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ABSTRACT 24 

Thousands of circular RNAs (circRNAs) have been recently discovered in 25 

cumulus cells and oocytes from several species. However, the expression and 26 

function of circRNA during porcine oocyte meiotic maturation have been never 27 

examined. Here, we separately identified 7,067 and 637 circRNAs in both the 28 

cumulus cell and the oocyte via deep sequencing and bioinformatic analysis. 29 

Further analysis revealed that a faction of circRNAs is differentially expressed 30 

(DE) in a developmental stage-specific manner. The host genes of DE circRNAs 31 

are markedly enriched to multiple signaling pathways associated with cumulus 32 

cell function and oocyte maturation. Additionally, most DE circRNAs harbor 33 

several miRNA targets, suggesting that these DE circRNAs potentially act as 34 

miRNA sponge. Importantly, we found that maternal circARMC4 knockdown by 35 

siRNA microinjection caused a severely impaired chromosome alignment, and 36 

significantly inhibited first polar body extrusion and early embryo development. 37 

Taken together, these results demonstrate for the first time that circRNAs are 38 

abundantly and dynamically expressed in a developmental stage-specific manner 39 

in cumulus cells and oocytes, and maternally expressed circARMC4 is essential 40 

for porcine oocyte meiotic maturation and early embryo development. 41 

KEY WORDS:  circular RNA, Pig, Cumulus cells, Oocytes, Meiotic 42 
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INTRODUCTION 52 

Oocyte meiotic maturation is the last stage of oogenesis and is the indispensable 53 

prerequisite for fertilization, preimplantation development of the embryo and even 54 

term development (Conti and Franciosi, 2018). In mammals, oocytes meiotically 55 

arrested at the prophase I stage have to undergo germinal vesicle (GV) 56 

breakdown and subsequent first polar body extrusion to reach the metaphase 57 

stage of meiosis II (MII). Under the physiological conditions, the oocyte is 58 

typically enclosed in several layers of cumulus cells, thus its meiotic maturation is 59 

normally accompanying with the correct execution of cumulus cell function. 60 

Indeed, numerous studies showed that the reciprocal communications between 61 

the oocyte and its encircling cumulus cells are critical not only for the acquisition 62 

of both meiotic and developmental competence of the oocyte but also for the 63 

execution of cumulus cell function (Gilchrist et al., 2004; Gilchrist et al., 2008; 64 

Russell et al., 2016). Therefore, the identification of novel molecules expressed 65 

in either cumulus cells or oocytes could be informative in elucidating their relative 66 

contributions to oocyte meiotic maturation and development.  67 

Pigs are increasingly being used as an ideal animal model for humans in 68 

reproductive medicine research because they share many similarities in the 69 

aspects of physiology (aneuploidy rate), developmental timing (oocyte maturation 70 

and early embryo development), and genetics with humans (Mordhorst and 71 

Prather, 2017). Although many efforts have been made to improve the oocyte 72 

maturation in vitro in pigs, its meiotic and developmental capacity is still 73 

suboptimal relative to that under the physiological states (Nagai, 2001; Yuan et 74 

al., 2017). This may be due to the imperfectness of in vitro culture conditions 75 

currently used that cannot achieve the optimal maturational outcomes, and there 76 

is inadequate information regarding the unique molecular mechanisms of porcine 77 

oocyte meiotic maturation (Sun and Nagai, 2003; Prather et al., 2009).  It is 78 

known that oocyte maturation is intricately regulated by cumulus cell or oocyte 79 

itself derived non-coding RNAs, such as microRNA (miRNA) (Dallaire and 80 

Simard, 2016; Wright et al., 2016; Li et al., 2017b; Gay et al., 2018; Minogue et 81 

al., 2018), endogenous small interference RNA (siRNA) (Suh et al., 2010) and 82 
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long non-coding RNA (lncRNA) (Taylor et al., 2015). Recently, circular RNA 83 

(circRNA) has received increasing attention in multiple biological research fields. 84 

CircRNA, formed by back-splicing of pre-mRNA transcripts, is a novel class of 85 

non-polyadenylated, single-stranded, covalently closed and long noncoding 86 

RNAs. Previous studies indicated that circRNA is mainly derived from exons, 87 

introns, intergenic regions (Lasda and Parker, 2014), and is widely distributed on 88 

the chromosomes in animal cells (Fan et al., 2015; Liang et al., 2017; Shen et al., 89 

2019). CircRNA is discovered to frequently exert different molecular functions, 90 

such as transcriptional regulation, microRNA and RNA binding protein sponge, 91 

and mRNA trap (Bose and Ain, 2018). It is worthy noted that circRNA exhibits a 92 

higher resistance to degradation (Suzuki and Tsukahara, 2014) and is often 93 

expressed in a cell type- and developmental stage-specific manner (Fan et al., 94 

2015; Dang et al., 2016). With respect to the field of animal reproduction, 95 

circRNA expression have been well characterized in different types of tissues 96 

and cells, including ovary (Liang et al., 2017; Cai et al., 2018; Chen et al., 2018), 97 

testis (Dong et al., 2016; Liang et al., 2017; Gao et al., 2018), placenta (Yan et al., 98 

2018), follicle (Tao et al., 2017; Shen et al., 2019), spermatogenic cell (Lin et al., 99 

2016), granulosa cell (Cheng et al., 2017; Fu et al., 2018), embryonic stem cell 100 

(ESC) (Yu et al., 2017), induced pluripotent stem cell (iPS) (Lei et al., 2018), 101 

germline stem cell (Li et al., 2017a), oocyte and embryo(Gardner et al., 2012; 102 

Fan et al., 2015; Dang et al., 2016). However, only two circRNAs in the 103 

reproduction field, namely circBIRC6 and circCORO1C, have so far functionally 104 

been proved to be involved in the regulation of maintenance of ESC pluripotency 105 

and somatic cell reprogramming (Yu et al., 2017). Although the expression of 106 

circRNAs in porcine multiple tissues has been reported (Veno et al., 2015; Liang 107 

et al., 2017), its expression and function in porcine oocyte meiotic maturation 108 

remain unclear.  109 

Here, we address the expression and function of circRNA in porcine oocyte 110 

meiotic maturation. Especially, we identified thousands of circRNAs in both the 111 

cumulus cell and the oocyte, some of which often display a developmental stage-112 

specific expression. Unexpectedly, we found that maternally expressed 113 
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circARMC4 is an essential regulator for oocyte meiotic maturation and 114 

development. Therefore, our findings could have important implications in 115 

selecting potential biomarkers in cumulus cells to predict oocyte meiotic and 116 

