57BL/6 Mouse Retina
and Brain

Previous studies identified miRNAs enriched in the adult retina
and then determined the expression profiles of these specific
miRNAs during development.'"'> We took a different ap-
proach, performing global microarray analysis at a variety of
developmental time points (E5, E18, P1, P5, P12, and adult),
and as a result our miRNA profiling is not biased to a certain
developmental stage. Of the 408 known mouse miRNAs (miR-
BASE Release 10.0) investigated in our study, 138 were ex-
pressed in the retina at some point in the studied timeframe,
whereas 113 were detected in the brain (Supplementary Tables
S3 and S4). (See Supplementary Methods for our criteria for
determining expression.) In the retina, 50 miRNAs showed at
least a fourfold change in expression, and 23 showed at least an
eightfold change within the studied period (Supplementary
Table S$3). miR-29b showed the highest increase in expression
during development in both retina and brain, 100- and 500-
fold, respectively, whereas miR-18a exhibited the greatest
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decrease in expression, 100- and 40-fold in retina and brain,
respectively.

miRNAs with differential expression patterns during devel-
opment were selected for qPCR analysis. Expression profiles
determined by the array analysis were successfully confirmed
for 20 of the 23 miRNAs tested (Supplementary Table S1).

Hierarchical cluster analysis was performed on the microar-
ray data to compare expression profiles of all miRNAs detected
in the retina and/or brain (149 miRNAs; Fig. 1). The analysis
catalogs miRINAs with related expression profiles and creates a
dendrogram of all miRNAs. Two distinct groups of miRNAs
were identifiable: brain-enriched and retina-enriched. The av-
erage expression values of brain- or retina-enriched genes were
plotted on the side, showing a clear trend of preferential
expression in brain or retina, respectively. Generally, miRNAs
followed a similar decreasing or increasing expression profile
both in retina and brain, with the exception of miR-551b. Its
expression was higher at the adult stage in the brain, whereas
in the retina it was enriched at E15 and E18.

Although we did identify miRNAs that were expressed pref-
erentially in the developing retina compared with the adult
retina, none of these embryonic stage-enriched miRNAs were
retina-specific.

WT Retinas of C57BL/6 Mice

To further investigate the time course of retinal develop-
ment, we used the Self Organizing Map (SOM) algorithm to
analyze the microarray data. This analysis, after defining the
number of clusters, assigns all miRNAs to a cluster according
to their expression patterns. The created clusters represent
the major expression profiles in the data set. The mean
expression profile of the miRNAs is used as a descriptor of
the cluster. The nine nonredundant, representative expres-
sion profiles revealed by the SOM analysis are shown in
Figure 2 and Table 1.

The profiles described by clusters c1, ¢2, and ¢5 showed
higher expression with time. Clusters ¢2 and c5 both
showed increased retinal expression at P12; however, al-
though c2 included miRNAs with a sharp and significant
increase starting at P12, ¢5 includes miRNAs with a more
moderate increase. Cluster ¢l miRNAs demonstrated in-
creasing expression from E18 until P12. miRNAs with high
expression at embryonic time points were in cluster c6.
They showed a steady decrease until P5 and a sharp drop at
P12. Cluster c¢7 included miRNAs with a less pronounced
decrease with time. Cluster c3 included miRNAs with no
expression change from E15 to P5 and a steady decrease at
P12 and adult age. Cluster ¢8 included miRNAs that dis-
played a significant decrease from E18 to P1 and a steady
increase after that. Finally, clusters cO and c7 showed only a
moderate change with time, whereas c4 included miRNAs
with no significant change in expression.

Functional Analysis of the Temporally Co-ex-
pressed miRNAs. To find common targets of the temporally
co-expressed miRNAs identified by the SOM analysis, we made
use of two target prediction databases: miRanda'” and Tar-
getScan.'® To increase the specificity of the predicted target
set, we defined as “targets” only the overlapping set of genes
that were predicted by both miRanda and TargetScan. In addi-
tion, only targets expressed in the retina, as determined by the

»
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FiGURE 1. Hierarchical cluster analysis of miRNAs expressed in brain and retina. Lanes 1-5 (B E15.1-B Adult3): brain; lanes 6-18 (E15.1-Adult3):
retina. Scale on color bar represents log, relative expression levels. Heat map depicts high (magenta), median (black), and low (green) values.
Gray: missing values. Relative expression levels were median centered for each miRNA. Brain- and retina-enriched miRNAs are highlighted with
bars beside annotations, and their average relative expression levels are plotted at each tested developmental stage.
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FIGURE 2. miRNA expression profiles identified by the SOM algorithm

during retinal development. Average expression levels from the corre-
sponding miRNAs are plotted in time. )-Axis indicates relative expres-
sion on log, scale. 7, number of miRNAs in the cluster. Error bars, SD
from the plotted average expression.

