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MicroRNA 21 Blocks Apoptosis in Mouse Periovulatory Granulosa Cells1
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ABSTRACT

MicroRNAs (miRNAs) play important roles in many develop-
mental processes, including cell differentiation and apoptosis.
Transition of proliferative ovarian granulosa cells to terminally
differentiated luteal cells in response to the ovulatory surge of
luteinizing hormone (LH) involves rapid and pronounced
changes in cellular morphology and function. MicroRNA 21
(miR-21, official symbol Mir21) is one of three highly LH-
induced miRNAs in murine granulosa cells, and here we
examine the function and temporal expression of Mir21 within
granulosa cells as they transition to luteal cells. Granulosa cells
were transfected with blocking (20-O-methyl) and locked nucleic
acid (LNA-21) oligonucleotides, and mature Mir21 expression
decreased to one ninth and one twenty-seventh of its basal
expression, respectively. LNA-21 depletion of Mir21 activity in
cultured granulosa cells induced apoptosis. In vivo, follicular
granulosa cells exhibit a decrease in cleaved caspase 3, a
hallmark of apoptosis, 6 h after the LH/human chorionic
gonadotropin surge, coincident with the highest expression of
mature Mir21. To examine whether Mir21 is involved in
regulation of apoptosis in vivo, mice were treated with a
phospho thioate-modified LNA-21 oligonucleotide, and gran-
ulosa cell apoptosis was examined. Apoptosis increased in LNA-
21-treated ovaries, and ovulation rate decreased in LNA-21-
treated ovaries, compared with their contralateral controls. We
have examined a number of Mir21 apoptotic target transcripts
identified in other systems; currently, none of these appear to
play a role in the induction of ovarian granulosa cell apoptosis.
This study is the first to implicate the antiapoptotic Mir21 (an
oncogenic miRNA) as playing a clear physiologic role in normal
tissue function.

apoptosis, granulosa cells, luteinizing hormone, microRNA, ovary

INTRODUCTION

Luteinizing hormone (LH) acts on ovarian granulosa cells to
induce ovulation and luteinization, resumption of oocyte
meiosis, and cumulus expansion, all of which are critical for
female fertility. Luteinization is a terminal differentiation process
characterized by the rapid transition in morphology and function
of the granulosa cell, with phenotypical changes becoming
evident within 5–7 h of the ovulatory surge of LH/human
chorionic gonadotropin (hCG) [1, 2]. Proper luteinization and

sustained progesterone secretion are necessary for maintenance
of pregnancy, and thus survival of periovulatory granulosa cells
is obligatory for pregnancy. Thus, in addition to its differ-
entiative effects, LH also acts as a survival factor by preventing
apoptosis of the granulosa cells [3–5]. Although several
antiapoptotic LH-induced factors have been identified in
periovulatory granulosa cells, including progesterone receptor,
pituitary adenylate cyclase-activating polypeptide, and atrial
natriuretic peptide, it is expected that a conglomeration of factors
are necessary for the molecular changes that need to occur to
ensure both the survival and differentiation of these cells [6–8].

MicroRNAs (miRNAs) are emerging as important media-
tors of differentiation, proliferation, and apoptotic events [9–
14]. Studies have implicated miRNA in the differentiation of
mouse embryonic stem cells [15], effector and memory T cells
[16], and many other tissues/cells [17–19]. Recently, condi-
tional deletion of Dicer1 within granulosa cells using the anti-
Müllerian hormone receptor-2 promoter-Cre (Dicer1 cKO)
demonstrated that miRNAs are essential for normal ovarian
function [20, 21]. Female Dicer1 cKO mice exhibited reduced
ovulation rates, had increased granulosa cell apoptosis, and
were infertile [20, 21]. Our laboratory recently identified 13
differentially regulated miRNAs in murine granulosa cells
collected before and 4 h after the hCG/LH surge [22]. Three of
these miRNAs were highly upregulated, and two (Mir132 and
Mir212) were transcriptionally coregulated and induced by
cAMP in cultured granulosa cells [22]. The remaining highly
upregulated miRNA, Mir21, increased 7.5-fold by microarray
analysis in response to in vivo hCG treatment and is the subject
of this manuscript.

Enhanced Mir21 expression is evident in multiple types of
cancer, including breast, pancreatic, colorectal, and esophageal
[23–27]. Therefore, it has received a substantial amount of
scientific attention to determine the signaling pathways that
dictate its regulation as well as to identify its target gene
transcripts [28–30]. Studies using locked nucleic acid (LNA) or
20 O-methyl-oligonucleotides complementary to Mir21 dem-
onstrate that loss of Mir21 action leads to increased cell
apoptosis in a variety of cell culture systems [31, 32]. Several
Mir21 target transcripts have been identified to explain its
antiapoptotic effect, including programmed cell death 4
(Pdcd4), tropomyosin 1 (Tpm1), phosphatase and tensin
homologue (Pten), serine (or cysteine) peptidase inhibitor,
clade B, member 5 (Serpinb5, previously maspin), reversion-
inducing cysteine-rich protein with Kazal motifs (Reck),
sprouty homolog 2 (Drosophila; Spry2), and heterogeneous
nuclear ribonucleoprotein K (Hnrnpk) and transformation-
related protein p63, Trp63 (Tap63) [30, 33–37]. Although
many different cell types undergo apoptosis in response to
inhibition of Mir21 action, the Mir21 targets implicated vary
widely for different cells [34, 36].

