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Abstract

SIRT2, the predominantly cytosolic sirtuin, plays important role in multiple biological

processes, including metabolism, stress response, and aging. However, the function

of SIRT2 in gap junction intercellular communications (GJICs) of cumulus‐oocyte
complexes (COCs) is not yet known. The purpose of the present study was to

evaluate the effect and underlining mechanism of SIRT2 on GJICs in COCs. Here, we

found that treatment with SIRT2 inhibitors (SirReal2 or TM) inhibited bovine oocyte

nuclear maturation. Further analysis revealed that SIRT2 inactivation disturbed

the GJICs of COCs during in vitro maturation. Correspondingly, both the Cx43

phosphorylation levels and MEK/MER signaling pathways were induced by SIRT2

inhibition. Importantly, SIRT2‐mediated Cx43 phosphorylation was completely

abolished by treatment with MEK1/2 inhibitor (Trametinib). Furthermore, treatment

with SIRT2 inhibitors resulted in the high levels of MEK1/2 acetylation. Functionally,

downregulating the MER/ERK pathways with inhibitors (Trametinib or SCH772984)

could attenuate the closure of GJICs caused by SIRT2 inactivation in partly. In

addition, inhibition of SIRT2 activity significantly decreased the membrane and zona

pellucida localization of Cx43 by upregulating the levels of Cx43 acetylation. Taken

together, these results demonstrated a novel role that SIRT2 regulates GJICs via

modulating the phosphorylation and deacetylation of Cx43 in COCs.
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1 | INTRODUCTION

Gap junctions contain intercellular channels that connect neigh-

boring cells and allow passage of small molecules (Nicholson, 2003).

The gap junction intercellular communications (GJICs) are strongly

involved in multiple physiological processes such as tumorigenesis

(Z. Khan et al., 2014), stress response (Ge et al., 2018), adipogenic

differentiation (Wiesner, Berberich, Hoefner, Blunk, & Bauer‐
Kreisel, 2018), and nervous system functions (Bosone, Andreu, &

Echevarria, 2016). In the mammalian follicle, the GJICs are

observed between cumulus cells and oocytes (Gilula, Epstein, &

Beers, 1978). There are abundant evidence showing that GJICs play

a central role in oocyte maturation and fertilization (Carabatsos,

Sellitto, Goodenough, & Albertini, 2000; Sela‐Abramovich, Edry,

Galiani, Nevo, & Dekel, 2006). The presence of cumulus cells is

thought to be essential for oocyte maturation and development. An

alternative possibility is that cumulus cells transmit a maturation‐
promoting signal to oocytes via gap junctions (Eppig, 2001).

Numerous studies have shown that cumulus cells are depended

on GJICs supplying some small nutrients (such as glucose metabo-

lites, glutamate, ions) or regulatory molecules (such as ATP or

cAMP) for oocyte by supporting the cytoplasmic maturation or
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fertilization (Carvacho, Piesche, Maier, & Machaca, 2018; Nagai,

Ding, & Moor, 1993; Van‐Soom, Tanghe, De‐Pauw, Maes, &

de‐Kruif, 2002).
Gap junctions are composed of connexins, a multigene family of

integral membrane proteins. There are at least eight types of con-

nexin proteins, including Cx26, Cx30.3, Cx32, Cx37, Cx40, Cx43,

Cx45, and Cx57 that have been identified in the mammalian ovarian

(Kidder & Mhawi, 2002). Among these connexins, Cx43 is known as

the most abundantly expressed in granulosa cells throughout all

stages of follicle development, which has been proposed as a major

mediator of gap‐junction channels (Grazul‐Bilska, Reynolds, &

Redmer, 1997). A decrease of Cx43 protein is observed in cumulus

cell‐enclosed oocytes of diabetic mice, which may have a detrimental

effect on oocyte maturation and development (Chang, Dale, &

Moley, 2005). In the mouse model, Cx43‐deficient interrupts folli-

culogenesis, and prevents cumulus cells from forming more than one

layer around the oocyte, thereby resulting in severe retardation of

oocyte development and failure of meiotic maturation (Ackert,

Gittens, O'Brien, Eppig, & Kidder, 2001). These findings suggest that

Cx43 appears to have an indispensable role in oocyte development

and maturation. Cx43 is a multiphosphorylated protein, which can

determine the conductance and permeability of gap junctions at

Ser‐279/282/262/368 and Tyr‐265 positions in a short period of

time (Boeldt, Grummer, Yi, Magness, & Bird, 2015; Lampe &

Lau, 2004). Evidence support that phosphorylation of Cx43 can close

the gap‐junction channels between cumulus cells and oocytes

(Richards et al., 2004; Zhang et al., 2019). Previous studies indicated

that Cx43 can be phosphorylated by some protein kinases and sig-

naling pathways, including protein kinase C (PKC; Yang, Peng, Wu, Li,

& Liu, 2017), mitogen‐activated protein kinase (MAPK) (Hossain, Ao,

& Boynton, 1998), extracellular signal‐regulated kinase (ERK; Cho

et al., 2002), and inositol 1,4,5‐trisphosphate (IP3; Kang et al., 2014).

Interestingly, recent studies have demonstrated that lysine acetyla-

tion of Cx43 determines its subcellular localization, thereby affecting

gap junctions in cardiomyocytes and Hela cells (Colussi et al., 2011;

Laguesse et al., 2017). Although the posttranslational modification of

Cx43 has been implicated as a regulatory pathway for the gap

junction channels, the mechanisms that regulate GJICs between

cumulus cells and oocytes are still poorly understood.

Sirtuins are an evolutionarily conserved family of NAD+‐
dependent deacetylases that have been implicated in diverse biolo-

gical events, including aging (I. Khan et al., 2017), metabolism

(Gomes, Fleming‐Outeiro, & Cavadas, 2015), stress response

(Bi et al., 2019), and apoptosis (Veiga‐Santos et al., 2014). There are

seven mammalian Sirtuins (SIRT1–7), which display diversity in sub-

cellular localization and function (Frye, 2000). Of these seven, SIRT2

is the only member of Sirtuins that predominantly located in the

cytoplasm (Vaquero et al., 2006). Several studies showed that SIRT2

mediated MEK kinase activity (Bajpe et al., 2015; Yeung et al., 2015),

which might affect Cx43 phosphorylation levels. Furthermore, a re-

cent report has shown that Cx43 is deacetylated by HDAC6 in apical

progenitors of the cerebral cortex (Laguesse et al., 2017). HDAC6 is a

cytoplasmic localization deacetylase, and has been shown to

acetylate α‐tubulin. Similar to HDAC6, SIRT2 as one deacetylase of

cytoplasm also may mediate the same cytoplasmic target Cx43.

Specially, we have previously discovered that SIRT2 is abundantly

expressed in bovine cumulus cells and oocytes (Xu et al., 2019).

