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ABSTRACT

MicroRNAs are a highly conserved class of small RNAs that
function in a sequence-specific manner to posttranscriptionally
regulate gene expression. Tissue-specific miRNA expression
studies have discovered numerous functions for miRNAs in
various aspects of embryogenesis, but a role for miRNAs in
gonadal development and sex differentiation has not yet been
reported. Using the chicken embryo as a model, microarrays
were used to profile the expression of chicken miRNAs prior to,
during, and after the time of gonadal sex differentiation
(Embryonic Day 5.5 [E5.5], E6.5, and E9.5). Sexually dimorphic
miRNAs were identified, and the expression patterns of several
were subjected to further validation by in situ hybridization and
Northern blot analysis. Expression of one chicken miRNA,
MIR202*, was observed to be sexually dimorphic, with
upregulation in the developing testis from the onset of sexual
differentiation. Additional data from deep sequencing of male
and female embryonic gonad RNA samples also indicated
upregulation of MIR202* in male gonads. These findings provide
the first evidence of sexually dimorphic miRNA expression
during vertebrate gonadal sex differentiation and suggest that
MIR202* may function in regulating testicular development.

chicken, embryonic gonad, gene regulation, microRNAs,
MIR202*, sex determination, testis

INTRODUCTION

MicroRNAs are highly conserved, small noncoding RNAs
that account for approximately 1%–1.5% of all cellular
transcripts and may target up to 30% of protein coding genes
in animals [1, 2]. The latest release of the miRNA registry [3]
(miRBase release 12.0, September 2008; http://microrna.
sanger.ac.uk/sequences/ ) reports a total of 8619 miRNAs

across plant and animal genomes [3]. MicroRNAs are
expressed either as single transcription units or as polycistronic
transcripts from miRNA clusters, encoded within intronic or
intergenic regions of the genome [4]. RNA polymerase II
drives transcription of miRNAs as inverted repeats embedded
in long primary transcripts, which spontaneously fold to form
imperfect long hairpins called primary or pri-miRNAs [4–6].
Primary miRNAs are processed into shorter hairpin precursor
miRNAs, or pre-miRNAs, in the nucleus by the RNase III
enzyme complex of DROSHA(RNASEN)/DGCR8 [7]. Pre-
cursor miRNAs are translocated into the cytoplasm by the Ran-
guanosine triphosphatase, exportin 5 (XPO5) [8, 9]. In the
cytoplasm, the RNase III enzyme DICER1 cleaves the pre-
miRNA to form a double-stranded miRNA duplex comprising
a mature miRNA (guide strand) and a partially complementary
passenger, or ‘‘star’’ (*), strand [6, 10].

The mature miRNA associates with argonaute proteins in
the RNA-induced silencing complex (RISC) to direct transla-
tional repression by binding to regions of complementarity in
30 untranslated regions of target mRNAs [11, 12]. RISC
loading has been shown to be largely asymmetric, with only a
single strand of the miRNA duplex being incorporated to direct
silencing [13, 14]. However, some miRNA duplexes encode
mature miRNAs on both strands, and recent evidence suggests
that strand bias in miRNA expression may be influenced by
tissue-specific processing factors [15] or may be specific to
individual miRNAs [16].

In plants, miRNA targets perfectly complementary binding
sites, which commonly occur within the coding region of the
mRNA. This perfect complementarity results in RISC-
mediated cleavage of the target mRNA, which is then degraded
[17]. Animal miRNA-binding sites, however, show only partial
complementarity to the miRNA sequence and are located
within 30 untranslated regions of target mRNAs [18, 19].
Imperfect miRNA-target interaction causes translational re-
pression of target mRNAs. More recently, miRNAs have also
been reported to induce translational repression by interacting
with imperfect binding sites within coding regions of target
mRNAs [20]. Translational repression induced by miRNAs
occurs through several possible mechanisms: RISC-mediated
recruitment of deadenylation and decapping machinery to
destabilize the mRNA; sequestering the mRNA into cytoplas-
mic P bodies via binding of trinucleotide repeat-containing 6A
(TNRC6A; also known as GW182) to RISC components; or
disrupting the binding of translation factors to inhibit
translation initiation or elongation [18, 21, 22].

Many developmental and cellular differentiation processes
are regulated by miRNAs, including limb development [23,
24], skeletal and cardiac myogenesis [25, 26], neuronal
differentiation and patterning [27, 28], stem cell pluripotency
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[29], hematopoiesis [30], and brain development [31].
However, a role for miRNAs in gonadal development has
not hitherto been reported.

The gonads are unique among embryonic organs because
they follow one of two divergent pathways: ovary or testis
formation. The chicken embryo (Gallus gallus) is a particularly
good model for studying gonadal development because
embryos are readily available and accessible for manipulation.
The genome sequence is also available for the chicken,
enhancing its use as a model for functional genomics studies
in development. The catalog of chicken miRNA expression
during embryonic development has also been characterized
using deep sequencing [32], providing a strong background of
information for analysis of tissue-specific miRNA signatures in
chicken embryos.

Although sex in birds and mammals is determined
genetically, the mammalian and avian sex chromosomes are
not homologous [33]. In the chicken, the male is homogametic
(ZZ), and the female is heterogametic (ZW). During gonadal
development, genetic pathways are differentially activated in
males and females to initiate testis or ovary development [34].
In mammals, the Y-linked gene, sex-determining region Y (SRY
in human; Sry in mouse), is expressed from an early stage in
male gonads and initiates testis development [35]. A number of
other genes, including SRY-box 9 (SOX9/Sox9), encode factors
that act downstream of SRY to coordinate male testicular
differentiation [36]. Similarly, several female-determining
factors, including R-spondin homolog (RSPO1/Rspo1), wing-
less-type MMTV integration site family, member 4 (WNT4/
Wnt4), and forkhead box L2 (FOXL2/Foxl2), mediate ovary
development [36–38]. The SRY/Sry homolog is absent from the
chicken genome and those of other birds, and no equivalent
avian primary sex-determining gene has yet been characterized
[39]. Therefore, the mechanism of avian sex determination
remains unknown. Gonadogenesis, however, is generally
conserved at a morphological level between birds and mammals
[40]. This implies that many of the underlying genetic control
mechanisms are also likely to be conserved [41, 42].

In the chicken embryo, the gonads form on the ventral
surface of the mesonephric kidney around Embryonic Day 3.5
(E3.5; Hamilton-Hamburger stage [HH] 19–20) [43]. The
gonads remain bipotential (undifferentiated) in both sexes until
E6.5 (HH 29–30), when the onset of sexual differentiation is
first observed histologically. From E6.5 onward, seminiferous
cords form in the medulla of the developing testes in the male,
whereas thickening of the gonadal cortex occurs during ovarian
development. In the male, the testes develop bilaterally, whereas
the female gonads develop asymmetrically (only the left gonad
becomes a functional ovary) [41]. Given the involvement of
miRNAs in organogenesis and cellular differentiation [44], it is
likely that miRNAs may also play some role in regulating
embryonic testis and ovary differentiation.

