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ABSTRACT
Meiotic failure in oocytes is the major determinant of human zygote-originated reproductive diseases, the
successful accomplishment of meiosis largely relay on the normal functions of many female fertility
factors. Elmod2 is a member of the Elmod family with the strongest GAP (GTPase-activating protein)
activity; although it was identified as a possible maternal protein, its actual physiologic role in mammalian
oocytes has not been elucidated. Herein we reported that among Elmod family proteins, Elmod2 is the
most abundant in mouse oocytes, and that inhibition of Elmod2 by specific siRNA caused severe meiotic
delay and abnormal chromosomal segregation during anaphase. Elmod2 knockdown also significantly
decreased the rate of oocyte maturation (to MII, with first polar body extrusion), and significantly greater
numbers of Elmod2-knockdown MII oocytes were aneuploid. Correspondingly, Elmod2 knockdown
dramatically decreased fertilization rate. To investigate the mechanism(s) involved, we found that Elmod2
knockdown caused significantly more abnormal mitochondrial aggregation and diminished cellular ATP
levels; and we also found that Elmod2 co-localized and interacted with Arl2, a GTPase that is known to
maintain mitochondrial dynamics and ATP levels in oocytes. In summary, we found that Elmod2 is the
GAP essential to meiosis progression of mouse oocytes, most likely by regulating mitochondrial dynamics.
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Introduction

The GTPase superfamily is a large family of hydrolases that
bind and hydrolyze GTP; and these activities depend upon the
G domain, which is highly conserved in all GTPases. These
molecules function in many distinct and important cellular
processes, including signal transduction in conjugation with
the intracellular domain of transmembrane receptors, protein
biosynthesis, cell cycle kinetics and differentiation, macroau-
tophagy, vesicle transport, and protein translocation through
membranes.1-5 Abnormal GTPase activities are significant in
the etiology of many human diseases.6-8 In mammalian oocytes,
many members of GTPase superfamily have been identified to
be involved in meiosis progression. Ran GTPase has been
reported to regulate the polarized activation of Cdc42, which
will than promote polar body protrusion and asymmetric divi-
sion.9,10 Rab5a and Rab6a, 2 members of Rab subfamily, have
been found to participate in chromosome alignment, kineto-
chore-microtubule attachment and spindle organization of
mouse oocyte.11,12 During porcine oocyte maturation and early
embryo development, small GTPase RhoA regulates cytoskele-
ton dynamics.13 Although GTPases can hydrolyze GTP on their
own, their efficiency is greatly elevated by GTPase-activating
proteins (GAPs); while guanine exchange factors (GEFs) help

convert GDP into GTP to regenerate GTPases. All members of
the GTPase family have their specific GEFs and GAPs.14

The Elmod (ELMO/CED-12 domain containing) family of
GAPs includes Elmod1-Elmod3. The family members have
only one conserved Elmo (engulfment and cell motility)
domain of about 180 amino acids, and a conserved catalytic
arginine residue that inserts between the b-g phosphate bond
helps to neutralize the negative charge produced in the transi-
tion state of GTP hydrolysis, thereby accelerating GTP hydroly-
sis as much as 5-fold.15 Another family of proteins closely
related to the Elmods is Elmo (including Elmo1, Elmo2 and
Elmo3), but these molecules do not contain the key arginine
residue, and therefore they do not belong to the GAPs. ADP-
ribosylation factors (Arfs), a subfamily of GTPases, are the pri-
mary targets of the Elmods.16 A study of in-vitro enzyme activ-
ity showed that the GTPase activation activity of Elmod2 was
40 times higher than Elmod1 and 1000 times higher than
Elmod3; thus, Elmod2 was confirmed to be the most potent
GAP of the Elmod family.17 Elmod2 was also reported to be a
candidate gene for familial idiopathic pulmonary fibrosis
(IPF).18 In another study where investigators attempted to
ascertain the underlying mechanism(s) of action involved,
Elmod2 knockdown inhibited TLR3 (Toll-like receptor 3)-
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dependent expression of Type-I and -III interferon (IFN), while
Elmod2 overexpression enhanced IFN expression, indicating
that Elmod2 was important for an appropriate immune
response.19 Elmod2 was identified to function as an Arf-GAP
so as to regulate arldipocyte triglyceride lipase (ATGL) trans-
port and cellular lipid metabolism by modulating Arf1-COPI
activity in lipid droplets.20 Elmod2 has been shown to be the
main GAP of the Arfs, among which ADP-ribosylation factor-
like 2 (Arl2) is the primary target, as it is a GTPase required for
mitochondrial morphology, motility, and maintenance of ATP
levels.21, 22 In the previous study, we have identified the impor-
tance of Arl2 in meiotic progression through inhibition of Arl2
by specific antibody transfection.23