developmental competence and developing strategies that improve assistant 117 

reproductive technique in humans. 118 

 119 

RESULTS 120 

Characterization of circRNAs expressed in porcine cumulus cell and 121 

oocyte during meiotic maturation 122 

Since only the very limited amount of total RNA from thousands of porcine 123 

oocytes can be obtained, it is insufficient to meet the minimal needs of deep 124 

circRNA sequencing. To overcome the technical challenge, a mathematical 125 

method, named “complementary set function”, was applied to screen circRNAs 126 

expressed in oocytes during meiotic maturation. Thus, COCs and pure cumulus 127 

cells termed as GCC at GV stage, mixture samples of oocytes with first polar 128 

body extrusion and cumulus cells, and pure cumulus cells termed as MCC, were 129 

separately sequenced on the Illumina Hiseq platform (Fig. 1A).  We then 130 

identified specific circRNAs expressed in oocytes by comparing circRNA 131 

transcripts of pure cumulus cells and mixture samples of cumulus cells and 132 

oocytes before and after maturation (Fig. 1A). To verify the reproducibility of 133 

sequencing data, we collected three sets of each sample. The correlation 134 

coefficient between two biological replicates ranged from 0.813 to 1, suggesting 135 

reliable sequencing data. A total of 803 million valid reads were obtained by 136 

removing the adapter and low-quality sequences and were mapped to the 137 

porcine reference genome (Table. S2). We totally identified 7,224 circRNAs from 138 

3419 host genes, including 7,067 circRNAs from 3,329 host genes in the 139 

cumulus cell and 637 circRNAs from 476 host genes in the oocyte, respectively 140 

(Table. S3). The majority of host genes produce a single circRNA, whereas a few 141 

host genes generate multiple different circRNA species, specifically, 45.36% of 142 

host genes (1,510/3,329) in the cumulus cell and 19.12% (91/476) in the oocyte 143 

(Table. S4). The analysis of host gene distribution on chromosome revealed that 144 
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circRNAs are widely transcribed from 18 autosomes and the X chromosome (Fig. 145 

1B). Furthermore, chromosome 1 produces the most circRNAs in both the 146 

cumulus cell and the oocyte, whereas the least circRNAs are separately 147 

generated on chromosome 11 in the cumulus cell and chromosome 12 in the 148 

oocyte (Fig. 1B). The analysis of circRNA distribution in the genome indicated 149 

that most circRNAs is produced from exonic (60.82% in cumulus cell vs. 53.67% 150 

in oocyte) and intronic regions (28.45% vs. 32.99%), while a small fraction of 151 

circRNAs originate from intergenic regions (10.73% vs. 13.34%)(Fig. 1C). The 152 

average GC content of circRNA is around 47% in the cumulus cell and is 153 

approximately 45% in the oocyte, which are similar to those of linear mRNA 154 

molecules in pigs (Fig. 1D). Collectively, we identify and characterize thousands 155 

of circRNAs that are separately expressed in porcine cumulus cells and oocytes 156 

during meiotic maturation.  157 

 158 

Identification and validation of differentially expressed circRNAs in both 159 

the cumulus cell and the oocyte  160 

To evaluate dynamic changes of circRNA expression in both the cumulus cell and 161 

the oocyte during meiotic maturation, valid reads in RNA-sequencing data were 162 

quantified before and after oocyte maturation. Among all circRNAs detected in 163 

the cumulus cell, 77 circRNAs and 418 circRNAs are specifically expressed in 164 

GCC and MCC, respectively, whereas 6,572 circRNAs are commonly expressed 165 

in the cumulus cell between the two stages (Fig. 2A). Meanwhile, of all circRNAs 166 

identified in the oocyte, 428 circRNAs and 80 circRNAs are exclusively 167 

expressed in GV oocyte and MII oocyte, respectively, whereas 129 circRNAs are 168 

co-expressed in the oocyte between the two stages (Fig. 2A). In a comparison of 169 

MCC and GCC, the 928 host genes produce 1,902 differentially expressed 170 

circRNAs (DECs) (Table. S5) (P < 0.05), including 1,602 upregulated and 300 171 

downregulated (Fig. 2B), while 191 circRNAs (9 upregulated and 182 172 

downregulated) from 30 host genes are differentially expressed between MII 173 

oocyte and GV oocyte (Fig. 2B, Table. S5) (P < 0.05). Next, we performed 174 

hierarchical clustering analysis of the top 100 differentially expressed circRNAs in 175 
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both the cumulus cell and the oocyte. As shown in the heatmap, samples at the 176 

same stages are clustered together, and the expression levels of circRNAs 177 

exhibit dynamic changes during oocyte maturation (Fig. 2C). To validate the 178 

circRNA sequencing data, the expression levels of 10 circRNAs (5 top 179 

upregulated in the cumulus cell and 5 top downregulated in the oocyte) before 180 

and after maturation, namely circCORO1C, circVCAN, circLAPTM4B, circANXA2, 181 

circSCARB1 and circZP4, circPRKCH, circCHL1, circVOCH1, circESRP1, were 182 

analyzed by quantitative real-time PCR. These 10 circRNA candidates are first 183 

shown to be resistant to RNase R treatment, which verified their circularized 184 

characteristics (Fig. S2A, B, C, D). The expression patterns of these selected 185 

circRNAs during oocyte maturation are highly consistent with the treads obtained 186 

from circRNA sequencing data (Fig. 2D), confirming the results obtained by 187 

circRNA sequencing. Together, a fraction of circRNAs identified in both the 188 

cumulus cell and the oocyte exhibit stage-dependent dynamic expressions during 189 

meiotic maturation. 190 

 191 

Functional analysis of host genes of differentially expressed circRNAs in 192 

both the cumulus cell and the oocyte  193 

Under the assumption that circRNA functions may be relevant to the known 194 

functions of host genes, we performed GO and KEGG pathway analysis of the 195 

host genes producing DECs to predict their potential functions during oocyte 196 

maturation. The host genes generating DECs in both the cumulus cell and the 197 

oocyte were classified into three main categories (biological process, cellular 198 

component, and molecular function) according to the GO database. The 928 host 199 

genes producing DECs in the cumulus cell are totally enriched in 4,092 GO terms, 200 

among these, 146 GO terms are significantly enriched in three GO functions or 201 

undetermined function (P < 0.05), namely, 73 under “biological process”, 31 202 

under “cellular component”, 41 under “molecular function” and 1 under 203 

“undetermined function” (Supplementary Table. S6).  The top-ranking 25 204 

biological processes, 15 cellular components, 10 molecular functions, and host 205 

genes involved in each GO term were listed (Fig. 3A, Table. S6), such as 206 
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intracellular signal transduction (48 genes, e.g. ADCY3, AKT3, and CDC42BPA), 207 

negative regulation of cytoplasmic translation (4 genes, namely, CPEB1, CPEB2, 208 

