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MicroRNASs of the mammalian eye display distinct and
over lapping tissue specificity

David G. Ryan, Michelle Oliveira-Fernandes, Robert M. Lavker

Department of Dermatology, The Feinberg School of Medicine, Northwestern University, Chicago, IL

Purpose: In mammals, endogenous, noncoding RNAs, designated as microRNAs (miRNAS), inhibit the translation of a
target messenger RNA, thereby silencing protein production. MiRNAs have been shown to regulate many aspects of
development and differentiation in a wide range of tissues. Surprisingly, little consideration has been directed towards
characterizing the expression of miRNAs in mammalian ocular tissues.

Methods: Low molecular weight (LMW) RNA isolated from the adult mouse corneal epithelium, lens/ciliary body, and a
retina fractions of the eye was analyzed by miRNA arrays. The validity of the miRNA expression profiles were confirmed
by northern blots and the tissue distribution of selected miRNAs was determined by in situ hybridization.

Results: MiRNAs exhibited distinct tissue and cell-type specificity in the ocular regions studied. MiRNA (mir)-184 had

the highest hybridization signal in the corneal and lens arrays. In situ hybridization analysis revealed that mir-184 was
expressed in the basal and immediately suprabasal cells of the corneal epithelium. In contrast, expression of mir-205 was
detected throughout the anterior segmental epithelia as well as in the epidermis. Within the lens, expression of mir-184
was more strongly expressed in the epithelial cells of the germinative zone, whereas expression of mir-204 was uniformly
expressed in all lens epithelial cells. Mir-181, -182, and -183 were detected in retinal and brain tissues, and their distribu-
tion patterns within the retina were both distinct and overlapping.

Conclusions: The tissue and cell specificity of ocular miRNAs suggests that these noncoding RNAs may be regulating
aspects of development and differentiation.

MicroRNAs (miRNAs) are small (about 22 nucleotides adipocytes, increasing the mir-143 levels induced adipocyte
in length), noncoding RNAs present in a wide variety of orformation, while inhibition of this miRNA blocked adipocyte
ganisms ranging from plants to humans that have structuralifferentiation [15]. A comprehensive study of the expression
enzymatic and regulatory functions (for reviews see [1-6])patterns of 119 miRNAs in adult organs from mice and hu-
MiRNAs represent a major class of regulatory molecules imans revealed that at least 30 miRNAs were specifically ex-
animals that are phylogenetically conserved [2,7]. Matur@ressed or enriched in a particular organ (e.g., brain, lung,
miRNAs are produced from a larger precursor that is encoddiyer, skeletal muscle), suggestive of tissue-specific functions
in the genome. In vertebrates, miRNAs function to represfgL6]. Likewise, during zebrafish development, many miRNAs
gene activity by binding with imperfect complimentarity to exhibit tissue-specificity indicating that these regulatory RNAs
conserved sites in the 3' untranslated regions (UTRs) of targefay significant roles in differentiation and/or the maintenance
transcripts, thereby blocking the translation of mRNA tran-of tissue identity [17].
scripts into protein [3,8-10]. Although miRNAs are present in all mammals and have

Many miRNAs appear to be expressed in a tissue-spémportant regulatory roles in development and differentiation,
cific and/or developmentally regulated manner. One of théttle attention has been directed towards characterizing the
earliest insights into miRNA function was the identification expression of miRNAs in mammalian ocular tissues. In a single
of lin-4 andlet-7 as miRNAs inCaenorhabditis elegans (C. study of adult mice, miRNAs were identified by cloning low
elegans). These two miRNAs were demonstrated to be requirecholecular weight RNA from a variety of tissues including the
for cell-fate switches at specific times during larval developwhole eye [14]. Six miRNAs were exclusively found in the
ment [11,12]. Of the miRNAs that have thus far been identieye; however, no further characterization of these eye-related
fied in vertebrates, only a few have been assigned a specifitiRNAs was carried out. In the present study, we analyzed
function. For example, in the mouse, mir-181 is restricted tthe corneal epithelium, lens, ciliary, and retinal tissues from
hematopoietic cells and the forced expression of this miRNAdult mice using miRNA arrays, northern blotting and in situ
in progenitor cells favors the development of B over T cell$wybridization. Furthermore, we show that the expression of
[13]. Interestingly, this miRNA is also present in ocular tis-mir-184, the most abundant miRNA in both corneal and lens
sues [14]. In cultures of human primary subcutaneous prepithelia, is not altered by the proliferative status of the cor-
neal epithelium. Our findings indicate that most ocular
Correspondence to: Robert M. Lavker, Ph.D., Department of DefyyirNAs are preferentially expressed in a tissue restricted
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METHODS lon membranes (Nytran N; Amersham Biosciences,
Animal care and use conformed to the ARVO Statement foBuckinghamshire (Bucks), U.K.) and fixed by UV cross-link-
the Use of Animals in Ophthalmic and Vision Research. Aling. Membranes were probed witR-labeled oligonucleotides
animal protocols were approved by the Institutional Animalkcomplementary to the miRNAs. Hybridizations were carried
Care and Use Committee of Northwestern University Schoabut at 29°C in 6X SSC, 5X Denhardt’s, 0.2% SDS for 8 h.
of Medicine. Membranes were washed three times in 6X SSC, 0.2% SDS