Elmod2 and its known target GTPase Arl2 were both identi-
fied as maternal proteins in a proteomics study of mature
mouse oocytes and Arl2 was predicted to be important for
embryonic development.24 Elmod2 was also ranked among
“proteins of particular interest“ due to its high mRNA level in
MII oocytes.24 But there are no extant functional studies per-
taining to the female reproductive system. In our preliminary
study we found that Elmod2 mRNA was predominant among
Elmod family members in mouse oocytes, and that Elmod2
protein was much more abundant in oocytes compared with
theca cells (TCs) and cumulus cells (CCs). We therefore
hypothesized that Elmod2 plays important roles in mouse
oocyte meiosis.

Results

Elmod2 is a predominant GAP in mouse oocytes

We first examined the expression and localization patterns of
Elmod2 in mouse ovaries as well as oocytes. RT-PCR showed
that Elmod2 mRNA was the most abundant among all Elmo
and Elmod family members in oocytes Fig. 1A, indicating that
Elmod2 might be the principal GAP in oocytes. Immunoblotting

showed that the protein level of Elmod2 significantly increased
at 3 d post-natal (post-natal day, PND) (when assembly of pri-
mordial follicles occurs), and peaked at PND21 (when the first
wave of follicular maturation occurs) Fig. 1B) in ovaries, indicat-
ing that Elmod2 was important for follicle assembly and devel-
opment. Additionally, Elmod2 was more pronounced in oocytes
than in theca cells (TCs) or cumulus cells (CCs) Fig. 1C, and the
protein level in oocytes was constant during meiosis progression
Fig. 1D, indicating that the role of Elmod2 might be primarily in
oocytes. We also assessed the localization of Elmod2 in oocytes
by immunofluorescence. During in-vitro maturation (IVM),
Elmod2 was high in nuclei of oocytes at the GV stage, rich
within spindles after resumption of meiosis. Elmod2 also con-
centrated on spindle poles of MI oocytes and co-localized with
g-tubule Fig. 1E and F.

Elmod2 is important for meiotic progression of mouse
oocytes

The abundance of Elmod2 in mouse oocytes suggests that
Elmod2 participates in meiotic progression. To further study
Elmod2 function, we microinjected a specific siRNA into fully
grown oocytes at GV stage, cultured them, and examined their
meiotic progression at different stages. RT-PCR and western
immunoblotting results showed that both Elmod2 mRNA and
protein levels in oocytes were significantly reduced Fig. 2A and
B. At 8 hours of culture, a significantly greater number of
oocytes remained in GVBD, and fewer had progressed to MI
compared with controls (GVBD oocytes, controls vs. knock-
downs, 27.46 % vs. 55.46 %, respectively; MI oocytes, controls
vs. knockdowns, 51.63 % vs. 28.17 %) Fig. 2C. In addition,
Elmod2 knockdown caused severe abnormalities in spindle
organization as well as chromosomal alignment Fig. 2D. Simi-
larly, at 16 hours of culture, loss of Elmod2 significantly
reduced the proportion of MII oocytes (controls vs. knock-
downs, 65.03 % vs. 38.52 %) Fig. 2E. Moreover, the percentage