In this study, we examine the temporal expression of Mir21
in murine granulosa cells in response to LH/hCG, and we
examine the function of Mir21 in cultured granulosa cells and
in vivo by depleting mature Mir21 function with LNA
oligonucleotides complementary to Mir21. We provide evi-
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dence that Mir21 acts as an antiapoptotic factor in cultured
murine granulosa cells and in ovarian tissue. Furthermore, we
show that Mir21 expression is transcriptionally regulated in
ovarian granulosa cells in vivo, and loss of Mir21 in vivo
results in reduced ovulation rates.

MATERIALS AND METHODS

Animals and Isolation of Granulosa Cells

All procedures involving animals were reviewed and approved by the
Institutional Animal Care and Use Committee at the University of Kansas
Medical Center and were performed in accordance with the Guiding Principles
for the Care and Use of Laboratory Animals. All experiments were performed
using CF1 female mice from Charles River Laboratories (Wilmington, MA).
Granulosa cell isolation was performed as described previously [22]. Briefly,
for in vivo expression analysis, 19-day-old female CF1 mice were injected i.p.
with 5 IU of equine chorionic gonadotropin (eCG; FSH analog; Calbiochem,
San Diego, CA) to stimulate follicular development, and ovaries were collected
at 12, 24, 36, and 48 h later. To stimulate ovulation and luteinization, mice were
injected 48 h after eCG with 5 IU of hCG (LH analog; Sigma, St. Louis, MO)
and then collected 1, 2, 4, 6, 8, or 12 h later. Granulosa cells were obtained
from the ovarian tissue by follicular puncture into PBS. For each time point,
granulosa cells from three mice were pooled and processed for RNA isolation
or protein analysis, and this was independently repeated four times. For in vitro
analyses, ovaries from 26-day-old CF1 female mice were collected, incubated
for 15 min in M-199 media containing 0.5 M sucrose, and rinsed with M-199
media, and the granulosa cells were expressed by follicular puncture into M-
199 media [38]. This protocol generates a high yield of preovulatory granulosa
cells without the need for eCG treatment.

Ovarian bursal injections were completed as described previously [39].
Briefly, female mice (19 days of age) were injected i.p. with 2 IU of eCG; 24 h
later, mice were anesthetized by i.p. injection of a 1:1 mixture of ketamine
(0.75 mg per animal; Ketaset, Fort Dodge, IA) and xylazine (0.75 mg per
animal; Anased; Lloyd Laboratories, Shenendoah, IA). The ovaries and
associated fat pad were exteriorized through incisions in the dorsal abdominal
wall. To deliver treatments, a Hamilton syringe (10 ll) outfitted with a 33-
gauge needle (458 beveled tip) was passed through the fat pad into the ovarian
bursa. Each animal (n¼ 4) served as its own control, with one ovary receiving
the blocking oligonucleotide and the other vehicle control or a nonspecific
oligonucleotide. Animals were then closed, and 20 h later (i.e., 44 h after eCG)
they were injected i.p. with 2 IU of hCG. To not mask a knockdown effect with
excessive ovarian stimulation, ‘‘physiologic’’ doses of 2 IU of eCG and hCG
were administered to ovarian bursa-treated mice. Animals were killed 16 h after
hCG injection, and the number of cumulus-oocyte complexes in the oviduct
was counted to determine ovulation rate. Ovaries were removed and fixed
overnight in freshly made 4% paraformaldehyde.

In Vitro Granulosa Cell Culture

Isolated granulosa cells were seeded at 2.5 3 104 cells per well into six-well
fibronectin-coated tissue culture plates for gene expression and apoptosis
analyses, and 1.5 3 106 cells per 10-cm tissue culture dish for protein analyses.
An aliquot of the isolated granulosa cells was placed in Trizol (Invitrogen,
Carlsbad, CA) prior to culture to determine ‘‘before-culture’’ expression values.
Cells were cultured in Dulbecco modified Eagle medium/F12 (10% fetal bovine
serum, 1% gentamicin) at 378C with 5% CO

2
. To determine whether plating

affects Mir21 expression, RNA from cells was collected in Trizol at 6, 12, 24,
48, and 72 h after plating. To mimic the culture conditions used during
transfection, another group of cells were cultured for 48 h in serum-containing
medium and then cultured for 24 h in serum-free medium prior to RNA
collection. To determine whether serum affects Mir21 expression, a final group
of cells were cultured in serum-free media from the initial plating. Granulosa
cells treated with hCG (Sigma) or 8-bromo-cAMP (Sigma) were cultured for 48
h in medium containing serum, then with serum-free medium for 24 h prior to
treatment with 8-bromo-cAMP (1 mM) for 1, 2, 4, 6, 8, or 12 h.
Oligonucleotide transfections were performed 48 h after plating, with the
medium containing serum replaced with serum-free medium directly before
transfection.

Oligonucleotide Transfections

The nonspecific control scrambled (anti-NS) and anti-21 20-O-methyl RNA
oligonucleotides were purchased from Ambion (Houston, TX). Locked nucleic
acid oligonucleotides were synthesized with a mix of LNA/DNA nucleotides:
LNA-21 50-TCA GTC TGA TAA GCT A-30, and the nonspecific control

(LNA-NS), 50-CGG CAG TAT GCG AAT C-30 (underlined bases denote the
LNA nucleotides; Integrated DNA Technologies, Coralville, IA). The in vivo
LNA oligonucleotides, LNA-21ps and LNA-NSps, (Integrated DNA Technol-
ogies), were identical in sequence and LNA base location to the in vitro
oligonucleotides, the only difference being the addition of a nuclease-resistant
phospho thioate backbone. The nonspecific scrambled control, LNA-NSps, was
synthesized with a rhodamine attached to the 50 end to allow for visualization
of injection efficiency and tissue incorporation.