I solation and preparation of ocular tissues: Wedissected at room temperature, and once af@2n the same buffer.

fresh whole eye globes, footpad, tongue, liver, hindbrain, kid-  In situ hybridization: Tissues for in situ hybridization
ney, heart, and spleens from 5-week-old mice. We isolatedere fixed in 4% paraformaldehyde, dehydrated in a graded
corneal epithelium from adult CD-1 mice eyes (n=100) byseries of ethanol baths, embedded in paraffin, amt Sec-
incubating whole globes in phosphate buffered saline containions were cut and picked up on Superffbstides. Locked
ing 20 mM EDTA for 1 h at 3TC, after which intact sheets of
corneal epithelium were removed from the underlying stroma

TABLE 1.

[18]. The entire lens was removed from the remaining ocule

tissues. During removal of the lens, thin, thread-like materia MicroRNA Cornea Footpad

most likely the ciliarus muscle (see Results) and possibly th

ciliary body were occasionally attached to the surface of th -

lens. Accordingly, we have named this fraction “lens/ciliary”] 1R-184 6110 69

to reflect this fact: The material that remain'e.d following re miR-205 3900 2070

moval of the anterior segment and the lens/ciliary fraction wa

designated as the “retina-rich” fraction. We isolated relativel) miR-26a (b) 1940 2922

pure epithelium from mouse foot pads (n=6) by removing th DN 3

underlying stroma, subcutaneous fat, and tendons with gent miR-200b (C’a) 1940 421

scraping using a scalpel blade. miR-31 1900 63

I solation of low molecular weight (LMW) RNA: We exracted :

total RNA from the dissected tissues using Trizol (Invitrogen mR-24 1850 5187

Carlsbad, CA). LMW RNA was separated from the total RNA iniR-23a (b) 1840 8828

using mirVana miRNA purification columns (Ambion, Aus- :

tin, TX). Samples (100 ng) of the starting total RNA and higr miR-204 1550 46

molecqlar weight RNA de'pleteq of miRNAs were analyzec miR-30¢ (d,a,b) 1360 1525

by capillary electrophoresis (Agilent Bioanalyzer, Palo Alto, i

CA) to assess the degree of purification. Absorbance pea| miR-125b (a) 1280 2436

corresponding to 5S, 18S, and 28S remained unchanged o "

the depleted flow-through fraction compared with the tota m%R 450 1275 4l

RNA sample. However, a set of peaks corresponding to ttf miR-217 1135 1435

small (micro) RNAs in the total RNA sample were absent ir -

the fractionated flow through RNA. miR-16 1110 1371
Arraglfanalys'ds: | We analyzed tr}e Ll\ﬂ,\/\f RNAs dthat we | miR-341 1035 149

prepared from adult mouse corneal epithelium and compare :

it with epithelial-rich footpad using miRMAX (Bionomics miR-203 910 17881

Research and Technqlogy C.enter., Rutgers pniversity, Rutgel 111R-27b (a) 875 4181

NJ) and NCod® Multi-Species miRNA (Invitrogen) arrays. _

In a separate series of experiments we used the NCiolae- miR-29a 865 2597

Species mlRNA arrays tp obt'am mlR'NA expression profiles miR-130a 745 445

of the lens/ciliary and retina-rich fractions. These arrays cor _

tain all known miRNA genes from human, rat, mouse, Droso, miR-181a (b) 745 100

phila, andC. elegans. Briefly, the mature miRNAs in 200 ng :

