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The implantation process is complex, requiring reciprocal interac-
tions between implantation-competent blastocysts and the recep-
tive uterus. Because microRNAs (miRNAs) have major roles in
regulating gene expression, we speculated that they participate in
directing the highly regulated spatiotemporally expressed genetic
network during implantation. Here, we show that two miRNAs,
mmu-miR-101a and mmu-miR-199a*, are spatiotemporally ex-
pressed in the mouse uterus during implantation coincident with
expression of cyclooxygenase-2, a gene critical for implantation.
More interestingly, our in vitro gain- and loss-of-function experi-
ments show that cyclooxygenase-2 expression is posttranscrip-
tionally regulated by these two miRNAs. We report on miRNA-
mediated regulation of uterine gene expression in the context of
implantation. We believe that many other critical genes related to
this process are also regulated by miRNAs. Thus, elucidating the
physiological roles of uterine miRNAs will help us better under-
stand the genetic control of implantation, the gateway to a
successful pregnancy.

mouse � uterus � blastocyst � decidua

MicroRNAs (miRNAs) are a novel family of small (�19–22 nt)
noncoding RNAs transcribed by genomes of most metazoa.

They are diverse in sequence, evolutionary widespread, and in-
volved in sequence-specific posttranscriptional gene regulation by
affecting mRNA stability and/or translation (1–3). In mammals,
mature miRNAs are generated via a unique biosynthetic cascade
involving RNA polymerase II, nuclear and cytosolic RNase III
endonucleases, and their dsRNA binding protein partners.
miRNA-guided RNA silencing is executed by a RNA-induced
silencing complex (RISC) that involves an interaction between a
mature miRNA and its binding site located at the 3� UTR of the
target mRNA (1–3). miRNA-mediated gene regulation is classified
as ‘‘fine-tuning of targets’’ that provides weak regulation and
‘‘switch targets’’ that confers dramatic down-regulation of gene
expression, depending on sequence complementarities between
miRNA and its target miRNA responsive element (MRE) and the
total number of MREs in a given 3� UTR (4). The majority of
mammalian miRNAs are spatiotemporally regulated and influence
a variety of biological processes, including development, tissue
morphogenesis, maintenance of tissue identity, cell growth, differ-
entiation, apoptosis, and metabolism (3, 5). Computational and
experimental approaches predict that the human genome encodes
as many as 1,000 miRNAs, regulating �30% of protein-coding
genes (6–9). This prediction suggests that potentially all cellular
pathways are governed by miRNAs. Emerging evidence also sug-
gests miRNAs’ roles in major diseases, including cancer and viral
infections (10, 11). Recent reports of profound phenotypic abnor-
malities in miRNA-knockout mouse models further document their
crucial roles as regulators of gene expression (12–15).

The implantation process by which a blastocyst establishes first
intimate physical and physiological contact with the uterus is one of
the most critical steps in mammalian reproduction and involves a
host of endocrine, paracrine, autocrine, and juxtacrine modulators

(16). Failure to achieve on-time implantation results in poor
pregnancy outcomes and spontaneous pregnancy losses in mice and
humans (17–19). Uterine sensitivity to implantation in mice is
classified as prereceptive, receptive, and refractory phases (20, 21).
Transition from one phase to another is governed by ovarian
estrogen and progesterone (P4) as master regulators in collabora-
tion with various lipid mediators, cytokines, growth factors, mor-
phogens, and other signaling molecules (20). The human uterus
undergoes similar phases of uterine sensitivity to implantation, and
many molecules regulating implantation in mice are also important
for human implantation (16).

The embryo–uterine dialogue during implantation is comprised
of complex molecular events involving intricate changes in uterine
gene expression. For example, cyclooxygenase-2 (Cox-2), critical for
implantation in mice (22), is expressed in the uterine luminal
epithelium (LE) on day 1 of pregnancy. It is low to undetectable in
the uterus on day-4 morning, but exclusively expressed in the LE
and subepithelial stromal cells surrounding the blastocyst at the
antimesometrial pole on day-4 midnight with blastocyst attach-
ment, persisting through day-5 morning (23). Interestingly, from
day 6 onward, Cox-2 expression switches to the mesometrial pole,
the presumptive site of placentation (23). Although Cox-2-derived
prostaglandins (PGs) are critical to implantation, the underlying
mechanism regulating Cox-2’s restricted, yet coordinated, expres-
sion patterns remains unknown (16). Because miRNAs function as
gene regulatory molecules in developmental processes, we specu-
lated that they also impact the implantation process, perhaps by
regulating Cox-2. Indeed, a recent report (24) of miRNA expression
profiling in human tissues describes that the female reproductive
axis (cervix, uterus, and ovary) has the highest levels of specific
miRNAs, second to the brain.