To date, profiling of miRNA expression in reproductive
tissues has been largely associated with characterizing
molecular signatures of ovarian, prostate, and testicular germ
cell cancers [45–47]. Several groups, however, have recently
identified differential miRNA expression in postnatal mouse
testes and ovary [48–50] and during spermatogenesis [51]. One
recent study of miRNAs in the invertebrate urochordate
Oikopleura dioica, the closest living group to vertebrates, has
also reported sex-specific miRNA expression in embryonic
gonads during sexual differentiation [52]. So far, however,
miRNA expression in embryonic gonads at the time of sexual
differentiation has not been reported for any vertebrate species.

Here, we report a microarray-based screen for miRNAs
expressed in embryonic chicken gonads during sexual

differentiation and demonstrate sexually dimorphic upregula-
tion of chicken MIR202* in male gonads, coincident with testis
differentiation. These findings provide the first evidence of
sexually dimorphic miRNA expression in vertebrate embryonic
gonads and suggest a potential role for MIR202* in testicular
development.

MATERIALS AND METHODS

Gonad Tissue Collection and Embryo Sexing

All work using chicken embryos was conducted in accordance with the

Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes, 7th edition, 2004, and in accordance with institutional animal ethics

guidelines (Murdoch Children’s Research Institute and Commonwealth

Scientific and Industrial Research Organisation [CSIRO] Australian Animal

Health Laboratory). Embryonated commercial chicken eggs (Ross 308 and

Rhode Island Red/Australop, cross-strains) were obtained from Research

poultry farm and Bartter Enterprises Pty. Ltd. and were incubated in a

Multiquip E3 egg incubator (Bellsouth Pty. Ltd.). Gonads were dissected from

the ventral surface of the mesonephric kidney of chicken embryos at E5.5,

E6.5, and E9.5 in Petri dishes (BD Falcon) containing diethylpyrocarbonate-

treated PBS (DEPC-PBS). Embryonic Day 9.5 embryos were sexed by gonad

morphology, and gonads were pooled directly into 500 ll of miRNA Lysis/

Binding buffer (LBB; mirVana miRNA Isolation kit; Ambion) and stored at

48C for 24 h prior to miRNA extraction. Individual gonad pairs for E5.5 and

E6.5 embryos were collected into 20 ll of LBB, vortexed for 10 sec, and lysed

on ice or at 48C for 12–24 h. For sexing, lower limb buds from each embryo

were collected into 50 ll of PCR digestion buffer (50 mM KCl; 10 mM Tris-

HCl, pH 8.3; 0.1 mg/ml gelatin; 0.45% Nonidet P-40; 0.45% Tween-20; 0.2

mg/ml proteinase K; stock stored at�208C) at room temperature and digested at

558C for a minimum of 1 h, then at 958C for 10 min to release genomic DNA.

Sexing was carried out by PCR using the method of Clinton et al. [53]. The

PCR mix consisted of 1 ll of digestion mix, 103 RedTaq Reaction buffer

(Sigma-Aldrich), MgCl
2
to 1.5 mM (Promega), 1 unit of RedTaq DNA

polymerase (Sigma-Aldrich), and Milli-Q water (Millipore) to a total volume of

20 ll. Reactions were carried out in Mastercycler S (Eppendorf) PCR machine.

Products were run on 1.5% 13 Tris-borate EDTA (TBE) agarose gels.

MicroRNA Nomenclature

All miRNA names used in this paper conform to the Human Genome

Organization (HUGO) Gene Nomenclature Committ xee Guidelines for Human

Gene Nomenclature and, unless otherwise stated, refer to chicken miRNA

sequences.

MicroRNA Extraction and Purification

All RNA extractions were carried out using the mirVana miRNA Isolation

Kit (Ambion), using the protocol for fractionation and enrichment for small

RNAs. Gonad lysates from E5.5 and E6.5 embryos were pooled according to

sex, in 2-ml RNase-free tubes (Ambion) prior to RNA extraction. Both small

RNA (miRNA, ,200 nucleotides) and high-molecular weight fractions were

collected for each sample and eluted in 100 ll of nuclease-free water (NF-H
2
O)

(Ambion) preheated to 958C. All RNA samples were stored at �208C. RNA

concentrations were determined using a NanoDrop 1000 spectrophotometer

(Thermo Scientific).

Labeling of miRNA Samples for Microarray Analysis

For microarray hybridization, gonad miRNA samples were labeled with

Cy5 (ULS small RNA labeling kit; Kreatech). Briefly, a 500-ng aliquot of

miRNA sample was vacuum dried using SpeedVac (Savant) and was

resuspended in 17 ll of NF-H
2
O (Promega). Labeling reactions containing 17

ll of miRNA sample, 1 ll of ULS-Cy5, and 2 ll of 103 labeling buffer were

incubated at 858C for 15 min, then on ice for 1 min. Excess label was

removed by purification using KREApure columns (ULS small RNA labeling

kit), according to the manufacturer’s instructions. Labeled RNA concentra-

tion and Cy5 intensity were measured using a NanoDrop 1000 spectropho-

tometer.

Microarray Analysis

Custom-designed CustomArray 4X2K microarrays (chip design no. 4166;

CombiMatrix) were used to analyze gonad miRNA profiles. Arrays featured
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1454 DNA probes, including a nonredundant set of probes complementary to

630 vertebrate miRNAs from human (233); chicken (122); zebrafish (132);

mouse (106); and rat (46; miRBase release 6.0 [3]), as well as probes for an

additional 18 predicted chicken miRNA sequences (total chicken miRNA

sequence probes¼ 140). Control probes for each miRNA sequence containing

2 nucleotide mutations (designated ‘‘2mut controls’’) were also included.

Positive control probes for chicken U6 small nuclear RNA (snRNA) and

negative controls for bacteriophage lambda DNA were also included. The

microarray probe identifiers are based on the miRBase nomenclatures, where

human miRNAs are denoted by has-miR, mouse by mmu-miR, zebrafish by

dre-miR, rat by rno-miR, and chicken by gga-miR. Where probes have been

included for chicken miRNAs predicted from existing sequences identified in

other species, the sequence is given the prefix ‘‘gga_candidate,’’ followed by

the miRNA name from the original species (e.g., gga_candidate-dre-21–1). The

‘‘AS’’ suffix following the miRNA name indicates the probe sequence is

antisense to the sequence of the given miRNA.