of LMW RNA were labeled using either a Genisphere Array miR-182 720 68

900miRNA Direct kit for labeling or a NCo&8tmiRNA La-

beling System, and then hybridized to the array chips. Th

corneal- and footpad-epithelial samples were labeled with e let-7 (f) 1420 1325

ther Cy5 or Cy3. Labeling and hybridizations were performea

by 'the Blonomlcs Research and Technology C_e,nter’ ngeﬁle Highest Expressed miRNAs in corneal versus footpad epithelia.
University, Rutgers, NJ, and the Array Core Facility at North-rhe nymbers under the “Corea” and “Footpad” column indicate the
western University, Chicago, IL. relative intensity of the hybridization signal. The letters in parenthe-
Northern blots: Total RNA was fractionated on a 15% ses represent other family members with lower signal intensities and
denaturing (8 M urea) polyacrylamide gel, transferred to nythe “f” in parenthesis indicates entire family.
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nucleic acid (LNA)-modified, digoxigenin (DIG)-labeled abundant in the corneal epithelial RNA and absent in RNA
probes were generated by Exigon (Vedbaek, Denmark). THeom the footpad epithelium (Figure 1). Likewise, mir-204 and
LNA technology chemically modifies the sugar-phosphate31 were also expressed in corneal epithelium and were ab-
backbone of the oligonucleotide to increase thermal stabilitygent in footpad epithelium (Figure 1). Relatively equivalent
which improves hybridization properties [19]. Deparaffinizedsignals for mir-205 and let-7, two highly expressed miRNAs,
sections were treated for 5 min with proteinase Ku@®nl)  were observed in both preparations (Figure 1), consistent with
followed by 30 s in 0.2% glycine. Sections were refixed inthe array data (Table 1). Converse to what was observed for
4% paraformaldehyde for 10 min, washed twice in PBS, anthir-184, mir-203 was abundantly expressed in the RNA iso-
were prehybridized for 2 h in hybridization buffer (50% lated from the footpad epithelium and was absent in corneal
formamide, 5X SSC, 0.4% Tween, 9.2 mM citric acid [pH 6],epithelium (Figure 1). Taken together, the northern analysis
50 ug/ml heparin, 50Qug/ml yeast RNA). Tissues were hy- was uniformly consistent with the array findings and validated
bridized overnight in the presence of 20 nM digoxigenin lathe miRNA expression profiles.
beled probe at 23C. Slides were washed twice in 2X SSC at  The high hybridization signal intensities seen for mir-184
37°C followed by a high stringency wash in 50% formamide,and -205 compared to what was detected for let-7, a miRNA
2X SSC at hybridization temperature. Immunological detecgenerally expressed in high levels in many tissues [21,22],
tion was carried out with the anti-digoxigenin Fab conjugategrompted us to investigate whether other tissues expressed
to alkaline phosphatase (Roche, Mannheim, Germany) accortiese miRNAs. Thus we determined the distribution of mir-
ing to manufacturer’'s recommendation. 184 and mir-205 in corneal epithelium, footpad, tongue, small
Corneal wounding and detection of rapidly cycling cells: intestine, epidermis, brain, heart, liver, kidney, and spleen (Fig-
Seven- to 10-week-old male and female CD-1 mice (n=6) wenare 2A,B). Unexpectedly, mir-184 was absent from all tissues
anesthetized with gamma-hydroxybutyric acid (ip injection
of 100ul of 10% solution in PBS). A 1.5 mm central corneal .
area was demarcated with a trephine and the corneal epithe- er CO Fp
lium was physically removed with a rotating diamond burr.
Twenty-four and 48 h following wounding, mice received
BrdU (50 ug/g; ip), and were sacrificed 1 h after injection. 184
The entire eyes were removed and processed for histology, in P
situ hybridization and immunohsitochemistry as described

previously [20]. 204
31

-
-

|
[ == L RSNy

RESULTS

MicroRNAsand theanterior surface epithelia: microRNA
expression profiling: To obtain a representation of the miRNAs
present in the adult mouse corneal epithelium, we performed
array analyses on LMW RNA isolated from corneal epithe- ”.
lium and compared it with LMW RNA isolated from the epi- 205
thelial-rich footpad (Table 1). We chose the footpad epithe- — -
lium as another example of a stratified epithelium for com-
parison with the corneal epithelium. Repeated analyses from Iet_7
two different facilities consistently revealed that miRNA (mir)- '
184 had the highest hybridization signal of all the corneal epi-
thelial miRNAs; its corneal expression was about 90 fold 203
greater than that detected in the footpad epithelium. Mir-31
and mir-204 also had high hybridization signals in corneal
epithelium and relatively low signal intensities in the footpad
fraction. Mir-205 had the second highest hybridization signal
overall; however, this miRNA was also highly expressed in 5S
the footpad epithelium (Table 1). Within the footpad epithe-
lium, mir-203 had a hybridization signal that was about 20 ) o _
fold greater than that observed in corneal epithelium makin igure 1. MicroRNAs show varying distribution with corneal and

: . : . . otpad epithelia. Total RNA from adult mouse corneal (Co) and foot-
it a preferentially expressed footpad epithelial miRNA (Tablepa d (Fp) epithelia were analyzed by Northern hybridization #ath

D). . L . labeled oligonucleotides to mir-184, -204, -31, 204, let-7, and -203.
To validate our array findings, we assessed RNA isolategypression of mir-184, -204, and -31 is restricted to the corneal epi-

from preparations of corneal and footpad epithelia for the preshelium whereas mir-203 is preferentially expressed in the footpad
ence of some of the highest expressed miRNAs by northegpithelium. Expression of mir-205 and let-7 are noted in both cor-
analysis. We found high concordance between the array amedal and footpad RNA. The 5S ribosomal fraction serves as the load-
northern data (Figure 1). For example, mir-184 was clearljng control.
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Figure 2. Epithelial miRNAs exhibit tissue and cell-type specifiditgndB: Total RNA (10ug) from mouse corneal epithelium (C), footpad
epithelium (Ft), tongue (T), small intestine (SI), epidermis (Ep), brain (Br), heart (H), liver (L), kidney (K), and sp)eeeré€Smalyzed by
northern hybridization witP?P-labeled oligonucleotides to mir-184)(and -205B). Mir-184 was abundant solely in corneal epithelidgy (
whereas mir-205 was present in the RNA from several epithelial tisBue3-H: Mouse anterior segmental epithel&G) and epidermis