Figure 1. Elmod2 is an oocyte-prominent protein and primary GAP in mouse ovaries. (A) RT-PCR showed Elmod2 was the most abundant among all Elmo and Elmod fam-
ily members in mouse oocytes. (B) Immunoblotting in ovaries at different post-natal day (PND) showed that protein level of Elmod2 significantly increased at PND3 and
peaked at PND21. (C) Elmod2 was much more predominant in oocytes than in theca cells (TCs) and cumulus cells (CCs). (D) Immunoblotting showed that Elmod2 was con-
stant from GV to MII stage. (E) Immunofluorescence in mouse oocytes showed that Elmod2 (green) was rich in nucleus of GV oocytes and concentrated within spindles
regions during meiosis. DAPI in blue. (F) Immunofluorescence of oocyte at MI stage showed the co-localization of Elmod2 (green) and g-tubulin (purple) on spindle poles.
Scale bars, 20 mm.
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of MII oocytes with uncongressed chromatids, defined as
“abnormal MII” oocytes, dramatically increased (controls vs
knockdowns, 52.37 % vs. 78.31 %) Fig. 2F and G.

Elmod2 knockdown perturbs chromosomal segregation
and increases oocyte aneuploidy

Since Elmod2 knockdown significantly disturbed meiotic pro-
gression, we wished to further examine whether chromosomal
segregation in anaphase (which is the key for euploidy in
matured oocytes), was also perturbed. Immunofluorescence
showed that significantly more oocytes underwent asymmetric
chromosomal separation after Elmod2 knockdown (controls
vs. knockdowns, 1 of 17, 5.88 % vs. 7 of 10, 70 %) Fig. 3A and
B. Accordingly, Elmod2 knockdown significantly increased the
percentage of oocytes with aneuploidy (controls vs. knock-
downs, 0 of 40 vs. 13 of 38) Fig. 3C and D.

Elmod2 knockdown decreases normal fertilization

Since Elmod2 knockdown significantly increased the per-
centage of MII oocytes with less-congressed chromosomes
and aneuploidy, we wished to further examine whether

Elmod2 knockdown adversely affected fertilization. Results
showed that at 9 hours after in-vitro fertilization (IVF), both
the fertilization and 2-PN (pronuclei) rates were dramatically
reduced (fertilization rate, controls vs. knockdowns, 64.87 %
vs. 22.02 %; 2-PN rate, controls vs. knockdown, 70.41 % vs.
42.50 %) Fig. 4A and B.

Elmod2 is required for the normal distribution of
mitochondria and maintenance of ATP content during
oocyte meiosis

Here we tried to uncover the potential mechanism(s) by which
Elmod2 functions in oocyte meiosis. Since in somatic cells
Elmod2 was found to activate Arl221 (which is required for
mitochondrial morphology and motility22), we postulated that
Elmod2 in meiotic oocytes might function similarly. To verify
this hypothesis, the morphologic features of mitochondria were
evaluated by staining with fluorescently labeled mitochondria
tracker. Confocal imaging showed that in control oocytes the
distribution of mitochondria was very dynamic at various cul-
ture stages; i.e., before meiotic resumption (GV stage), mito-
chondria were more highly concentrated on the nuclear
membrane but were largely distributed evenly within the

Figure 2. Elmod2 is important for meiosis progression of mouse oocytes. (A) RT-PCR showed mRNA level of Elmod2 was significantly reduced by specific siRNA. (B) Immu-
noblotting showed Elmod2 protein level was significantly reduced by specific siRNA. (C) Percentage of oocytes at each stage at 8 hours of in-vitro maturation (IVM), and
there were significantly more GVBD and less MI oocytes in Elmod2-knockdown oocytes than in control. (D) Immunofluorescence showed severe abnormality in spindle
organization and chromosome alignment after Elmod2 knockdown. (E and F) At 16 hours of IVM, there were significantly less MII oocytes and more MII oocytes with less-
congressed chromosomes (abnormal MII oocytes) in Elmod2-knockdown oocytes than in control. (G) Representative confocal images showed oocytes after 16 hours of
culture, and less-congressed chromosomes were arrow-headed. Microtubules (MTs) in green, kinetochores (Kinets) in red, chromosomes (DAPI) in blue. Scale bars,
20 mm. Significant difference was asterisk (�) labeled.
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cytoplasm; after meiotic resumption (GVBD, MI, MII), mito-
chondria were more concentrated around spindle microtu-
bules, but also prevalent elsewhere within the cytoplasm.
Notably, at MI and MII, mitochondria existed within the cyto-
plasm and also in small granules Fig. 5A. In contrast, in