Solutions and protocols used for microarray hybridization were carried out

according to the manufacturer’s protocol for miRNA 4X2K microarrays (http://

www.combimatrix.com/docs/PTL012_00_4x2K_MicroRNA_Hyb_Imaging.

pdf). Cy5-labeled miRNA samples were concentrated to a volume of 5.1 ll or

less using Microcon YM-30 columns (Millipore) and were hybridized to arrays

at 378C for 4–6 h.

Microarrays were scanned using an arrayWoRx e microarray scanner

(Applied Precision) and arrayWoRx Biochip Reader software (version 2.1.4;

Applied Precision). Five exposure-level images were captured for each array at

0.1, 0.2, 0.5, 1.0, and 2.0 sec, respectively. Image analysis and data extraction

were carried out using Microarray Imager Software (version 5.7.1; CombiMa-

trix) and exported to Microsoft Office Excel (2003; Microsoft Corp.). Total

array intensities for each array exposure were used to identify data sets with

comparable levels of hybridization efficiency. Signal intensities for the selected

data sets were then normalized. Background signal level (80%) was determined

for each array, and background subtraction was applied to raw signal intensities

and then normalized by multiplying by an arbitrary constant of 23 107.

Solexa Deep Sequencing of miRNAs in Embryonic
Chicken Gonads

Gonads were dissected from E5.5, E6.5, and E9.5 embryos and sexed and

pooled as described in Gonad Tissue Collection and Embryo Sexing. Total
RNA was prepared from pooled male and female gonad lysates using the

mirVana miRNA Isolation kit according to the manufacturer’s instructions.

Total RNA was eluted in 100 ll of NF-H
2
O and stored at�208C. Solexa deep

sequencing was carried out at The Leiden Genome Technology Center for

Human and Clinical Genetics, Leiden University Medical Centre (Leiden, the

Netherlands). Polyacrylamide gel electrophoresis (PAGE) was performed to

size select 18- to 40-nucleotide RNAs. Sequencing reactions were run using the

Solexa Genome Analysis System (Illumina). Read count data for chicken

MIR202 and MIR202* were extracted from all reads featuring 30 linker

sequence tags per sample. Read counts for MIR202 and MIR202* were

normalized to the total number of tagged reads per sample. Normalized read

count ratios of miRNA reads:total tagged reads were then converted to whole

numbers by multiplying by a constant value of 1 3 106 for each sample and

were graphed using Microsoft Excel.

Locked Nucleic Acid Probe Design and Labeling

The 50-digoxigenin (DIG)-labeled, predesigned miRCURY locked nucleic

acid (LNA) probes for whole-mount in situ hybridization (WISH) detection of

MIR101, MIR193B, MIR449, MIR202, and MIR202*, as well as unlabeled

MIRscrambled probe, were obtained from Exiqon. Unlabeled MIR17-5P probe

used for WISH was obtained from Sigma-Proligo. Probe sequences (LNA bases

in probes are indicated in lowercase; LNA composition not provided for Exiqon

probes) were: MIR17-5P, 50-ACTAcCTgCAcTGtAAgCTcT-30 (melting tem-

perature [Tm] ¼ 1068C); MIR101, 50-CTTCAGTTATCACAGTACTGTA-30

(Tm¼688C; no. 377011–01); MIR202, 50-TTTTCCCATGCTCTATGCCTCT-

30 (Tm ¼ 758C, no. 37111–01); MIR202*, 50-AAAGAAGTATATGCATAG

GAAA-3 0 (Tm ¼ 688C, no. 37110–01); MIR193B 5 0-AAAGCGG

GACTTTGTGGGCCAGTT-30 (Tm ¼ 828C, no. 37109–01); MIR449 50-

ACCAGCTAACATACACTGCCA-30 (Tm ¼ 768C, no. 37128–01); and

negative control MIRScrambled probe (unlabeled) 50-TTCACAATGCGT

TATCGGATGT-30 (Tm¼ 748C, no. 99001–00). The day before hybridization,

probes were 30 end labeled with DIG (DIG Oligonucleotide 30-End Labeling

Kit, 2nd generation; Roche Applied Sciences) in 100-pmol aliquots, according

to the manufacturer’s instructions. Labeled probes were stored at �208C and

thawed on ice immediately prior to addition to hybridization solutions.

For Northern blot analysis, additional unlabeled LNA probes for MIR202,

MIR202*, and chicken U6 snRNA (cU6 snRNA) were obtained from Sigma-

Proligo. Probe sequences were: MIR202, 50-TTtCCcCATgCTcTATgCCtCt-30;

MIR202*, 50-AAgAAgTAtATgCAtAGgAAa-30; cU6 snRNA, 50-TtTAgTAt-

tATgTGcTG-30. The LNA probes were labeled for Northern blotting with c-32P-

dATP (PerkinElmer) using Optikinase (USB Corp.). Labeling reactions
contained: 1 ll of probe (10 pmol/ll), 2 ll of c-32P-dATP, 2.5 ll of Optikinase

103 reaction buffer, 1 ll of Optikinase enzyme, and 18.5 ll of NF-H
2
O

(Promega), incubated at 378C for 30 min and then denatured at 1008C for 2 min.

Gonad WISH

For WISH, three to four embryonic chicken urogenital systems (UGSs)

were used for each miRNA at each stage. The UGSs were dissected from E6.5

and E9.5 embryos, sexed by PCR, and fixed overnight in 4% paraformaldehyde

(PFA) in DEPC-PBS. Fixed tissues were pooled by sex and washed two times

for 10 min each in DEPC-PBS with 1% Triton X-100 (PBTX), dehydrated by a
series of 20-min methanol/PBTX (MeOH/PBTX) washes (one time 25%, one

time 50%, one time 75%, two times 100%) and stored in 100% MeOH at

�208C for 6–10 days. Tissues were rehydrated through reverse MeOH/PBTX

wash series (20 min per wash), washed two times for 10 min each with PBTX,

then treated sequentially with proteinase K in PBTX (10 lg/ml) at room

temperature for 30 min (E6.5) or 45 min (E9.5), received two 5-min PBTX
washes, and then were refixed in 0.2% glutaraldehyde in 4% PFA/PBS for 20

min.

Tissues were prehybridized at probe hybridization temperatures (228C

below probe Tm) for 2 h in 1.5–2 ml of hybridization solution (50%

formamide; 53 saline-sodium citrate [SSC]; 2% blocking powder (Boehringer);

0.1% Triton X-100; 0.5% 3-[(cholamidopropyl)dimethylammonio]-1-propane-

sulfonate [CHAPS; Boehringer]; 1 ml of yeast RNA [no. R6750; Sigma]; 5 mM

EDTA; and 50 lg/ml heparin). Prehybridized tissues were either hybridized
immediately or stored at �208C for 24–72 h. Prior to hybridization, stored

prehybridized tissues were warmed to hybridization temperature for 2–4 h.