CPEB3, and CPEB4), signal transduction by protein phosphorylation (12 genes, 209 

e.g. BMPR1B, MAP3K2, and TGFBR1), regulation of GTPase activity (14 genes, 210 

e.g. ARHGAP6, PRKG1, and RICTOR), cell-cell junction (19 genes, e.g. ACTR3, 211 

AFDN, and CASK). On the other hand, the 30 host genes producing DECs in the 212 

oocyte are totally enriched in 865 GO terms, of these, 236 GO terms are 213 

significantly enriched in three GO functions or undetermined function (Table. S6) 214 

(P < 0.05). The most significant biological processes, cellular components and 215 

molecular functions, and host genes involved in each GO term were listed (Fig. 216 

3B, Table. S6) (P < 0.05), such as female meiotic division (2 genes, namely, 217 

SYCP2 and WEE2), G-protein coupled receptor activity (3 genes, e.g. CALCR, 218 

GABBR1, and SENP7). In addition, the KEGG analysis of host genes producing 219 

DECs in the cumulus cell displayed 28 significant pathways (Fig. 3C, Table. S7) 220 

(P < 0.05), including progesterone-mediated oocyte maturation (16 genes), 221 

oocyte meiosis (17 genes), tight junction (17 genes), FoxO signaling (16 genes), 222 

MAPK signaling (21 genes), TGF-β signaling (10 genes), Wnt signaling (16 223 

genes), Hippo signaling (14 genes). At the same time, we also found that the 224 

host genes generating DECs in the oocyte are enriched in 30 significant 225 

pathways (Fig. 3D, Table. S7) (P < 0.05), such as cAMP signaling (6 genes), 226 

cGMP-PKG signaling (5 genes), VEGF signaling (3 genes). Overall, the host 227 

genes-enriched aforementioned pathways in both the cumulus cell and the 228 

oocyte are mainly related to intercellular crosstalk between two cell types, or 229 

oocyte itself maturation. Therefore, these results indicated that DECs generated 230 

in both the cumulus cell and the oocyte probably exert critical functions in porcine 231 

oocyte maturation.  232 

 233 

Prediction of miRNA targets potentially sponged by circRNAs expressed in 234 

both the cumulus cell and the oocyte  235 

It is previously reported that circRNA can sponge miRNAs to indirectly regulate 236 

gene expression in a post-transcriptional manner (Kulcheski et al., 2016). To 237 
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assess whether all circRNAs identified in both the cumulus cell and the oocyte 238 

function as miRNA sponge, we predicted miRNA targets of these circRNAs using 239 

bioinformatic tools. We found that 7,165 out of 7,224 circRNAs (99.18%) have 240 

miRNA binding sites, whereas a very few circRNAs are predicted to have no 241 

potential miRNA targets. Furthermore, 411 putative microRNA targets on 7,165 242 

circRNAs were commonly predicted using Targetscan and miRanda (Fig. 4A). 243 

Each circRNA may bind to one or multiple miRNA targets. Thus, the proportion of 244 

circRNA containing different numbers of miRNA targets is further measured in our 245 

study. Most circRNAs have at least two miRNA binding sites, of which the 246 

proportion of circRNA containing 6-10 miRNA targets is the highest one (Fig. 4B). 247 

Subsequently, we found 411 and 373 putative miRNA targets for 1,897 out of 248 

1,902 DECs in the cumulus cell and 180 out of 191 DECs in the oocyte, 249 

respectively. The interaction relationships between selected representative DECs 250 

in both the cumulus cell and the oocyte and their predicted miRNA targets are 251 

shown (Fig. 4C, D). These data revealed that most DECs in the two cell types 252 

indeed contain multiple miRNA targets. It is noted that some miRNAs sponged by 253 

circRNAs have been shown to control cumulus cell function, oocyte maturation, 254 

and early embryo development. For example, miRNA-224 targeted by 255 

circRNA3798 in cumulus cells (Li et al., 2017b), miRNA-21 bound by circRNA193 256 

(Wright et al., 2016), and miRNA-378 bound by circRNA2982 (Pan et al., 2015) in 257 

oocytes. Altogether, these results demonstrate that circRNAs identified in both 258 

porcine cumulus cells and oocytes could have similar effects of miRNA sponge 259 

as those observed in other cellular contexts. 260 

 261 

CircARMC4 knockdown impairs porcine oocyte meiotic maturation and 262 

chromosome alignment 263 

To further determine whether circRNAs identified in porcine oocytes by RNA 264 

sequencing function in meiotic maturation, one top upregulated circRNA, namely, 265 

circRNA2982 (also called as circARMC4) from the host gene ARMC4, was 266 

selected for functional research. Firstly, the relative abundance of circARMC4 in 267 

oocytes before and after maturation was analyzed by qPCR. We found that the 268 
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expression levels of circARMC4 in MII oocytes are significantly higher than those 269 

in GV oocytes (Fig. 5A), which is consistent with the tread obtained from RNA 270 

sequencing data. Furthermore, circARMC4 transcripts, but not its corresponding 271 

linear counterparts, are resistant to RNase R treatment, which confirmed its 272 

circularized feature (Fig. S2C, D).  Sanger sequencing of qPCR products 273 

spanning back-splicing sites between exon 14 and exon 15 also verified that it is 274 

indeed real circRNA (Fig. 5B). To examine the role of circARMC4 in oocyte 275 

maturation, circARMC4 was knocked down by microinjecting siRNA into GV 276 

oocytes. Results revealed that siRNA could significantly reduce the expression of 277 

circARMC4, but not its linear counterpart (Fig. 5C, D). Phenotypically, we found 278 

that circARMC4 knockdown could apparently reduce the rate of first polar body 279 

extrusion (Fig. 5E, F). Also, oocytes with first polar body in control groups display 280 

bipolar spindles and normal linear chromosome morphology, while chromosomes 281 

in the substantial fraction of circARMC4 knocked down oocytes are misaligned at 282 

the metaphase plate even though the spindles are morphologically normal (Fig. 283 

5G). We further observed that the proportion of MII oocytes with abnormal 284 

chromosomes in the circARMC4 knockdown group is significantly higher than 285 

that in control groups (Fig. 5H). Therefore, these data document that circARMC4 286 

is essential for oocyte meiotic maturation in pigs.  287 

 288 

CircARMC4 knockdown reduces developmental competence of porcine 289 

early embryos 290 

Given that developmental competence of embryos largely depends on oocyte 291 

quality (Conti and Franciosi, 2018), we thus attempted to explore whether 292 

circARMC4 knockdown in oocytes affects early development of porcine embryos. 293 

MII oocytes from both circARMC4 knockdown group and two control groups were 294 

parthenogenetically activated and cultured up to the blastocyst stage. We found 295 

that circARMC4 knockdown significantly reduced developmental efficiency of 2-296 

cell, 4-cell, 8-cell embryos and blastocysts (Fig. 6A, B), suggesting that 297 

circARMC4 knockdown could impair the developmental competence of oocytes. 298 

Hence, these results indicate that circARMC4 knocked down oocytes possess 299 
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poor developmental competence.  300 