Here, we provide evidence that miRNAs potentially regulate
gene expression during implantation. Microarray profiling identi-
fied preferentially up-regulated miRNAs in the receptive uterus
before implantation. Computational algorithms predict Cox-2 as
one of the potential targets of two miRNAs, mmu-miR-199a* and
mmu-miR-101a. We found that these miRNAs share striking
similarity to Cox-2 mRNA in their spatiotemporal expression
patterns in periimplantation mouse uteri. In vitro functional assays
confirm their roles in controlling Cox-2 protein levels. Considering
the absolute requirement of Cox-2-derived PGs in implantation and
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decidualization (22, 25), our results show potential roles of uterine
miRNAs in implantation.

Results and Discussion
The Preimplantation Mouse Uterus Expresses miRNAs. We hypothe-
sized that miRNAs, known to cause dramatic and subtle changes in
gene expression (1–3), are involved in regulating gene expression
associated with changes in uterine sensitivity to implantation. To
test this hypothesis, we used microarray analysis to identify miRNAs
expressed in the preimplantation mouse uterus, especially during
the receptive phase when the uterus is permissive to blastocyst
implantation (21). We performed expression profiling with oligo-
nucleotide microarrays and compared the expression patterns of
�380 miRNAs, common to humans, mice, and rats, in day-1
(prereceptive; estrogen dominance) and day-4 (receptive; P4 dom-
inance) pregnant mouse uteri (day 1 � vaginal plug). Each day-1
uterine RNA sample was labeled with cy5 and cy3 dyes separately
and hybridized twice with each differently labeled day-4 uterine
RNA sample (see Experimental Procedures). Fig 1A represents the
combined results from 10 different hybridizations. We found that

32 miRNAs were significantly up-regulated during the receptive
phase [supporting information (SI) Table 1]; some of these miR-
NAs are known to be present at high levels in the human uterus
(24). Noticeably, only five miRNAs were expressed at higher levels
in day-1 pregnant uteri (SI Table 2). Altogether, these results
suggest that miRNAs participate in regulating dynamic changes in
uterine gene expression patterns that occur during the transition
from the prereceptive to the receptive phase.

Biogenesis of miRNAs Occurs in the Mouse Uterus. Having identified
up-regulated miRNAs in the receptive uterus, our next objective
was to confirm that machinery for miRNA biogenesis is operative
in periimplantation uteri. We focused on Dicer and Argonaute
(Ago) proteins because they are the key components of the miRNA
biosynthesis pathway. Dicer is an RNase III endonuclease that
converts pre-miRNA to mature miRNA after its transport from the
nucleus to the cytosol. Embryonic lethality of Dicer1 null mice
confirms its key role during development (26, 27). Conditional
inactivation of Dicer1 also shows its roles in stem cell proliferation
and differentiation, maintenance of centromeric heterochromatin
structure, centromeric silencing, epithelial morphogenesis, and T
cell development (28–31). After Dicer-mediated maturation,
miRNAs are loaded into the RISC that directs posttranscriptional
silencing of target mRNAs (5). Ago proteins are major components
of the RISC. Mammals have four closely related Ago proteins,
Ago1–Ago4, all of which associate with miRNA; however, only
Ago2 is absolutely necessary for embryo development and medi-
ating miRNA-directed target degradation (32, 33). Periimplanta-
tion mouse uteri express Dicer1 and Ago1–4 mRNAs (Fig. 1B), and
Dicer1 protein is also detected in uteri on day-1, -4, and -5
implantation sites (Fig. 1C). Collectively, the results provide evi-
dence for biogenesis of miRNAs in periimplantation mouse uteri.