These findings emerge that SIRT2 might regulate the post-

translational modifications of Cx43. It would be interesting to test

whether SIRT2 is involved in Cx43‐mediated gap junctions in

cumulus‐oocyte complexes (COCs) during in vitro maturation. To

verify this hypothesis, we investigated the possible function of SIRT2

on GJICs, as well as the mechanisms underlying SIRT2′s actions on

Cx43 in COCs.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

SirReal2 (Cat#: S7845), Thiomyristoyl (TM, Cat#: S8245), Trametinib

(Cat#: S2673), and SCH772984 (Cat#: S7101) were purchased from

Selleck chemicals (Houston, TX). Rabbit polyclonal anti‐Cx43
(Cat#: 15386‐1‐AP) antibody was purchased from Proteintech

Group, Inc (Wuhan, China). Rabbit polyclonal anti‐pCx43 (Phospho‐
Ser368, Cat#: 11258) antibody was purchased from Signalway anti-

body LLC (College park, MD). Rabbit polyclonal anti‐ERK1/2 (Cat#:

bs‐0022R), anti‐pERK1/2 (Phospho‐Thr202/Tyr204; Cat#:bs3016R),
anti‐MEK1/2 (Phospho‐Ser218/Ser222, Cat#: bs3270R) antibodies,

and goat anti‐rabbit IgG/HRP (bs‐0295G) were purchased from Bioss

(Beijing, China). Rabbit monoclonal anti‐GAPDH (Cat#: ab181603),

anti‐acetyl lysine (Cat#: ab190479) antibodies, and anti‐MEK1/2

(Cat#: ab178876) were purchased from Abcam (Cambridge, UK).

Unless otherwise indicated, the other chemicals were purchased

from Sigma‐Aldrich (St. Louis, MO).

2.2 | Isolation and culture of bovine COCs and
treatment

Bovine ovaries were obtained from a local abattoir (Shaanxi, China),

and delivered to the laboratory in phosphate‐buffered saline (PBS)

containing penicillin (100 IU/ml) and streptomycin (100mg/ml) at

27–30°C within 8 hr. Follicles (2–8mm in diameter) were aspirated

using an 18‐Gauge needle on a 10ml disposable syringe. The cumulus‐
oocyte complexes (COCs) with three or more layers of cumulus cells

were chosen for in vitro maturation (IVM). After washing with TCM199

(Gibco, Waltham, MA) containing 5% (v/v) fetal bovine serum (FBS),

approximately 50 COCs were randomly selected as a group, and cul-

tured in 750 μl of IVM medium at 38.5°C in a humidified atmosphere

containing 5% CO2 for 0, 6, 12, and 24 hr, respectively. The IVM

medium was TCM‐199, supplemented with 10% (v/v) FBS (Gibco), 1%

(v/v) ITS (containing 1.0mg/ml recombinant human insulin, 0.55mg/ml

human transferrin, and 0.5 μg/ml sodium selenite at the 100× con-

centration), 0.1 IU/ml human menopausal gonadotropin (HMG; Livzon

Pharm, Zhuhai, China), 0.2mM sodium pyruvate, 10 ng/ml epidermal
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growth factor (EGF), 0.2 IU/ml follicle‐stimulating hormone (FSH;

Ningbo Second Hormone Factory, Ningbo, China), 2 μg/ml 17β‐
estradiol, 100 IU/ml penicillin, and 100mg/ml streptomycin. According

to previous reports (Xu et al., 2019; Hong et al., 2018; Zhao

et al., 2017) and viability assay, the optimal concentrations of SIRT2

inhibitors (5 μM SirReal2, 2 μM TM), and/or MEK1/2 inhibitor (10 nM

Trametinib), ERK/2 inhibitor (1 μM SCH772984) were supplemented in

IVM medium, respectively.

2.3 | Viability and maturation assessment of
oocytes

The viability and maturation of bovine oocytes were evaluated fol-

lowing a previously described procedure with some modifications

(Casas, Bonilla, Ducolomb, & Betancourt, 2010; Domínguez

et al., 2019). After treatment with various concentrations of SirReal2

(1.0, 2.0, 5.0, and 10.0 μM) or TM (0.5, 1.0, 2.0, and 4.0 μM) for 24 hr,

the viability of bovine oocytes was evaluated using a

methylthiazolyldiphenyl‐tetrazolium bromide (MTT) assay kit

(Beyotime, China). Briefly, oocytes were mechanically denuded and

incubated for 30min in 0.5 mg/ml MTT. Viable oocytes contain

NAD(P)H‐dependent oxidoreductase enzymes, which reduce the

MTT reagent to formazan, an insoluble crystalline product with a

deep purple color. Purple stained oocytes were considered alive

when evaluated under a light microscope. For the evaluation ma-

turation, oocytes were incubated with 10 μg/ml Hoechst 33342

(Beyotime) for 10min and fixed for 30min with 5% paraformalde-

hyde. After washed with PBS, only oocytes showing second meta-

phase (MII) and a polar body were judged to be maturation using a

confocal epifluorescence microscope. Then the percentages of

viability and maturation oocytes were calculated.

2.4 | GJIC assay of oocyte‐cumulus cells

Calcein‐AM (calcein‐acetoxymethyl; Invitrogen) was used to examine

the GJICs between cumulus cells and oocyte, as previously described

(Santiquet, Develle, Laroche, Robert, & Richard, 2012; Zhang

et al., 2019). Carbenoxolone disodium (CBX; Sigma‐Aldrich), an un-

coupling agent of gap junctions as a blocker, was used as a positive

control at 100 μM (Domínguez et al., 2016; Santiquet et al., 2012).

COCs were exposed to calcein‐AM (1mM) for 15min after treat-

ment with SIRT2 inhibitors and/or MEK1/2 inhibitor, ERK/2 inhibitor

for 0, 6, and 12 hr, then were transferred to calcein‐AM free IVM

media. For fluorescent calcein exchange between the cumulus cells

and the oocyte, the preincubated COCs were cultured for a further

25min at 38.5°C in a humidified atmosphere containing 5% CO2.

COCs were then washed in PBS containing 0.01% (w/v) PVA at least

three times to remove the unincorporated dye. The stained COCs

were photographed under a confocal epifluorescence microscope

(Nikon, JP), and the fluorescence intensity of calcein in COCs were

obtained using Image‐Pro Plus 6.0 software. For evaluating the GJIC

between the oocyte and cumulus cells, the ratio of mean integrated

optical density in the oocyte to mean integrated optical density in

cumulus cells was calculated.

2.5 | Immunofluorescence staining

COCs were fixed in 4% paraformaldehyde in PBS for 30min at room

temperature. After washing, the COCs were permeabilized for

30min at room temperature in PBS containing 0.5% (v/v) Triton

X‐100. Then, the permeabilized COCs were blocked for 1 hr at room

temperature with QuickBlock™ blocking buffer (Beyotime), and in-

cubated with rabbit polyclonal anti‐Cx43 (1:100), rabbit polyclonal

anti‐pCx43 (1:100) antibodies at 4℃ overnight, respectively. After

washing with PVA–PBS, COCs were incubated for 1.5 hr at room

temperature in the dark with Alexa Fluor 555‐labeled goat anti‐
rabbit IgG (1:200; Beyotime). The chromosomes were counterstained

with 4′,6‐diamidino‐2‐phenylindole, and the stained COCs were

mounted and observed with a confocal epifluorescence microscope

(Nikon, JP) or Leica confocal microscope (Leica, Germany). Then, the

fluorescence intensities of COCs were analyzed by Image‐Pro Plus

6.0 software (Media Cybernetics).