(H) were processed for in situ hybridization with digoxygenin-labeled antisense probes for n-a84 ) and mir-205 F-H) and a
scrambled oligonucleotide seng®) Control. Mir-184 is expressed in corneal (c) but not limbal (I) and conjunctival (cj) epithelia. Mir-184
RNA is observed (arrows) in basal and immediately suprabasal cells of the corneal epithelium. Little if any signal foisregelBih the
wing and superficial cells of the corneal epitheli®@ahdD) Boxed areas i€ andD show mir-184 expression restricted to basal and wing
cells. Mir-205 RNA is present in all layers of the peripheral (pc) and central corneal (c) epRhatid@) as well as the limbal (I) and
conjunctival (I) epitheliak). Boxed area it shows mir-205 expression in all layers of the corneal epithelium. A strong signal for mir-205 is
also detected throughout the mouse epidermid )eln the image, s denotes the stroma and d indicates dermis.
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Figure 3. MiRNAs have varied expression patterns within the epithelium of the anterior seyrmedB: A portion of the adult mouse
anterior segmental epithelium processed for in situ hybridization with a digoxygenin-labeled probes for @jy-d®2 217 B). In the
corneal (c) epithelium, mir-182 is expressed in the basal, wing and superficial cells (arrows), as well as throughout(tharodznjunc-
tival (cj) epithelia. In contrast, within the corneal epithelium, mir-217 is expressed primarily in the basal and suphat{asaiws) and not
in the superficial cells. Mir-217 is also expressed in the limbal (I) and conjunctival (cj) epithelia.
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Figure 4. Mir-184 expression in mouse corneal epithelium is independent of prolifefa@o@pplication of a rotating diamond burr to the
surface of the central cornea resulted in the removal of the corneal epithiejiamofv), whereas the peripheral corneal epithelium was intact
(pc). Within 24 h B) the corneal epithelial surface was reepithelialized, and by €8 th¢ corneal epithelium returned towards a normal
phenotypeD-G: Corneal tissues were processed for in situ hybridization with a digoxygenin-labeled antisense probe for mir-184. Twenty-
four h post wounding, no signal for mir-184 was detected in the re-epithelialized central corneal epiihelawéver, a strong signal was
observed throughout the adjacent (pc) nonwounded corneal epithEluRo(ty-eight h post wounding, strong expression of mir-184 is seen
in both the reepithelialized] and adjacent (pc) nonwounded)(corneal epitheliaH-K: Twenty-four {,l) and 48 h ,K) following the
creation of scrape wounds, mice received a pulse of BrdU interperitoneally to label those cells in the S phase of dieigiere Béicrificed

1 h later. Twenty-four h postwounding, no BrdU labeled cells were detected in the reepithelialized central corneal epi)halwme\(er,
numerous BrdU labeled basal cells (arrows) were noted in the adjacent (pc) nonwounded corneal epjthediyndgight h post wounding,
some BrdU labeled basal cells (arrows) were noted in the reepithelialized corneal epithehumig€ there was a reduction in BrdU-labeled
basal cells (arrows) in the adjacent (pc) nonwounlgaérneal epithelium.

Mir B R L C
TABLE 2. 181 . .

MicroRNA | Lens/Cil | MicroRNA | Retina . - ”
miR-184 5370 miR-181a >6555 182 Gt
miR-125b (a) | 2075 miR-125b (a) = >6555 <o Sa e
miR-31 1965 miR-26a (b) | >6555 183 - ' &
miR-204 1780 miR-124a >6555 ==
miR-26a (b) | 1735 miR-204 4635 i e ‘ .
miR-181a (b) 1085 miR-30c 4370 i i 7 :
miR-30c (d,a,b) | 750 miR-182 4300 204 * . “.
miR-23a (b) 655 miR-183 3970 i '
miR-450 530 miR-23b 3550

205

let7 () 120 () 655 ssEENTN K1

The highest expressed miRNAs in lens/ciliary and retina-rich prepd-'9ure 5. MicroRNAs show distinct tissue specificity. Total RNA
rations of adult mouse eyes. The numbers in the “Lens/Cil” andfoM adult mouse brain (B), retina-rich (R), lens (L) and corneal epi-