DIG-labeled LNA probes were diluted to 2.5 pmol/ll and added to tissues at

2.5 ll per 1 ml of hybridization solution (typically 5 ll per tube of tissues).

Hybridizations were carried out overnight at the following temperatures:

MIR202*, 468C; MIR101, 468C; MIR202, 548C; MIR193B, 608C; MIR17-5P,

458C, in rocking hybridization ovens. After hybridization, tissues were washed
three times for 20 min in 23 SSC plus 0.1% CHAPS, and three times for 20

min in 0.23SSC plus 0.1% CHAPS, followed by two 10-min washes in TBTX

(50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.1% Triton X-100), and tissues

were blocked in TBTX/sheep serum (SS)/bovine serum albumin (BSA; 13

TBTX, 10% sheep serum [Sigma], and 2% BSA) for 2–3 h at room

temperature. Anti-DIG-AP, Fab fragments (1:2000; Roche Applied Sciences)
were prepared in TBTX/SS/BSA, added to tissues, and incubated overnight at

48C. Postantibody washes (five times for 1 h and overnight) were performed

using TBTX plus 0.1% BSA. For color development, tissues were washed two

times, 30 min each, in TBTX, then three times, 10 min each, in fresh NTMT

buffer (100 mM NaCl; 100 mM Tris-HCl, pH 9.5; 50 mM MgCl; and 0.1%

Tween-20). Color solution was prepared with NTMT buffer and BCIP (175 lg/
ml)/NBT (340 lg/ml; 5-bromo-4-chloro-30-indolyphosphate p-toluidine/nitro
blue tetrazolium chloride) chromogen. Tissues were incubated in color solution

for 20 min in the dark, with rocking, then transferred to glass embryo dishes in

dark boxes for 2–5 h. Images of whole-mount gonads were captured at 1–2 h

(MIR202* and MIR202) or 4 h (MIR101, MIR449, MIR193B, MIR17-5P, and

MIRscrambled) using a Leica MZ9 stereomicroscope fitted with a DFC290
color camera and IM1000 Image manager software (Leica Microsystems).

The WISH-stained tissues were prepared for cryosectioning by overstaining

in NBT/BCIP color solution for 48–72 h, and they were incubated in 30%
sucrose in DEPC-PBS at 48C overnight before being frozen in OCT

(TissueTek) on dry ice-ethanol slurry and stored at�808C. Cryosections were

prepared at 14 or 18 lm using a Leica cryostat and were mounted on Superfrost

plus microscope slides (Thermo Scientific) with aqueous mounting medium

(Aquatex; Merck). Images of sectioned WISH-stained gonads were captured at

2003 or 4003magnification as 32-bit RGB images (20483 2048 pixels) using
an Eclipse 80 inverted microscope (Nikon) fitted with a 103 ocular lens, 203

and 403 objective lenses, and a 14.2 color Mosaic camera (Diagnostic

Instruments). Images were captured and scale bars added using SPOT Imaging

Software (Advanced v4.6; Diagnostic Instruments).

For publication, whole-mount and sectioned WISH images were resized to

3483 348 pixels (version 1.36b; Image J; National Institutes of Health; http://

rsb.info.nih.gov/ij) and saved in TIFF format. For figure construction, TIFF

images were opened in Microsoft Office PowerPoint (2003; Microsoft) and
resized to 5.5 3 4.07 cm for whole-mount images and 4.07 3 4.07 cm for

section images. Scale bars equal 500 lm for whole-mount images and 100 lm

for sectioned images. Zoomed 4003 images of sectioned gonads were prepared

from full-sized original TIFF images cropped in PowerPoint to show indicated
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regions. Scale bars were reimposed onto the cropped image and saved as a

separate TIFF. Cropped TIFF images were resized to 3483 348 pixels (version

4.0; IrfanView, Irfan Skiljan) and saved as a new TIFF. Cropped-resized TIFF

images opened in PowerPoint for figure construction and were resized to 4.073

4.07 cm.

Northern Blot

Gonad miRNA samples were extracted from 12–19 gonad pairs per sex

from E5.5, E6.5, and E9.5 embryos, and 1-lg aliquots were concentrated to

�15-ll volume using Microcon centrifugal filter columns and were combined

with gel loading dye (23 RNA loading dye; Fermentas). Samples were

separated against RNA Decade Markers (Ambion) on 15% Urea-PAGE gel (4.8

g of urea, 3.9 ml of acrylamide/bis 19:1 [Ambion], 2 ml of 53 TBE, 5 ll of

N,N,N0,N0-tetramethylethylenediamine, and 50 ll of 10% ammonium persul-

fate) at 100 volts (V), 200 farad (F), 200 C, in 13TBE buffer and transferred to

Nylon Hybond Nþ membrane (Amersham) using Trans-blot SD Semi-dry

transfer cell (Bio-Rad) at 400 V, 500 F, for 1 h. Membrane was ultraviolet

cross-linked twice (with 1808 rotation) at 122 lJ 3 100 (Stratalinker 1800;

Stratagene). Membrane was prehybridized in 10 ml of prehybridization solution

(50% formamide, 0.5% SDS, 53 sodium chloride, sodium phosphate-EDTA,

and 53Denhart solution plus 10 ll of 100 lg/ml salmon sperm DNA) for 1 h at

428C in a rolling hybridization oven. Radiolabeled LNA probes for MIR202,

MIR202*, or chU6 snRNA were then added to the prehybridization solution

and incubated overnight at 428C. Membranes were exposed to 13 3 18 cm

Medical X-ray film (FUJIFILM) for 2–24 h at�808C. Films were developed by

an X-ray processor (FPM-100A; FUJIFILM) and scanned at 600 dpi using a

flatbed scanner (PowerLook 1000; UMAX Technologies) and MagiScan

Software (version 4.71; UMAX Technologies).

Relative fold changes in miRNA expression levels were calculated from

comparison of Northern blot band intensities. Band intensities were calculated

using the analyze gels function in ImageJ, and graphs were generated using

Excel. Background signal was subtracted from all band intensity values.

Negative values following background subtraction were made equal to 0. The

U6 band intensities were adjusted to account for variation in amount of RNA

loaded between samples by standardizing to highest U6 band intensity (i.e., if

highest band intensity is 2000, then a band intensity of 1500 is standardized by:

1500/2000 ¼ 0.75). Band signal intensities were then divided by standardized

U6 intensity for each sample and multiplied by constant of 100 to obtain

normalized intensity values. All calculations and graphs were generated using

Microsoft Excel.