2.6 | Western blot analysis

After treatment for 6 hr, COCs were lysed with cold radio-

immunoprecipitation assay buffer supplemented with 1mM

phenylmethylsulphonyl fluoride (Beyotime) on ice for 30min. The

total protein concentrations of COCs were measured using a BCA

protein assay kit (Beyotime). Equal amounts of protein were mixed

with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS‐
PAGE) sample loading buffer and boiled for 5min. About 20 μg of

total proteins were submitted to each gel electrophoresis and

separated by 15% SDS‐PAGE gel. After transferring onto

nitrocellulose membranes (Beyotime), nonspecific binding sites were

blocked for 1 hr with blocking buffer (TBST containing 5% (w/v)

nonfat dry milk), and incubated overnight at 4℃ with primary anti-

bodies (anti‐pMEK1/2, 1:500; anti‐MEK1/2, 1:500; anti‐pERK1/2,
1:500; anti‐ERK1/2, 1:500; anti‐pCx43, 1:500; anti‐Cx43, 1:500; anti‐
GAPDH, 1:10,000) antibodies, respectively. After washed with TBST,

the membranes were incubated with slight shaking for 2 hr at room

temperature with HRP‐conjugated goat anti‐rabbit IgG (H+L;

1:5,000; Sungene Biotech, China). After washed at least four times

with TBST, the membranes were exposed to X‐ray film for visuali-

zation with ECL Plus (Millipore), and band intensities were quantified

with Quantity One software (v. 4.52; Bio‐Rad Laboratories).

2.7 | Coimmunoprecipitation

The freshly lysed proteins of COCs (a total of 200 COCs each

treatment) were used for immunoprecipitation assays. The 10%
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lysates were analyzed by western blot analysis with anti‐MEK1/2

(1: 500) and anti‐Cx43 (1:500) antibodies, respectively. Nonspecific

background was eliminated with protein A agarose and normal rabbit

IgG (Beyotime). The anti‐MEK1/2 (1:50) and anti‐Cx43 (1:50) anti-

bodies were added to the lysate samples, respectively, and incubation

occurred overnight at 4℃ with slight shaking. The immune com-

plexes were captured by protein A agarose with slight shaking for

3 hr at 4℃. Then the IPKine™ HRP‐mouse anti‐rabbit IgG LCS

(Abbkine, China; 1:5,000) was used to clear heavy chain blotting

contamination from the immunoprecipitation. The immune com-

plexes were performed by western blot analysis with anti‐MEK1/2

(1:500), anti‐Cx43 (1:500), anti‐Ac‐Lys (1:1,000) as previously

described, respectively.

2.8 | Statistical analysis

All of these experiments were repeated at least three times unless

specified otherwise. Data were represented as mean ± standard error

of the mean. Statistical analyses were performed using SPSS 20.0

statistical software (SPSS Inc.). Statistical comparisons were analyzed

by one‐way analysis of variance followed by Duncan's test, and dif-

ferences between treatment groups were assessed with Student's

t‐test (the means of two groups) using A p < .05 was considered as a

statistically significant difference.

3 | RESULTS

3.1 | Effect of SIRT2 inhibitors on oocyte viability
and nuclear maturation

After treatment with various concentrations of SIRT2 inhibitors

(SirReal2, TM), the viability of oocyte was evaluated by the MTT

assay. As shown in Figure 1a,b, treatment with 1.0, 2.0, and

5.0 μM SirReal2 or 0.5, 1.0, and 2.0 μM TM hardly affected the

viability of oocyte (p > .05), whereas a significant decrease in

oocyte viability was observed at a higher concentration of

F IGURE 1 SIRT2 inactivation inhibited oocyte nuclear maturation. (a) Effect of SirReal2 (1.0, 2.0, 5.0, and 10.0 μM) on the viability
(open curve: viability percentage) and in vitro maturation (closed curve: maturation percentage). (b) Effect of TM (0.5, 1.0, 2.0, and 4 μM) on the
viability (open curve: viability percentage) and in vitro maturation (closed curve: maturation percentage). (c) The percentage of oocyte

maturation in SirReal2 (5.0 μM)‐, TM (2.0 μM)‐, and CBX (100.0 μM)‐exposed COCs at 6, 12, and 24 hr of incubation. For viability and
maturation, more than 600 oocytes in three independent experiments were analyzed. The graph shows the mean ± SEM of the results obtained
in three independent experiments. CBX, carbenoxolone disodium; COC, cumulus‐oocyte complexes; DMSO, dimethyl sulfoxide; SEM, standard

error of mean; *p < .05; **p < .01; ***p < .001, comparing the indicated groups. Bars with different letters (a, b, and c) indicate significant
differences, p < .05
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10.0 μM SirReal2 or 4.0 μM TM (p < .05). Interestingly, SIRT2 in-

hibitors significantly decreased the percentage of oocyte ma-

turation in a dose‐dependent manner (p < .05), indicating that

inhibition effect of SIRT2 inactivation on oocyte maturation

might depend on its deacetylation activity, but not because of

cytotoxicity‐induced viability issues. To analyze the potential

underlying mechanism of oocyte maturation caused by SIRT2

inhibitors, we incubated bovine cumulus‐oocyte complexes

(COCs) with CBX, a known blocker of gap junctions. Consistent

with SIRT2 inhibitors, gap junction communications (GJC)

breakdown with CBX treatment significantly inhibited oocyte

maturation (Figure 1c; p < .05), suggesting that redundancy of

functions might exist between SIRT2 and GJC in vitro maturation.

3.2 | SIRT2 regulated GJICs during in vitro
maturation

It is well known that GJICs are necessary for oocyte development

and maturation. To determine whether SIRT2 mediated the

GJICs, the COCs were treated with SIRT2 inhibitors (5 μM

SirReal2, 2 μM TM) for 0, 6, and 12 hr, respectively, then GJICs

were assessed using calcein‐AM. As shown in Figure 2a,

significant fluorescence intensity was observed in oocytes and

cumulus cells in the control, CBX, and treatment groups at 0 hr of

incubation, suggesting good gap communications between COCs.

After 6 and 12 hr of incubation, although a strong fluorescence

was still observed in cumulus cells, the fluorescence was weak

inside the oocytes in the SirReal2‐, TM‐, and CBX‐ exposed

groups (Figure 2a,b). The results showed that SIRT2 inhibitors

(SirReal2, TM) prevented calcein transfer from cumulus cells to

oocytes significantly (p < .05), indicating that SIRT2 inactivation

could disrupt the GJICs in COCs.

3.3 | SIRT2 inactivation increased phosphorylated
Cx43 via upregulating MER/ERK signaling pathways

The importance of Cx43 as a major contributor to gap junctions was

confirmed in mammalian COCs (Kalma, Granot, Galiani, Barash, &

Dekel, 2004; Winterhager & Kidder, 2015). To analyze the under-

lining mechanism that SIRT2 inactivation induced disruption of

GJICs, the role of SIRT2 on Cx43 was determined in COCs. As shown

in Figure 3a, Cx43 was abundantly expressed in bovine cumulus cells,

indeed. By performing immunofluorescence staining and western

blot analysis, the results showed that the protein levels of Cx43 were

unaltered in the control, SirReal2‐, and TM‐exposed groups (p > .05;

Figure 3a,b,d,e). In most cases, gap junction channel gating is regu-

lated by phosphorylation and dephosphorylation of connexins

(Moreno & Lau, 2007). Thus, the levels of phosphorylated Cx43 in

COCs were evaluated after pre‐incubation with SirReal2 or TM for

6 hr, respectively. As documented by immunofluorescence and wes-

tern blot analysis, the levels of phosphorylated Cx43 on S368 was

significantly increased by treatment with SirReal2 or TM (p < .01;

Figure 3a,c,d,f), suggested that SIRT2 inactivation results in

hyperphosphorylation of Cx43.