 301 

DISCUSSION 302 

Although the expression profiles of circRNAs in different porcine tissues have 303 

been well studied (Veno et al., 2015; Liang et al., 2017), its expression and 304 

function in porcine oocyte meiotic maturation are yet to be characterized. We 305 

here identified thousands of circRNAs expressed in both the cumulus cell and the 306 

oocyte by deep RNA sequencing, some of which show spatio-temporal specific 307 

differential expression during meiotic maturation. Functional annotations of these 308 

DECs revealed that they could be engaged in the regulation of oocyte meiotic 309 

maturation through sponging microRNAs. Importantly, we further showed that 310 

circARMC4, a top up-regulated circRNA in the oocyte, is required for porcine 311 

oocyte meiotic maturation and early embryo development. Therefore, these 312 

results indicate that circRNAs expressed in both the cumulus cell and the oocyte 313 

could play a critical role in porcine oocyte meiotic maturation and early embryo 314 

development.  315 

It is well known that cumulus cell potentiates oocyte meiotic and 316 

developmental competence after fertilization (Dumesic et al., 2015); conversely, 317 

the oocyte also promotes the proliferation and differentiation of cumulus cells 318 

during meiotic maturation (Gilchrist et al., 2008). Thus, identifying unique 319 

molecules expressed in either cumulus cells or oocytes could lay a foundation for 320 

elucidating its roles in each cell type. In this study, we detected 7,067 circRNAs in 321 

the cumulus cell and 637 circRNAs in the oocyte, respectively, indicating that cell 322 

type-dependent characteristics of circRNA expression and differential regulation 323 

of circularization events in different cells. A similar phenomenon is also observed 324 

in other studies (Liang et al., 2017; Vo et al., 2019). In addition, it is evident that 325 

cumulus cell is transcriptionally high active in the process of oocyte maturation 326 

while oocyte always retains in a transcriptionally quiescent state (Reyes and 327 

Ross, 2016). Cumulus cell could produce much more transcripts relative to the 328 

stored maternal transcripts in the oocyte, and circRNA biogenesis mainly 329 

depends on the back-splicing of pre-mRNA transcribed in the cell (Lasda and 330 
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Parker, 2014). We thus speculated that a larger amount of circRNAs produced in 331 

the cumulus cell could be attributed to its higher transcriptional activity. 332 

Interestingly, we noted that the number of circRNAs identified in the cumulus cell 333 

or the oocyte apparently differs from that found in other species, such as cattle 334 

(Sun and Nagai, 2003), Xenopus (Gardner et al., 2012), mice (Fan et al., 2015) 335 

and humans (Dang et al., 2016), suggesting that circRNA expression may have a 336 

feature of species diversity. We also found that some of the host genes produce 337 

multiple different circRNA species in our analyzed samples, which could be 338 

explained by the fact that back-splicing of pre-mRNA transcripts from the same 339 

host gene frequently occur between different genomic sites (Lasda and Parker, 340 

2014). CircRNAs detected in this study are widely distributed on the 18 341 

autosomes and the X chromosome, indicating functional diversity of circRNAs. 342 

Meanwhile, the number of circRNAs originated from each chromosome in both 343 

the cumulus cell and the oocyte also varies, which may be associated with the 344 

chromosome length. Regarding the origin of circRNAs in both the cumulus cell 345 

and the oocyte, it was shown that circRNAs mainly originate from exons, which is 346 

consistent with the previous studies (Liang et al., 2017). Of note, exon-derived 347 

circRNAs in the other cellular contexts are preferentially involved in the post-348 

transcriptional regulation of gene expression (Bose and Ain, 2018), which is also 349 

likely adaptable to cumulus cell and oocyte. Furthermore, consistent with data 350 

reported in other porcine cell types (Liang et al., 2017), the GC content of 351 

circRNA in both the cumulus cell and the oocyte is similar to that of linear mRNA 352 

molecules, implying that thermal stability of circRNA could be conserved across 353 

different cell types. Based on the above analysis, it is concluded that circRNAs 354 

identified in our study harbor some unique or common features between different 355 

cell types or species.  356 

Dynamic changes of gene expression patterns usually reflect their potential 357 

functions within specific cells at concrete time points during development.  358 

Previous studies have revealed that circRNAs exhibit tissue- and developmental 359 

stage-specific expression in pigs (Liang et al., 2017), mice (Fan et al., 2015) and 360 

humans (Dang et al., 2016). Likewise, we also found that circRNAs are 361 
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expressed in a stage-specific manner during oocyte maturation. Specifically, the 362 

number of circRNAs gradually increases in the cumulus cell that has a high 363 

proliferation activity, suggesting that circRNA expression could be positively 364 

correlated to the proliferation activity of cumulus cells, which is completely 365 

contrary to that observed in cancer cells (Bachmayr-Heyda et al., 2015). This 366 

discrepancy could be due to the differences in cell types or cellular physiological 367 

states. On the other hand, the number of circRNAs progressively decreases in 368 

the oocyte with the quiescent transcriptional state. It is thus speculated that the 369 

reduction of circRNA expression may be associated with the intrinsic active 370 

degradation machinery of maternal transcripts in oocytes. Furthermore, some of 371 

the circRNAs identified in both the cumulus cell and the oocyte are differentially 372 

expressed between GV and MII stages, implying that the fluctuation of circRNA 373 

abundance seems likely to be related to their specific roles in porcine oocyte 374 

maturation. 375 

Potential functions of circRNAs in porcine cumulus cells and oocytes can be 376 

indirectly predicted by analyzing their host genes. GO and KEGG analysis of host 377 

genes producing DECs in cumulus cells revealed that GO terms are mainly 378 

enriched in the signal transduction related biological processes and pathways, 379 

such as regulation of GTPase activity and tight junction. The GTPase signaling 380 

pathway is reported to play critical roles in a wide range of cellular processes 381 

