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In mammals, the sperm deliver mRNA of unknown function into the
oocytes during fertilization. The role of sperm microRNAs (miRNAs)
in preimplantation development is unknown. miRNA profiling iden-
tified six miRNAs expressed in the sperm and the zygotes but not in
the oocytes or preimplantation embryos. Sperm contained both the
precursor and themature form of one of these miRNAs, miR-34c. The
absence of an increased level of miR-34c in zygotes derived from
α-amanitin–treated oocytes and in parthenogenetic oocytes sup-
ported a sperm origin of zygotic miR-34c. Injection of miR-34c inhib-
itor into zygotes inhibitedDNA synthesis and significantly suppressed
first cleavage division. A 3′ UTR luciferase assay andWestern blotting
demonstrated that miR-34c regulates B-cell leukemia/lymphoma 2
(Bcl-2) expression in the zygotes. Coinjection of anti–Bcl-2 antibody
in zygotes partially reversed but injection of Bcl-2 protein mimicked
the effect of miR-34c inhibition. Oocyte activation is essential for the
miR-34c action in zygotes, as demonstrated by a decrease in 3′ UTR
luciferase reporter activity and Bcl-2 expression after injection of pre-
cursor miR-34c into parthenogenetic oocytes. Our findings provide
evidence that sperm-borne miR-34c is important for the first cell di-
vision via modulation of Bcl-2 expression.

During fertilization, a sperm contributes more than just the
paternal genome to the resulting zygote. Phospholipase Cζ and

postacrosomal sheath WW domain-binding protein of the sperm
initiate calcium signaling crucial to oocyte activation (1) and pro-
mote meiotic resumption and pronuclear formation (2). Mamma-
lian sperm contain an array of RNAs including mRNA and
microRNA (miRNA) (3). Some of these RNAs are delivered to the
oocyte during fertilization (4). Although they are implicated in
mediating epigenetic inheritance in mouse (5), their roles in fer-
tilization and/or early embryonic development remain unknown.
Accumulating evidence shows that miRNAs are critical in con-

trolling key developmental events; however, the role of miRNAs in
the development of early preimplantation embryos is controversial.
The dynamic changes in the expression of miRNAs in preimplan-
tation embryos (6–8) and the increased synthesis of miRNAs after
the two-cell stage in mouse embryos (7, 9) suggest that miRNAs
have a functional role in the preimplantation period. This evidence
is supported by the observations that mouse oocytes without the
miRNA-processing enzyme Dicer have a minimal amount of
miRNA, that their resulting zygotes cannot pass through the first
cleavage division (7), and that Dicer-null embryos carrying mater-
nal dicer die at embryonic day 7.5 (E7.5) (10). On the other hand,
knockout of DiGeorge syndrome critical region gene 8 (Dgcr8),
another key miRNA-processing enzyme, produces normal blasto-
cysts (11), although embryonic arrest occurs at E6.5 (12). These
observations together with the suppressive state of miRNA func-
tion in mouse oocytes (11, 13), suggest that miRNA is dispensable
in early embryos. However, these latter reports (11–13) did not
study the possible involvement of sperm-borne miRNA in early
embryos, which is addressed in the present study.

Results
Mouse Zygotes Possess miRNAs Expressed in Sperm but Not in Oocytes.
miRNA expression profiles were determined by a multiplex quan-

titative real-time PCR (qRT-PCR) approach (7). Of the 238
miRNAs studied, 163 were detected in the preimplantation em-
bryos. Hierarchical clustering analysis showed a pattern of dynamic
miRNA expression in early development (Fig. 1A and Dataset S1).
The total amount of miRNA increased continuously from the four-
cell embryo to the blastocyst stage (Fig. S1A), consistent with
miRNA synthesis in early embryogenesis (6–8).
k-means Pearson correlation clustering identified 94 differen-

tially expressed miRNAs in the embryos (P < 0.05; one-way
ANOVA). They were grouped into six clusters according to their
expression pattern (Fig. 1B, Table S1, and Fig. S1B). Cluster 1
consisted of 16 miRNAs that were up-regulated at the zygote
stage but decreased thereafter. Independent qRT-PCRs on the
total RNA isolated from five oocytes or embryos without pre-
PCR amplification showed that the expression patterns of miR-
34c, -145, and -196b (Fig. 1B and Fig. S1C) relative to that of miR-
16, which did not change significantly in the preimplantation
period, were similar to that obtained by the multiplex approach,
confirming the reliability of the miRNA profiles obtained.
Epididymal sperm contain both mature and immature sperm.