UniGene database of NCBI (http://www.ncbi.nlm.nih.gov/Uni-
Gene/ National Center for Biotechnology Information, Be-
thesda, MD) were considered for further analysis. We desig-
nated a gene as a common target if at least two thirds of the
miRNAs in a given cluster were predicted regulators of that
gene. We focused on the clusters showing the most significant
change in expression, namely c1, ¢2, c6, and ¢8. Clusters c1
and c6, although having a similar number of member miRNAs
(10 and 8), had a different number of common targets (3 and
175). Clusters c2 and ¢8 (number of members, 5 and 3) had 90
and 248 common targets, respectively. We also investigated
the assigned gene ontology (GO) terms of the predicted com-
mon targets to gain functional insights. Significant enrichment
of GO terms was found only for clusters c2, c6, and c8. In
cluster c2 the GO term “potassium channel complex” showed
the highest enrichment. In ¢6 the term “peptidyl-threonine

TaBLE 1. Member miRNAs in the Identified SOM Clusters
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modification” scored the highest, whereas in ¢8, the term
“positive regulation of transcription from RNA polymerase II
promoter” was the most enriched. Table 2 summarizes the top
four enriched terms and the associated genes in clusters c2, c6,
and c8.

miRNA Families. miRNAs can be assigned to families
based on sequence similarity in their 5" region. Among the
retina-expressed miRNAs, there were several families that
showed expression of at least two of the members (Supple-
mentary Fig. S1, http://www.iovs.org/cgi/content/full/51/4/
1823/DC1). Members of the same miRNA family appeared to
share similar expression profiles, although there were exam-
ples of considerable variation. Also, expression of the detected
family members followed a similar pattern during retina and
brain development. It is worth mentioning that probes for very
similar miRNAs may not be able to discriminate between highly
similar sequences under the experimental conditions. This lack
of specificity also occurs in vivo, since miRNAs sharing similar
sequences tend to have an overlapping group of target mRNAS.

Genomic Clusters. Previous studies have described clus-
ters of miRNAs (miRNA genes <10 kb apart in the genome)
co-expressed under certain conditions or at specific develop-
mental time points.'*'® We have found several miRNA clusters
showing well-defined expression patterns during retinal devel-
opment. Supplementary Table S5 and Supplementary Figure S2
summarize genomic clusters with at least two miRNAs ex-
pressed. The previously described sensory organ-specific clus-
ter on chromosome 6 (miR-96, miR-182, and miR-183)"? was
also identified in our study. With few exceptions, miRNAs
belonging to the same genomic cluster generally showed sim-
ilar expression profiles, suggesting that they originate from a
common primary transcript.

Two copies of the let-7a gene are found on chromosomes
9 and 13 (Supplementary Fig. S2, clusters 13 and 12). Ex-
pression of let-7a is significantly different from that of miR-
100, although it closely resembles the profile of let-7d,
suggesting that expression is dominated by transcription
from the gene on chromosome 13. A similar lack of corre-
lation of the let-7a-2 and miR-100 pair is also observed in
human tissues."®

Another example of differential expression among clus-
tered miRINAs is m2iR-132 and miR-212 (cluster 20) in the first
intron of 1700016P03Rik. A possible explanation is that the
two miRNAs are transcribed independently from the host gene
and from different transcription start sites (TSSs), which is

Cluster Member miRNAs

cO0 (n = 31) let-7a, let-7d, let-7e, miR-124, miR-136, miR-140, miR-148a, miR-151-5p, miR-181a-1*, miR-181a, miR-181b, miR-183",
miR-195, miR-21, miR-26a, miR-300, miR-30a, miR-30b, miR-30c, miR-30e*, miR-30e, miR-341, miR-376a, miR-377,
miR-379, miR-410, miR-434-3p, miR-434-5p, miR-541, miR-9*

cl (n = 10) let-7b, let-7c, let-7f, miR-100, miR-126-3p, miR-142-3p, miR-182, miR-183, miR-378, miR-96

c2(n=5) miR-129-3p, miR-143, miR-29a, miR-29b, miR-29c

c3 (n = 20) miR-135a, miR-15a, miR-15b, miR-16, miR-19b, miR-25, miR-290-5p, miR-292-5p, miR-32, miR-340-5p, miR-350, miR-374,
miR-494, miR-542-5p, miR-689, miR-690, miR-700, miR-744, miR-9