To determine the possible SIRT2‐mediated pathways of

phosphorylated Cx43, the COCs were challenged by MEK1/2

antagonist (Trametinib) for 6 hr with or without pretreatment

with SIRT2 inhibitor. The data showed that inhibition of SIRT2

activation enhanced the phosphorylation levels of MEK1/2 and

ERK1/2 in COCs (p < .05; Figure 3d,g,h). Moreover, treatment

with Trametinib could prevent phosphorylation of MEK/ERK in

the response to SirReal2 or TM exposure (Figure 3d,g,h), in-

dicating that SIRT2 inhibition increased the activity of MEK/ERK

signaling pathways. Importantly, the upregulation effect of SIRT2

inactivation on phosphorylated Cx43 was abrogated by treat-

ment with Trametinib (Figure 3d,f). Considered together, these

F IGURE 2 SIRT2 inhibition disturbed gap junction communication in bovine cumulus‐oocyte complexes (COCs). (a) Representative images
showing the calcein‐AM transfer from cumulus cells to oocytes in DMSO‐, SirReal2 (5.0 μM)‐, TM (2.0 μM)‐, and CBX (100.0 μM)‐exposed COCs
at 0, 6, and 12 hr of incubation. Scale bar: 100 μm. (b) The ratio of oocytes/cumulus cells calcein fluorescence intensity to reflect permeability of
gap junction in different treatment groups. The graph shows the mean ± SEM of the results obtained in three independent experiments, with a

total of 261 COCs (pictures). CBX, carbenoxolone disodium; DMSO, dimethyl sulfoxide; SEM, standard error of mean; **p < .01; ***p < .001,
comparing the indicated groups
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results revealed that SIRT2 regulated phosphorylated Cx43 via

MEK/ERK pathways. To further confirm how SIRT2 mediated

kinase activity, we performed western blot to detect acetylated

levels in MEK1/2 immunoprecipitate. The results showed that the

levels of acetylated MEK1/2 were significantly increased by

treatment with SirReal2 or TM (p < .001; Figure 3i,j). These

findings indicated that the kinase activity of MEK/ERK

pathways is induced by SIRT2 inactivation‐mediated MEK1/2

hyperacetylation.

3.4 | MER/ERK signaling pathways contributed to
SIRT2‐mediated GJICs

To further confirm whether SIRT2‐mediated GJICs were dependent

on MER/ERK signaling pathways, we exposed COCs to MEK1/2

antagonist (Trametinib), ERK1/2 antagonist (SCH772984) for 6 hr

with pretreatment with SIRT2 inhibitors (SirReal2, TM), respec-

tively, and subsequently assessed GJICs using calcein‐AM. As

shown in Figure 4a,b, the blocking effect of SIRT2 inactivation on

GJICs was partly attenuated by treatment with Trametinib or

SCH772984 (p < .05). Interestingly, MER/ERK‐mediated Cx43 de-

phosphorylation is not sufficient to absolutely abolish the response

to SIRT2 inhibitors on GJICs (Figure 4a,b). The results indicated that

SIRT2 not only regulates GJICs by ERK1/2‐mediated Cx43 phos-

phorylation but also through other pathways.

3.5 | SIRT2‐mediated Cx43 deacetylation drove its
membrane localization

Furthermore, we analyzed the cellular localization of Cx43 in COCs

after SIRT2 inhibitors treatment using confocal scanning. As shown

in Figure 5a,b, the membrane localization of Cx43 was significantly

decreased between cumulus cells by treatment with SirReal2 or TM

(p < .01). Furthermore, a significantly decreased fluorescence in-

tensity of Cx43 was observed at the surface of zona pellucida after

treatment with SirReal2 or TM (p < .001; Figure 5a,c), suggesting

that Cx43 formed connexons at the contact points between cu-

mulus cells and oocyte were closed by SIRT2 inactivation. Previous

studies have shown that acetylated Cx43 delocalizes from the

membrane and is mainly found in the cytoplasm or nucleus

(Colussi et al., 2011; Laguesse et al., 2017). To identify SIRT2

responsible for Cx43 deacetylation, Cx43 acetylation levels were

tested using coimmunoprecipitation assays in SIRT2 inhibitor‐
exposed COCs. As shown in Figure 5d,e, treatment with SirReal2 or

TM significantly increased the Cx43 acetylation levels of COCs

(p < .01), suggesting that SIRT2 can directly target Cx43 as a

deacetylase. Altogether, these results indicated that SIRT2

inactivation‐mediated Cx43 acetylation leads to its delocalization

from the membrane, thereby disturbing the GJICs of COCs.

4 | DISCUSSION

In some reports, rupture of gap junction will induce germinal vesicle

breakdown (GVBD) in mouse oocyte via downregulation cGMP/

cAMP levels (Norris et al., 2009; Sela‐Abramovich et al., 2006), that

causes meiotic resumption in mouse oocytes, whereas these studies

have not demonstrated whether gap junction breakdown further

promotes oocyte growth to the M phase and nuclear maturation. In

fact, gap junctions are the main connection between cumulus cells

and oocytes during bovine oocyte nuclear maturation (Feng, Shi,

Yang, & Wang, 2013), and a rapid transfer of small metabolites from

the cumulus cells into the oocyte is essential for oocyte nuclear

maturation events (Van‐Soom et al., 2002). Moreover, oocytes from

connexin‐deficient mice fail to undergo the M phase and meiotic

maturation (Ackert et al., 2001; Carabatsos et al., 2000). In this study,

SIRT2 inactivation‐induced gap junction breakdown blocked nuclear

maturation in the bovine oocyte. This is in agreement with

Vozzi et al. (2001) confirm that the absence of gap junction com-

munication in bovine COCs prevents oocyte nuclear maturation.

It is well known that gap junctions are required for oocyte growth,

enabling nutrients, and other small molecules to transfer between

cumulus cells and oocytes (Campen et al., 2018; Gilchrist, 2011), but

the regulated mechanism for GJICs remains poorly understood during

F IGURE 3 SIRT2 inhibition increased Cx43 phosphorylation via MEK/ERK signaling pathways. (a) Immunofluorescence of Cx43 and p‐Cx43
(Ser368) expressed in DMSO‐, SirReal2‐, and TM‐exposed COCs. After different treatment conditions for 6 hr, COCs were stained with anti‐
Cx43 or anti‐p‐Cx43 antibody (red), and counterstained with DAPI (blue). Scale bar: 100 μm. (b) Fluorescence intensity of Cx43 in DMSO‐,
SirReal2 (5.0 μM)‐, and TM (2.0 μM)‐exposed COCs. The graph shows the mean ± SEM of the results obtained in three independent experiments,

with a total of 127 COCs. (c) Fluorescence intensity of p‐Cx43 (Ser368) in different treatment groups. The graph shows the mean ± SEM of the
results obtained in three independent experiments, with a total of 114 COCs. (d) Western blot analysis analysis for phosphorylation of MER1/2,
ERK1/2 and Cx43 levels in COCs under different treatment conditions for 6 hr. (e–h) The ratios of Cx43 to GAPDH, p‐Cx43 to Cx43, p‐MEK1/2

to MEK1/2, and pERK1/2 to ERK1/2 expression were normalized and the values are shown, respectively. (i) SIRT2 inhibition resulted in the
increased MEK1/2 acetylation levels. COCs were treated with DMSO (control), SirReal2, TM for 6 hr, respectively. Immunoprecipitation (IP)
was carried out using anti‐MEK1/2 antibodies or nonspecific IgG as control. The immunoprecipitates were analyzed by western blot analysis

with anti‐Acetyl‐Lys antibody or anti‐MEK1/2 antibodies. Corresponding western blot with anti‐MEK1/2 antibodies were performed on crude
cell extracts (inputs). (j) Data are presented as the average ratio of acetylated MEK1/2 to MEK1/2 ± SEM, and are expressed as the ratio of
control. Data are expressed as the mean ± SEM from three independent experiments. Bars with different letters (a, b, and c) indicate significant
differences, COC, cumulus‐oocyte complexes; DAPI, 4′,6‐diamidino‐2‐phenylindole; DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde

3‐phosphate dehydrogenase; SEM, standard error of mean; p < 0.05; ***p < .001, comparing the indicated groups

XU ET AL. | 7



oocyte maturation. In mammal COCs, Cx43 plays a major function on

GJICs, which is primarily expressed in granulosa cells, theca cells, and

the surface of zona pellucida (Lee et al., 2016; Sommersberg

et al., 2000; Zhang et al., 2019). Similar to this finding, our results

showed that Cx43 was abundantly observed in cumulus cells and the

surface of zona pellucida. We previously reported that SIRT2 also is

abundant in cumulus cells (Xu et al., 2019). In addition, treatment with

SIRT2 inhibitors (SirReal2 or TM) disturbed the GJICs between COCs

in this study, thereby affecting oocyte maturation. Those findings

hinted that redundancy of function might exist between SIRT2 and

Cx43 in GJICs of oocytes. Thus, we focused on the role of SIRT2 on

Cx43‐mediated GJICs in the present study.

In the swine model, the gap‐junctional communications remain

high during early in vitro oocyte maturation until 18 hr, when they

fall simultaneously with the oocyte germinal vesicle breakdown

(Sasseville et al., 2009). Whereas our results showed that GJICs begin

to decrease in vitro maturation at 12 hr in bovine COCs. Compared

with a genetic knockdown, inhibitors exhibit a well inhibitory effect

in a short time, special in bovine, the gap communications of COCs

usually begin to decrease rapidly at the later stage of oocyte

maturation in vitro (Lodde, Modina, Galbusera, Franciosi, &

Luciano, 2007). Therefore, we used different small molecule in-

hibitors (SirReal2, TM) to inhibit SIRT2 activity. Because SirReal2 and

TM belong to different classes (H. Jing et al., 2016; Rumpf

et al., 2015), it is unlikely for them to have the same off‐target
effects. Interestingly, the GJICs of COCs were disrupted by SIRT2

inactivation at 6 hr of maturation, and this effect remained until 12 hr

in this study. Phosphorylation of Cx43 has been shown to an im-

portant regulatory mechanism in the gap‐junction channels of COCs

(Richards et al., 2004; Zhang et al., 2019). The reduced permeability

of connexon channels via phosphorylated Cx43 of Ser368 has been

well demonstrated (Bao, Reuss, & Altenberg, 2004). Our study

showed that SIRT2 inactivation with inhibitors increased the phos-

phorylation of Cx43 at Ser 368. Previous studies have suggested that

Cx43 can be phosphorylated by ERK kinase activity at Ser368

(Pahujaa, Anikin, & Goldberg, 2007; Zhang et al., 2019). Certainly,

some kinases (e.g., PKC, MAPK) also phosphorylated Cx43 at Ser

279/282/368, which have been shown to reduce the permeability of

Cx43 channels (Dyce, Norris, Lampe, & Kidder, 2012; Lampe

et al., 2000). Further, our work has revealed that SIRT2 inhibition

induced activation of MER/ERK signaling pathways, and down-

regulating MER1/2 kinase activity with inhibitors (Trametinib) could

abolish the SIRT2‐mediated Cx43 phosphorylation, suggesting that

SIRT2 inactivation increases phosphorylated Cx43 via the activation

of MER/ERK. It would be interesting to test whether SIRT2 is also

involved in the regulation of MER acetylation. As expected, an in-

crease in MEK acetylation was observed in SIRT2 inhibitors‐exposed
COCs. Yeung et al. (2015) had well demonstrated a novel post-

translational regulation of MEK by showing that acetylation of MEK

activates its kinase activity. Consistent with our results, Bajpe et al.

(2015) found that loss of SIRT2 expression resulted in an increase in

MEK acetylation and activation of its kinase activity, thereby upre-

gulating ERK activity. These evidence support that SIRT2 regulates

phosphorylated Cx43 via MER deacetylation.

Previous reports have shown that ERK1/2‐mediated Cx43

phosphorylation is an important mechanism for gap junctions (Solan,

Marquez‐Rosado & Lampe, 2019; Zhang et al., 2019). Interestingly,

although our work indicated that blocking the MER/ERK pathways

attenuated the closure of GJICs caused by SIRT2 inactivation in part,

these effects could not be completely restored. These results raised

the possibility that SIRT2 might not only regulate GJICs by ERK1/2‐
mediated Cx43 phosphorylation but also through other pathways in

COCs. By performing confocal scanning, our data showed that the

membrane localization of Cx43 was significantly reduced in both

cumulus cells and zona pellucida of oocytes by SIRT2 inhibition.

F IGURE 4 MER/ERK pathways regulated SIRT2‐mediated gap

junction communication between cumulus cells and oocytes.
(a) Representative images showing the calcein‐AM transfer from
cumulus cells to oocytes under different treatment conditions for

6 hr. Scale bar: 100 μm. (b) The ratio of oocytes/cumulus cells calcein
fluorescence intensity to reflect the permeability of gap junction in
different treatment groups. The graph shows the mean ± standard

error of mean of the results obtained in three independent
experiments, with a total of 246 COCs. Bars with different letters
(a, b, and c) indicate significant differences; COC, cumulus‐oocyte
complexes; DMSO, dimethyl sulfoxide; p < .05
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Numerous studies have proved that the function of Cx43 is regulated

by several posttranslational modifications, including phosphorylation

(Alstrom, Stroemlund, Nielsen, & MacAulay, 2015), acetylation

(Meraviglia et al., 2015), and ubiquitination (Leithe, 2016). It is worth

noting that SIRT2 is an NAD+‐dependent class I deacetylase, which

has a predominantly cytoplasmic localization and has been shown to

acetylate cytoplasmic targets such as PEPCK1 (Jiang et al., 2011) and

FoxO1 (E. Jing, Gesta, & Kahn, 2007). In addition, Colussi et al. (2011)

have shown that Cx43 is localization in the membrane but also in

cytoplasmic and nuclear compartments. It would thus be of interest

F IGURE 5 SIRT2 regulated Cx43 localization via deacetylating Cx43. (a) Representative images showing the Cx43 localization in DMSO‐,
SirReal2‐, and TM‐exposed COCs using a confocal scanning. After different treatment conditions for 6 hr, COCs were stained with anti‐Cx43
antibody (red), and counterstained with DAPI (blue). Green arrows indicated cellular localization of Cx43 in cumulus cells, whereas white arrows

indicated localization of Cx43 at the surface of zona pellucidae. (a) Scale bar: 50 μm. (b) Scale bar: 10 μm. (b) Cx43 membrane localization was
determined by measuring the ratio of membrane and intracellular fluorescence intensity, and were expressed as percentage of control in DMSO‐,
SirReal2 (5.0 μM)‐, and TM (2.0 μM)‐exposed COCs. The graph shows the mean ± SEM of the results obtained in three independent experiments,