To study the miRNAs in sperm with fertilization potential, we
incubated sperm with zona pellucida of oocytes and collected the
zona-bound sperm. Zona pellucida binding is predictive of sperm
fertilizing capacity in humans. The miRNA expression profile of
the zona-bound sperm (Fig. 1A and Dataset S1) showed that
only 25 miRNAs were expressed at levels twofold higher than the
detection limit of the assay (Table S1). Six miRNAs (miR-34b,
-34c, -99a, -214, -451, and -449) also were found in one-cell
embryos but not in the oocytes or in embryos beyond the one-cell
stage. MiR-34c was chosen for further study because it is highly
expressed in the mouse round spermatids (14).

Zygotic miR-34c Is Derived from Sperm. The level of miR-34c in
a sperm as determined by qRT-PCR was comparable to that in
a zygote (Fig. 1C). Oocytes contained an undetectable amount of
miR-34. Because miRNAs must be incorporated into a complex
containing argonaute protein 2 (Ago2) for functioning, we cap-
tured functional miR-34c in sperm by coimmunoprecipitation
with Ago2 and compared the results with normal rabbit IgG and
no-antibody controls. The results showed that miR-34c was
highly enriched in the Ago2-bound fraction (Fig. 1D).
We determined whether sperm-borne miRNA could be de-

livered to the zygote by transduction of the precursor of miR-212
into sperm. This miRNA was chosen because its mature form is
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absent in sperm. The precursor form was transduced to determine
the ability of zygotes to process miRNAs. A qRT-PCR assay that
detected only mature miR-212 showed that in vitro-fertilized
zygotes derived from the sperm loaded with precursor miR-212
contained more mature miR-212 than zygotes inseminated with
control sperm with scramble precursor (Fig. 1E), indicating that
precursor miRNA in sperm can be delivered to and be converted
into mature form in the zygotes.
qRT-PCR showed that only the sperm, not the oocytes and

zygotes, contained precursor miR-34c (Fig. 1F). To eliminate the
possibility that the zygotes transcribed precursor miR-34c that was
converted rapidly into the mature form, we compared the ex-
pression of miR-34c in zygotes derived from oocytes treated with
the transcription inhibitor α-amanitin. The treatment could not
prevent the increase of miR-34c in zygotes, consistent with a sperm
origin of zygotic miR-34c (Fig. 1G). The conclusion was supported
further by the absence of miR-34c in ethanol-activated oocytes
(Fig. 1H).

MiR-34c Is Involved in the First Cleavage. The hypothesis that the
zygotic increase in miR-34c is related to the first cleavage was
tested by injecting an miR-34c inhibitor into the zygotes 21 h after
the injection of human chorionic gonadotropin (hCG). More than
70% of the zygotes injected with the miR-34c inhibitor failed to
cleave, whereas more than 97% of the zygotes injected with the
scramble inhibitor cleaved (Fig. 2A). In 80% of the arrested
zygotes injected with miR-34c inhibitor, the pronuclei did not fuse
even 20 h after injection (Fig. 2B).
The BrdU incorporation assay showed that only 38% of the

zygotes injected with the miR-34c inhibitor had DNA synthesis,
whereas 87% of those receiving the scramble inhibitor contained
the signal (Fig. 2C). However, injection of themiR-34c inhibitor 30
h after hCG injection, whenDNA synthesis of the zygotes had been
completed (15), did not affect the first cell division; more than 95%
of the injected zygotes in both groups formed two-cell embryos.