RESULTS

Microarray Profiling of Gonadal miRNA Expression

In the chicken, the onset of sexual differentiation is evident
histologically at E6.5 (HH 30) [41]. To identify miRNAs that
may regulate testis and ovary differentiation, male and female
gonad miRNA samples from three stages (E5.5, E6.5, and
E9.5) were analyzed by microarray. The microarray design
included probes for a total of 657 chicken, human, mouse,
zebrafish, and rat miRNA sequences (see Materials and
Methods). Microarray analysis of male and female gonads
from E5.5, E6.5, and E9.5 chicken embryos detected
expression of 92 of 140 chicken miRNAs (Fig. 1) and 295 of
the remaining 517 vertebrate (nonchicken) miRNAs (Supple-
mental Table S1 available at www.biolreprod.org; data also
deposited in the Gene Expression Omnibus under accession no.
GSE13154). Given the use of the chicken embryo as a model
for gonad development, analysis of sexually dimorphic miRNA
expression focused only on chicken miRNA expression data
(Fig. 1 and Supplemental Table S2).

Similar numbers of miRNAs were expressed between the
sexes at each time point (Supplemental Table S2). However, a
higher number of miRNAs were expressed in both sexes at
E9.5 compared with earlier stages (Supplemental Table S2).
Sex-specific miRNA expression was observed at each stage,
with a total of nine female-specific and seven male-specific
miRNAs identified (Table 1). Only three chicken miRNAs
showed sex-specific expression at multiple stages: MIR193B
and MIR302A in male and MIR101 in female (Table 1). Three

FIG. 1. The miRNAs expressed in embryonic chicken gonads during
sexual differentiation. Heat map displays all 92 miRNAs detected with
expression in chicken embryonic gonads from E5.5, E6.5, and E9.5.
Expression is color coded to reflect average normalized signal intensity
per miRNA, per sex and stage. Males are shown on the left and females on
the right. Signal intensity values represented by heat map are given in
Supplemental Table S1 under the averages columns.
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of the nine female-specific miRNAs identified were also Z-
linked (MIR101, MIR449, and MIR7).

Across the three stages, 50 miRNAs expressed in both sexes
showed greater than 2-fold differential expression between
male and female gonads (Table 2). The average number of
miRNAs differentially expressed between male and female
gonads also varied between stages (Fig. 2). At E6.5, male
gonads showed a significantly greater number of 2-fold
upregulated miRNAs compared with females (P , 0.01). In
contrast, by E9.5, female gonads showed greater miRNA
upregulation compared with males (P , 0.01). These findings
indicate that sexually dimorphic miRNA expression occurs
during chicken gonadal sex differentiation.

Identification of Sexually Dimorphic miRNA Candidates

Having confirmed differential miRNA expression during
gonadal development, we sought to identify individual chicken
miRNA candidates that may be involved in regulating sexual
differentiation. Analysis of fold-change data for upregulated
miRNAs revealed differential upregulation of MIR202 and
MIR202* in male and female gonads, respectively (Table 2).
This result was of particular interest because these two
miRNAs are encoded by a single miRNA precursor (pre-
MIR202*/202) [3]. Based on the microarray screening,
MIR202 was male enriched across development all stages,
whereas MIR202* was female enriched at E9.5 (Table 2).

These results suggested that MIR202 and MIR202* might be
involved in gonadal differentiation. To investigate this further,
MIR202 and MIR202* were examined using WISH and
Northern blot approaches. A deep sequencing data set generated
as part of a wider study of vertebrate gonadal miRNA expression
(Bannister et al., unpublished results) was also used to extract
data on the relative abundance of MIR202 andMIR202* in male
and female gonads during sexual differentiation.

Validation of Sexually Dimorphic miRNA Expression
During Gonadal Development

In addition to MIR202 and MIR202*, three miRNAs found
to be sex specific by microarray (Table 1) were chosen for

validation by WISH (Figs. 3 and 4): MIR101 (female specific,
multiple-stage expression, Z-linked); MIR449 (female specific,
Z-linked); and MIR193B (male specific, multiple-stage
expression). For a positive control, MIR17-5P was chosen.
This miRNA has been shown previously by in situ hybridiza-
tion to have widespread expression in chicken embryos [54]. A
scrambled miRNA probe was used as a negative control.

WISH was performed on intact embryonic chicken UGSs
(kidneys and gonads) from E6.5 and E9.5 embryos using
miRNA-specific LNA probes (Figs. 3 and 4). Expression of
MIR17-5P was similar in both male and female gonad and
kidney tissues, and no staining was detected in tissues
hybridized with the MIRscrambled probe (Fig. 3). In general,
all of the miRNAs examined by WISH (except MIR202; see
below) showed higher expression in the gonads than in the
surrounding embryonic kidneys (Fig. 3). Expression of
MIR101 was weak in E9.5 male and female E6.5 gonads and
not detectable in male E6.5 gonads.

In general, MIR449 and MIR193B were detected at low
levels, but higher levels than MIR101. Expression of both
MIR449 and MIR193B also increased from E6.5 to E9.5 (Fig.
3). In contrast to the microarray findings, which suggested sex
specificity, both miRNAs were detected in both sexes at both
stages. Negligible dimorphic expression was detected in male
gonads at E6.5 for MIR449, but no difference between male
and female was seen at E9.5. Expression of MIR193B did
appear to be slightly higher in male gonads at E9.5 and higher
in the left than the right female gonad at E9.5 (Fig. 3).
Sectioned gonads for MIR101, MIR193B, and MIR449,
however, did not indicate any significant differences in
expression between male and female gonads (Supplemental
Fig. S1). Taken together, these results suggest that MIR101
may be somewhat female specific at E6.5, and that MIR449
and MIR193B expression does not appear to be sexually
dimorphic in embryonic chicken gonads.

Male Upregulation of MIR202*

WISH was also used to further examine MIR202 and
MIR202* expression. MIR202 was expressed throughout the

TABLE 1. Sex-specific miRNA expression detected in chicken embryonic
gonads.a

Male Female

miRNA 5.5 6.5 9.5 5.5 6.5 9.5

MIR193B 99.4 77.3 188.2
MIR302A 50.9 159.7
MIR455 154.9
MIR124B 66.1
MIR17-3P 51.4
MIR146A 32.5
MIR1A 18.8
MIR101^ 234.6 977.0
MIR29B 352.9
MIR375 314.8
MIR449^ 248.0
MIR30A-3P 221.3
MIR367 98.3
MIR7^ 60.0
MIR30E 47.9
MIR133C 45.7

a Expression is indicated per stage as normalized microarray signal
intensity. Bolded miRNAs are expressed at multiple stages. ^Indicates Z-
linked miRNAs. Blank spaces indicate signal intensity was below the 80%
threshold for normalization, therefore normalized signal intensity equals
zero.