with a total of 91 COCs. (c) Fluorescence intensity of Cx43 at the surface of zona pellucidae in different treatment groups. The graph shows the
mean ± SEM of the results obtained in three independent experiments, with a total of 105 COCs. (d) SIRT2 inhibition resulted in the increased
Cx43 acetylation levels. COCs were treated with DMSO (control), SirReal2, TM for 6 hr, respectively. Immunoprecipitation (IP) was carried out

using anti‐Cx43 antibodies or nonspecific IgG as control. The immunoprecipitates were analyzed by western blot analysis with anti‐Acetyl‐Lys
antibody or anti‐Cx43 antibodies. Corresponding western blot with anti‐Cx43 antibodies were performed on crude cell extracts (inputs). (e) Data
are presented as the average ratio of acetylated Cx43 to Cx43 ± SEM, and are expressed as the ratio of control. Data are expressed as the

mean ± SEM from three independent experiments; COC, cumulus‐oocyte complexes; DAPI, 4′,6‐diamidino‐2‐phenylindole; DMSO, dimethyl
sulfoxide; SEM, standard error of mean; **p < .01; ***p < .001, comparing the indicated groups
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to test whether SIRT2 could also regulate Cx43 acetylation in COCs.

Recently, histone deacetylases (HDACs) as class I, II, and IV deace-

tylases were reported to play a deacetylation effect on Cx43

(Laguesse et al., 2017). Similar to HDACs, we found here a novel

SIRT2‐mediated posttranslational regulation of Cx43 by deacetyla-

tion. Previous studies have revealed that Cx43 acetylation leads to

its delocalization from the membrane toward the intracellular

compartment (Colussi et al., 2011; Laguesse et al., 2017). These

findings supported our results that SIRT2 might maintain membrane

localization of Cx43 via deacetylating Cx43 in COCs, thereby

regulating GJICs.

In summary, our results demonstrated a novel role and me-

chanism for SIRT2 in the regulation of Cx43‐mediated GJICs by

affecting the posttranslational modifications of Cx43 in COCs

during IVM (Figure 6). Specifically, SIRT2 inhibited ERK1/2‐
mediated Cx43 phosphorylation via deacetylating MEK, thereby

upregulating the permeability of Cx43 channels. On the other

hand, SIRT2 directly deacetylated Cx43 and contributed its

membrane localization. These results demonstrate that SIRT2‐
dependent deacetylation activity is necessary for GJICs in COCs

during in vitro maturation.

ACKNOWLEDGMENTS

This work was supported by the National Key Technology Support

Program (2015BAD03B04), Ministry of Agriculture Transgenic Major

Projects (2018ZX0801013B), and Key Industry Innovation Chain of

Shaanxi Province (2018ZDCXL‐NY‐02‐06).

CONFLICT OF INTERESTS

The authors declare that there are no conflict of interests.

AUTHOR CONTRIBUTIONS

Q. L. provided financial support for this study. D. X. wrote and

drafted the manuscript. D. X. and H. H. performed the experiments.

D. L. and G. G participated in guiding the design of this research work

and supervised the whole experimental work. All authors read and

approved the final manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Qingwang Li http://orcid.org/0000-0001-7638-1565

REFERENCES

Ackert, C. L., Gittens, J. E., O'Brien, M. J., Eppig, J. J., & Kidder, G. M.

(2001). Intercellular communication via connexin 43 gap junctions is

required for ovarian folliculogenesis in the mouse. Developmental

Biology, 233(2), 258–270.

Alstrom, J. S., Stroemlund, L. W., Nielsen, M. S., & MacAulay, N. (2015).

Protein kinase C‐dependent regulation of connexin43 gap junctions

and hemichannels. Biochemical Society Transactions, 43(3), 519–523.

Bajpe, P. K., Prahallad, A., Horlings, H., Nagtegaal, I., Beijersbergen, R., &

Bernards, R. (2015). A chromatin modifier genetic screen identifies

SIRT2 as a modulator of response to targeted therapies through the

regulation of MEK kinase activity. Oncogene, 34, 531–536.

Bao, X., Reuss, L., & Altenberg, G. A. (2004). Regulation of purified and

reconstituted connexin 43 hemichannels by protein kinase

C‐mediated phosphorylation of Serine 368. The Journal of Biological

Chemistry, 279(19), 20058–20066.

Bi, X., Ye, Q., Li, D., Peng, Q., Wang, Z., Wu, X., … Jiang, F. (2019). Inhibition

of nucleolar stress response by Sirt1: A potential mechanism of

acetylation‐independent regulation of p53 accumulation. Aging Cell,

18(2):e12900.

Boeldt, D. S., Grummer, M. A., Yi, F., Magness, R. R., & Bird, I. M. (2015).

Phosphorylation of Ser‐279/282 and Tyr‐265 positions on Cx43 as

possible mediators of VEGF‐165 inhibition of pregnancy‐adapted
Ca2+ burst function in ovine uterine artery endothelial cells. Molecular

and Cellular Endocrinology, 412, 73–84.

Bosone, C., Andreu, A., & Echevarria, D. (2016). GAP junctional

communication in brain secondary organizers. Development Growth &

Differentiation, 58(5), 446–455.

Campen, K. A., Abbott, C. R., Rispoli, L. A., Payton, R. R., Saxton, A. M., &

Edwards, J. L. (2018). Heat stress impairs gap junction communication

and cumulus function of bovine oocytes. Journal of Reproduction and

Development, 64(5), 385–392.

Carabatsos, M., Sellitto, C., Goodenough, D., & Albertini, D. (2000).

Oocyte‐granulosa cell heterologous gap junctions are required for

the coordination of nuclear and cytoplasmic meiotic competence.

Developmental Biology, 226, 167–179.

Carvacho, I., Piesche, M., Maier, T. J., & Machaca, K. (2018). Ion channel

function during oocyte maturation and fertilization. Frontiers in Cell

and Developmental Biology, 6, e63.

Casas, E., Bonilla, E., Ducolomb, Y., & Betancourt, M. (2010). Differential

effects of herbicides atrazine and fenoxaprop‐ethyl, and insecticides

diazinon and malathion, on viability and maturation of porcine

oocytes in vitro. Toxicology In Vitro, 24(1), 224–30.

F IGURE 6 Possible mechanism by which SIRT2 mediated GJICs
in bovine COCs. SIRT2 restrained Cx43 phosphorylation via
downregulating the MEK/ERK signal pathway, thereby upregulating

the permeability of Cx43 channels. On the other hand, SIRT2 directly
deacetylated Cx43, thereby driving Cx43 membrane localization.
COC, cumulus‐oocyte complexes; GJIC, gap junction intercellular

communications

10 | XU ET AL.

http://orcid.org/0000-0001-7638-1565


Chang, A. S., Dale, A. N., & Moley, K. H. (2005). Maternal diabetes

adversely affects preovulatory oocyte maturation, development, and

granulosa cell apoptosis. Endocrinology, 146(5), 2445–2453.

Cho, J. H., Cho, S. D., Hu, H., Kim, S. H., Lee, S. K., Lee, Y. S., & Kang, K.

S. (2002). The roles of ERK1/2 and p38 MAP kinases in the

preventive mechanisms of mushroom Phellinus linteus against the

inhibition of gap junctional intercellular communication by

hydrogen peroxide. Carcinogenesis, 23(7), 1163–1169.