Spatiotemporal Expression of mmu-miR-199a* and mmu-miR-101a
Closely Matches That of Cox-2 mRNA in Periimplantation Uteri. The
uterus is comprised of distinct cellular compartments, each of which
contributes to pregnancy success (21, 34). For example, the luminal
epithelium serves as a defensive barrier and is the site of blastocyst
attachment, whereas the glandular epithelium secretes factors that
support implantation and embryo development. Stromal cells at the
site of implanting blastocysts undergo decidualization to provide
nutrition to the developing embryo, protect it from maternal
immune responses, and regulate trophoblast invasion into the
endometrium. Because these various uterine cell types produce
distinct sets of gene products that act in concert to allow implan-
tation and decidualization (34), determining the spatiotemporal
distribution of miRNAs in the periimplantation uterus is one way
of identifying their physiological targets. To select specific miRNAs
from 32 potential miRNA candidates relevant to implantation for
further studies, we used a publicly accessible miRNA target pre-
diction program, miRGen (35), and found that three miRNAs,
hsa-miR-101, hsa-miR-144, and hsa-miR-199a*, are predicted to
target Cox-2.

While Cox-2 is critical for implantation (17, 19, 22), Cox-2-
derived PGs are also well known for their abilities to promote
inflammation and tumorigenesis (36). Because implantation events
are highly coordinated, it is conceivable that levels of Cox-2-derived
PGs at the site of action are tightly regulated to avoid unregulated
growth and inflammation. The question remains how uterine Cox-2
expression is regulated during implantation. Unlike Cox-1, mouse
uterine Cox-2 mRNA and protein levels are not regulated by
ovarian P4 and estrogen (23). Additionally, uterine expression of
15-hydroxy-PG dehydrogenase gene, which encodes an enzyme
that inactivates Cox-2-derived prostaglandin E2 is very low to
undetectable at the site of implantation in mice (SI Fig 7). This
finding suggests alternative mechanisms for Cox-2 regulation. The
fact that Cox-2 is a common predicted target for miRNAs hsa-
miR-101, hsa-miR-144, and hsa-miR-199a* led us to speculate that

Fig. 1. miRNA biogenesis in periimplantation mouse uteri. (A) miRNA
profiling with oligonucleotide microarray analysis of day-1 (D1) and day-4 (D4)
pregnant uteri. Yellow spots along the diagonal line represent miRNAs with
similar expression levels between days 1 and 4. Orange spots indicate up-
regulated miRNAs in prereceptive uteri (day 1), and blue spots indicate
up-regulated miRNAs in receptive uteri (day 4). (B) RT-PCR of Dicer1 and
Ago1–4 in periimplantation uteri. �-Actin serves as a control. (C) Western
blotting of Dicer1 protein. Mouse ovary, positive controls; Actin, loading
control. IS, implantation site; IIS, interimplantation site.
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these miRNAs participate in posttranscriptional regulation of uter-
ine Cox-2.

One way to test this hypothesis is to determine whether distri-
bution of these miRNAs correlates with that of Cox-2 mRNA in the
uterus. A positive correlation would indicate that Cox-2 messages
are accessible for miRNA-mediated posttranscriptional control.
Consistent with microarray results, Northern hybridization results
show that levels of these miRNAs are higher in day-4 than day-1 pregnant uteri (Figs. 2A and 3A and SI Fig. 8). However, the major

uterine cell types are comprised of epithelial cells (�5–10%),
stromal cells (�30–35%), and myometrial cells (�60–65%) (37).
Thus, RNA or protein analysis in whole uterine extracts provides
limited information and gives no indication of which cell types are
responding, because of the dilution effect resulting from these
heterogeneous cell populations. Thus, we used in situ hybridization
to examine the spatiotemporal expression of miR-101a and miR-
199a* in periimplantation uteri; miR-144 was not considered for
this study because of its low abundance in the uterus (SI Fig. 8).