FIG. 2. Average number of miRNAs upregulated greater than 2-fold
during gonadal differentiation. Averages are calculated from the number
of miRNAs expressed 2-fold higher in either sex for at least three replicate
gonad miRNA arrays per sex, per stage. Error bars represent SD. **P ,

0.01 between grouped samples. Total number of miRNAs differentially
upregulated in embryonic gonads was 50. Five of these miRNAs showed
switching in upregulation between male and female at varying stages.
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gonads and embryonic kidneys in both sexes (Fig. 4, A–D).
Overstained and sectioned tissues revealed that MIR202
expression was preferentially localized in the cortex of female
gonads (Fig. 4, G, H, K, and L). In male gonads, expression
was stronger in the developing seminiferous (testis) cords than
interstitium (Fig. 4, E, F, I, and J). In contrast, MIR202*
expression was detected specifically in the gonads and not in
the surrounding kidneys (Fig. 4, M–P). Expression was clearly
higher in male versus female gonads at both stages examined
(Fig. 4, compare M and N to O and P). In overstained sections
for female gonads, MIR202* was detected throughout the
gonad, with stronger expression detected in the medulla at E6.5
(Fig. 4, S and W) but preferentially localized within the cortex
at E9.5 (Fig. 4, T and X). In males, MIR202* expression was
restricted to the developing testis cords (Fig. 4, Q, R, U, and

V). These results further suggest that expression of MIR202

and MIR202* may be subject to specific regulation during

gonadal sex differentiation in the chicken embryo.

Analysis of deep sequencing data was used to verify the

relative abundance of mature MIR202 and MIR202* sequences

expressed between male and female embryonic gonads during

sexual differentiation. These data reported similar numbers of

normalized sequence reads (abundance) for mature MIR202 in

male and female gonads at E5.5 and E6.5 (Fig. 5). At E9.5,

read counts for MIR202 were 2.4-fold higher in male gonads

(Fig. 5). However, for MIR202*, normalized sequence reads

were higher in male versus female gonads at all stages (Fig. 5).

By fold-change, MIR202* was upregulated in males 1.1-fold at

E5.5, 1.5-fold at E6.5, and 2.6-fold at E9.5. The deep

TABLE 2. Differentially expressed miRNAs in chicken embryonic gonads showing fold changes.a

miRNA

E5.5 E6.5 E9.5

miRBase IDMale Female Male Female Male Female

MIRLET7F 4.0 MIMAT0001162
MIR100 1.2 3.2 1.5 MIMAT0001178
MIR106 1.2 2.1 1.0 MIMAT0001142
MIR10B 1.1 2.9 MIMAT0001148
MIR124A 2.8 2.4 1.0 MIMAT0001128
MIR125B 1.3 2.4 1.3 MIMAT0001105
MIR128A 1.6 9.7 MIMAT0001123
MIR138 3.5 1.9 MIMAT0001122
MIR148A 8.5 MIMAT0001120
MIR155 5.1 2.8 MIMAT0001106
MIR15A 1.4 2.6 MIMAT0001117
MIR15B 1.8 9.2 1.9 MIMAT0001154
MIR16 1.4 6.2 1.7 MIMAT0001116
MIR181A 1.7 2.2 1.1 MIMAT0001168
MIR187 6.9 9.6 MIMAT0001124
MIR18A 3.6 2.6 1.4 MIMAT0001113
MIR18B 2.3 2.0 2.1 MIMAT0001141
MIR196 2.5 1.5 1.2 MIMAT0001121
MIR199(A) 1.4 3.7 1.7 MIMAT0001152
MIR19B 2.5 1.7 1.4 MIMAT0001110
MIR200A 4.7 MIMAT0001171
MIR200B 2.5 MIMAT0001172
MIR202 1.1 3.2 4.4 MIMAT0003355
MIR202* 4.3 MIMAT0003354
MIR204 1.1 1.1 2.4 MIMAT0001156
MIR205B 1.0 4.0 MIMAT0001164
MIR206 2.9 1.1 MIMAT0001139
MIR20A 1.4 2.0 1.2 MIMAT0001111
MIR20B 1.2 2.4 1.1 MIMAT0001411
MIR218 1.3 4.2 MIMAT0001144
MIR23B 1.3 2.7 1.3 MIMAT0001186
MIR24 1.2 2.3 1.6 MIMAT0001188
MIR27B 12.5 MIMAT0001187
MIR301 1.5 3.1 MIMAT0001166
MIR302B* 1.1 1.6 3.6 MIMAT0003356
MIR30A-5P 1.7 3.8 1.1 MIMAT0001135
MIR30C 2.0 6.9 1.5 MIMAT0001137
MIR30D 2.8 6.2 1.3 MIMAT0001129
MIR31 1.1 4.7 1.5 MIMAT0001189
MIR34A 2.3 1.1 1.2 MIMAT0001173
MIR383 2.5 1.2 1.8 MIMAT0003363
MIR429 1.1 7.5 MIMAT0003371
MIR92 1.3 3.4 1.2 MIMAT0001109
MIR99A 1.1 4.7 1.2 MIMAT0001103
Candidate_dre-MIR130C-1 1.5 2.0 1.5
Candidate_dre-MIR146B_1/2 1.1 2.2
Candidate_dre-MIR21–1 2.9 2.7 2.1
Candidate_hsa-MIR222 1.6 3.7 1.5
Candidate_hsa-MIR449B 2.6 1.0 1.3
Candidate_mmu-MIR297–1 2.0 1.0 4.4

a Blank spaces indicate fold change was less than 1.0 fold or normalized signal intensity was equal to zero.
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sequencing, therefore, supported the WISH data for MIR202
and MIR202*.

Expression patterns of MIR202 and MIR202* were further
analyzed by Northern blotting (Fig. 6). Small RNA samples
from male and female embryonic gonads at E5.5, E6.5, and
E9.5 and male and female E9.5 embryonic kidneys were
probed using c-32P-labeled LNA probes to detect mature
MIR202 and MIR202*. Chicken U6 snRNA LNA probe was
used as a loading control. Analysis of MIR202 by Northern
blot detected a major band at 28 nucleotides and a faint band at
approximately 24 nucleotides (Fig. 6a). The 24-nucleotide
band appeared weakly present in all samples, but no
measurable expression in any samples could be resolved after
normalization (data not shown). The 28-nucleotide product was
detected in gonad and embryonic kidney samples (Fig. 6c).
After normalization, the 28-nucleotide product appeared to be
expressed in female gonads at all stages but only detectable in
male gonads at E9.5. Both the 24- and 28-nucleotide sequences

are longer than the mature 22-nucleotide MIR202 sequence

defined by miRBase. The major 28-nucleotide product,

however, was detected repeatedly in favor of any smaller

products; therefore, it was determined that this product was

representative of MIR202.

Using the MIR202* LNA probe, a 21-nucleotide band was

clearly detected in gonad samples but not in kidney samples.