Colussi, C., Rosati, J., Straino, S., Spallotta, F., Berni, R., Stilli, D., …

Gaetano, C. (2011). Nepsilon‐lysine acetylation determines

dissociation from GAP junctions and lateralization of connexin

43 in normal and dystrophic heart. Proceedings of the National

Academy of Sciences of the United States of America, 108(7),

2795–2800.

Domínguez, A., Salazar, Z., Arenas, E., Betancourt, M., Ducolomb, Y., Gonzalez

‐Marquez, H., … Bonilla, E. (2016). Effect of perfluorooctane sulfonate on

viability, maturation and gap junctional intercellular communication of

porcine oocytes in vitro. Toxicology In Vitro, 35, 93–99.

Domínguez, A., Salazar, Z., Betancourt, M., Ducolomb, Y., Casas, E.,

Fernández, F., … Bonilla, E. (2019). Effect of perfluorodecanoic acid on

pig oocyte viability, intracellular calcium levels and gap junction

intercellular communication during oocyte maturation in vitro.

Toxicology In Vitro, 58, 224–229.

Dyce, P. W., Norris, R. P., Lampe, P. D., & Kidder, G. M. (2012).

Phosphorylation of serine residues in the C‐terminal cytoplasmic tail

of connexin 43 regulates proliferation of ovarian granulosa cells. The

Journal of Membrane Biology, 245(5‐6), 291–301.
Eppig, J. J. (2001). Oocyte control of ovarian follicular development and

function in mammals. Reproduction, 122(6), 829–838.

Feng, G., Shi, D., Yang, S., & Wang, X. (2013). Co‐culture embedded in

cumulus clumps promotes maturation of denuded oocytes and

reconstructs gap junctions between oocytes and cumulus cells.

Zygote, 21, 231–237.

Frye, R. A. (2000). Phylogenetic classifcation of prokaryotic and eukaryotic

Sir2‐like proteins. Biochemical and Biophysical Research Communications,

273(2), 793–798.

Ge, Z., Diao, H., Ji, X., Liu, Q., Zhang, X., & Wu, Q. (2018). Gap junctional

intercellular communication and endoplasmic reticulum stress

regulate chronic cadmium exposure induced apoptosis in HK‐2 cells.

Toxicology Letters, 288, 35–43.

Gilchrist, R. B. (2011). Recent insights into oocyte‐follicle cell interactions

provide opportunities for the development of new approaches to in

vitro maturation. Reproduction, Fertility, and Development, 23(1),

23–31.

Gilula, N. B., Epstein, M. L., & Beers, W. H. (1978). Cell‐to‐cell
communication and ovulation. A study of the cumulus‐oocyte
complex. Journal of Cell Biology, 78(1), 58–75.

Gomes, P., Fleming‐Outeiro, T., & Cavadas, C. (2015). Emerging role of

sirtuin 2 in the regulation of mammalian metabolism. Trends in

Tharmacological Sciences, 36(11), 756–768.

Grazul‐Bilska, A. T., Reynolds, L. P., & Redmer, D. A. (1997). Gap junctions

in the ovaries. Biology of Reproduction, 57(5), 947–957.

Hong, S., Song, W., Zushin, P. J. H., Liu, B., Jedrychowski, M. P., Mina, A. I.,

… Banks, A. S. (2018). Phosphorylation of Beta‐3 adrenergic receptor

at serine 247 by ERK MAP kinase drives lipolysis in obese adipocytes.

Molecular Metabolism, 12, 25–38.

Hossain, M. Z., Ao, P., & Boynton, A. L. (1998). Platelet‐derived growth

factor‐induced disruption of gap junctional communication and

phosphorylation of connexin43 involves protein kinase C and

mitogen‐activated protein kinase. Journal of Cellular Physiology, 176(2),

332–341.

Jiang, W., Wang, S., Xiao, M., Lin, Y., Zhou, L., Lei, Q., … Zhao, S. (2011).

Acetylation regulates gluconeogenesis by promoting PEPCK1

degradation via recruiting the UBR5 ubiquitin ligase. Molecular Cell,

43(1), 33–44.

Jing, E., Gesta, S., & Kahn, C. R. (2007). SIRT2 regulates adipocyte

differentiation through FoxO1 acetylation/deacetylation. Cell

Metabolism, 6(2), 105–114.

Jing, H., Hu, J., He, B., Negrón‐Abril, Y. L., Stupinski, J., Weiser, K., … Lin, H.

(2016). A SIRT2‐selective inhibitor promotes c‐Myc oncoprotein

degradation and exhibits broad anticancer activity. Cancer Cell, 29(3),

297–310.

Kalma, Y., Granot, I., Galiani, D., Barash, A., & Dekel, N. (2004). Luteinizing

hormone‐induced connexin 43 down‐regulation: Inhibition of

translation. Endocrinology, 145(4), 1617–1624.

Kang, M., Lin, N., Li, C., Meng, Q., Zheng, Y., Yan, X., … He, J. (2014). Cx43

phosphorylation on S279/282 and intercellular communication are

regulated by IP3/IP3 receptor signaling. Cell Communication and

Signaling, 12, e58.

Khan, I., Kim, S. W., Lee, K. L., Song, S. H., Mesalam, A., Chowdhury, M. M. R., …

Kong, I. K. (2017). Polydatin improves the developmental competence of

bovine embryos in vitro via induction of sirtuin 1 (Sirt1). Reproduction,

Fertility, and Development, 29(10), 2011–2020.

Khan, Z., Yaiw, K. C., Wilhelmi, V., Lam, H., Rahbar, A., Stragliotto, G., &

Söderberg‐Nauclér, C. (2014). Human cytomegalovirus immediate

early proteins promote degradation of connexin 43 and disrupt gap

junction communication: Implications for a role in gliomagenesis.

Carcinogenesis, 35(1), 145–154.

Kidder, G. M., & Mhawi, A. A. (2002). Gap junctions and ovarian

folliculogenesis. Reproduction, 123(5), 613–620.

Laguesse, S., Close, P., Van‐Hees, L., Chariot, A., Malgrange, B., &

Nguyen, L. (2017). Loss of Elp3 impairs the acetylation and

distribution of connexin‐43 in the developing cerebral cortex.

Frontiers in Cellular Neuroscience, 11, e122.

Lampe, P. D., & Lau, A. F. (2004). The effects of connexin phosphorylation

on gap junctional communication. International Journal of Biochemistry

& Cell Biology, 36(7), 1171–1186.

Lampe, P. D., TenBroek, E. M., Burt, J. M., Kurata, W. E., Johnson, R. G., &

Lau, A. F. (2000). Phosphorylation of connexin 43 on serine 368 by

protein kinase C regulates gap junctional communication. Journal of

Cell Biology, 149(7), 1503–1512.

Lee, S., Hiradate, Y., Hoshino, Y., Ko, Y. G., Tanemura, K., & Sato, E. (2016).

Localization and quantitative analysis of Cx43 in porcine oocytes

during in vitro maturation. Zygote, 24(3), 364–370.

Leithe, E. (2016). Regulation of connexins by the ubiquitin system:

Implications for intercellular communication and cancer. Biochimica et

Biophysica Acta, 1865(2), 133–146.

Lodde, V., Modina, S., Galbusera, C., Franciosi, F., & Luciano, A. M. (2007).

Large‐scale chromatin remodeling in germinal vesicle bovine oocytes:

Interplay with gap junction functionality and developmental competence.