Elmod2-knockdown oocytes mitochondria always formed large
aggregates around the chromosomes and remained in very low
abundance within the cytoplasm, without any apparent
dynamic localization from the GV to MII stages Fig. 5A.
Accordingly, ATP levels in Elmod2-knockdown oocytes were

Figure 3. Elmod2 knockdown perturbs chromosome segregation and increases oocytes with aneuploidy. (A) Immunofluorescence staining of anaphase I (AI) oocytes
showed that asymmetric chromosome separation occurred after Elmod2 knockdown. Chromosomes (DAPI) in blue, microtubules (MTs) in green, kinetochores (Kinets) in
red. (B) Quantification showed that percentage of oocytes with asymmetric chromosomes separation (abnormal) significantly increased in Elmod2-knockdown group
than in control. (C) Representative confocal images indicate euploid control oocytes, and aneuploid Elmod2-knockdown oocytes. Chromosomes (DAPI) in blue and kineto-
chores (Kinets) in red. (D) Quantification showed that percentage of oocytes with aneuploidy significantly increased in Elmod2-knockdown group than in control.

Figure 4. Elmod2 knockdown decreases normal fertilization. (A) Representative confocal images showed that multiple pronuclei (arrow-headed) occurred after Elmod2
knockdown. Chromosomes (DAPI) in blue, microtubules (MTs) in green. (B) Quantification showed that there were significantly less fertilized oocytes and less oocytes
with 2-pronuclei (PN) in Elmod2-knockdown group than in control. Significant difference was asterisk (�) labeled. Scale bars, 20 mm.
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significantly decreased compared with controls Fig. 5B. These
observations confirmed that Elmod2 regulates meiosis by main-
taining normal mitochondrial dynamics and ATP levels.

Elmod2 interacts with Arl2 in mouse oocytes

Next, we tried to further investigate how Elmod2 maintains
normal mitochondrial dynamics and ATP levels, and again
focused on the known Elmod2 effector Arl2 in somatic cells.21

Immunofluorescence showed that Elmod2 was largely co-local-
ized with Arl2 within spindles Fig. 6A, and furthermore, co-
immunoprecipitation showed that they also interacted with
one another Fig. 6B. These 2 experiments indicated that
Elmod2 might function in meiosis mediated by Arl2.

Discussion

Fully grown oocyte is a type of special cell rich in various
maternal factors that are important for the resumption of meio-
sis (GVBD), completion of meiosis I&II, fertilization, and early
embryonic development.25, 26 Certainly, both synthesis and
function of these highly abundant proteins require an amount
of mitochondrially generated ATP,27, 28 as normal mitochon-
drial dynamics and distribution are important for maintaining
ATP levels.29-31 As was reported previously, translocation to
the perinuclear region and aggregation into clusters of mito-
chondria lead to bursts in ATP production during spontaneous
oocyte maturation in mice, and disruption of the mitochondrial
clusters with cytochalasin B (by breaking down microfilaments)
reduces the ATP production,31 suggesting that the status and

redistribution of mitochondria in mammalian oocytes consti-
tute a determining factor of oocyte energy supply. In the
current study, Elmod2 knockdown caused abnormal mitochon-
drial distribution as well as significantly decreased ATP levels,
indicating that Elmod2 maintained ATP levels by regulating
mitochondrial dynamics.