(Oliveira and Yasuda, 2014). Previous studies indicated the activation of 382 

GTPases is responsible for the accumulation of cell junction proteins to regulate 383 

the establishment of cell junctions and cell-cell adhesion between oocytes and 384 

cumulus cells (Fukata and Kaibuchi, 2001; Jiang et al., 2017). The GTPase 385 

signaling pathway is also involved in controlling the proliferation and 386 

differentiation of chicken granulosa cells (Shen et al., 2019). Tight junction is 387 

shown to regulate the transport of macromolecules from granulosa cells to 388 

oocytes in chicken (Schuster et al., 2004). Based on these studies and our 389 

results, it is plausible that DECs identified in the cumulus cell may be engaged in 390 

the intercellular communications between porcine oocytes and cumulus cells. 391 

Moreover, other signaling pathways related to animal reproduction, eg. 392 
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Progesterone-mediated oocyte maturation, FoxO signaling, MAPK signaling, 393 

TGF-β signaling, Wnt signaling, and Hippo signaling, are also significantly 394 

enriched. Especially, small GTPase RhoA (Zhang et al., 2014), MAPK signaling 395 

members (Li et al., 2008) and TGF-β family protein GDF8 (Yoon et al., 2017) are 396 

essential for porcine oocyte maturation while Wnt signaling pathway negatively 397 

regulates porcine oocyte maturation (Shi et al., 2018). On the other hand, GO 398 

terms significantly enriched by host genes generating DECs in oocytes are 399 

mainly related to oocyte meiosis, such as female meiotic division, cAMP signaling, 400 

and VEGF signaling. For instance, both WEE2 enriched in the female meiotic 401 

division and cAMP molecules have been shown to inhibit the resumption of 402 

oocyte meiosis in several species (Hanna et al., 2010; Ramos Leal et al., 2018). 403 

In contrast, VEGF supplement significantly improved maturation rate of oocytes 404 

in cattle (Luo et al., 2002), sheep (Yan et al., 2012) and pigs (Bui et al., 2017). 405 

Altogether, we thus reasoned that DECs identified in the oocyte could positively 406 

or negatively regulate porcine oocyte meiotic maturation in a synergistic manner. 407 

It has been shown that exon-derived circRNAs preferentially function in the 408 

post-transcriptional regulation (Bose and Ain, 2018). Similarly, we found that the 409 

vast majority of DECs identified in this study not only stem from the exonic 410 

sequence but also have putative miRNA binding site, which indicates that most 411 

DECs probably act as miRNA sponge. We observed that the number of miRNAs 412 

bound by each circRNA varies, which may be related to circRNA length and the 413 

inherent features of circRNA sequences. CircRNA-miRNA network analysis 414 

further revealed that DECs in the analyzed samples can interact with miRNA at 415 

multiple direction levels, which is consistent with that observed in the previous 416 

studies (Liang et al., 2017; Shen et al., 2019). This potential interplay between 417 

circRNA and miRNA could provide a reference for elucidating regulatory 418 

mechanisms of these DECs in oocyte meiotic maturation. Indeed, recent studies 419 

have shown that maternal miRNA participates in regulating oocyte maturation 420 

and early embryo development in several species, including pigs (Wright et al., 421 

2016), medaka (Gay et al., 2018), and C.elegans (Minogue et al., 2018). 422 

Specifically, miRNA-7 was found to inhibit epidermal growth factor receptor 423 
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(EGFR) expression in human cancer cells (Webster et al., 2009) and EGFR 424 

signaling is required for cumulus cell expansion and oocyte maturation 425 

(Prochazka et al., 2017), suggesting that miRNA-7 may negatively regulate 426 

oocyte maturation. Maternal miRNA-21 (Wright et al., 2016) or cumulus cell-427 

derived miRNA-224 (Li et al., 2017b) and miRNA-378 (Pan et al., 2015) positively 428 

or negatively regulate porcine oocyte maturation and early embryo development. 429 

Our results indicated that these abovementioned miRNAs could be bound by 430 

DECs expressed in both the cumulus cell and the oocyte. Therefore, these DECs 431 

may block the functional roles of miRNAs by sequestering them, thereby 432 

promoting or inhibiting porcine oocyte maturation and early embryo development.  433 

Examining the direct roles of individual circRNAs in oocyte meiotic 434 

maturation and embryo development should be subject in future investigations. In 435 

the current study, a maternally expressed circARMC4 was selected to explore its 436 

roles in porcine oocyte maturation. We discovered that circARMC4 knockdown 437 

led to a significant reduction in the rate of oocyte maturation and early embryo 438 

development and a higher proportion of misaligned chromosome. To our 439 

knowledge, this is proved for the first time that circRNA is essential for oocyte 440 

maturation and early embryo development. It is previously reported that Gudu is 441 

the Drosophila homolog of mammalian ARMC4 which is the host gene of 442 

circARMC4 and has been shown to be required for spermatogenesis, but not 443 

female fertility (Cheng et al., 2013), predicting that circARMC4 could be involved 444 

in the regulation of mammalian reproduction. Besides, miRNA-378 bound by 445 

circARMC4 is a negative regulator of porcine oocyte maturation and early 446 

embryo development (Pan et al., 2015). It is thus possible that the above-447 

observed phenotypes may be caused by circARMC4 knockdown-mediated 448 

activation of miRNA-378. Of note, circRNA also can execute roles in other 449 

models of post-transcriptional regulation. We cannot thus exclude the possibility 450 

that circARMC4 might exert functions in porcine oocyte maturation and early 451 

embryo development via other mechanisms, such as RNA binding protein 452 

sponge, mRNA trap and circRNA itself translation. These hypotheses, however, 453 

need to be further established by additional experimental designs in future 454 
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studies.  455 

In conclusion, these results demonstrate that cumulus cells and oocytes 456 

generate abundant circRNAs during meiotic maturation, of which thousands of 457 

circRNAs are expressed in a developmental stage-specific manner. Our data 458 

also document for the first time that maternally expressed circARMC4 is essential 459 

for porcine oocyte meiotic maturation and early embryo development. 460 

 461 

MATERIALS AND METHODS 462 

Ethics statement 463 

All experiments using pigs were carried out according to the guidelines of the 464 

Institutional Animal Care and Use Committee (IACUC) at Anhui Agricultural 465 

University. 466 

  467 

In vitro maturation of oocytes 468 

Ovaries were collected from a local slaughterhouse and transported to the 469 

laboratory at 28-35 ºC in physiological saline solution. Follicular fluids from antral 470 

follicles of different diameters at 1-2 mm, 3-6 mm, and more than 6 mm were 471 

aspirated using a sterile 10 ml syringe with 18 gauge needles. Cumulus-oocyte 472 

complexes (COCs) from each type of follicles were then selected under a 473 

stereomicroscope. Subsequently, appropriately 50 COCs were transferred to 400 474 