“Retina” columns indicate the relative intensity of the hybridizationth€lial (C) fractions were analyzed by northern hybridization with

signal. The letters in parentheses represent other family members -/aPeled oligonucleotides to mir-181, -182, -183, -184, -204, and -

with lower signal intensities and the “f" in parenthesis indicates en20°- Within the lens, strong expression is noted for mir-181, -184,

tire family. and -204, while mir-181, -182, -183, and -204 are strongly expressed
in the retina and brain. Note the absence of mir-205 expression in the
lens. The 5S ribosomal fraction serves as the loading control.
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surveyed with the exception of the corneal epithelium (Figurevithin the corneal epithelium that are differentially expressed
2A). In contrast, mir-205 was detected in footpad, tonguen limbal and corneal epithelia, as well as in different cell lay-
epidermis, and corneal epithelium; no signal was detected &rs within the corneal epithelium.
RNA from small intestine, brain, heart, liver, kidney, and spleen  The strong signal for mir-205 noted in both corneal and
(Figure 2B). This suggests that mir-205 might represent a strafootpad epithelial northern blots (Figure 2), as well as the ob-
fied squamous epithelial miRNA. servation that this miRNA gave the second highest hybridiza-
MicroRNAsand theanterior surfaceepithelia: microRNA  tion signal in the corneal epithelial arrays (Table 1), prompted
distribution patterns. We used in situ hybridization to deter- us to investigate further its expression patterns. Mir-205 ex-
mine the distribution patterns of some of the more highly expression was detected throughout the entire corneal, limbal,
pressed corneal epithelial miRNAs. The expression patterand conjunctival epithelia (Figure 2D,F), as well as the muco-
for mir-184 confirmed and extended the array and northeroutaneous junctional epithelium of the eyelid (data hot shown).
data. A strong signal for mir-184 was detected primarily in thén addition, mir-205 was also strongly expressed in the adult
basal and immediately suprabasal cells of the corneal epithsrouse epidermis (Figure 2H) as well as the bulge region of
lium from a 21 day old mouse (Figure 2C,E). Very little signalthe hair follicle (data not shown). MiRNA-217 also had equal
was detected in the superficial cells (Figure 2C,E) In contrashybridization signal intensities in the corneal and footpad epi-
expression of mir-184 was absent in the limbal and conjunctthelial arrays. This miRNA was expressed in corneal, limbal,
val epithelia (Figure 2C), mucocutaneous junction of the eyeand conjunctival epithelia (Figure 3B). The corneal expres-
lid, meibomian gland, and eyelid epidermis (data not shown}kion for mir-217 was most intense in the basal and suprabasal
Thus, the overall expression pattern for mir-184 within thdayers (Figure 3B), whereas mir-205 was expressed through-
anterior segment appears to be highly restricted to the cornealt all layers of the corneal epithelium (Figure 3D). The ar-
epithelium. ray, northern, and in situ data clearly demonstrate that several
One of the other miRNAs that we extensively analyzedniRNAs are preferentially expressed across the epithelium of
(see retina, below) and that was expressed in corneal epitltee anterior segment in a tissue and cell-type specific manner.
lium (Table 1) was mir-182. Thus we compared the expres- Weexamined the effects of corneal epithelial wound heal-
sion patterns of this miRNA with mir-184. The expressioning and the associated changes in epithelial proliferation
patterns for mir-182 in the anterior segment (Figure 3A) wer§20,23,24] on the expression of mir-184. The central region of
distinct from those of mir-184. Mir-182 was expressed in basathe corneal epithelium was physically removed with a rotat-
wing, and superficial cells of the corneal epithelium (Figureng diamond burr (Figure 4A). Within 24 h post wounding,
3), whereas mir-184 was restricted to corneal basal and imvound closure and reepithelialization of the corneal epithe-
mediately suprabasal cells (Figure 2C,E). Furthermore, in cotium was evident (Figure 4B), and by 48 h post wounding, the
trast to mir-184, mir-182 was also expressed in the limbal epeorneal epithelium had returned towards normal (Figure 4D).
thelium (Figure 3). Little if any signal for mir-182 was noted No signal was detected for mir-184 in the reepithelializing
in the conjunctival epithelium. Signal for mir-182 was alsocorneal epithelium 24 h post wounding, whereas strong ex-
detected among the stromal keratocytes (Figure 3A), wherepsession for mir-184 was observed throughout the corneal
the other miRNAs that we examined were limited to the epiepithelium adjacent to the wound (Figure 4E), indicative that
thelial compartment. Thus, it clear that miRNAs are presentounding down regulates mir-184 expression. Forty-eight h
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Figure 6. MicroRNAs reveal distinct expression patterns in the lens epithelium. Neénatad B) and adult C-F) mouse lens were
processed for in situ hybridization with digoxygenin-labeled antisense probes for mi&-I84-204 ) and a scrambled oligonucleotide
senselt) control. Uniform expression of mir-184 is seen in epithelial (e) cells from the germin@}iaed anteriorB) regions of the lens.