Oligonucleotides (42 nM) were mixed with Lipofectamine 2000 reagent
(Invitrogen) and then added to the isolated granulosa cells 48 h after culture at a
final concentration of 42 nM in serum-free media. Mock transfected
(Lipofectamine alone) and nontransfected controls were also performed, and
cells were collected after 24 h. Oligonucleotide-transfected cells were collected
after 4, 8, 12, and 24 h of transfection for protein, RNA, or apoptosis assays. To
determine whether serum withdrawal affected LNA results, serum was
reintroduced 4 h after transfection in a subset of cells, and then cells were
collected 24 h later. Granulosa cell protein lysates were obtained by
resuspending cells in 200 ll of cell lysis buffer (Cell Signaling Technology,
Danvers, MA) with 1 mM phenylmethylsulphonyl fluoride. Cells were
centrifuged at 1000 3 g for 5 min to pellet the cellular membrane debris,
and supernatants were stored at �808C until use. For RNA, cells were
resuspended in 500 ll of Trizol, and RNA was isolated following the
manufacturer’s instructions.

For in vivo transfections, the LNA-21ps and LNA-NSps oligonucleotides
(0.4 nM) were mixed with Lipofectamine 2000 prior to bursal injection. Saline
plus Lipofectamine was used as the vehicle control.

Apoptosis Assay

Granulosa cells were trypsinized, washed twice with cold PBS, and
resuspended in 13 binding buffer (BD Pharmingen, San Jose, CA) at a
concentration of 1 3 106 cells/ml. A total of 100 ll (1 3 105 cells) of the
solution was transferred to a 5-ml polystyrene tube and incubated with 5 ll of
phycoerythrin-conjugated annexin A5 (BD Pharmingen) and 1 ll of live/dead
fixable violet dead cell stain (Invitrogen) for 10 min at room temperature in
the dark. A total of 1 ml of 13 binding buffer was added to the cells,
centrifuged at 1000 3 g for 5 min, and the supernatant was removed. Cells
were resuspended in 1% paraformaldehyde/PBS. The samples were analyzed
by flow cytometry (BD Biosciences LSR II, San Jose, CA) using FACSDiva
research software (BD Biosciences). Annexin A5-positive cells were
considered apoptotic.

RNA Isolation and Quantitative RT-PCR

Total RNA was isolated using Trizol following the manufacturer’s
instructions. Total RNA (250 ng) was reverse transcribed using a stem-loop
primer specific to Mir21 (Applied Biosystems, Carlsbad, CA) [22]. The
resulting cDNA was used in the quantitative PCR reactions using Mir21
Taqman primers and probe (Applied Biosystems). For analysis of primary-
Mir21 transcript (pri-Mir21), Tmem49, small nuclear RNA U6 (Rnu6), and
Gapdh expression, 1 lg of total RNA was reverse transcribed using random
hexamer primers, and with the exception of Gapdh, which used Taqman
primers and probe (Applied Biosystems), quantitative PCR was performed
with the appropriate forward and reverse primer pairs and Power Sybr Green
Master Mix (Applied Biosystems). The primer pairs used are as follows: pri-
Mir21, forward: 5 0-GAC ATC GCA TGG CTG TAC CA-30; reverse: 5 0-CCA
TGA GAT TCA ACA GTC AAC ATC A-3 0; Tmem49, forward: 50-TGG
CAT CGT CAA AGC ATT GT-30, reverse: 5 0-CCG CTG CAC ATA CTG
TTG GT-3 0; Rnu6, forward: 50-CTC GCT TCG GCA GCA CA-3 0, reverse:
50-AAC GCT TCA CGA ATT TGC GT-30. The Tmem49 primers spanned
intron 4 to prevent any possible amplification of the pri-Mir21 transcript,
which starts in intron 10. The standard cycling conditions were 508C for 2
min, 958C for 10 min, followed by 40 cycles of 958C for 15 sec and 608C for 1
min; for Sybr Green assays, a dissociation curve was performed to monitor
potential nonspecific amplification. Data were collected during the 608C
extension step. For small RNA analysis (i.e., mature Mir21), Rnu6 (U6) was
used to normalize data due to an equivalent size. For larger RNA analysis
(i.e., pri-Mir21 and Tmem49), Gapdh was used to normalize data. We have
previously shown both Gapdh and U6 to be valid for normalization [22]. Each
sample was run in triplicate for both the target and the normalizer, and the
average Ct was used in subsequent calculations. Each sample was also run as
a minus RT control to confirm lack of DNA contamination. The delta-delta Ct
method was used to calculate relative fold change values between samples,
with one control sample set to 1 and all other samples compared against it. At
least three independent replicate experiments were used to calculate means
and SEM values [22].

Mir21 FUNCTION IN MOUSE GRANULOSA CELLS 287

D
ow

nloaded from
 w

w
w

.biolreprod.org. 
D

ow
nloaded from

 https://academ
ic.oup.com

/biolreprod/article/83/2/286/3030622 by guest on 09 April 2024



Immunoblotting

Granulosa cell protein lysate concentrations were determined using the Bio-
Rad protein assay (Hercules, CA). Each lysate (15 lg) was denatured by
diluting the sample 1:2 with sample buffer (2.8 ml of distilled water, 1.0 ml of
0.5 M Tris-HCl [pH 6.8], 0.8 ml of glycerol, 1.6 ml of 10% SDS, 0.4 ml of 2-b-
mercaptoethanol, and 0.4 ml of 0.05% [w/v] bromophenol blue) and heating for
5 min at 958C. Proteins were separated on 12% SDS-PAGE gels in 53
electrode running buffer, pH 8.3 (25 mM Tris base, 192 mM glycine, and 0.1%
[w/v] SDS), and transferred to polyvinylidene fluoride membranes (Millipore,
Billerica, MA) in transfer buffer (12 mM Tris-HCl, 96 mM glycine, and 20%
[v/v] MeOH). Blots were incubated for 1 h at room temperature in a 5% milk
solution to block nonspecific binding. Blots were then incubated overnight at
48C with one of the following antibodies: caspase 3 antibody (Cell Signaling
Technology), SPRY2 (Santa Cruz Biotechnology, Santa Cruz, CA), tropomy-
osin 1 (Santa Cruz Biotechnology), PDCD4 (ProSci, Poway, CA), PTEN
(Sigma), and ACTB (Santa Cruz Biotechnology). After washing and incubation
with the appropriate secondary antibody, protein-antibody complexes were
visualized using West Pico Chemiluminescent Substrate (Pierce) following the
manufacturer’s protocol.