Bcl-2 Is a Target Gene of miR-34c in Zygotes. In silico prediction
(TargetScan; www.targetscan.org) indicated Bcl-2 as a target gene

Fig. 1. miRNA expression in gametes and preimplantation embryos. (A) Supervised hierarchical clustering of miRNA expression. The heat map represents
normalized, log-transformed relative intensities for miRNA in sperm (SP), oocyte (Oo), one-cell (1C), two-cell (2C), four-cell (4C), eight-cell (8C), morula (M),
and blastocyst (B) stages. Red, green, and black colors represent high, low, and mean expression levels of miRNAs, respectively. (B) Expression pattern of
cluster 1 miRNAs and miR-34c expression determined by qRT-PCR without preamplification on pooled embryos (n = 5). All values were calculated against cycle
threshold (Ct) values of oocytes and are presented as relative fold-change against oocyte miRNAs [2^(Ctoocyte − Ctx)]. All data were normalized by endogenous
RNA U6 expression. The letters “a” and “b” above bars denote P < 0.05. (C) Expression of miR-34c in oocytes, sperm, and zygotes as determined by qRT-PCR
(n = 4). Five sperm, oocytes, or /zygotes were used in each experiment. (D) Expression of miR-34c in Ago2 complex of sperm. Data are presented as relative to
the no-antibody control. (E) Zygotes fertilized with miR-212 precursor–transduced sperm had significantly higher levels of mature miR-212 than zygotes
fertilized with scramble miRNA precursor-loaded sperm (n = 3). (F) MiR-34c precursor (Pre-miR-34c) was detected only in sperm but not in oocytes and zygotes,
as determined by qRT-PCR. (G) miR-34c expression was significantly higher in zygotes and in α-amanitin–treated oocytes than in nontreated oocytes (n = 3).
(H) Expression of miR-34c was significantly higher in one-cell zygotes (1C) than in oocytes (Oo) or in one-cell (1C) and two-cell (2C) parthenotes 11 h after
ethanol activation. *P < 0.05; **P < 0.001.

Fig. 2. Effects of miR-34c inhibitor on development of mouse embryos. (A) Injection of the miR-34c inhibitor suppressed zygote development (n = 5).
Percentage of development is based on the number of one-cell embryos (1C) used. There were significant decreases in the development at two-cell (2C), four-
cell (4C), morula (M), and blastocyst (B) stages derived from zygotes injected with the miR-34c inhibitor (▲) compared with control zygotes injected with the
scramble inhibitor (■). No difference in development was found between the untreated (●) and the control zygotes. Each data point represents more than
200 embryos. The letters “a” and “b” denote P < 0.001 at the same time point. (B) The MiR-34c inhibitor inhibited pronuclei fusion. The pronuclei in zygotes
injected with scramble inhibitor fused, and the zygotes cleaved 20 h after injection (magnification: 10×). (C) The percentage of embryos expressing BrdU
signals was significantly lower after the injection of miR-34c inhibitor than after the injection of scramble inhibitor (n = 3). *P < 0.05 with the scramble
inhibitor.
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of miR-34c (Fig. 3A). In JAR cells, treatment with an miR-34c
inhibitor for 24 h significantly increased the luciferase signal in the
3′UTR functional assay and Bcl-2 protein expression (Fig. 3 B and
C). In zygotes, the expression of Bcl-2 protein 6 h after injection of
an miR-34c inhibitor also was increased significantly compared
with the scramble-injected control (Fig. 3D). A short treatment
was used for the zygotes because control zygotes cleaved with
longer incubation.

Bcl-2 Mediates the Inhibitory Effect of miR-34c on First Cleavage.
Similar to treatment with the miR-34c inhibitor, injection of Bcl-2
protein into zygotes inhibited the first cleavage (Fig. 4A). Coin-
jection of the miR-34c inhibitor and anti–Bcl-2 antibody partially
nullified the effect of the inhibitor (Fig. 4B), confirming that Bcl-2
partly mediates the effect of miR-34c inhibitor. Injection of the
anti–Bcl-2 antibody alone did not affect zygotic division. Treat-
ment with the miR-34c inhibitor also elevated p27 expression (Fig.
4C). Examination of other potential miR-34c target genes found
that miR-34c inhibitor increased c-myc expression but not the
expression of cAMP-responsive element-binding (CREB). The
other potential target, E2F3, was undetectable (Fig. S2).

Activation Relieves the Suppressive State of Oocytes on miRNA
Function. Injection of precursor miR-34c into oocytes did not af-
fect the expression of Bcl-2 protein and the Bcl-2 3′ UTR re-
porter activities (Fig. 5A), confirming that the biological activities
of miRNAs are suppressed in mouse oocytes (11, 13). Oocyte
activation relieved the suppressive state. Although ethanol
treatment did not increase the miR-34c level (Fig. 1H) and did
not affect Bcl-2 expression of the parthenogenetic oocytes (Fig.
5A, Middle), injection of precursor miR-34c significantly reduced
the Bcl-2 protein level in parthenogenetic oocytes compared with
levels in untreated oocytes and in oocytes injected with precursor-
negative control. (Fig. 5B, Top and Middle). We also found lower
Bcl-2 3′UTR reporter activities in parthenogenic oocytes injected
with precursor miR-34c (Fig. 5B, Bottom).