μl in vitro maturation medium (TCM-199 supplemented with 5% FBS, 10% 475 

porcine follicular fluid, 10 IU/ml eCG, 5 IU/ml hCG, 100 ng/ml L-Cysteine, 10 476 

ng/ml EGF, 100 U/ml penicillin and 100 mg/ml streptomycin) covered with mineral 477 

oil in 4-well plate and cultured for 44 h at 38.5 ºC, 5% CO2, 95% air and 100% 478 

humidity. Cumulus cells surrounding oocyte were removed by gentle pipetting in 479 

1 mg/ml hyaluronidase solution. The normal nuclear maturation of oocytes was 480 

indicated by first polar body (pb1) extrusion. 481 

 482 

Collection of RNA sequencing samples 483 

Four types of sample were collected to meet the minimum amount of total RNA 484 

for RNA sequencing. First, the mixed cells consisting of fully-grown GV oocytes 485 
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and cumulus cells were collected. Second, the cumulus cells isolated from fully-486 

grown cumulus-oocyte complexes were solely collected and were also termed 487 

GCC. Third, after meiotic maturation of oocytes, the mixed cells containing MII 488 

oocytes and its surrounding cumulus cells were collected. Fourth, the cumulus 489 

cells encircling MII oocyte were only collected and were also termed MCC.  490 

 491 

circRNA library construction and sequencing 492 

Total RNA was isolated and purified using Trizol reagent (Invitrogen, Carlsbad, 493 

CA, USA) following the manufacturer's procedure. The RNA amount and purity of 494 

each sample was quantified using NanoDrop ND-1000 (Wilmington, DE, USA). 495 

The RNA integrity was assessed by Agilent 2100 with RIN number >7.0. 496 

Approximately 5 ug of total RNA was used to deplete ribosomal RNA according 497 

to the manuscript of the Ribo-Zero™ rRNA Removal Kit (Illumina, San Diego, 498 

USA). After removing ribosomal RNAs, the left RNAs were fragmented into small 499 

pieces using divalent cations under high temperature. Then the cleaved RNA 500 

fragments were reverse-transcribed to create the cDNA, which was next used to 501 

synthesize U-labeled second-stranded DNAs with E. coli DNA polymerase I, 502 

RNase H and dUTP. An A-base is then added to the blunt ends of each strand, 503 

preparing them for ligation to the indexed adapters. Each adapter contains a T-504 

base overhang for ligating the adapter to the A-tailed fragmented DNA. Single-or 505 

dual-index adapters are ligated to the fragments, and size selection was 506 

performed with AMPureXP beads. After the heat-labile UDG enzyme treatment of 507 

the U-labeled second-stranded DNAs, the ligated products are amplified with 508 

PCR by the following conditions: initial denaturation at 95 °C for 3 min; 8 cycles 509 

of denaturation at 98 °C for 15 sec, annealing at 60 °C for 15 sec, and extension 510 

at 72 °C for 30 sec; and the final extension at 72 °C for 5 min. The average insert 511 

size for the final cDNA library was 300 bp (±50 bp). At last, we performed the 512 

paired-end sequencing on an Illumina Hiseq 4000 (LC Bio, China) following the 513 

vendor's recommended protocol. 514 

 515 

Bioinformatic analysis of circRNA 516 
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Firstly, Cutadapt was used to remove the reads that contained adaptor 517 

contamination, low quality bases and undetermined bases. Then sequence 518 

quality was verified using FastQC. We used Bowtie2 and Tophat2 to map reads 519 

to the genome of Sus scrofa (Ensemble database). Remaining reads (unmapped 520 

reads) were still mapped to the genome using Tophat-fusion. CIRCExplorer was 521 

used to de novo assemble the mapped reads to circular RNAs at first; Then, back 522 

splicing reads were identified in unmapped reads by tophat-fusion and 523 

CIRCExplorer. All samples were generated unique circular RNAs. The 524 

differentially expressed circRNAs were selected with log2 (fold change) > 1 or 525 

log2 (fold change) < -1 and with statistical significance (p value < 0.05) by t-test. 526 

To analyze functions of differentially expressed circRNAs and their host genes of 527 

circRNAs involvement in the common biological processes, we selected host 528 

genes of different circRNAs for Gene Ontology (GO) analysis and Kyoto 529 

Encyclopedia of Genes and Genomes (KEGG) analysis. The circRNAs were 530 

classified into three categories of the GO database: biological processes, cellular 531 

components and molecular functions. KEGG database was used to ascribe 532 

identified circRNAs to particular biological mechanisms and cellular pathways. 533 

(the established criteria: p adjusted < 0.05). GO and KEGG enrichment analysis 534 

was performed using (http://geneontology.org and http://www.kegg.jp/kegg). 535 

 536 

Microinjection 537 

Three circARMC4 siRNA species were designed to target different sites of 538 

porcine circARMC4 sequence (GenePharma, Shanghai, China). All siRNA 539 

sequences used in the present study are shown in Supplementary Table S1. 540 

Microinjection was performed in T2 (TCM199 with 2% FBS) medium with 7.5 541 

μg/ml CB on the heating stage of an inverted microscope (Olympus, Japan). 542 

Approximately 10 pl siRNA solution (20 μM) was microinjected into the cytoplasm 543 

of denuded GV oocytes. Two control groups (uninjected and RNase free water 544 

injection) were designed to exclude potential interferences of the microinjection 545 

technique. Oocytes from three groups were then matured in vitro for 44 h. 546 

 547 
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Parthenogenetic activation 548 

MII oocytes were stimulated with two pulses of direct current (1.56 kV/cm for 80 549 

ms) by Cell Fusion Instrument (CF-150B, BLS, Hungary) in a chamber covered 550 

with activation medium (0.3 M mannitol supplemented with 0.1 mM CaCl2, 0.1 551 

mM MgCl2 and 0.01% polyvinyl alcohol).  Embryos were then incubated for 4 h in 552 

the chemically assisted activation medium (PZM-3 supplemented with 10 μg/ml 553 

cycloheximide and 10 μg/ml cytochalasin B). Next, embryos were cultured in 554 

fresh PZM-3 medium at 38.5 °C, 5% CO2, and 95% air with saturated humidity.  555 

 556 

Real-time quantitative PCR 557 

Cumulus cells and oocytes were collected at GV and MII stage, respectively. 558 

Total RNA was extracted according to the manual of RNeasy Micro Kit (Qiagen) 559 

and was then incubated for 30 min at 37 °C with or without 5 U µg –1 of RNase R 560 

(Epicentre Bio-technologies). Reverse transcription was performed using a 561 

QuantiTect Reverse Transcription Kit (Qiagen, 205311) according to the 562 

manufacturer’s instructions. Quantitative PCR was conducted using the SYBR 563 

Green PCR Master Mix (Roche, 04673514001) on a StepOne Plus Real-Time 564 

PCR System (Applied Biosystems). Reactions were carried out under the 565 

following conditions: 1 cycle of 95 °C for 2 min and 40 cycles of 95 °C for 5 s, 566 