c4 (n = 30) let-7i, miR-107, miR-125a-5p, miR-135b, miR-148b, miR-185, miR-197, miR-200b*, miR-204, miR-210, miR-320, miR-329,
miR-335-5p, miR-33, miR-34c, miR-361, miR-370, miR-376b, miR-381, miR-382, miR-423-5p, miR-452, miR-467a*, miR-
467b*, miR-467d*, miR-487b, miR-706, miR-713, miR-7a, miR-99b

c5 (n = 16) miR-125b-5p, miR-127, miR-138, miR-184, miR-191, miR-193, miR-22, miR-23a, miR-23b, miR-24, miR-27a, miR-27b, miR-
30d, miR-338-3p, miR-451, miR-500

c6 (n =98) miR-106a, miR-130b, miR-17, miR-18a, miR-19a, miR-20a, miR-20b, miR-93

c7 (n =15 miR-103, miR-130a, miR-146b, miR-153, miR-207, miR-212, miR-218, miR-301a, miR-433*, miR-489, miR-542-3p, miR-
551b, miR-677, miR-711, miR-92b

c8 (n = 3) miR-298, miR-691, miR-709

n, number of members in the cluster.
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TABLE 2. Gene Ontology Term Enrichment of Common Predicted Target Genes

Enrichment Genes
Cluster/GO Term GO Roots Score pr* (n) Gene Symbols
Cluster c2
Potassium channel complex Cellular_component 11.274854  0.008249 4 Kcne3, Ketd21, Kencl, Kenc2
Voltage-gated potassium Cellular_component 11.274854  0.009166 4 Kcne3, Kctd21, Kencl, Kenc2
channel complex
Voltage-gated potassium Molecular_function 6.694444  0.048917 4 Kcne3, Kctd21, Kencl, Kenc2
channel activity
Transmembrane receptor Biological_process 6.22739 0.02355 5 Ndstl, Ntrk2, Pik3r3, PleRbal, Ptpnll
protein: tyrosine kinase
signaling pathway
Cluster c6
Peptidyl-threonine Biological_process 10.328571 0.020003 3 ARL3, Map3Rk12, Mtap2
modification
Peptidyl-threonine Biological_process 10.328571 0.020429 3 ARt3, Map3k12, Mtap2
phosphorylation
Erythrocyte differentiation Biological_process 8.262857  0.034817 3 Pknoxl1, Smad5, Spl1
Receptor signaling protein ~ Molecular_function 6.25974 0.012762 5 Bmpr2, Map3k12, Mapk14, Mapk4, Mapk9
Serine/threonine kinase
activity
Cluster c8
Positive-regulation of Biological_process 3.048703 0.008642 16 E2f1, KIf12, Med12, Mil1, Ncoa2, Nfat5, Onecut2,
transcription from RNA Pbx1, Plagl2, Trp53, Usf2, Ablim1, Bmp2,
polymerase II promoter Smad5, Sox11, Sp1
Positive regulation of RNA Biological_process 2.939821 0.007289 18 Aff1, E2f1, KIf12, Mecp2, Medl12, Mill1, NcoaZ2,
metabolic process Nfat5, Onecut2, Pbx1, Plagl2, Trp53, Usf2,
Ablim1, Bmp2, Smad5, Sox11, Sp1
Positive regulation of Biological_process 2.939821 0.014578 18 Aff1, E2f1, KIf12, Mecp2, Med12, Mll1, NcoaZ2,
transcription, DNA- Nfat5, Onecut2, Pbx1, Plagl2, Trp53, Ust2,
dependent Ablim1, Bmp2, Smad5, Sox11, Sp1
Positive regulation of Biological_process 2.650293 0.014793 18 Aff1, E2f1, KIf12, Mecp2, Med12, Mll1, NcoaZ2,
transcription Nfat5, Onecut2, Pbx1, Plagl2, Trp53, Usf2,

Abliml1, Bmp2, Smad5, Sox11, Sp1

*FDR multiple test correction.