Discussion
Among the 25 miRNAs identified in the zona-bound sperm, 14
(let-7d, miR-16, -19b, -200b, -214, -221, -25, -30b, -30c, 3-0d, -342,
-34c, -93, and -99a) are found in a panel of 54 miRNAs identified
in the epididymal sperm (16). The miRNAs identified in this re-
port are likely to be more representative of the miRNAs delivered
to the oocyte during fertilization because zona pellucida binding is
the first step in fertilization. This possibility is supported by (i)
observations that miR-34c in the zona-bound sperm plays a role in
the zygotic division; and (ii) lack of effect on pronuclear activation
and preimplantation development after the coinjection into
oocytes of sperm and inhibitors of some miRNAs found in epi-
didymal sperm (16).
Our miRNA profiling supports previous findings on stage-spe-

cific expression of miRNAs in preimplantation embryos (6–8).
Here we identify 16 zygotic miRNAs that could be important in
early embryo development. These miRNAs were not found in
previous studies, probably because of the use of different detection
methods for miRNAs (6–9), different mouse strains (17), and
embryos with or without culture (6, 8).
We tested the hypothesis that this unique set of zygotic miRNAs

might be related to the first cleavage. The hypothesis is supported
by the suppression of zygotic division and DNA synthesis with
injection of the miR-34c inhibitor. Inhibition of DNA replication
has long been known to arrest cleavage in one-cell embryos (18).
Three observations show that the zygotic miR-34c is derived

from sperm: (i) Comparable levels of miR-34c were detected in
the zona-bound sperm and zygotes but not in the oocytes; (ii) both
the precursor andmature forms of miR-34c were present in sperm,
and zygotes could convert precursor miR-212 to its mature form;
and (iii) α-amanitin treatment of oocytes did not reduce zygotic
miR-34c. The contributions of the precursor and mature forms of
sperm miR-34c to the formation of zygotic miR-34c remain to
be determined.
Bcl-2 mediates the action of miR-34c on the first cleavage. Bcl-2

is a direct target of miR-34c, as shown by reporter assay and
Western blotting in JAR cells and zygotes. The involvement of Bcl-
2 in the first cleavage is consistent with the reported decrease in
Bcl-2 mRNA expression in zygotes from 22 h after hCG injection
to the two-cell stage (19–21).
Apart from its well-known antiapoptotic role, Bcl-2 has an

antiproliferative function. In mouse, forced expression of Bcl-2
delays activation-induced T cells (22, 23), whereas Bcl-2 deficiency
hastens (22) cell-cycle entry of T cells. The antiproliferative action
of Bcl-2 is believed to act by elevating the expression of the neg-
ative cell-cycle regulator p27 and retarding S-phase entry (24, 25).
Consistently, we observed an increase of p27 in embryos treated
with the miR-34c inhibitor and failure of the inhibitor to inhibit

Fig. 3. Bcl-2 is a target of miR-34c. (A) Potential miR-34c–binding region on
the 3′ UTR of Bcl-2. The seed region of the miRNA is underlined. (B) The 3′
UTR of Bcl-2 was cloned into reporter plasmid. The plasmid was transfected
into JAR cells together with either miR-34c inhibitor or scramble inhibitor.
Luciferase activity was significantly higher with the miR-34c inhibitor than
with the scramble inhibitor (n = 4). *P < 0.05 with the scramble inhibitor. (C)
Western blotting analysis showed that the expression Bcl-2 was elevated by
inhibition of miR-34c in JAR cells. β-Actin was used as an internal control. (D)
Western blotting analysis (Upper) and quantitation (Lower) of Bcl-2 protein
in zygotes 6 h after injection of miR-34c inhibitor or scramble inhibitor.
*P < 0.05 with the scramble inhibitor.