Statistical Analysis

Data are displayed as means 6 SEM of replicate samples. Statistical
analysis of data was performed using GraphPad Prism (version 4). When two
groups were compared (i.e., LNA-NS vs. LNA-21), a Student t-test was used to
detect differences between treatments. For multiple-group comparisons (i.e., in

vivo and in vitro time courses), one-way ANOVA followed by a student

Newman-Keuls posthoc test was used to determine differences among the

means. In cases where two variables were examined (i.e., þ/� cAMP time

course and the LNA-NS/21 concentration experiment), two-way ANOVA was

used to determine differences among the means. A value of P , 0.05 was

considered significant.

RESULTS

Mir21 Expression Increases after In Vivo eCG/Follicle-
Stimulating Hormone and hCG/LH Administration

To determine whether transcription of Mir21 increased in
response to the eCG, the expression of pri-Mir21 was
examined by quantitative RT-PCR. Mural granulosa cells
collected from preovulatory follicles (i.e., 0–48 h after eCG
and before hCG) exhibited a 4-fold increased expression of
pri-Mir21 transcript 12 h after eCG, returned to basal levels at
24 h, then increased to an intermediate level at 36 and 48 h
after eCG (Fig. 1A). Mature Mir21 followed pri-Mir21
expression, with levels increasing 6.4-fold at 24 h after eCG
before returning to basal concentrations at 36 h (Fig. 1B).
Despite having its own promoter, a recent study indicated
that Mir21 might be coexpressed with the gene Tmem49, in

FIG. 1. Induction of miRNA 21 by eCG and hCG. Quantitative RT-PCR of pri-Mir21 (A and D), mature Mir21 (B and E), or Tmem49 (C and F) in murine
granulosa cells with eCG alone 0, 12, 24, 36, or 48 h (A–C) or after eCG (48 h) plus hCG for 0, 1, 2, 4, 6, 8, or 12 h (D–F). All quantitative RT-PCR data (n¼
3) were normalized to Gapdh; one-way ANOVA was used to determine statistical differences between time points. Means 6 SEM with different letters
above the bars are different (P , 0.05).
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which it resides [35]. Expression of Tmem49 within
granulosa cells showed no change after in vivo eCG
administration (Fig. 1C).

Mural granulosa cells collected from periovulatory follicles
(i.e., after hCG) exhibited increased pri-Mir21 expression 2 h
after hCG, reaching a maximal 30-fold induction 4 h after
hCG, and then remained elevated through 12 h after hCG (Fig.
1D). In vivo expression of mature Mir21 trailed that of pri-
Mir21 by several hours, with mature Mir21 reaching its
maximum 5.8-fold induction at 6 h after hCG; mature Mir21
remained elevated through 12 h after hCG (Fig. 1E).
Expression of Tmem49 within granulosa cells showed no
change after in vivo hCG administration (Fig. 1F).

In contrast to in vivo Mir21 expression, which demonstrated
a clear transcriptional response, mature Mir21 in cultured
granulosa cells increased 5-fold upon plating, with no
corresponding increase in pri-Mir21 detection (Fig. 2, A and
B). Granulosa cell expression of mature Mir21 increased (P ,
0.05) within 12 h of plating, reaching its apex at 48 h (Fig. 2A).
To determine whether serum withdrawal affected Mir21
expression, serum was removed after 48 h of culture, and no
significant effect on basal mature Mir21 expression was
observed (Fig. 2A). Granulosa cells grown (72 h) in the
complete absence of serum exhibited increased Mir21
expression that was similar to those with serum (data not
shown), and addition/withdrawal of serum was eliminated as a
source of involvement in LNA-21 action in similarly serum-
free-grown granulosa cells (data not shown). Subsequent
cAMP treatments and transfection experiments were done in

granulosa cells removed from serum-containing media and
placed in serum-free media at 48 h after plating. We observed
that cultured granulosa cell expression of Mir21 did not change
in response to treatment of cells with the cell-permeable 8-
bromo-cAMP (Fig. 2C) or after treatment with hCG (data not
shown).

Differential Knockdown of Mir21 by LNA and 20-O-Methyl
Oligonucleotides Leads to Functional Differences

To analyze the function of Mir21, granulosa cells were
treated with either a 20-O-methyl oligonucleotide complemen-
tary to Mir21 (anti-21) or a control scrambled 20-O-methyl
oligonucleotide (anti-NS). Anti-21-treated cells had one ninth
of the expression of mature Mir21 compared with anti-NS-
treated cells (Fig. 3A). The specificity of this anti-21 treatment
was confirmed because detection of two other miRNAs,
Mir132 and Mir212, were not affected (data not shown).
Similarly, knockdown of Mir132 and Mir212 in cultured
granulosa cells had no effect on Mir21 expression [22]. LNA
oligonucleotides have been shown to block miRNA expression
and function to a greater degree than 20-O-methyl oligonucle-
otides [40, 41]. Consistent with these observations, Mir21 in
granulosa cells treated with LNA-21 was one twenty-seventh
of that in granulosa cells treated with the scrambled LNA
(LNA-NS; Fig. 3B). The specificity of LNA-21 was confirmed
because Mir132 and Mir212 expression was not affected (data
not shown). Additionally, there was no change in Mir21 in
granulosa cells that were mock transfected (i.e., lipofectamine