supported by TSS predictions around and between the two
miRNAs.*°

Differentially Expressed miRNAs in Wild-Type
and NrI~/~ Retinas

To explore possible differences in miRNA expression be-
tween rods and cones, we complemented our studies of WT
retinas by profiling developing Nrl~/~ retinas at postnatal
days 1, 5, 12 and at adult age. miRNAs (n = 108) were
expressed in Nrl/~ retinas between time points P1 and
adult (Supplementary Table S6). Only a few miRNAs showed
differential expression between WT and Nrl~/~ adult reti-
nas. miR-200b*, miR-298, miR-29a, miR-29b, and miR-29c¢
showed elevated expression in Nrl~’~ retinas, whereas miR-
143, miR-184, miR-204, miR-211, and miR-335-5p showed
higher expression in WT retinas (Table 3). Although these
differences were confirmed by quantitative (Q)PCR analysis
in all five tested cases on the same adult samples (Fig. 3A),
differential expression of miR-184 showed considerable
variation in repeated measurements on independently col-
lected samples (data not shown). Although miR-182 has
been reported to be specifically expressed in rods,'® we
found miR-182 to be expressed similarly in both WT and
Nrl™’~ retinas in our microarray and qPCR experiments
(Fig. 3B).

Spatial Distribution of miRNA Expression in the
Adult Retina
To determine the spatial distribution of retina-enriched

miRNAs, we used laser capture microdissection (LCM). Total
RNA was collected from the GCL, INL, and ONL of the adult

neuronal retina by LCM, and gene expression levels were
determined by qPCR. Of the six miRNAs that were tested by
this approach, we obtained reliable results with only three
(miR-204, miR-210 and miR-211), presumably due to low
expression levels and limited amounts of available captured
RNA (Fig. 4, all expression data were scaled to the correspond-
ing INL sample).

Both miR-204 and miR-211 showed the highest expres-
sion in the INL (Figs. 4A, 4B). miR-210 was detected in all
three layers, but with a less pronounced enrichment in the
INL (Fig. 4C). Biological replicates (Fig. 4, samples with
numbers 1 through 4) showed considerable variation in
expression levels. This variation may reflect different sub-

TaBLE 3. Differentially Expressed miRNAs in N7/~ Retinas

Mean Expression Changet

Name Microarray QPCR Pt
miR-200b* 1.04 — -
miR-29c 0.87 — —
miR-298 0.63 — —
miR-29b 0.59 — —
miR-29a 0.53 2.32 0.054
miR-211 —0.71 —1.86 0.046
miR-204 —0.78 — —
miR-335-5p -1.63 —1.56 0.002
miR-184 —1.82 — -
miR-143 —2.23 —2.31 0.007

t Log, scale.
T Student’s f-test.
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cellular localization of miRNAs; for example, synapses or
inner segments may be collected to various degrees from
sample to sample.

Correlation of Intronic miRNA and Host
Gene Expression

Co-expression of host transcripts and corresponding intronic
miRNAs was reported previously in retina.'>'® We used LCM
samples to explore further the relationship between host tran-
scripts and intronic miRNAs. miR-204 resides in an intron of
Trpm3 (transient receptor potential cation channel, subfamily
M, member 3) on chromosome 19 in the mouse genome. We
found an INL-enriched expression profile for 7rpm3 similar to
that of miR-204, which is in good agreement with the reported
co-expression in the GCL and the INL in adult retina."®

Similar to miR-204, miR-211 is an intronic miRNA localized
in an intron of the Trpm1 (transient receptor potential cation
channel, subfamily M, member 1) gene on chromosome 19.
Trpml1 showed expression similar to that of miR-211 (Figs.
4A, 4B).

Several studies suggested that miRNAs are affected by post-
transcriptional regulation.?’~>? In the case of intronic miRNAs,
this effect can be detected by comparing expression profiles of
the host genes to their respective miRNA in different condi-
tions or at different developmental time points. To explore this
relationship, we monitored relative expression of several gene/
miRNA pairs during our retinal developmental series. Although
Trpm3 and miR-204 were detected at all time points investi-
gated, their profiles differed significantly (Fig. 5A). Expression
of miR-204 is fairly constant early, but then its expression
increases sharply between P12 and adult, whereas expression
of Trpm3 shows little change. Both miR-211 and Trpm 1 were
detected at all time points, and both showed the highest
expression at adult age (Fig. 5B). Expression of Trpm I showed
a very sharp increase at P12, whereas expression of miR-211
showed a more gradual increase from P5 to adult age.