The Arf GTPase family member Arl2 has been shown to be
important for mitochondrial morphology, motility, and main-
tenance of ATP levels in mouse oocytes.22 In our previous
study, Arl2 was found to distribute evenly within the cytoplasm
at the GV stage, while upon meiotic resumption it was strongly
concentrated within spindles23; this is very similar to the
dynamic localization of Elmod2 during oocyte meiosis. In the
present study, we showed that Elmod2 was co-localized and co-
immunoprecipitated with Arl2, and that Elmod2 appeared to
be important for normal mitochondrial dynamics and ATP lev-
els. Since Elmod2 is known to be the GAP for Arl222, it is rea-
sonable to conjecture that Elmod2 functions in oocyte meiosis
by activating Arl2.

Many studies have shown that decreased ATP levels will
cause universally adverse effects on normally diverse cellular
processes, including cell cycle kinetics.32-35 For example, ATP is
required for the release of the anaphase-promoting complex /
cyclosome from inhibition by the mitotic checkpoint.33 Cdc123,
another cell cycle regulator, is identified as an ATP-Grasp pro-
tein that functions in cell cycle regulation by catalyzing protein
modifications in an ATP-dependent manner.34 In mouse
oocytes, the decrease in mitochondrially derived ATP may
induce disassembly of MII oocyte spindles.35 Per our cytologic
analysis, Elmod2 knockdown caused a series of meiotic

Figure 5. Elmod2 is required for normal distribution of mitochondria and maintenance of ATP content during oocyte meiosis. (A) Representative confocal images showed
that abnormal mitochondria aggregation occurred after Elmod2 knockdown. Mitochondria (red) are labeled with fluorescent mitochondria tracker, chromosomes in blue.
(B) ATP level was significantly reduced in Elmod2-knockdown oocytes than in control. Significant difference is asterisk (�) labeled. Scale bars, 20 mm.
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problems, including a delay in progression to meiosis I and II.
Furthermore, inaccurate chromosomal segregation occurred
during anaphase, and the number of oocytes with aneuploidy
increased significantly. In parallel fashion, problematically
mature oocytes (“abnormal MII oocytes”) also increased signifi-
cantly, and eventually precipitated decreased fertilization and
increased abnormal fertilization. Based on these results, the
reduction in ATP levels after Elmod2 knockdown appeared to
cause universal defects in oocyte meiosis and subsequent
fertilization.

In conclusion, we have characterized Elmod2 as being a pre-
dominant GAP in mouse oocyte maturation, and thereby a
likely master regulator of intracellular ATP levels and of impor-
tant cellular activities such as meiosis and fertilization. Through
these activities, Elmod2 might regulate ATP levels by modulat-
ing Arl2 activity. However, further studies are required to
investigate whether Elmod2 also affects other Arfs and how
Elmod2 regulates Arfs in oocyte meiosis.

Materials & methods

General chemicals and reagents and animals

Chemicals and reagents were obtained from Sigma unless oth-
erwise stated. ICR mice used in this study were supplied by
Vitalriver Experimental Animal Technical Co. (Beijing, China).
All animal experiments were approved by the Animal Care and
Use Committee of Nanjing Medical University and were per-
formed in accordance with institutional guidelines.

Antibodies

Mouse monoclonal anti-b-actin (Cat #: A5316–100) was pur-
chased from Santa Cruz (Dallas, Texas, USA). Mouse monoclo-
nal anti-b-tubulin antibody (Cat #: sc-5274) antibody was

purchased from Santa Cruz (Dallas, Texas, USA). Human anti-
centromere CREST antibody (Cat #: 15–234) was purchased
from Antibodies Inc. (Davis, CA, USA). Cy2-conjugated don-
key anti-mouse IgG (Code: 715–225–150), Rhodamine
(TRITC)-conjugated donkey anti-human IgG (Code: 709–025–
149), Cy2-conjugated donkey anti-human IgG (Code: 709–
225–149) and Cy2-conjugated donkey anti-Rabbit IgG (Code:
711–225–152) were purchased from Jackson ImmunoResearch
Laboratory (West Grove, PA, USA). Horseradish Peroxidase
(HRP)-conjugated goat anti rabbit IgG and HRP-conjugated
goat anti mouse IgG were purchased from Vazyme (Nanjing,
Jiangsu, China). Rabbit polyclonal anti-Elmod2 antibody was
supplied by Shanghai Yingji Biotechnology Company (Shang-
hai, China). Rabbit polyclonal anti-Arl2 (Cat #: 10232–1-AP)
was purchased from Proteintech (Chicago, IL, USA).