This band corresponded to the size of mature MIR202* defined

by miRBase. Expression of 21-nucleotide MIR202* was weak

but similar in E5.5 male and female samples, but it was clearly

male upregulated at E6.5 and E9.5 (Fig. 6, a and b).

Comparison of MIR202* band intensities indicated expression

of MIR202* was 3.9-fold higher in males at E6.5 and 11.1-fold

higher at E9.5 (Fig. 6b). This result supported the WISH and

deep sequencing data, suggesting male upregulation of

MIR202* occurs in chicken embryonic gonads from the onset

of sexual differentiation at E6.5.

FIG. 3. Analysis of MIR101, MIR449, and
MIR193B expression by WISH. Whole-
mount chicken UGSs from E6.5 and E9.5
embryos probed with LNA probes for
MIR101, MIR193B, MIR499, MIR17-5P
(positive control), and MIRscrambled (miR-
Scram; negative control). Positive detection
of miRNA expression is indicated by blue/
purple staining. Images were taken approx-
imately 4 h after addition of color solution.
Bars ¼ 500 lm.
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DISCUSSION

Expression profiling of miRNAs in embryonic testis and
ovary has not been reported previously for any vertebrate
species. Therefore, we sought to characterize male and female
miRNA profiles in embryonic gonads using the chicken
embryo as a vertebrate model. Our data demonstrate sexually
dimorphic miRNA expression in embryonic chicken gonads—
the first reported for any vertebrate species. Using microarray
analysis, 50 (35.7%) of 140 known chicken miRNAs included
on the microarray were observed to be sexually dimorphic
(Table 2). We identified 7 (5%) of 140 miRNAs to be male
specific and 9 (6.4%) of 140 to be female specific (Table 1).

These proportions of sex-specific miRNA expression in
testis are somewhat similar to those reported previously from
cloning and RT-PCR analyses of mouse postnatal testis
miRNA expression. Ro et al. [49] used RT-PCR to analyze
expression of 122 miRNAs cloned from postnatal mouse testis
tissue and showed that 5% of these were testis specific.
Mishima et al. [50] also reported a comprehensive comparison
of adult mouse testis and ovary miRNA profiles derived by
miRNA cloning analysis. They obtained 49 testis-only and 48
ovary-only cloned miRNAs and confirmed differential expres-
sion of 11 miRNAs between testis and ovary using RT-PCR.
Data published by Landgraf et al. [55] also demonstrate
differential expression of miRNAs between adult mouse testis

FIG. 4. Expression of MIR202 and
MIR202* detected by WISH. Whole-mount
and transverse-sectioned UGSs showing
detection of MIR202 (A–L) and MIR202*
(M–X). Gonads in MIR202 whole mount are
outlined in gray dashed lines. In female E6.5
panels, white dashed line separates cortex
(C) and medulla (M). White arrowheads
indicate testis cords, and black arrowheads
indicate interstitium. Bars ¼ 500 lm (whole
mount) and 100 lm (sections). Area repre-
sented in zoomed, high-power (original
magnification 3400) images (I–L and U–X)
of sectioned gonads is indicated by white/
black dashed-line box in low-power/
unzoomed (E6.5, original magnification
3400; E9.5, original magnification 3200)
images (E–H, Q–T).
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and ovary, as do data from human tissue miRNA profiling [56].
Sequencing analysis of miRNAs in platypus has also identified
a novel set of testis-expressed miRNAs encoded on the X

1
sex

chromosome [57]. Sex-specific miRNA expression is reported
to be coincident with gonadal sex differentiation and
spermatogenesis in the invertebrate urochordate species
Oikopleura dioica [52]. Interestingly, urochordates are the
closest living invertebrate lineage to vertebrates [52] which,
taken together with our data, suggests that sexually dimorphic
miRNA expression during gonadal development may have
originated in invertebrates and has been retained in higher
vertebrates. Given the evidence for sexually dimorphic miRNA
expression in postnatal mammalian testis and ovary, it is also
likely that sexually dimorphic miRNA expression is present in
mammalian gonads during embryogenesis. This, however, has
not yet been reported but could be investigated through
comparison of miRNA profiles in chicken and mouse
embryonic gonads. This may also shed light on the evolution
of gene regulatory networks involved in mediating vertebrate
sex determination.

Microarray analysis revealed dynamic variation in miRNA
expression between male and female embryonic chicken
gonads (Fig. 2). A greater number of miRNAs were
upregulated in male than female gonads at E6.5, a pattern that
was reversed at E9.5. This shift in miRNA upregulation may
reflect differences in tissue reorganization occurring in testis
and ovary differentiation between E6.5 and E9.5. Evidence
from Dicer knockout mice suggests that ovarian miRNA
expression is important for normal uterine and oviduct
development in the female reproductive system [58, 59].
Similarly, miRNAs are important for proliferation of mouse
primordial germ cells and spermatogonia [60]. These and other
roles for miRNAs in cellular differentiation and developmental
pathways [44], taken together with the observed temporal

changes in male and female miRNA expression dynamics,
provide support for miRNA involvement in gonadal sex
differentiation.

We sought to validate a number of miRNAs identified by
microarray as being sex specific or sexually dimorphic. Of

those tested further by WISH, however, the majority (gga-
MIR101, gga-MIR449, and gga-MIR193B) did not show
convincing patterns of sex-specific or sexually dimorphic

expression. Expression of MIR101 did appear to be female
specific at E6.5, as indicated by microarray. But given the

detection in both sexes at E9.5 and the weak level of
expression in comparison with negative control tissues, it is
unlikely that gga-MIR101 is genuinely sex specific. Similarly,

despite observing slightly higher expression of gga-MIR193B
in male versus female E9.5 gonads, the difference was not

FIG. 5. Deep sequencing profile of MIR202* and MIR202 expression in
chicken embryo gonads. Normalized read counts are shown for MIR202*
(black bars) and MIR202 (gray bars) in male and female gonad RNA
samples. Normalized read counts were calculated by dividing the number
of raw read counts for exact miRBase sequences of MIR202* and MIR202
by the total number of tagged reads obtained, per sample. Ratio of
miRNA:total tagged reads was then converted to whole numbers by
multiplying by a constant value of 13 106.

FIG. 6. Northern blot detection of MIR202 and MIR202* expression.
RNA samples purified for miRNA fractions from male and female chicken
embryonic gonads (G) at E5.5, E6.5, and E9.5, and at E9.5 in embryonic
kidney (K). a) Northern blot (1 lg RNA/lane) probed with LNA for
MIR202* and MIR202, and chicken U6 snRNA probed as loading control.
b) Normalized expression of MIR202* in male versus female gonad and
kidney samples, as detected by Northern blot, showing male upregulation
at E6.5 and E9.5. c) Normalized expression of MIR202 as detected by
Northern blot. Normalized values are calculated as a ratio of signal for
chicken U6 snRNA loading control per sample and multiplied by a
constant of 100 to give whole numbers. nt, nucleotide.
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considered to be significant enough to warrant further
investigation.