60 °C for 10 s. Analysis of gene expression employed relative quantification and 567 

2 -ΔΔCT method. EF1α1 was used as internal control. The PCR products were 568 

then run on 1.5 % agarose gels. The predicted strands were cut out directly for 569 

Sanger sequencing. Quantification of the fold change in gene expression was 570 

calculated using the comparative Ct (2−ΔΔCt) method. All the primers used are 571 

shown in Table S1. Three independent replicates were performed for each 572 

experiment. 573 

 574 

Immunofluorescence staining 575 

Oocytes were fixed with 4% paraformaldehyde (PFA) for 20 min. After washing 576 

three times, the fixed oocytes were permeabilized with 1% Triton X-100 in DPBS 577 

for 30 min at room temperature (RT) and then blocked with 2% BSA in DPBS at 578 
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RT for 1 h. Oocytes were incubated in blocking buffer containing α-Tubulin 579 

antibody (Sigma, F2168, 1:200) overnight at 4°C, After washing 3 times with 580 

DPBS for 60 min. Finally, oocytes were counterstained for 10 min in 4, 6-581 

diamidino-2-phenylindole dihydrochloride (DAPI) solution and loaded onto glass 582 

slides followed by being covered with a glass coverslip. Samples were imaged 583 

using confocal microscopy (Olympus, Tokyo, Japan). At least 10 oocytes per 584 

group were used for each experiment. The specificity of the α-Tubulin antibody 585 

has been validated in Fig. S1.   586 

 587 

Statistical analysis 588 

All experiments were carried out at least three times. The data were analyzed 589 

using either Student’s t-test or one-way ANOVA (SPSS 17.0) and were presented 590 

as mean ± standard error of mean (mean ± S.E.M). P<0.05 was considered to be 591 

statistically significant. 592 
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Figure legends 827 

 828 

Fig. 1. Characteristics of circRNAs expressed in porcine cumulus cells and 829 

oocytes 830 

(A) Schematic illustration of experimental designs identifying circRNAs 831 

expressed in the cumulus cell or the oocyte before and after maturation. 832 

Premature COCs, cumulus cells before maturation (termed GCC), mature COCs, 833 

and cumulus cells after maturation (termed MCC) were collected respectively for 834 

RNA-seq. Of note, circRNAs expressed in the GCC were subtracted from these 835 

identical circRNAs expressed in the premature COCs to identify circRNAs 836 

expressed in GV oocytes, which are termed GV oocyte. Similarly, circRNAs 837 

expressed in MCC were subtracted from these identical circRNAs expressed in 838 

the mature COCs to identify circRNAs expressed in MII oocytes, which are 839 

termed MII oocyte. COCs, cumulus-oocyte complexes; GV, germinal vesicle; MII, 840 

metaphase II; IVM, in vitro maturation. Red dashed insets show cumulus cells 841 

before and after oocyte maturation at high magnification. (B) Chromosome 842 
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distribution of circRNAs. Chromosome distribution of total circRNAs expressed in 843 

the cumulus cell or the oocyte was shown in the upper panel and bottom panel, 844 

respectively. (C) Genomic location of circRNAs. Genomic distribution of total 845 

circRNAs expressed in the cumulus cell or the oocyte was shown in the left panel 846 

and right panel, respectively. (D) GC enrichment of circRNAs and mRNAs. GC 847 

content of total circRNAs and mRNAs expressed in the cumulus cell or the 848 

oocyte was separately shown in the left panel and right panel. 849 

 850 

 851 

Fig. 2. Identification and validation of differentially expressed circRNAs 852 

(DECs) in both the cumulus cell and the oocyte during meiotic maturation 853 
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(A) Venn diagram of circRNAs identified in the cumulus cell or the oocyte. 854 

Cumulus cells and oocytes before and after meiotic maturation were pooled for 855 

RNA-seq. Expression levels of circRNAs in the cumulus cell (left panel) and the 856 

oocyte (right panel) were analyzed by means of a binominal statistical test. 857 

Overlapping circles present circRNAs that are common for the cumulus cell or 858 

the oocyte between two different stages. Non-overlapping circles indicate 859 

circRNAs that are specific for the cumulus cell or the oocyte before (pink) and 860 

after (blue) meiotic maturation. (B) The number of differentially expressed 861 

circRNAs in the cumulus cell or the oocyte before and after meiotic maturation. 862 

The results were considered statistically significant at Padjusted< 0.05 and log2 fold 863 

change ≥1. Red bars indicate up-regulated circRNAs; green bars denote down-864 

regulated circRNAs. (C) Heatmap illustrating the expression patterns of 865 

differentially expressed circRNAs in the cumulus cell (left panel) or the oocyte 866 

(right panel) before and after meiotic maturation. The red blocks represent up-867 

regulated circRNAs, and the blue blocks represent down-regulated circRNAs. 868 

The color scale of the heatmap indicates the expression level, where the 869 

brightest blue stands for -1.0 log2 fold change and the brightest red stands for 870 

1.0 or 1.5 log2 fold change. (D) Validation of the selected differentially expressed 871 

circRNAs identified in both the cumulus cell and the oocyte. The several selected 872 

circRNAs were chosen from top up and top down-regulated circRNAs in the 873 

cumulus cell or the oocyte. Relative abundance of circRNAs in the cumulus cell 874 

(upper panel) and the oocyte (bottom panel) was determined by qPCR. The data 875 

were normalized against endogenous housekeeping gene EF1α1, and the value 876 

for the cumulus cell or the oocyte at GV stage was set as one. The data are 877 

shown as mean ± S.E.M. Statistical analysis was performed using t-student test. 878 

Values with asterisks vary significantly, *P < 0.05, **P < 0.01. 879 

 880 
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 881 

Fig. 3. GO and KEGG analysis of host genes of differentially expressed 882 

circRNAs (DECs) in both the cumulus cell and the oocyte during meiotic 883 

maturation 884 

(A) GO analysis of the top enriched terms of the differentially expressed circRNA 885 

hosting genes identified in the cumulus cell. Host genes of differentially 886 

expressed circRNAs were classified into three categories of the GO classification 887 