Oocytes collection and culture

Immature oocytes arrested in prophase I (GV stage) were
obtained from the ovaries of 3–4 week-old ICR female mice.
The mice were killed by cervical dislocation and the ovaries
were isolated and placed in operation medium (Hepes) con-
taining 10% fetal bovine serum (FBS) (Gibco). Oocytes were
released from the ovary by puncturing the follicles with a hypo-
dermic needle. Cumulus cells were washed off the cumulus-
oocyte complexes by repeatedly mouth-pipetting and every 50
isolated denuded oocytes were placed in 100-ul droplets of cul-
ture medium under mineral oil in plastic dishes (BD). The cul-
ture medium was MEMC (MEM with 0.01 mM EDTA,
0.23 mM Na-pyruvate, 0.2 mM pen / strep, 3 mg/ml BSA ) con-
taining 20 % FBS. Oocytes were cultured at 37.0 �C, 5 % O2, 5
% CO2 in humidified atmosphere. Prior to IVM, all operation
and culture medium include 2.5 nM milrinone to prevent
resumption of meiosis.

Figure 6. Elmod2 interacts with Arl2 in mouse oocytes. (A) Immunofluorescence staining showed that Elmod2 (green) and Arl2 (red) co-localized within spindle region of
MI oocytes. (B) Co-immunoprecipitation (Co-IP) and western blot showed that Elmod2 interacted well with Arl2. Scale bars, 20 mm.
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siRNA knockdown

Sequences of all DNA templates for siRNA production are
listed in Table 1. The sequence of control templates is a mock
sequence that does not specifically bind to any mRNA from the
mouse genome. DNA templates against 4 different coding for
DNA sequence (CDS) regions of Elmod2 siRNA were designed
online through BLOCK-iTTM RNAi Designer (http://rnaide
signer.invitrogen.com/rnaiexpress/) with some modification.
Sequence specificity was verified through a blast homology
search.

SiRNAs were produced using the T7 RiboMAXTM
Express RNAi System (Promega) according to the manufac-
turer’s instructions. Briefly, for each double-stranded siRNA
against one of the 4 Elmod2 CDS regions, 2 pairs of synthe-
sized complementary single-stranded DNA oligonucleotides
were first annealed to form 2 double-stranded DNA tem-
plates. Subsequently, 2 complementary single-stranded siR-
NAs were separately synthesized in accordance with these 2
templates and then annealed to form a final double-
stranded siRNA. Next, the siRNA was purified by conven-
tional phenol / chloroform / isoproponal precipitation. Fol-
lowed with a quality check on the agarose gel, the siRNA
product was then aliquoted and stored at ¡80 �C. A ready-
to-use siRNA mixture was prepared by mixing siRNAs
against 4 target regions together.

Fully-grown immature oocytes were microinjected with
Elmod2-targeting siRNA to knock down Elmod2 proteins.
SiRNA was diluted with water to give a stock concentration of
1 mM, and 2.5 pico-liter solution was injected. The control
siRNA was injected as control. To facilitate the siRNA-medi-
ated mRNA degradation, oocytes were arrested at GV stage in
MEMC medium containing 2.5 mM milrinone for 24 hours,
and then cultured in milrinone-free medium for further
experiments.