Both miR-101 and miR-199a* are conserved between human
and mouse with the murine homolog of hsa-miR-101 designated as
mmu-miR-101a (38, 39). In situ hybridization of these miRNAs was
performed with digoxigenin (DIG)-labeled locked nucleic acid
(LNA)-modified probes. Localization of these miRNAs on days 1,
5, and 6 of pregnancy (Figs. 2B, 3B, and 4A) overlaps with that of
Cox-2 mRNA (23). In day-4 pregnant uteri when Cox-2 is unde-
tectable (23), both of these miRNAs do not show any localized
expression; instead they are present at basal levels throughout the
uterus (Figs. 2B and 3B). Furthermore, the spatial expression
pattern of both miRNAs on days 7 and 8 of pregnancy is similar to
that of Cox-2, primarily expressed at the mesometrial pole of the
implantation site (data not shown). Hybridization signals for these
miRNAs are specific, because a brain-specific miRNA miR-124a
(5) did not show any positive signals in the uterus on days 1 and 5
of pregnancy (SI Fig 9).

Because miR-101a and miR-199a* expression overlaps with
Cox-2 in the pregnant mouse uterus, we assumed that Cox-2 mRNA
expression is posttranscriptionally regulated by these miRNAs. If
so, it is expected that Cox-2 protein levels will be lower than Cox-2

Fig. 2. Mature miR-199a* is expressed in periimplantation mouse uteri. (A)
Northern hybridization with 32P-labeled probe in total uterine RNA samples
on day 1 (D1) and day 4 (D4) of pregnancy. The ethidium bromide-stained gel
served as a loading control. (B) In situ hybridization of uterine cross-sections
with DIG-labeled LNA probe on days 1, 4, 5, and 6 of pregnancy. Arrows
indicate locations of blastocysts. le, luminal epithelium; ge, glandular epithe-
lium; s, stroma; myo, myometrium; M, mesometrial pole; AM, antimesometrial
pole; IS, implantation site. (Scale bar: 400 �m.)

Fig. 3. Mature miR-101a is expressed in periimplantation mouse uteri. (A)
Northern hybridization of total uterine RNA samples from day-1 (D1) and day-
4 (D4) pregnant uteri. The ethidium bromide-stained gel served as a loading
control. (B) In situ hybridization of uterine cross-sections with DIG-labeled LNA
probe on days 1, 4, 5, and 6 of pregnancy. Arrows indicate the location of
blastocysts. Abbreviations are as in Fig. 2. (Scale bar: 400 �m.)

Fig. 4. Uterine expression of miR-101a, miR-199a*, and Cox-2. (A) In situ
hybridization of Cox-2 with 35S-labeled probe (Left) and protein by immuno-
histochemistry (Right) in serial cross-sections from day-5 implantation sites
(IS). (B) In situ hybridization of miR-199a* with DIG-labeled LNA probe on
longitudinal sections from delayed and implanting uteri. Arrows indicate the
location of blastocysts. (C) Uterine Cox-2 and miR-101a levels during experi-
mentally induced decidualization. Western blot shows Cox-2 protein levels at
time points after intrauterine oil infusion (�); noninfused contralateral uter-
ine horns serve as negative controls (�). Actin is a loading control. The
ethidium bromide-stained gels served as loading control for miR-101a North-
ern blot. (Scale bars: 200 �m, A; 400 �m, B.)
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mRNA. To address this, we performed in situ hybridization and
immunohistochemistry on serial sections of day-5 implantation
sites. Indeed, stromal cells positive for Cox-2 protein were far fewer
than Cox-2 mRNA-positive cells (Fig 4A). However, it is also
possible that these miRNAs have more complex functions during
implantation, because one miRNA can target so many genes. The
distribution of an mRNA detected by a radiolabeled probe and its
protein by an antibody cannot be quantitatively compared. In this
respect, we also did in situ hybridization to localize Cox-2 mRNA
using a DIG-labeled probe, the same detection method for miRNA
localization, and found a similar expression pattern (SI Fig. 10).
Nonetheless, differential stability and degradation of Cox-2 mRNA
and protein may also account for this observation.

miRNA Expression Is Correlated with That of Cox-2 During Delayed
Implantation. In mice, ovariectomy on day-4 morning before pre-
implantation ovarian estrogen secretion results in delayed implan-
tation with blastocysts undergoing dormancy. This condition can be
maintained for days with continued P4 treatment. However, a single
injection of estradiol-17� (E2) results in blastocyst activation with
the initiation of implantation (40). We used this model to determine
whether miR-101a and miR-199a* expression in the P4-primed
delayed uterus is different from the activated (P4�E2) uterus
showing implantation. In situ hybridization results show that miR-
199a* is undetectable in the uterus around the dormant blastocyst,
but is expressed in stromal cells surrounding the activated blastocyst
undergoing implantation 24 h post-E2 injection (Fig. 4B). A similar
spatial distribution pattern was detected for miR-101a, but at a
much lower level (SI Fig. 11). This expression pattern is very similar
to that of Cox-2 mRNA, which is induced in the presence of active
but not dormant blastocysts (23). Again, a marked similarity
between localization of these miRNAs and Cox-2 mRNA strength-
ens our contention that these small RNAs are positioned to regulate
Cox-2 levels in the uterus.