Molecular Reproduction and Development, 74(6), 740–749.

Meraviglia, V., Azzimato, V., Colussi, C., Florio, M. C., Binda, A., Panariti, A.,

… Rossini, A. (2015). Acetylation mediates Cx43 reduction caused by

electrical stimulation. Journal of Molecular and Cellular Cardiology, 87,

54–64.

Moreno, A. P., & Lau, A. F. (2007). Gap junction channel gating modulated

through protein phosphorylation. Progress in Biophysics and Molecular

Biology, 94(1‐2), 107–119.
Nagai, T., Ding, J., & Moor, R. M. (1993). Effect of follicle cells and

steroidogenesis on maturation and fertilization in vitro of pig oocytes.

Journal of Experimental Zoology, 266(2), 146–151.

Nicholson, B. J. (2003). Gap junctions‐from cell to molecule. Journal of Cell

Science, 116(22), 4479–4481.

Norris, R., Freudzon, M., Mehlmann, L., Cowan, A., Simon, A., Paul, D., …

Jaffe, L. (2009). Luteinizing hormone causes MAP kinase‐dependent
phosphorylation and closure of connexin 43 gap junctions in mouse

ovarian follicles: One of two paths to meiotic resumption.

Development, 135, 3229–3238.

Pahujaa, M., Anikin, M., & Goldberg, G. S. (2007). Phosphorylation of

connexin43 induced by Src: Regulation of gap junctional

XU ET AL. | 11



communication between transformed cells. Experimental Cell Research,

313(20), 4083–4090.

Richards, T. S., Dunn, C. A., Carter, W. G., Usui, M. L., Olerud, J. E., &

Lampe, P. D. (2004). Protein kinase C spatially and temporally

regulates gap junctional communication during human wound repair

via phosphorylation of connexin 43 on serine 368. Journal of Cell

Biology, 167(3), 555–562.

Rumpf, T., Schiedel, M., Karaman, B., Roessler, C., North, B. J., Lehotzky, A.,

… Jung, M. (2015). Selective Sirt2 inhibition by ligand‐induced
rearrangement of the active site. Nature Communications, 6, e6263.

Santiquet, N. W., Develle, Y., Laroche, A., Robert, C., & Richard, F. J.

(2012). Regulation of gap‐junctional communication between cumulus

cells during in vitro maturation in swine, a gap‐FRAP study. Biology of

Reproduction, 87(2):e46.

Sasseville, M., Gagnon, M. C., Guillemette, C., Sullivan, R., Gilchrist, R. B., &

Richard, F. J. (2009). Regulation of gap junctions in porcine cumulus‐
oocyte complexes: Contributions of granulosa cell contact,

gonadotropins, and lipid rafts. Molecular Endocrinology, 23(5), 700–710.

Sela‐Abramovich, S., Edry, I., Galiani, D., Nevo, N., & Dekel, N. (2006).

Disruption of gap junctional communication within the ovarian follicle

induces oocyte maturation. Endocrinology, 147(5), 2280–2286.

Solan, J. L., Marquez‐Rosado, L., & Lampe, P. D. (2019). Cx43 phosphorylation

mediated effects on ERK and Akt protect against ischemia reperfusion

injury and alter stability of stress‐inducible protein NDRG1. Journal of

Biological Chemistry, 294(31), 11762–11771.

Sommersberg, B., Bulling, A., Salzer, U., Fröhlich, U., Garfield, R. E.,

Amsterdam, A., & Mayerhofer, A. (2000). Gap junction communication

and connexin 43 gene expression in a rat granulosa cell line:

Regulation by follicle‐stimulating hormone. Biology of Reproduction,

63(6), 1661–1668.

Van‐Soom, A., Tanghe, S., De‐Pauw, I., Maes, D., & de‐Kruif, A. (2002).
Function of the cumulus oophorus before and during mammalian

fertilization. Reproduction in Domestic Animals, 37(3), 144–151.

Vaquero, A., Scher, M. B., Lee, D. H., Sutton, A., Cheng, H. L., Alt, F. W., …

Reinberg, D. (2006). SirT2 is a histone deacetylase with preference for

histone H4 Lys 16 during mitosis. Genes and Development, 20(10),

1256–1261.

Veiga‐Santos, P., Reignault, L. C., Huber, K., Bracher, F., De‐Souza, W., &

De‐Carvalho, T. M. (2014). Inhibition of NAD + ‐dependent histone

deacetylases (sirtuins) causes growth arrest and activates both

apoptosis and autophagy in the pathogenic protozoan Trypanosoma

cruzi. Parasitology, 141(6), 814–825.

Vozzi, C., Formenton, A., Chanson, A., Senn, A., Sahli, R., Shaw, P., …

Haefliger, J. A. (2001). Involvement of connexin 43 in meiotic

maturation of bovine oocytes. Reproduction, 122(4), 619–628.

Wiesner, M., Berberich, O., Hoefner, C., Blunk, T., & Bauer‐Kreisel, P. (2018).
Gap junctional intercellular communication in adipose‐derived stromal/

stem cells is cell density‐dependent and positively impacts adipogenic

differentiation. Journal of Cellular Physiology, 233(4), 3315–3329.

Winterhager, E., & Kidder, G. M. (2015). Gap junction connexins in female

reproductive organs: Implications for women's reproductive health.

Human Reproduction Update, 21(3), 340–352.

Xu, D., He, H., Jiang, X., Hua, R., Chen, H., Yang, L., … Li, Q. (2019). SIRT2

plays a novel role on progesterone, estradiol and testosterone

synthesis via PPARs/LXRα pathways in bovine ovarian granular

cells. Journal of Steroid Biochemistry and Molecular Biology, 185, 27–38.

Yang, G. M., Peng, X. Y., Wu, Y., Li, T., & Liu, L. M. (2017). Involvement of

connexin 43 phosphorylation and gap junctional communication

between smooth muscle cells in vasopressin‐induced ROCK‐
dependent vasoconstriction after hemorrhagic shock. American

Journal of Physiology‐Cell Physiology, 313(4), 362–370.
Yeung, F., Ramsey, C. S., Popko‐Scibor, A. E., Allison, D. F., Gray, L. G.,

Shin, M., … Mayo, M. W. (2015). Regulation of the mitogen‐activated
protein kinase kinase (MEK)‐1 by NAD(+)‐dependent deacetylases.

Oncogene, 34(6), 798–804.

Zhang, H., Wei, Q., Gao, Z., Ma, C., Yang, Z., Zhao, H., … Ma, B. (2019). G

protein‐coupled receptor 30 mediates meiosis resumption and gap

junction communications downregulation in goat cumulus‐oocyte
complexes by 17β‐estradiol. Journal of Steroid Biochemistry and

Molecular Biology, 187, 58–67.

Zhao, W., Yan, J., Gao, L., Zhao, J., Zhao, C., Gao, C., … Zhu, X. (2017).

Cdk5 is required for the neuroprotective effect of transforming

growth factor‐β1 against cerebral ischemia‐reperfusion.
Biochemical and Biophysical Research Communications, 485(4),

775–781.

How to cite this article: Xu D, He H, Liu D, Geng G, Li Q. A

novel role of SIRT2 in regulating gap junction communications

via connexin‐43 in bovine cumulus‐oocyte complexes. J Cell

Physiol. 2020;1–12. https://doi.org/10.1002/jcp.29634

12 | XU ET AL.

https://doi.org/10.1002/jcp.29634