Fig. 4. Effects of Bcl-2 protein on embryo development. (A) One-cell (1C)
zygotes were microinjected with Bcl-2 protein (▲) or water (●). Injection of
Bcl-2 protein reduced the percentage of embryos reaching the two-cell (2C),
four-cell (4C), morula (M), and blastocyst (B) stages. (B) Anti–Bcl-2 antibody
partly rescued the inhibitory activity of the miR-34c inhibitor (n = 3). Zygotes
were microinjected with the miR-34c inhibitor (▲), Bcl-2 antibody (●), or both
(■). Development percentage is based on the number of one-cell embryos
used, which varied from 84–120 embryos. The letters “a,” “b,” “c,” and “d”
denote P < 0.009 at the same time point. (C) Western blotting analysis indi-
cates elevated expression of p27 in zygotes treated with themiR-34c inhibitor.
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zygotic division 30 h after hCG injection, when DNA synthesis of
the zygotes has been completed (26, 27). A dramatic decrease of
p27 occurs after fertilization in mice (28), and p27 is increased in
cleavage-arrested human embryos (29). Thus, it is likely that miR-
34c exerts its effect on zygotic division by modulating Bcl-2 and
p27. Bcl-2 also enhances F-actin polymerization (30), and dynamic
changes in F-actin are important in fertilization and cleavage of
zygotes (31). Whether Bcl-2–enhanced actin polymerization
mediates the action of miR-34c on zygotic division is unknown.
Because anti–Bcl-2 antibody only partially rescues the sup-

pressive effect of the miR-34c inhibitor, other miR-34c target
genes were examined. The elevation of c-myc in zygotes treated
with the miR-34c inhibitor suggests that miR-34c regulates
zygotic c-myc. In mouse, c-myc expression increases after first
cleavage (32). Whether c-myc mediates miR-34c–induced zygotic
arrest remains to be determined.
Dgcr8 is crucial to the production of miRNAs, and its deficiency

is embryonically lethal in mice (12). However, Dgcr8-deficient
oocytes can be fertilized with wild-type sperm and produce viable
pups (11), demonstrating the importance of paternal miRNAs.
The importance of sperm miR-34c on first cleavage shown here
seems to contradict the observation that crosses between hetero-
zygous males with female mice lacking maternal Dgcr8 produce

a normal number of Dgrc8−/− blastocysts with the appropriate
number of blastomeres (11). The discrepancymight result from the
fact that spermatogenic cells are connected by intercellular cyto-
plasmic bridges that allow transfer of regulatory molecules among
spermatogenic cells (33). Thus, Dgrc8-deficient sperm from het-
erozygousmales could carrymiRNAs or their precursors produced
during spermatogenesis. In this connection, miR-34c is produced
as early as the pachytene stage during spermatogenesis (14).
That the function of miR-34c is suppressed in the oocytes is

consistent with previous reports (11, 13). The suppressed state is
relieved after oocyte activation, as indicated by the miR-34c–
induced reduction of reporter signal and Bcl-2 expression after
ethanol treatment. The implication of zygotic miRNAs activa-
tion requires further investigation.
Ethanol-treated eggs cleave in the absence of sperm miR-34c.

The observationmight reflect differences in themechanism of action
in parthenogenetic activation and normal fertilization. The former
fails to down-regulate inositol 1,4,5-trisphosphate receptor-1 to ter-
minate calcium oscillation after fertilization (34, 35). The electro-
physiology of the two types of activated oocytes is different also (36).
In summary, we provide evidence that sperm-borne miRNAs

are delivered into the zygote during fertilization and that the
paternal miR-34c is important for the first cleavage (Fig. 6). In
addition to miRNAs, the fertilizing sperm also provide infor-
mation influencing the first cleavage plane of the zygote (37),
possibly by affecting the cytoskeletal dynamics (38). Further in-
vestigation is needed to identify the importance of sperm-derived
factors, including other zygotic miRNAs, in the development of
preimplantation embryos.

Materials and Methods
Sample Preparation. The protocol for collecting oocytes, zygotes, and em-
bryos was approved by the Committee on Use of Live Animals in Teaching and
Research, the University of Hong Kong. For detailed descriptions of RNA
extraction and miRNA profiling, please see Sl Materials and Methods.

Functional Analysis. The details of zygote injection, BrdU incorporation, lu-
ciferase reporter assay, coimmunoprecipitation of themiRNA–Ago2 complex,
and sperm transduction are described in Sl Materials and Methods.
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