FIG. 2. MicroRNA 21 increases in response to plating and does not change in response to cAMP. Quantitative RT-PCR of mature Mir21 (A) and pri-Mir21
(B) before culture/plating (BC), and 6, 12, 24, 48, or 72 h, or SF, which represents cells 72 h after plating, with the last 24 h in serum-free media. Mature
Mir21 in granulosa cells before culture (BC) and after 72 h of plating (minus serum for the last 24 h) and then treated with 8-bromo-cAMP for 1, 2, 4, 6, 8,
or 12 h of 8-bromo-cAMP treatment are shown in C. Data (n¼ 3) were normalized to Gapdh; one-way (A and B) and two-way ANOVA (C) were used to
determine statistical significance; Means 6 SEM with different letters above the bars are different (P , 0.05).
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alone added) or nontransfected (i.e., no LNA or lipofectamine
added; data not shown).

The 3-fold difference in Mir21 knockdown between the
different Mir21 inhibitors was associated with a marked
difference in cell morphology because only the LNA-21-
treated cells rounded up and pulled off of the dish, a well-
described ‘‘late step’’ in the process of apoptosis (Fig. 4A)
[42]. To confirm apoptosis, cells were stained with annexin A5
and live/dead violet stain, fixed, and then analyzed by flow
cytometry. Annexin A5 labeling indicated that granulosa cells
began undergoing apoptosis within 8 h of LNA-21 treatment,
and by 24 h of treatment 42% of the cells had undergone
apoptosis (Fig. 4B). No change in apoptosis was observed in
the control LNA-NS-treated cells (Fig. 4B). Flow cytometry
also indicated that granulosa cells transfected with anti-21 or
precursor-Mir21 (which increases Mir21) had no effect on
apoptosis at 24 and 48 h after transfection (data not shown). To

further confirm the increase of apoptosis in LNA-21-treated
cells, immunoblotting was performed for cleaved caspase 3, an
active mediator of apoptosis [43]. Detection of cleaved caspase
3 increased in LNA-21-treated cells within 8 h after
transfection but was not increased in anti-21-treated cells
(Fig. 4C). To confirm that serum withdrawal was not having an
impact on the ability of LNA-21 to induce apoptosis, cells were
transfected in the presence of serum or with serum replaced 4 h
after transfection, and in both cases cleaved caspase 3 increased
after transfection (data not shown). Dose-response analysis
using decreasing concentrations of LNA-21 (20, 5, and 1.25
nM; Fig. 5A) displayed decreasing amounts of cleaved caspase
3 (Fig. 5B). Although the 1.25 nM dose of LNA-21 showed a
similar knockdown to anti-21 (one ninth of basal expression),
there was still evidence of increased cleaved caspase 3 in these
cells (Fig. 5).

FIG. 3. Knockdown of Mir21 by 20-O-methyl oligonucleotides or LNA oligonucleotides in cultured granulosa cells. Quantitative RT-PCR of mature
Mir21 in cultured granulosa cells after transfection with 20-O-methyl anti-21 or anti-NS oligonucleotides (A) or with LNA-21 or LNA-NS (i.e., control)
oligonucleotides (B). Data (n¼ 3) were normalized to Gapdh; t-tests were used to determine statistical significance within the oligonucleotide treatment
groups. *Means 6 SEM are different (P , 0.05). Two-way ANOVA comparison of relative values across treatment groups indicated a 3-fold decline (P ,

0.05) in Mir21 between anti-21 and LNA-21 treatment groups, with no difference between anti-NS and LNA-NS-treated cells.

FIG. 4. Induction of apoptosis upon LNA-21 treatment of cultured murine granulosa cells. Bright field image of rounded up cells after 24 h of treatment
with LNA-21 (A). Original magnification 310. LNA-NS-transfected and LNA-21-transfected cells were double stained with annexin A5 and live/dead
violet stain and were analyzed by fluorescence-activated cell sorting 0–24 h after transfection (B). Line graph summarizes the percentage of live cells 0–24
h after transfection, and data (n¼3) were analyzed by t-test; *Means 6 SEM are different (P , 0.05) between the LNA-21 and LNA-NS at that time point.
C) Representative Western blot (n¼3) of caspase 3 and cleaved (active) caspase 3 in LNA-NS-transfected and LNA-21-transfected granulosa cells 4, 8, and
24 h after transfection, or 24 h after transfection with anti-NS or anti-21.
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Known Apoptotic Mir21 Target Transcripts Were

Unaffected by LNA-21 Treatment of Granulosa Cells

MicroRNA 21 has been implicated in the posttranscriptional
regulation of eight apoptotic genes in other cell systems [30,
33–37]. Western blot analyses examined the expression of four
of these proteins at 4, 8, and 24 h after transfection with the
LNA-21 oligonucleotide (Fig. 6). Two others, RECK and
SERPINB5, were also analyzed by Western blot analysis, but
expression of both appeared extremely low in granulosa cells,
as evidenced by the almost nonexistent signal and lack of
differences between LNA-NS and LNA-21 samples (data not
shown). With the exception of PTEN, which exhibited a slight
nonsignificant increase 4 h after treatment with LNA-21, none
of the other proteins exhibited any change in protein expression
(Fig. 6). To confirm whether PTEN might be involved in
mediating Mir21 action, additional studies knocking down
Pten and using blocking anti-miRs specific to the Pten 30

untranslated region were performed; no effect was observed on
granulosa cell apoptosis (see Supplemental Methods and
Supplemental Fig. S1, A–C; all supplemental data are available
online at www.biolreprod.org).