In contrast, mir-184 expression is more uniform in the epithelial (e) cells of the germit@tieenjpared with the anterioD( arrows)
regions. Expression of mir-20&)(is uniformly detected in the epithelial cells of the anterior region of the lens. Staining detected in the region
beneath the epithelial layer with the sense congpli§ believed to be non-specific.
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after wounding, strong expression of mir-184 was observedata (Figure 5); strong signals were detected for mir-181, -
throughout the reepithelialized corneal epithelium (Figure 4F)84, and -204. Interestingly, mir-205, which was strongly ex-
as well as the corneal epithelium adjacent to the wound (Figeressed in corneal and other epithelia (Figure 1, Figure 2B),
ure 4G). Little if any proliferation was noted in the was not detected in the lens (Figure 5), indicative that this
reepithelializing corneal epithelium 24 h after wounding (Fig-miRNA is restricted to stratified squamous epithelia.
ure 4H). However, numerous basal cells in the S phase of the MicroRNAsand thelens. microRNA distribution patterns:
cell cycle were observed in the adjacent corneal epitheliurm the adult (21 day) lens, mir-184 was differentially expressed,
(Figure 4l) where a strong signal for mir-184 was also obwith a strong signal detected in the epithelial cells of the ger-
served (Figure 4E). By 48 h post wounding, some proliferatminative zone (Figure 6C) contrasted by a more patchy ex-
ing basal cells were noted in the reepithelialized corneal eppression in the epithelial cells of the anterior zone (Figure 6D).
thelium (Figure 4J). At this time, proliferation in the adjacentThe expression pattern of mir-184 at an earlier developmental
corneal epithelium (Figure 4K) was still prominent. These datéime point (PN day 7) was more equally distributed between
indicate that the expression of mir-184 is down-regulated ithe germinative (Figure 6A) and the anterior (Figure 6B) zones.
the reepithelializing corneal epithelium during the early stageSince we detected mir-204 expression throughout the epithe-
of wound healing. Furthermore, the expression of mir-184 ifial cells of the anterior zone of the adult lens (Figure 6F), this
not significantly altered in the epithelium adjacent to the woun@liminated the possibility that the patchy expression observed
site despite the marked increase in proliferation that occurrddr mir-184 (Figure 6D) was due to tissue damage. Further-
in this region during the healing process. more we observed an equally intense signal for mir-204 in
MicroRNAs and the lens. microRNA expression profil- both the anterior (Figure 6F) and germinative lens epithelial
ing: During our observations of mir-184 expression in thecells (data not shown), highlighting the cell-type restriction of
epithelia of the anterior segment, we consistently observedmair-184 in the adult lens. We noted variable staining in the
prominent expression for this miRNA in the lens epitheliumlens fiber cells beneath the epithelium (Figure 6A-C,F). How-
When lens LMW RNA was analyzed by array hybridization,ever, since this staining pattern was also noted with a scrambled
mir-184 was again the most abundant miRNA (Table 2), thuéontrol) oligonucleotide (Figure 6E), we believe such stain-
confirming our initial observation. Furthermore, many othering represents nonspecific background.
highly expressed corneal epithelial miRNAs (e.g., mir-31, - MicroRNAs and the retina: microRNA expression profil -
181, -204) also gave strong signals in the miRNA lens arrayng: The most highly expressed retinal miRNAs were mir-
(Table 2). Northern analysis of lens RNA confirmed the arrayl81a, -125b, -26a, and -124a, with intensity signals that were