Uterine Cox-2 Protein Levels Are Inversely Correlated with miR-101a
Expression During Decidualization. Concomitant to implantation,
uterine stromal cells surrounding the blastocyst proliferate and
differentiate to form the deciduum, which supports the developing
embryo before the formation of a functional placenta (21). In mice,
decidualization can be experimentally induced by intraluminal oil
infusion into a receptive uterus (41). Like the initiation of implan-
tation, Cox-2 is also critical for decidualization and is induced as an
immediate-early gene after oil infusion (22). We performed a time
course experiment to determine how Cox-2 levels are affected after
initiation of decidualization in day-4 pseudopregnant uteri. As
shown in Fig. 4C, Cox-2 protein is detected within 2 h of oil infusion

with further increases at 4 h, with levels then declining over time.
As expected, the noninfused uterine horn did not express detect-
able Cox-2 protein (Fig. 4C). To examine whether Cox-2 expression
during decidualization is under the control of miR-199a* and/or
miR-101a, we determined the expression pattern of these miRNAs
in oil-infused and control uterine horns at the same time points.
Interestingly, unlike Cox-2, both miRNAs are present in the uterus
in the absence of any decidualization stimulus. More importantly,
at each time point after oil infusion, an inverse relationship between
Cox-2 protein and miR-101a expression levels was noted (Fig. 4C),
reinforcing that this miRNA regulates Cox-2 during decidualiza-
tion. No obvious correlation between Cox-2 protein and miR-199a*
expression levels was detected (data not shown). Further investi-
gation will be needed to sort out whether differential posttranscrip-
tional regulation of Cox-2 by these two miRNAs that bind to
overlapping sequences in the Cox-2 3� UTR depends on either the
experimental conditions (in vivo vs. in vitro) and cell types involved
or because of their interactions with different proteins/other mol-
ecules after association of Ago in the RISC–miRNA complexes (1).

miR-101a and miR-199a* Posttranscriptionally Regulate Cox-2. De-
pending on the extent of sequence complementarity between a
miRNA and its target gene, miRNA-guided posttranscriptional
regulation of gene expression follows two distinct mechanisms:
target mRNA cleavage and translational repression. For animal
miRNAs, the sequence complementarities with their targets are
usually restricted to the 5� region of a miRNA, termed ‘‘seed
region’’ (8, 9, 42, 43). The absence of perfect complementarities
between animal miRNAs and their targets leads to translational
repression rather than mRNA cleavage (44). Because of the short
length of the seed region, an animal miRNA is predicted to target
at least 200 genes on average (43, 45). As shown in Fig 5, both
miR-101 and miR-199a* bind to a single overlapping MRE. The
seed sequences (nucleotides 2–8) and the 3�segment of both
miRNAs that are predicted to anneal with Cox-2 mRNA residues
are highly conserved from rats to humans. Thermodynamic analysis
by RNAhybrid (46) indicates that both are strong sites. Interest-
ingly, the loop structure between the annealed segments of the
miRNAs is uniquely exaggerated in primate Cox-2 mRNA by the
insertion of 8 nt. This exaggerated loop perhaps plays a role in
primate-specific regulation of miR-101 and miR-199a* activity.