In-vitro fertilization (IVF)

Oocytes were injected with siRNA and cultured to MII stage as
described. Shortly before fertilization, oocytes were washed rap-
idly for 3 times with MEMC medium to remove FBS. Sperma-
tozoa were obtained from the epididymis of 10–18 weeks old
B6D2F1 male mice and were then capacitated in 1 ml MEMC
for 1 hour. Subsequently, 10 ml of a sperm suspension contain-
ing 5–10£106/ml spermatozoa was added to 490 ul MEMC
medium, and oocytes washed off of FBS were added. 9 hours
later, the oocytes were processed for immunoassaying and
examined to determine the frequency of successful fertilization,
by the identification of the formation of pronuclei. Fertilization
rate is the proportion of eggs with 2 or more pronuclei in all
the oocytes used for IVF, while 2-PN rate is the percentage of
eggs with 2 pronuclei among all the fertilized eggs.

Immunofluorescence

Oocytes were briefly washed in PBS with 0.05 % polyvinylpyrro-
lidone (PVP), permeated in 0.5 % Triton X-100 / PHEM
(60 mM PIPES, 25 mM Hepes pH 6.9, 10 mM EGTA, 8 mM
MgSO4) for 5 minutes and washed 3 times rapidly in PBS /
PVP. Next the oocytes were fixed in 3.7 % paraformaldehyde
(PFA) / PHEM for 20 minutes, washed 3 times (10 minutes
each) in PBS / PVP and blocked with blocking buffer (1 % BSA /
PHEM with 100 mM glycine) at room temperature for 1 hour.
Then the oocytes were incubated at 4 �C overnight with primary
antibody diluted in blocking buffer. After being washed 3 times
(10 minutes each) in PBS with 0.05 % tween-20 (PBST), the
oocytes were incubated at room temperature for 45 minutes with
secondary antibody diluted in blocking buffer (1:750 in all cases).
Finally chromosomes were stained by 10 mg/ml Hochest 33342
(Sigma) and the oocytes were mounted onto a slide with mount-
ing medium (0.5 % propgal gallate, 0.1 M Tris-Hcl, pH 7.4, 88 %

Table 1. DNA oligos for siRNA production.