Mir-181 Mir-182 Mir-183
FETBrHLKSFETBHLKSFETBrHLKS

pl*

[

Figure 7. MicroRNAs reveal distinct distribution patterns within the adult mouse rati@d: Total RNA (10ug) from mouse footpad
epithelium (F), whole eye globe (E), tongue (T), brain (Br), heart (H), liver (L), kidney (K), and spleen (Sp) were anahyaeideby
hybridization with*?P-labeled oligonucleotides to mir-184)(-182 (C), and -183 ). Mir-181 (A) was detected in most tissues with the most
abundant signals in the brain, eye, and liver. In contrast mir@Band -183 [E) we restricted to the brain and eeD,F: Mouse retinal
tissues were processed for in situ hybridization with digoxygenin-labeled antisense probes for B)r-182 ), and -183F). Signal for
mir-181 B) is detected primarily in the ganglion cell (gc), inner plexiform (ip), and inner nuclear (in) layers (arrows). Patchjoaxpress
noted in the outer nuclear (on) layer. Mir-189 gxpression is seen in all retinal layers except the pigmented epithelial (pe) region. Mir-183
(F) has the most restricted expression pattern, localized primarily in the outer nuclear layer with a concentration alirtiignguieem-
brane (arrows).
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above the saturation range (Table 2). In addition, mir-182, ium (Table 1), suggesting an ocular preference. Finally, of
183, and -204, which were strongly expressed in the cornetiie miRNAs that we characterized thus far, only mir-204 was
epithelial and lens fractions (Table 1, Table 2), also had higexpressed in the nonpigmented epithelium of the ciliary body
hybridization signals in the retina-rich fraction (Table 2). We(Figure 8). This observation is consistent with a recent study
analyzed the distribution of several of these miRNAs in RNAthat focused on miRNAs expressed in the developing and adult
isolated from the hindbrain as well as the corneal epitheliahervous system [26]. In this study, mir-204 was observed in
lens and retina-rich fractions of the eye (Figure 5). Mir-181, the epithelium of the choroid plexus and the ciliary epithe-
182-, and -183 were detected in brain and retina (Figure 2jum, tissues with similar functions.
confirming a retinal (neuronal) relationship for these miRNAs.
To learn more about the global distribution of mir-181, -182, DISCUSSION
and -183, we surveyed their expression in RNA from footpadn the present study we have characterized the miRNA envi-
epithelium, whole eye globes, tongue, brain, heart, liver, kidkonment that exists in the adult mouse eye. An earlier report
ney, and spleen. Mir-182 (Figure 7C) and mir-183 (Figure 7Eidentified through cloning several miRNAs in mouse eyes, in
had restricted distributions; both were abundant in the braiparticular mir-181, -182, -183, -184, and -204 [14]. We have
and whole eye globe and absent in the footpad epitheliunextended these findings by characterizing the location of this
tongue, heart, liver, kidney, and spleen. In contrast, mir-18@roup of miRNAs within the corneal epithelium, lens, and
was most abundant in brain and also exhibited strong signaistina. Furthermore, we have identified the major miRNAs
in whole eyes and liver, and to a lesser degree in tongue, heagitesent in these ocular tissues using array hybridization. Our
kidney, and spleen (Figure 7A). The wide distribution of thisfindings clearly demonstrate that miRNAs exhibit distinct tis-
mMiRNA is not surprising given its role in regulating skeletalsue and cellular specificity within the corneal epithelium, lens,
myoblast terminal differentiation [25], as well as B-lympho-and retina. This is consistent with the idea that miRNAs may
cyte differentiation [13]. be important in maintaining tissue identity [16,17].
MicroRNAs and the retina: MicroRNA distribution pat- Mir-184 was unique in that it was the most abundant
terns. Within the retina of a young mouse (PN day 7), mir-miRNA in both the corneal and lens epithelia. The epithelial
181 was strongly expressed in the ganglion cell, inner plexispecificity for miRNAs is clearly illustrated by the varied dis-
form, and inner nuclear layers (Figure 7B). Little if any ex-tributions of mir-184 -203, and -205. Whereas mir-184 is en-
pression was detected in the outer nuclear layer. Expressidiched in the corneal epithelium, mir-203 is preferentially ex-
of mir-182 was uniformly detected in all layers (Figure 7D).pressed in footpad epithelium. In contrast, mir-205 exhibits a
In contrast to the other miRNAs, mir-183 expression was redroad range of expression within many stratified squamous
stricted to the outer nuclear layer, with a concentration at thepithelia, suggestive that it represents a more generalized epi-
outer limiting membrane (Figure 7F). In the adult (day 21}thelial mMiRNA. Consistent with this finding, when small RNAs
mouse eye, the expression pattern seen in the outer nucléa8-25 nt) were cloned and sequenced from embryonic (E17.5)
layer with mir-182 and mir-183 localizes to the outer limitingmouse epidermis, mir-205 was highly expressed [27]. There-
membrane of the rods (data not shown). The distinct and oveore, with respect to the corneal epithelium, the restricted ex-
lapping retinal expression patterns of mir-181, -182, and -18@ression of mir-184 highlights the distinct nature of this ecto-
may reflect the special regulatory characteristics of thesgermal lineage.
mMiRNAs. Similar to mir-184, several of the highly expressed cor-
One particularly interesting miRNA observed in this studyneal epithelial miRNAs (e.g., mir-26a, -31, -125b, and -181)
is mir-204 because it was abundant in all three ocular regiorzdso had strong hybridization signals in the lens epithelium.
studied (Table 1, Table 2, Figure 5). Furthermore, it was highlyhis is not surprising given the role that the lens plays in orga-
abundant in corneal epithelium and absent in footpad epitheizing the anterior segment [28,29]. It is tempting to specu-
late that the transcriptional regulation of these miRNAs may
. be governed by “eye specific” transcription factors such as
. IB le Pax6 [30] and references therein. Furthermore, the observed
& }f’ overlapping expression patterns of mir-182 and mir-183 in
v _ < : the retina together with the known clustering of these miRNAs
g el o f on human chromosome 7 and mouse chromosome 6 [14] also
f . suggests a common transcriptional control.
: o | 1 . s Understanding the function of the miRNAs is best
4 y ' : achieved by defining their regulatory target mMRNAs. The dif-
ferential expression of certain ocular miRNAs may provide
g help in assessing potential function as well as targets for fu-
ture study. For example, mir-184 was exclusively restricted to
Figure 8. MiRNA expression in the ciliary epithelium. Of the miRNAs the corneal epithelium and was absent from the adjacent lim-
studied, only mir-204 was detected in the non-pigmented portion ddus. It is well accepted that the corneal epithelial basal cells
the ciliary epithelium (arrow). In the image, le indicates the lens andre more differentiated than the limbal epithelial basal cells
ir indicates the iris. [31-36]. Our observation that mir-184 is restricted to the cor-
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neal epithelium distinguishes further these two adjacent epf- Griffiths-Jones S. The microRNA Registry. Nucleic Acids Res

thelia and suggests that this miRNA may be involved in cor- ~ 2004; 32:0109-11.