Because high-throughput experimental systems for validation of
predicted targets are not yet available, major approaches to validate
miRNA targets use in vitro gain-of-function and loss-of-function
analyses (47). We used two independent gain-of-function and a
loss-of-function strategy to show that miR-101a and miR-199a*
repress Cox-2 translation. First, a 200-bp region from the mCox-2

Fig. 5. Cross-species homology of miRNAs targeting COX-2 mRNA. (A and B) The structure and homology of the predicted interactions between Cox-2 mRNA
and miR-101 (A) and miR-199a* (B). (C) The predicted annealing sites of the seed and 3� terminus of these miRNAs are well conserved in Cox-2 mRNA.
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3� UTR containing the putative MRE for miR-101 and miR-199a*
was fused downstream of a luciferase (Luc) reporter gene (Fig. 6A).
Upon cotransfection of this reporter construct with different con-
centrations of miR-101a or miR-199a* in HEK293 cells, Luc
activity decreased in a concentration-dependent manner, whereas
a control (scrambled) miRNA did not show any effect (Fig. 6B).
Because transfection of 2�-O-methyl oligoribonucleotides antisense

to miRNAs of interest inhibits their functions in cultured cells (48,
49), we used a similar approach to reverse the effects of miR-101a
and miR-199a* on mCox-2-3� UTR-Luc activity. Indeed, miRNA-
mediated suppression of Luc activity was reversed up to 50% for
miR-101a and 100% for miR-199a* after addition of 5-fold excess
of antisense constructs for each miRNA, but not by a control
oligonucleotide (Fig. 6C). These results show that both miR-101a
and miR-199a* interact with the 3� UTR of mCox-2 mRNA in vitro,
leading to its translational repression.

Because of the lack of a mouse uterine cell line that spontane-
ously expresses Cox-2 protein, we overexpressed miR-101a and
miR-199a* in Cox-2-expressing HeLa cells, originally derived from
human cervical carcinoma, and examined whether overexpression
of these miRNAs reduces endogenous Cox-2 levels. Indeed, these
miRNAs caused dose-dependent decreases in Cox-2 protein levels
within 72 h of transfection (Fig. 6D). This result provides further
evidence that Cox-2 mRNA is posttranscriptionally controlled by
miR-101a and miR-199a*. We found another interesting inverse
relationship between Cox-2 protein levels and miR-199a* in two
different human cancer cell lines. The colon cancer cell line HCA7
with high Cox-2 protein levels does not express miR-199a*, whereas
a uterine cancer cell line AN3CA expresses significant levels of
miR-199a*, but no detectable Cox-2 protein (SI Fig. 12). In
conclusion, the present investigation provides evidence that
miRNAs are potential regulators of Cox-2 expression in the mouse
uterus during implantation. Considering the dynamic nature of
gene expression that occurs during implantation, other miRNAs
are likely to target other genes expressed during this period.

The process of implantation is a powerful system for studying
various physiological processes including epithelial–epithelial in-
teraction, epithelial–mesenchymal interaction, cell migration and
invasion, vascular permeability and angiogenesis, many of which are
dysregulated under pathological conditions, including tumorigen-
esis (16, 20). Therefore, understanding how miRNAs control
implantation events will not only help us to uncover the underlying
causes of infertility and gynecological complications, but also the
molecular events associated with carcinogenesis. However, devel-
oping uterine-specific conditional null mouse models for these
miRNAs will be required to establish their definitive roles in uterine
biology and implantation.

Experimental Procedures
Animals and Tissue Collection. Mice were housed at the Vanderbilt
University Medical Center Animal Care Facility under the Na-
tional Institutes of Health and Institutional guidelines for the care
and use of laboratory animals. Adult CD-1 females (Charles River,
Wilmington, MA) were mated with fertile or vasectomized males to
induce pregnancy or pseudopregnancy, respectively. Uteri on days
1 and 4 (day 1 � vaginal plug) were collected for microarray
analysis. Implantation sites on mornings of days 5 and 6 were
visualized by the blue dye method (50). To experimentally induce
decidualization, one uterine horn was infused intraluminally with 25
�l of sesame oil on day 4 of pseudopregnancy; noninfused con-
tralateral horns served as control. The delayed implantation mouse
model has been described (23).

Microarray Analysis. Total RNA was isolated with TRIZOL reagent
(Invitrogen, Carlsbad, CA) from day-1 and -4 pregnant uteri pooled
from five mice each. Samples were labeled and hybridized at the
Specialized Cooperative Centers Program in Reproduction and
Infertility Research Array Center (Seattle, WA) with miRNA 400
probe Oligo Set (Ambion, Austin, TX). To eliminate dye bias two
slides were hybridized by the dye flip method for each day 1 versus
day 4 comparison. Data were analyzed and normalized with Gene-
Spring 7.2 software (Agilent Technologies, Santa Clara, CA).