Caspase 3 Cleavage Decreases in Granulosa Cells after
Administration of an Ovulatory Surge of LH/hCG

To determine the incidence of apoptosis in follicular
granulosa cells after the LH/hCG surge, we examined cleaved
caspase 3 by Western blot analysis. Granulosa cell uncleaved
caspase 3 levels were unchanged after hCG, except for a slight
increase at 4 h after hCG (Fig. 7), whereas cleaved caspase 3
decreased 6 h after in vivo administration of hCG, where it then
remained at 8 h after hCG (Fig. 7), at a time coincident with
elevated Mir21 (Fig. 1).

In Vivo Knockdown of Mir21 Causes an Increase
in Apoptosis

To determine the in vivo effect of Mir21 on ovarian
apoptosis, Mir21 function was knocked down in vivo. After
follicular stimulation (i.e., 24 h of eCG), an LNA-21ps
oligonucleotide targeting Mir21 was injected into one ovarian
bursa, whereas the other ovary received vehicle or the
fluorescent-tagged nonspecific LNA-NSps. Twenty-two hours
after surgery, animals were injected with hCG to stimulate
ovulation and luteinization. Ovaries were collected 16 h after
hCG and were analyzed for apoptosis (Fig. 8). Apoptosis was
significantly increased in LNA-21-treated ovaries compared
with saline-treated ovaries (Fig. 8). Transfection efficiency was
measured by distribution of the fluorescent-labeled LNA-NS
(Supplemental Fig. S2). Although labeling was found through-
out the ovary, there were punctate regions of increased
fluorescence (Supplemental Fig. S2). When tested for apopto-

FIG. 5. Reduced concentrations of LNA result in a decrease in the amount of caspase 3 cleavage. Quantitative RT-PCR of mature Mir21 in cultured
granulosa cells with 1.25, 5, or 20 nM LNA-NS or LNA-21 (A). Cells transfected with 1.25 nM LNA-21 had comparable fold reductions in mature Mir21 to
those transfected with 42 nM anti-21. Data (n¼ 3) were normalized to Gapdh; two-way ANOVA was used to determine statistical significance. Means 6
SEM with different letters above the bar are different (P , 0.05). B) Representative Western blot (n¼3) of caspase 3, cleaved (active) caspase 3, and ACTB
in granulosa cells transfected with 1.25, 5, or 20 nM LNA-NS or LNA-21.

FIG. 6. Granulosa cell expression of known Mir21 targets is not affected
by LNA-21 knockdown. Representative Western blots (n¼ 3) for PDCD4,
PTEN, TPM1, SPRY2, and control ACTB after 4, 8, or 24 h of transfection
with LNA-NS or LNA-21, or 8 h after transfection with anti-NS or anti-21.
Densitometry indicated no significant differences for any of the targets.

FIG. 7. Cleaved caspase 3 is decreased in vivo after LH/hCG.
Representative Western blots (n ¼ 3) of caspase and cleaved caspase 3
and ACTB 0, 1, 2, 4, 6, and 8 h after hCG administration.
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sis, there was no increase in TUNEL fluorescence between the
LNA-NS negative control and the TUNEL-labeled LNA-NS
samples (Supplemental Fig. S2).

In Vivo Knockdown of Mir21 Causes a Reduction
in Ovulation Rates

To examine whether the increase in ovarian apoptosis
affects ovulation, the number of cumulus-oocyte complexes
recovered from the oviduct was recorded as the ‘‘ovulation
rate.’’ Ovaries treated with LNA-21 displayed decreased
ovulation rates compared with LNA-NS or saline-treated
controls (Fig. 9).

DISCUSSION

During the LH-induced transition of a granulosa cell to a
luteal cell, apoptosis must be inhibited to allow the formation
of a functional corpus luteum. The cleavage of caspase 3
irrevocably commits the cell to apoptosis, and thus measure-
ment of cleaved caspase 3 provides a measurement of the
amount of cell death occurring. We examined the amount of
cleaved caspase 3 in granulosa cells after the LH/hCG surge
and found that cleaved caspase 3 decreases within 6 h of hCG,
concurrent with the highest expression of mature Mir21. To

examine the in vivo effect of Mir21 in granulosa cells, ovarian
bursa were injected with LNA-21ps, and apoptosis was
examined. Apoptosis was significantly increased in LNA-
21ps-treated ovaries. Here, knockdown of Mir21 may prevent
its antiapoptotic action, thereby increasing cleavage of caspase
3 and promotion of apoptosis. In caspase 3 knockout mice,
atretic follicles fail to undergo atresia [44]. During atresia,
granulosa cells undergo apoptosis and apoptotic bodies appear
in the antral space, and our TUNEL assay does show staining
within the granulosa and antrum of antral follicles (Fig. 8F)
[44]. These follicles may be undergoing atresia due to Mir21
knockdown. Further studies are needed to examine the
expression of Mir21 in healthy and atretic granulosa cells to
determine its importance in atresia. Unexpectedly, there was a
relatively low amount of TUNEL staining within corpora lutea
of the LNA-21ps-injected ovaries. This may be because the
apoptotic cells have already been cleared, and nonapoptotic
cells (perhaps those that were not effectively transfected)
remain.