neal epithelial differentiation. Further evidence to support thi§- Brennecke J, Hipfner DR, Stark A, Russell RB, Cohen SM. ban-

proposal can be obtained from the wound healing experiments. @M encodes a developmentally regulated microRNA that con-

The observation that mir-184 expression is down-regulated in 'S ¢ell proliferation and regulates the proapoptotic gene hid
. L. . ) in Drosophila. Cell 2003; 113:25-36.

the rgeplthellallglqg C,e,"S (_)f the Wound(-?‘d Come.al ep'the“!mb. Stoves V. |.L.O. symposium on the training of occupational health

highlights the similarities in the regulation of this gene with  rses. Occup Health (Lond) 1969; 21:318-36.

more commonly encountered genes such as the corneal keratins Olsen PH, Ambros V. The lin-4 regulatory RNA controls devel-

[37,38]. Our observation that increased corneal epithelial pro-  opmental timing in Caenorhabditis elegans by blocking LIN-14

liferation during wound healing did not alter the expression of  protein synthesis after the initiation of translation. Dev Biol 1999;

mir-184 indicates that the role of mir-184 is independent of =~ 216:671-80.

the proliferative status of the corneal epithelium, further argull- Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic

ing for a role in demarcating the differentiated corneal epithe- ~ 9€N€ lin-4 encodes small RNAs with antisense complementarity

. . . . to lin-14. Cell 1993; 75:843-54.
lial phenotype. The tightly restricted and abundant exXpressiof, ooinhart BJ. Slack FJ. Basson M Pasquinelli AE, Bettinger JC

of mir-184 to corneal and lens epithelia suggests that this Rougvie AE, Horvitz HR, Ruvkun G. The 21-nucleotide let-7

miRNA might be involved in some aSF)eCt_ of physiolggy that  RNA regulates developmental timing in Caenorhabditis elegans.
is unique and common for both of these tissues; maintenance Nature 2000; 403:901-6.

of transparency, avascularity, and extracellular matrix synthe:3. Chen Cz, Li L, Lodish HF, Bartel DP. MicroRNAs modulate

sis are just a few examples. Our studies highlight the potential hematopoietic lineage differentiation. Science 2004; 303:83-6.
importance of miRNAs in regulating ocular development and 4. Lagos-Quintana M, Rauhut R, Meyer J, Borkhardt A, Tuschl T.
function. The RNase Ill enzyme (Dicer) is necessary for the ~ New microRNAs from mouse and human. RNA 2003; 9:175-9.
processing of short miRNAs from double stranded precursors®- Esau C. Kang X, Peralta E, Hanson E, Marcusson EG,

. . . . Ravichandran LV, Sun Y, Koo S, Perera RJ, Jain R, Dean NM,
[11,39] and therefore mutating Dicer will effectively halt Freier SM, Bennett CF, Lollo B, Griffey R. MicroRNA-143 regu-

miRNA production [39'41]' Recently D'.dé* mice were . lates adipocyte differentiation. J Biol Chem 2004; 279:52361-

crossed to a transgenic mouse expressing Cre recombinase g

driven by the keratin-14 promoter [27,42]. This resulted ime. Sempere LF, Freemantle S, Pitha-Rowe I, Moss E, Dmitrovsky

the absence of miRNAs in the epidermis and severely affected E, Ambros V. Expression profiling of mammalian microRNAs

hair follicle development. Therefore it will be important to uncovers a subset of brain-expressed microRNAs with possible

investigate the global effects that miRNAs have on ocular tis- rqles in murine and human neuronal differentiation. Genome

sues by disturbing the overall production of miRNAs. Use of _ Biol 2004; 5:R13. _

PAX6-driven Cre expression to disrupt the Dicer-1 gene should’- Wienholds E, Kloosterman WP, Miska E, Alvarez-Saavedra E,
. . . L Berezikov E, de Bruijn E, Horvitz HR, Kauppinen S, Plasterk

effectively silence miRNA production in the corneal and lens

. . .. . RH. MicroRNA expression in zebrafish embryonic development.
epithelial cells [43], and therefore provide insightinto the roles  giance 2005: 30%:310_1_ v P

that miRNAs play in the development of these ocular strucg. Gipson IK, Grill SM. A technique for obtaining sheets of intact

tures. rabbit corneal epithelium. Invest Ophthalmol Vis Sci 1982;
23:269-73.
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