Fig. 6. miR-199a* and miR-101a regulate Cox-2 translation. (A) Renilla Luc-
mCox-2-3� UTR reporter construct. (B) Concentration-dependent decreases in
reporter activity with increasing doses of precursor miR-199a* or miR-101a in
HEK293 cells. A scrambled miRNA had no effect on reporter activity (control). (C)
Antisense inhibitors of miR-199a* and miR-101a relieve miRNA-mediated repres-
sionofCox-2-3�UTR-Luc reporteractivity; scrambledantisensesequence (control)
had no effect. Each transfection was performed in triplicate. Data are presented
as relative Luc activity (mean � SEM). (D) miR-199a* and miR-101a repress
endogenous Cox-2 translation. Concentration-dependent decreases in endoge-
nous Cox-2 protein levels in HeLa cells 72 h after transfection with miR-199a* or
miR-101a precursors. Western blotting of Cox-2 (Upper) and corresponding den-
sitometry analyses (Lower) are shown. Actin, loading control.
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RT-PCR. Total RNA extracted and treated with DNase I was
reverse-transcribed and PCR-amplified (LA Taq polymerase;
TaKaRa Bio USA, Madison, WI) using mouse-specific primers.

Northern Hybridization for miRNAs. Total RNA (25–40 �g) was
resolved through 12.5% urea-polyacrylamide gel under denaturing
conditions, transferred onto GeneScreen Plus membranes
(PerkinElmer, Waltham, MA), and UV-cross-linked. Radiolabel-
ing of miRNA antisense oligonucleotides (SI Table 3) was per-
formed with a StarFire labeling kit (IDT, Coralville, IA) according
to the manufacturer’s instructions. Prehybridization, hybridization,
and washing of membranes were performed as described (51).

In Situ Hybridization of mRNAs. Hybridization using 35S-labeled
cRNA probes was performed as described (52).

In Situ Hybridization of miRNAs with DIG-Labeled Probes. The pro-
tocol is described in SI Text.

Luc Reporter Constructs. A 200-nt region containing the binding site
for miR-199a* and miR-101a from the 3�UTR of mouse Cox-2
mRNA (mCox-2) was PCR-amplified with primers shown (SI Table
4). The PCR product was cloned 3� to the stop codon of the Renilla
Luc reporter in pRL-SV40 vector (Promega, Madison, WI).

Cell Culture and Transfection. HEK293 and HeLa cells (ATCC,
Manassas, VA) were maintained in DMEM (Invitrogen) supple-
mented with 10% heat-inactivated FBS (Sigma–Aldrich, St. Louis,
MO) at 37°C under 5% CO2 in air. HEK293 cells were seeded at
6 � 104 cells per well in 24-well plates and transfected with 125 ng
of mCox-2-3� UTR-Luc construct and 25 ng pGL3 control vector

(Promega) as internal normalization control in the presence and
absence of pre-miRNA precursors (Ambion) with Lipofectamine
2000 reagent (Invitrogen). For in vitro knockdown of miRNA, cells
were cotransfected with mCox-2-3� UTR-Luc construct, miRNA
precursors (2.5 pmol, miR-101a; 10 pmol, miR-199a*) and 5-fold
molar excess of antisense inhibitors. Cells were harvested 30 h after
transfection, and cell lysates were used for dual Luc reporter assays
(Promega). HeLa cells were plated at 3 � 104 cells per well in
24-well plates and transfected with miRNA precursors by using
Lipofectamine RNAiMax (Invitrogen). Cell lysates were collected
72 h after transfection.

Western Blotting. Western blotting was performed as described (53).
Antibodies are actin (sc-1615; Santa Cruz Biotechnology, Santa
Cruz, CA); Dicer1 (ab13502; Abcam, Cambridge, MA); Cox-2
(160112 and 160126; Cayman, Ann Arbor, MI); and HRP-
conjugated donkey anti-rabbit, anti-mouse, and anti-goat antibod-
ies (Jackson ImmunoResearch, West Grove, PA). An ECL kit (GE
Healthcare, Piscataway, NJ) was used for signal detection.

Immunohistochemistry. Immunolocalization of Cox-2 in frozen uter-
ine sections has been described (23, 52).
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