Our in vivo expression studies indicate that Mir21 gene
expression in ovarian granulosa cells is regulated predomi-
nantly by increased transcription of the pri-Mir21 transcript.
Indeed, this is the first study to examine the expression of
Mir21 in a physiologic system; all other studies have examined
Mir21 expression in cultured cells. The Mir21 promoter is well
conserved across a number of species and lies within the 10th
intron of a protein-coding gene, Tmem49 [29]. Although at
least one study has suggested that Tmem49 and Mir21 are
coexpressed [35], we show here, in agreement with two others,
that Tmem49 and Mir21 are expressed independently [29, 45].
Our results also indicate that in vivo, Mir21 is regulated by the
endocrine hormones, FSH and LH, in the preovulatory and
periovulatory follicular granulosa cells, respectively. Within
the first 300 bases of the Mir21 transcription start site, a
number of known transcription regulatory element-binding
sites are located [29]. Promoter analysis studies indicate that at
least five regulatory elements (i.e., AP-1, Ets/IPU.1, NF1,
Stat3, CCAAT/enhancer binding protein) have an impact on
MIR21 expression in HL-60 cells and multiple myeloma cells
[29, 46]. Of these transcription factors, LH is known to
upregulate the expression of three of these transcription factors
in mural granulosa cells [47–49]. Indeed, both FOS and JUN,
which interact with AP-1 response elements, were shown to be
upregulated within 1 h of LH/hCG administration [47, 48].
Distinct AP-1-binding factors, different from those upregulated
by LH, are induced in response to FSH (2–8 h after FSH) and
may account for FSH-induced upregulation of pri-Mir21 at 12

FIG. 8. Ovarian bursal injections of LNA-
21ps cause an increase in apoptosis. Rep-
resentative fluorescence images (n ¼ 4) of
mouse ovaries exposed to saline (A) or LNA-
21ps (D) stained with the DNA-binding dye
Hoechst. TUNEL assay to detect apoptotic
cells in the saline-treated (B) and LNA-21ps-
treated (E; F is a 103 magnification of E)
ovaries. C) Negative control TUNEL assay
(nonworking enzyme) of the LNA-21ps-
injected mouse ovary in E. Bar ¼ 500 lm.

FIG. 9. Ovulation rate is decreased in LNA-21-treated ovaries. Number
of cumulus-oocyte complexes (COCs) within the oviduct of LNA-NS/
saline-treated ovaries (n ¼ 4) or LNA-21-treated ovaries (n ¼ 4).
*Significance (P , 0.05).
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h after eCG [48]. Similarly, CCAAT/enhancer binding protein
(C/EBP) beta upregulation in ovarian granulosa cells is critical
for ovulation and occurs almost simultaneously with the
increase in MIR21 expression [49], suggesting that it too might
play a role in miRNA 21 regulation. Ongoing studies will
define the factors involved in LH/hCG induction of pri-Mir21
expression; however, it should be noted that these experiments
may require in vivo models because granulosa cells removed
from their natural environment and placed into culture exhibit
spontaneous expression of Mir21. Moreover, although expres-
sion of mature Mir21 followed that of the pri-Mir21 in vivo
after the LH/hCG surge (a clear transcriptional response), our
in vitro studies are suggestive that Mir21 expression can also
be regulated by much more complex mechanisms (i.e.,
posttranscriptional).

Quantitative RT-PCR analysis of mature Mir21 in cultured
granulosa cells failed to show an increase in response to 8-Br-
cAMP treatment. This was unexpected, because the other two
LH-induced miRNAs, Mir132 and Mir212, exhibited increased
expression in cultured granulosa cells after 8-Br-cAMP
treatment [22]. Further examination of in vitro granulosa cell
pri-Mir21 and mature Mir21 expression indicated that mature
Mir21 increased in the absence of a change in transcription
(i.e., pri-Mir21). Recently, a similar observation in human
smooth muscle cells was observed [50]. In these cells,
members of the transforming growth factor superfamily
(BMP4, BMP2, and TGFB) increased expression of the
precursor and mature MIR21 transcripts without affecting
pri-MIR21 expression [50]. The mechanism of action indicated
that the ligands activate the signal transducer SMAD1, which
in turn recruits DDX5, an RNA helicase p68 subunit of the
Drosha microprocessor complex, to the pri-MIR21, thus
stimulating the processing of the abundantly present pri-
MIR21 transcripts [50]. The disconnection of LH activity and
granulosa cell function in cultured granulosa cells is well
known. A large body of literature in rodents from the early
1970s describes a phenomenon known as ‘‘spontaneous
luteinization,’’ whereby granulosa cells when removed from
their follicular environment take on the attributes of luteal cells
over a few days in culture [51, 52]. Interestingly, plating of the
granulosa cells initiates some of the LH-mediated molecular
events occurring in the follicle after LH, such as increases in
transcription factors involved in cell survival and cell signaling
[53, 54]. The phenomenon of spontaneous luteinization has
never fully been explained but is thought to result from a
withdrawal of inhibitory signaling molecules once cells are
dispersed and placed into culture. In these studies, we show
that amounts of mature Mir21 increased in the absence of
increased transcription. It is interesting to speculate that Mir21
may be one of several factors that contribute to the phenotypic
changes occurring in luteinizing granulosa cells. The fact that
most cancer cell lines and tumors also exhibit increased MIR21
expression may be indicative of their disconnection with
factors that normally prevent excessive MIR21 accumulation,
which is then able to block apoptosis and promote oncogenesis.

Recent in vitro studies in cultured cancer cells, cancer cell
lines, and embryonic stem cells suggest that Mir21 expression
is important for differentiation and blockade of apoptosis [15,
31, 32, 55, 56]. Here, we show for the first time that Mir21 also
plays a role in apoptosis in an endocrine-responsive tissue.
During LH-induced terminal differentiation of the granulosa
cell, it is necessary to block apoptosis to allow for the
formation of a functional corpus luteum [3–5]. We show here
that the loss of ovarian Mir21 activity after ovarian bursal
injection of a Mir21-blocking LNA oligonucleotide was able to
increase apoptosis within ovarian follicles and thus may be

important for the prevention of apoptosis during luteinization.
Further experiments will be necessary to determine whether
LNA-21 is having effects at sites other than the granulosa cell
within the ovary and the mechanism that causes the
accumulation of the fluorescent nonspecific LNA in the
granulosa cells of the follicle. Notably, the loss of Mir21 in
the ovary resulted in a reduced ovulation rate (Fig. 9).