However, MIR202 and MIR202* expression profiles were
sexually dimorphic, as assessed by different techniques
(WISH, Northern blotting, and/or deep sequencing). Concor-
dant results from deep sequencing, WISH, and Northern
blotting showed that chicken MIR202* is expressed in a
gonad-specific manner and is upregulated in male gonads from
E6.5 (Figs. 4 and 5). Although the deep sequencing, WISH,
and Northern blotting indicated male-specific upregulation of
MIR202*, this was not seen by microarray analysis. Compared
with microarrays, deep sequencing approaches provide a
greater depth of coverage for miRNA expression analysis by
not being restricted to a designated set of probes. Deep
sequencing provides a read count for the relative abundance of
individual sequences present within a sample; in this case,
miRNAs.

Analysis of miRNA expression by deep sequencing ap-
proaches has proven a powerful tool in revealing new miRNAs
in defined cells and tissues [57] and in miRNA expression
profiling of stem cell differentiation states [61] and stages of
chicken embryo development [32]. Since initiation of this study,
the number of miRNAs characterized in the chicken has risen
from 149 to 475 [3] through application of deep sequencing
[32]. We have initiated similar studies using our experimental
system, and preliminary analysis of these early data sets for
MIR202 and MIR202* support the current observations.
Sequencing approaches also limit bias introduced through the
need to label miRNA samples for microarray analysis. In our
case, the labeling process is biased toward miRNAs with higher
guanosine (G) content (Kreatech). This may explain the
discrepancy between microarray, WISH, and deep sequencing
for MIR202*, because it contains only one G residue, whereas
MIR202 contains eight [3]. Thus, the level of MIR202*
expression is potentially underrepresented in the microarray
data. Collectively, these findings highlight the need to employ
multiple approaches for experimental validation of miRNA
expression patterns. In this case, further screening using real-
time PCR could also be used for verifying sexually dimorphic
expression of the remaining candidates identified in this study.

WISH revealed specific localization of MIR202* within the
testis cords of male gonads, with lower, more widespread
expression in female gonads. Both the MIR202 and MIR202*
sequences are highly conserved among human, mouse, rat,
zebrafish, and puffer fish (Fugu rubripes) [3], yet the
biological functions of MIR202 and MIR202* in any of these
species have not been specified. Based on in situ localization of
expression, our results indicate that the function of chicken
MIR202* may be gonad specific and involved primarily in
regulating testicular differentiation. By contrast, MIR202 was
expressed throughout the gonad and adjoining mesonephric
kidney, suggesting its function may be less specific to gonadal
development.

In mouse, expression of CHICK MIR202* homolog in
mouse, MIR202-5P, has been analyzed in postnatal gonads,
where testis expression was significantly higher than ovary
[15]. Similarly, MIR202-5P was among the most abundant
miRNAs cloned and sequenced in postnatal mouse testis [50].
Expression of CHICK MIR202 homolog in mouse, MIR202-
3P, is also enriched in postnatal mouse testis and ovary but,
unlike MIR202-5P, is clearly detected in a range of other
tissues [15]. These results compare closely to our own,
indicating several aspects of MIR202* expression to be similar
between embryonic chicken and postnatal mouse gonads. First,
that MIR202* expression within the embryonic urogenital
system is highly enriched or is specifically restricted to the

gonads. Second, MIR202* is expressed more highly in male
versus female gonads. Lastly, that sexually dimorphic
expression is more pronounced for MIR202* than for
MIR202. These collective observations suggest there may
conservation of MIR202* function in avian and mammalian
gonadal development. More specifically, male upregulation of
MIR202* may play a role in repressing genes involved in
female development or maintaining threshold levels of gene
expression crucial for male testicular development.

Different spatial expression of MIR202* and MIR202 in
sectioned WISH-stained gonads shows that MIR202* expres-
sion is more tightly regulated than MIR202. At both E6.5 and
E9.5, expression of MIR202 was seen in testis cords and, more
weakly, in the interstitium, but MIR202* expression was only
detected in testis cords (Fig. 4). Expression of MIR202* is also
spatially regulated in female gonads, where expression was
preferential in the medulla at E6.5 but stronger in the cortex at
E9.5. By comparison, MIR202 expression was preferentially
cortical at both stages. Thus, our findings indicate that
MIR202* is subject to tighter spatial and sexual regulation
than MIR202 during embryonic gonadal development.

The different spatial expression of MIR202 and MIR202*
observed in developing testes may be mediated by a selective
processing mechanism. The majority of miRNA precursors
encode and express only a single mature miRNA, either the 5P
or 3P strand of the hairpin duplex. The selected strand is
normally that with the lower thermodynamic stability at the 50

end of the sequence [13, 14]. The MIR202 precursor, and an
increasing number of other pre-miRNAs, show more uniform
50 and 30 thermodynamic stability and exhibit paired miRNA
expression (both 5P and 3P sequences encode miRNAs). For
some of these pre-miRNAs, Ro et al. [15] have shown that
strand bias in miRNA expression does occur and is regulated in
a tissue-dependent manner. In our analysis, MIR202* expres-
sion was more restricted than that of MIR202. Therefore,
processing of mature MIR202* from pre-MIR202*/202 may be
selectively mediated by a gonad-specific factor(s) enriched in
male testis cord cells. Alternatively, MIR202* expression may
be suppressed in the majority of tissues by some factor and
expressed only in tissues where this factor is absent. Consistent
with the findings of Ro et al. [15], our data suggest that tissue-
specific processing factors are probably involved in spatially
and sexually regulating differential expression of paired
miRNAs. Therefore, in addition to identifying the function of
MIR202* in embryonic gonads, the apparent differences in
pre-MIR202*/202 processing we have detected between
embryonic gonad and kidney might serve as a useful model
for investigating mechanisms of tissue-specific miRNA
processing.

Our study constitutes the first analysis of sexually
dimorphic miRNA expression in the gonads of a vertebrate
embryo. Using the chicken embryo as a model, we have
identified differential miRNA upregulation between male and
female gonads coinciding with testis and ovary differentiation.
We have also validated sexually dimorphic expression of
chicken MIR202*, showing that it is upregulated in male
gonads from the onset of sexual differentiation. Expression of
MIR202* localizes to testis cords in male gonads and has a
tighter spatial expression profile compared with MIR202.
Although MIR202* upregulation coincides with gonadal sex
differentiation, it is not yet clear whether MIR202* expression
is involved in driving the progression of sexual differentiation,
or whether its upregulation is a consequence of sexual
differentiation. Identification of potential gene targets and
functional studies are now required to examine the role of
MIR202* in gonadal development.
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