We also investigated the brain-specific miR-128. The se-
quence of miR-128 is found on mouse chromosomes 1 and 9
in introns of Arpp21 (cyclic AMP-regulated phosphoprotein,
21) and R3bdm1 (R3H domain 1). Identical mature miRNAs
originate from the two locations expressing different precursor
miRNAs. miR-128 showed the highest expression level in adult
brain, whereas it was not detected in retina by microarrays.
qPCR showed an identical profile but detected miR-128 in all
retina samples (Fig. 5C). Expression of both host genes,
Arpp21 and R3bdml1, was detected in all brain and retina
samples by qPCR. The expression level of Arpp21 was highest
in adult brain. In retina, at any time point A7pp21 had lower
expression than in E15 brain. R3hdm I had the highest expres-
sion in adult brain and had similar expression in E15 brain and
retina at all times.

DIScUSSION

We have characterized the miRNA transcriptome of the devel-
oping mouse retina from embryonic day 15 through adult age
using microarray technology. In addition, for comparative anal-
ysis, we have profiled E15 and adult brain and retinas of
postnatal Nr/~/~ mice. Hierarchical cluster analysis revealed
dozens of miRNAs that are differentially expressed during the
investigated timeframe of development. The majority of the
temporally differentially expressed miRNAs in each system
(WT retina, WT brain, Nrl 7~ retina) showed overlapping
profiles.

Numerous miRNAs grouped by cluster analysis were related
to each other, either by sequence similarity (family members)
or by their close positions on the genome (miRNA clusters),
and sometimes by both. To further explore this relationship,
we compared the sequences of all detected mature miRNAs in
a pair-wise manner and plotted expression correlation as a
function of sequence similarity. The correlation of expression
was highest among miRNAs that are the most similar in se-
quence (Fig. 6A), as was also seen when individual families
were investigated (see the Results section; Supplementary Fig.
S1). A decreasing correlation is observed with increasing diver-
gence in sequence, and a complete lack of correlation is ap-
parent below ~60% sequence similarity.

The seed sequence of an miRNA (nucleotides 2- 8 from the
5" end of the mature miRNAS) is believed to be the most critical
component in the formation of an RNA duplex between a
miRNA and the 3’ UTRs of its target mRNAs.?* Consistent with
the importance of the seed sequence, the decrease in expres-
sion correlation with decreased sequence similarity between
miRNAs was most striking when only the seed sequences were
considered (Fig. 6B). The correlation declined to close to 0 if
the seed sequences differed in only one base. The strong
correlation in expression of miRNAs with the same seed se-
quence (family members) shows that their expression is pre-
cisely timed and suggests that some or all members may be
under similar regulation. Their targets may be shared, provid-
ing a more effective and fine-tuned regulation of their transla-
tion. Findings in a recent study provide evidence for such a
mechanism. The targeted deletion of the retina specific miR-
182 resulted in no detected deviations in the retinas of both
heterozygous and homozygous mice.>®> miR-182 is a member
of the polycistronic mir-183, mir-96, and mir-182 cluster on
chromosome 6. In our studies, all three miRNAs showed close
correlation of expression and their mature sequences are re-
lated (miR-182 to miR-96 and miR-182 to miR-183: 0.99 and
0.978 expression correlation and 86% and 71% sequence sim-
ilarity, respectively). In their seed sequences miR-182 differs
from miR-96 and miR-183 in one and two nucleotides, respec-
tively. Furthermore, in vitro experiments suggest that miR-182
and miR-96 compete for the same targets.'?
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We also analyzed in a pair-wise manner the correlation of
expression of miRNAs from the same chromosome as a func-
tion of the relative genomic distance between members of the
pair. The expression correlation of miRNA pairs with identical
orientation from the same chromosome was plotted versus
their separation distance (Figs. 6C, 6D). Within a 5-kb distance,
more than 70% of miRNA pairs exhibited a strong correlation
(Pearson correlation coefficient, >0.7). The correlation
dropped to the overall average correlation level after 5 kb (Fig.
60), suggesting that miRNAs situated closer than 5 kb, in
general, are likely to be derived from a common transcript, and
this result may also reflect a general miRNA primary transcript
size. This finding is consistent with a previous miRNA tran-
script analysis, where the average length of the primary tran-
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script for intergenic miRNAs was estimated at 3 to 4 kb.?® Of
interest, an earlier study of miRNA expression in human organs
suggested a 10-fold higher, 50-kb size as the upper limit of
polycistronic primary transcripts.'® Our plot of the average
correlation versus genomic distance of miRNA pairs reveals a
fluctuating pattern of correlation and anticorrelation (Fig. 6D).
Among other explanations, this pattern may represent favored
distances for coexpressed loci (duplication of miRNAs, chro-
mosomal structure) or perhaps chance coexpression of those
miRNAs.