Target Site DNA templates

Elmod2 211–2351 Oligo1: GGATCCTAATACGACTCACTATAGACAGGTGTATAGCGAACATCATGA2

Oligo2:AATCATGATGTTCGCTATACACCTGTCTATAGTGAGTCGTATTAGGATCC2

Oligo3: GGATCCTAATACGACTCACTATATCATGATGTTCGCTATACACCTGTC2

Oligo4:AAGACAGGTGTATAGCGAACATCATGATATAGTGAGTCGTATTAGGATCC2

Elmod2 522–5461 Oligo1: GGATCCTAATACGACTCACTATAGATCAATCTCGTGTATTTCAGTGAA2

Oligo2:AATTCACTGAAATACACGAGATTGATCTATAGTGAGTCGTATTAGGATCC2

Oligo3: GGATCCTAATACGACTCACTATATTCACTGAAATACACGAGATTGATC2

Oligo4:AAGATCAATCTCGTGTATTTCAGTGAATATAGTGAGTCGTATTAGGATCC2

Elmod2 772–7961 Oligo1: GGATCCTAATACGACTCACTATAGAGGAAGAGCCAGAAAGCATTATGT2

Oligo2:AAACATAATGCTTTCTGGCTCTTCCTCTATAGTGAGTCGTATTAGGATCC2

Oligo3: GGATCCTAATACGACTCACTATAACATAATGCTTTCTGGCTCTTCCTC2

Oligo4:AAGAGGAAGAGCCAGAAAGCATTATGTTATAGTGAGTCGTATTAGGATCC2

Elmod2 850–8741 Oligo1: GGATCCTAATACGACTCACTATAGATTGCAATGCTGTGCTCACTTTGA22

Oligo2:AATCAAAGTGAGCACAGCATTGCAATCTATAGTGAGTCGTATTAGGATCC2

Oligo3: GGATCCTAATACGACTCACTATATCAAAGTGAGCACAGCATTGCAATC2

Oligo4:AAGATTGCAATGCTGTGCTCACTTTGATATAGTGAGTCGTATTAGGATCC2

Control3 Oligo1: GGATCCTAATACGACTCACTATACCTACGCCACCAATTTCGTTT2

Oligo2:AAAAACGAAATTGGTGGCGTAGGTATAGTGAGTCGTATTAGGATCC2

Oligo3: GGATCCTAATACGACTCACTATAAAACGAAATTGGTGGCGTAGG2

Oligo4:AACCTACGCCACCAATTTCGTTTTATAGTGAGTCGTATTAGGATCC2

1The numbers are the starting and ending position of the target sites in Elmod2 CDS (NM_001170691.1 in NCBI).
2Two pairs of DNA oligos are needed for each double-stand siRNA. Oligo 2 is complementary with oligo 1 except an “AA” overhang
at 50 ; Oligo 3 is complementary with oligo 4 except an “AA” overhang at 50 . In each oligo, gene-specific sequences are underlined;
other sequences are for recognition and binding by T7 RNA polymerase.
3Control siRNA does not target to any mRNA sequence in mouse.
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Glycerol) and covered with a cover glass (0.13–0.17 mm thick).
To maintain the dimension of the oocytes, 2 strips of double-
stick tap (90 mm thick) were sticked between the slide and cover
glass. Dilution of primary antibodies was as follows: anti-Elmod2,
1:200; anti-tubulin, 1:500; anti-human centromere, 1:500. The
oocytes were examined with an Andor Revolution spining disk
confocal workstation (Oxford instruments, Belfast, Northern
Ireland).

Chromosome spread

Oocytes were exposed to Tyrode’s buffer (pH 2.5) for 40–50 sec-
onds to remove zona pellucidae, and then fixed in a drop of 1 %
paraformal -dehyde with 0.15 % Triton X-100 on a glass slide.
Kinetochores and chromosomes were then stained as that of
immunofluorescence. Andor Revolution spining disk confocal
workstation was used to examine chromosome and kinetochore
numbers in oocytes.

Co-immunoprecipitaion

For immunoprecipitation experiments, 5 mg Rabbit anti
Elmod2 or Rabbit anti Arl2 antibody was first coupled to 30 ml
protein-A/G beads (Macgene, Beijing, China) for 4 hours at
4�C on a rotating wheel in 250 ml IP buffer (20 mM Tris-HCl,
pH 8.0, 10 mM EDTA, 1 mM EGTA, 150 mM NaCl, 0.05 %
Triton X-100, 0.05 % Nonidet P-40, 1 mM phenylmethylsul-
fonyl fluoride) with 1:100 protease inhibitor (Sigma) and 1:500
phosphatase inhibitor (Sigma). Meanwhile, 3000 oocytes were
lysed and ultra-sonicated in 250 ml IP buffer and then pre-
cleaned with 30 ul protein A/G beads for 4 hours at 4 �C. After
that, protein A/G-coupled Elmod2 or Arl2 antibody was incu-
bated overnight at 4 �C with pre-cleaned oocyte lysate superna-
tant. Finally, after being washed for 3 times (10 minutes each
with 250 ul IP buffer), the resulting beads with bound immuno
complexes were subjected for western immnoblotting analysis.

Mitochondrial staining and ATP measurements

Oocytes were injected with Elmod2-spedific or control siRNA
and cultured to MII stage as described. For mitochondrial
staining, the oocytes were stained in Hepes containing 100 nM
Mito Tracker (Invitrogen, m7521) and 10 ug/ml Hochest
33342 (Sigma) for 30 minutes. Subsequently the oocytes were
examined with an Andor Revolution spin disk confocal work-
station. For measurement of ATP, the oocytes were first lysed
with 100 ul RIPA lysis solution on ice. The samples were then
detected by enzyme-labeled instrument Synergy2 (BioTek,
USA) to evaluate ATP level.

Data analysis and statistics

All experiments were repeated at least 3 times. Measurement on
confocal images was done with Image J. Data were presented as
average § sem. Statistical comparisons were made with Stu-
dent’s test of EXCEL. Data were presented average § sem. P <

0.05 was considered to be statistically significant.
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