(blue bars: biological processes, green bars: cellular components and orange 888 

bars: molecular functions). (B) KEGG analysis of the top enriched signaling 889 

pathways of the differentially expressed circRNA hosting genes identified in the 890 

cumulus cell. (C) GO analysis of the top enriched terms of the differentially 891 

expressed circRNA hosting genes identified in the oocyte. Host genes of 892 
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differentially expressed circRNAs were classified into three categories of the GO 893 

classification (blue bars: biological processes, green bars: cellular components 894 

and orange bars: molecular functions). (D) KEGG analysis of the top enriched 895 

signaling pathways of the differentially expressed circRNA hosting genes 896 

identified in the oocyte.  897 

 898 

 899 

Fig. 4. Analysis of interaction between DECs and miRNAs in both the 900 

cumulus cell and the oocyte 901 

(A) Analysis of number of miRNAs for circRNAs by Targetscan and miRanda. (B) 902 

Analysis of the proportion of circRNA processing different numbers of miRNA 903 

targets. (C) Analysis for predicted targeted miRNAs of the selected DECs 904 

identified in the cumulus cell. The selected circRNAs were chosen from top DECs 905 

in the cumulus cell. Blue circles represent circRNA, and yellow circles represent 906 

miRNA. (D) Analysis for predicted targeted miRNAs of the selected DECs 907 
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identified in the oocyte. The selected circRNAs were chosen from top DECs in 908 

the oocyte. Blue circles represent circRNA, and yellow circles represent miRNA. 909 
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Fig. 5. Effect of circARMC4 knockdown on oocyte meiotic maturation and 939 

chromosome alignment 940 

(A) CircARMC4 expression in both the GV oocyte and the MII oocyte. Relative 941 

expression of circARMC4 was determined by qPCR. The data are analyzed 942 

using student’s t test and are shown as mean ± S.E.M. Different letters on the 943 

bars indicate significant differences (P < 0.05). (B) Schematic illustration showed 944 

the ARMC4 exon 14 and exon 15 circularization forming circARMC4 (blue arrow). 945 

The presence of circARMC4 was validated by qPCR, followed by Sanger 946 

sequencing. Red arrow represents “head-to-tail” circARMC4 splicing sites. 947 

The expression levels of circARMC4 (C) and linear ARMC4 (D) in the MII 948 

oocytes derived from GV oocytes. GV oocytes were injected with circARMC4 949 

siRNA, followed by maturation in vitro for 44 h. Oocytes injected with water and 950 

uninjected oocytes were served as a sham control and a blank control, 951 

respectively. One hundred matured oocytes were collected for qPCR analysis. 952 

Relative abundance of circARMC4 and linear ARMC4 was determined by qPCR 953 

from four independent replicates. The data were normalized against endogenous 954 

housekeeping gene EF1α1 and the value for the blank control was set as one. 955 

The data are shown as mean ± S.E.M. One-way ANOVA was used to analyze the 956 

data and different letters on the bars indicate significant differences (P < 0.05). (E) 957 

Analysis of the rate of oocyte maturation. The number of oocytes with first polar 958 

body after in vitro maturation for 44 h was recorded and the rate of first polar 959 

body extrusion was statistically analyzed by one-way ANOVA. The experiment 960 

was repeated four times with at least 100 oocytes per group. The data are shown 961 

as mean ± S.E.M and different letters on the bars indicate significant differences 962 

(P < 0.05). (F) Representative images of oocytes after in vitro maturation. The 963 

oocytes without pb1 and the oocytes with pb1 were shown in both the left side 964 

and the right side of each image, respectively. Scale bar: 100 µm. (G) Spindle 965 

and chromosome morphology in MII oocytes. Matured oocytes were stained for 966 

α-tubulin (green) and DAPI (blue). Shown are representative images obtained 967 

using confocal laser-scanning microscopy. The experiment was independently 968 

repeated three times with at least 40 oocytes per group. Bottom panel in each 969 
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group shows the merged images between α-tubulin and DNA. White square 970 

insets indicate both spindles and chromosomes at high magnification. Asterisks 971 

indicate chromosomes. Scale bar: 50 µm. (H) Analysis of the percentage of 972 

oocytes with abnormal chromosome morphology. The chromosome morphology 973 

of MII oocytes was scored according to a published standard method. The data 974 

were statistically analyzed by one-way ANOVA. The data are shown as mean ± 975 

S.E.M and different superscripts on the bars indicate significant differences (P < 976 

0.05). 977 

 978 

 979 

Fig. 6. Effect of circARMC4 knockdown on developmental competence of 980 

porcine early embryos 981 

(A) Representative brightfield images of embryos at different developmental 982 

stages. GV oocytes were injected with siRNA or water and GV oocytes without 983 

any treatment, followed by maturation in vitro for 44 h. Oocytes with first polar 984 

body were parthenogenetically activated and cultured up to the blastocyst stage. 985 

The brightfield images of 2-cell, 4-cell, 8-cell embryo and blastocyst were 986 

captured by epifluorescence microscopy. Scale bar: 100 µm. (B) Analysis of the 987 
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developmental rate of embryos at different developmental stages. The number of 988 

embryos at different developmental stages was recorded and the corresponding 989 

data were statistically analyzed by one-way ANOVA. All experiment was repeated 990 

four times. The data are shown as mean ± S.E.M and different letters on the bars 991 

indicate significant differences (P < 0.05). 992 

 993 

 994 

Fig. S1. Validation of the specificity of α-tubulin antibody 995 

MII oocytes were incubated with the diluent α-tubulin antibody in the 996 

immunofluorescence staining protocol while MII oocytes incubated with the 997 

mouse serum (Yeasen, 36118ES03) replacing α-tubulin antibody serve as a 998 

negative control. DNA was stained with DAPI (blue). Shown are representative 999 

images obtained using confocal laser-scanning microscopy. Right panel in each 1000 

group shows the merged images between α-tubulin and DNA. White square 1001 

insets indicate both spindles and chromosomes at high magnification. Asterisks 1002 
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mark chromosomes. Scale bar: 50 µm. 1003 

 1004 

 1005 

Fig. S2. Expression of circRNAs and their corresponding linear RNAs in 1006 

MCC and GV oocyte treated with or without RNase R 1007 

The several selected circRNAs and their corresponding linear RNAs were 1008 

chosen from top differentially expressed circRNAs in both the cumulus cell and 1009 

the oocyte. Total RNAs were extracted from MCC and GV oocytes, and then 1010 

were treated with RNase R. The total RNAs without RNase R treatment serve as 1011 

a control. Relative expression levels of the indicated circRNAs (A, C) and the 1012 

corresponding linear RNAs (B, D) before and after RNase R treatment were 1013 

determined by qPCR. The data were normalized against endogenous 1014 

housekeeping gene EF1α1, and the value for both the MCC and the GV oocyte 1015 

in the control group was set as one. The data are shown as mean ± S.E.M. 1016 

Statistical analysis was performed using t-student test. Values with asterisks vary 1017 
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significantly, **P < 0.01. 1018 
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