A major focus of our study was to define the repertoire of
miRNAs expressed at different time points of retinal develop-
ment. In terms of broad classes with expression that changed
during development, two major expression profiles were iden-
tified: miRNAs expressed predominantly early in retinal devel-
opment and those expressed predominantly in the mature and
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FIGURE 5. Correlation of expression of host genes and their intronic
miRNAs during development. (A) Lack of correlation of expression of
the miR-204, Trpm3 miRNA host gene pair from E18 to adult age in
retina. (B) Expression of the miR-211, Trpm1 miRNA host gene pair
from E18 to adult age shows good correlation in retina. (C) Contribu-
tion of two genomic loci to the overall expression. Expression of the
brain specific miR-128 and its host genes Arpp21 and R3bhdm1 from
E18 to adult age in retina and at E15 and adult age in brain. Expression
data are scaled to the average expression from all time points. Embry-
onic and postnatal time points 7 = 2, adult n = 3. Error bars, SD.
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developed retina. To evaluate the possible functions of miRNAs
showing highly correlating expression profiles according to the
SOM analysis, we searched for their shared target genes. We were
able to identify common targets for several clusters, although the
number of target genes varied greatly even in similar size clusters
(cluster c1 and c6). In the case of clusters ¢2 and ¢6, the two
profiles possessing the most significant change over time, our
predictions show several biological processes with statistically
significant enrichment suggesting specific roles for the co-ex-
pressed miRNAs. Unfortunately, no specific retinal events could
be identified from these predictions for several possible reasons:
the cellular complexity of the retina, “expression noise” from
parallel events, the limitation of the GO analysis (incomplete GO
annotations), or the ultimate lack of miRNA-retina specific biolog-
ical event interaction.

One limitation of our analysis of target co-regulation of
temporally co-expressed miRNAs is that it makes the simplistic
assumption that there is spatial co-expression of the interacting
partners—that is, it does not take into consideration the likely
possibility that different miRNAs and corresponding target
genes are expressed in different retinal cells. Thus, for better
understanding of the functional role that miRNAs are playing in
the retina, it is important to identify the expression patterns of
miRNAs, not only in time but also in space. Unfortunately,
however, the nature of miRNAs, especially their short se-
quence length and loop structure, makes it difficult to deter-
mine their spatial expression patterns by methods that are
traditionally applied to mRNAs, such as in situ hybridization.

As an alternative approach, we used qPCR to analyze
miRNA expression levels in LCM samples of adult retina. In the

case of three miRNAs, we were able to succeed with this
approach. It seems that the known retina-enriched miRNAs
that have been examined do not show specificity to an indi-
vidual cell type; rather they show expression in multiple retinal
cell types although at quantitatively distinct levels. Notably, a
comparison of the miRNA transcriptomes of rod (WT) and
cone dominant (N7l ”7) retinas revealed only a handful of
miRNAs showing differential expression, and none of them
showed specificity to one or the other subtype.

Intronic miRNAs are generally co-expressed with their
host transcription units.'*'®27 This finding proved to be the
case with the tested miRNA host gene pairs in adult retinas.
The combination of LCM with qPCR was an effective tool,
providing quantitative information on miRNA expression in
the retina.

Posttranscriptional regulation of miRNAs can happen either
in the nucleus before transport to the cytoplasm®® or in the
cytoplasm by blocking pre-miRNA processing by Dicer.?" Co-
expression of host genes and intronic miRNAs suggest that
miR-204 and miR-211 are not differentially regulated at the
posttranscriptional level in adult retinas. Although Trpm1 and
miR-211 showed largely similar expression patterns during
development, with 7Trpm3 and miR-204, there was a clear
dissociation of expression profiles, suggesting that the matura-
tion of the miRNA is blocked or inhibited during the period
from P12 to adult (Fig. 5).

In addition to changes during development, there can be
differences in miRNA processing between tissues. Lee et al.*®
reported that the precursor of the brain-specific miRNA #72iR-128
is expressed in a several tissues, but processing into the mature
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form occurs predominantly in the brain. In the retina, although it
is part of the CNS, we found that the expression of mature
miR-128 was minimal. In fact, it was only detected in the retina
by highly sensitive qPCR and not by microarray analysis.

Taken together, the lack of correlation of host and miRNA
expression in the mentioned examples suggests that posttran-
scriptional regulation may affect the maturation of some
miRNAs during retinal development. Further studies are
needed to validate these findings and to identify the molecular
mechanisms that regulate the expression of miRNAs within the
retina.
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