Although we were unable to mimic the transcriptional
regulation of Mir21 gene expression in cultured granulosa
cells, we were able to functionally demonstrate that granulosa
cells exhibit apoptosis in vitro after loss of Mir21 action,
similar to that seen after in vivo blockade of Mir21 action. To
examine the function of Mir21 in cultured granulosa cells,
Mir21 action was knocked down in cultured granulosa cells
using 20-O-methyl or LNA oligonucleotides. Consistent with
other investigations using these two different types of
inhibitors, we observed a greater effect (3-fold) with the
LNA oligonucleotide [36, 40, 41]. The increased effectiveness
in knockdown was associated with the appearance of the
apoptotic phenotypic response associated with loss of Mir21 in
other cell types [31, 32]. One possible explanation for this may
be that basal Mir21 expression is much higher in granulosa
cells compared with cell lines examined by other investigators,
and the reduction induced by 20-O-methyl oligonucleotides
was insufficient to knock down Mir21 expression to levels that
cause apoptosis. Results similar to ours were recently described
in glioblastoma cells, in which only the LNA-21 oligonucle-
otides caused significant amounts of apoptosis, whereas the 20-
O-methyl oligonucleotides had little effect [36]. However,
when we tested lower doses of LNA-21 at a dose that reached
an equivalent (i.e., one ninth of basal Mir21 expression) to the
20-O-methyl, we still detected apoptosis (cleaved caspase 3:
Fig. 5). It presently is unclear why similar levels of knockdown
of Mir21 would not generate similar phenotypical responses;
this is an interesting phenomenon and suggests that blocking
miRNA action with different types of oligonucleotides can
have dramatic differences in biological responses, a finding
with important implications to the therapeutic potential of
miRNA blockers.

MicroRNA 21 has been shown to block apoptosis in a
number of cell types, and several targets have been identified
as directly regulated by Mir21 to mediate its antiapoptotic
activity [30, 33–37]. Tropomyosin 1 (TPM1) was the first
identified direct MIR21 target transcript [33]. Posttranscrip-
tional regulation of TPM1 by MIR21 caused a 2-fold increase
in TPM1 protein in breast cancer cells after MIR21
knockdown; no effect on TPM1 mRNA expression was
detected [33]. TPM1, an actin-binding protein, promotes the
specialized type of apoptosis known as anoikis by suppressing
anchorage-independent growth [57]. PTEN is another pro-
apoptotic protein, which inhibits the AKT and MTOR kinase
pathways to cause apoptosis [58]. Knockdown of MIR21 in
human hepatocytes caused a 2- to 3-fold increase in PTEN
protein but no change on PTEN mRNA [37]. We observed a
slight increase in PTEN protein at 4 h after transfection;
however, specific tests of Pten regulation by blockade of Pten
expression, or masking potential Mir21 sites failed to prevent
apoptosis. Programmed cell death 4 (PDCD4) inhibits global
cell translation by inhibiting the translation initiation factor 4A
[59]. Knockdown of MIR21 in human breast cancer cells
causes an increase in PDCD4 mRNA and protein [34] but
failed to show any difference in our granulosa cells. Recently,
two factors involved in p53 tumor suppression, the p53-
activator heterogeneous nuclear ribonucleoprotein K
(HNRNPK) and the p53 homologue TRP63, were identified
as direct MIR21 targets in glioblastoma cells [36]. However,
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knockdown of these proteins in combination with MIR21
knockdown failed to rescue the apoptotic phenotype, suggest-
ing that other MIR21 targets are involved in glioblastoma
apoptosis [36]. SERPINB5, RECK, and SPRY1 have also been
indicated as playing roles in apoptosis, and all have been
identified as direct MIR21 targets [30, 33]. Recent findings by
a number of laboratories have shown that target transcripts for
miRNA are very cell and tissue specific [34, 36].

In this work, we examined the protein levels of six of these
known targets (i.e., those we could identify reliable antibodies
for) in response to Mir21 knockdown in murine granulosa
cells, and none showed any change (Fig. 6). Our studies were
unable to demonstrate that any of the known Mir21 target
transcripts were factors in mediating apoptosis in granulosa
cells. Recently, MIR21 was knocked down in MCF-7 breast
cancer cells [60], and knockdown resulted in changes in target
proteins, without corresponding changes in mRNA expression.
Furthermore, Yang et al. [60] identified 58 putative MIR21
targets in their proteomic analysis. Examination of genes
expressed in murine granulosa cells at 0 and 1 h after hCG
(microarray analysis, see Carletti and Christenson [47])
indicated that 22 of these 58 genes are expressed in
periovulatory granulosa cells. Future studies examining the
proteins and gene expression profiles of these miRNA 21 target
transcripts will be needed to determine whether any are
involved in apoptosis in ovarian granulosa cells.

In conclusion, this study has demonstrated that Mir21 is
transcriptionally upregulated in vivo in response to LH, and we
show that this upregulation occurs synchronously with a
decrease in cleaved caspase 3. In addition, we have provided
evidence that both in vivo and in vitro Mir21 knockdown cause
an increase in granulosa cell apoptosis. These results suggest
that miRNA 21 plays an important role in posttranscriptionally
regulating transcripts that are involved in preventing apoptosis
in LH-induced terminally differentiating granulosa cells.
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