
TBX2 Regulates Proliferation, Apoptosis, and
Cholesterol Generation of Bovine Through
Maintaining Mitochondrial Function and Autophagy
in Bovine Cumulus Cell
Sheng-Peng Li 

Jilin University
Wen-Yin Xie 

Jilin University
Wen-Jie Yu 

Jilin University
Yan-Xia Peng 

Jilin University
Chang Liu 

Jilin Business and Technology College
Zi-Bin Liu 

Jilin University
Xiao-Shi Cai 

Jilin University
Cheng-Zhen Chen 

Jilin University
Bao Yuan 

Jilin University
Nam-Hyung Kim 

Jilin University
Hao Jiang  (  jhhaojiang@jlu.edu.cn )

Jilin University
Jia-Bao Zhang 

Jilin University

Research Article

Keywords: TBX2, Cumulus cells, ROS, Autophagy, Physiological function

Posted Date: March 23rd, 2021

https://doi.org/10.21203/rs.3.rs-333712/v1
mailto:jhhaojiang@jlu.edu.cn


DOI: https://doi.org/10.21203/rs.3.rs-333712/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-333712/v1
https://creativecommons.org/licenses/by/4.0/


TBX2 regulates proliferation, apoptosis, and cholesterol generation of bovine 1 

through maintaining mitochondrial function and autophagy in bovine cumulus 2 

cell 3 

 4 

Sheng-Peng Li1,*, Wen-Yin Xie1,*, Wen-Jie Yu1, Yan-Xia Peng1, Chang Liu2, Zi-Bin 5 

Liu1, Xiao-Shi Cai1, Cheng-Zhen Chen1, Bao Yuan1, Nam-Hyung Kim1,3, Hao Jiang1,§, 6 

Jia-Bao Zhang1,§ 7 

 8 
1Department of Laboratory Animals, Jilin Provincial Key Laboratory of Animal Model, 9 

Jilin University, Changchun, Jilin, 130062, People’s Republic of China 10 
2School of Grains, Jilin Business and Technology College, Changchun, 130507, China 11 
3Department of Animal Science, Chungbuk National University, Cheongju, Chungbuk, 12 

28644, Republic of Korea 13 

 14 

*Sheng-Peng Li, Wen-Yin Xie contributed equally to this work. 15 
§Corresponding authors at: 16 

Department of Laboratory Animals, Jilin Provincial Key Laboratory of Animal Model, 17 

Jilin University, Changchun, Jilin, 130062, People’s Republic of China. 18 

E-mail addresses: jhhaojiang@jlu.edu.cn (H. Jiang); zjb@jlu.edu.cn (J. Zhang). 19 

 20 

Abstract 21 

TBX2 is a member of T-box gene family whose members are highly conserved in 22 

evolution and encoding genes are involved in the regulation of developmental processes. 23 

The encoding genes play an important role in growth and development, but its 24 

regulatory effects in bovine cumulus cells are still unclear. In this study, the changes of 25 

cell physiological function were detected after TBX2 gene was knocked down. 26 

Compared with the control group, when TBX2 was inhibited, the levels of autophagy, 27 

apoptosis and reactive oxygen species in cumulus cells were increased, the proliferation, 28 

expansion ability and the amount of cholesterol secreted by cells were significantly 29 

decreased, and the cell cycle was also disrupted. The results showed that TBX2 could 30 

regulate the normal physiological activities of bovine cumulus cells. 31 

 32 
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 34 

Abbreviations:  35 

TBX2, T-box transcription factor 2; qPCR, quantitative polymerase chain reaction; 36 

FITC, fluorescein isothiocyanate; PI, propidium iodide; BCL2, B-cell lymphoma 2; 37 

BAX, BCL2 associated X; LC3B, light chain 3 beta; ROS, reactive oxygen species; 38 

PTX3, Pentraxin 3; HAS2, Hyaluronan synthase 2; PTGS2, Prostaglandin-endoperoxide 39 

synthase 2; CDK1, Cyclin dependent kinase 1; CDK2, Cyclin dependent kinase 2; 40 

CDK4, Cyclin dependent kinase 4; CDK6, Cyclin dependent kinase 6; ERK, 41 

extracellular signal-regulated kinase; COCs, cumulus-oocyte complexes; PVA, 42 

polyvinyl alcohol; MMP, mitochondrial membrane potential; JC-1, 5,5’,6,6’-43 

tetrachloro-1,1’,3,3’-tetraethyl-benzimidazolylcarbocyanine iodide; DCFH-DA, 2',7'-44 



dichlorofluorescein diacetate; PBS, phosphate buffered saline; TBST, Tris-buffered 45 

saline with 0.1% Tween® 20 detergent; SD, standard deviation. 46 

Introduction 47 

Improving the quality of oocytes is important for animal husbandry and human 48 

fertility 1 because the quality of oocytes is the primary factor affecting fertilization and 49 

breeding of healthy offspring 2. As a subgroup of granular cells, cumulus cells play 50 

important role in the nutrition and maturation of oocytes 3. Oocytes are coupled to 51 

surrounding cumulus cells through interstitial junctions 4, and this highly specific 52 

membrane junction forms the regulatory system that mediates the intercellular transfer 53 

of metabolites and regulatory molecules 5. Under normal physiological conditions, 54 

oocytes generate growth factors that regulate cumulus cells, and cumulus cells provide 55 

nutrients for oocyte growth through intracellular exchange; these processes are 56 

interdependent but closely related 6. In addition, oocytes, under pathological conditions, 57 

protect themselves against oxidative stress through antioxidant-scavenging enzymatic 58 

(e.g., involving catalase and glutathione peroxidase) and nonenzymatic (e.g., involving 59 

ascorbic acid and reduced glutathione) networks provided by the surrounding cumulus 60 

cells 7-9. 61 

As intracellular energy factories, mitochondria are the main producer of 62 

intracellular ROS 10, which are involved in processes such as cell differentiation, cell 63 

signal transmission, cell apoptosis and the regulation of cell growth and the cell cycle. 64 

When excessive production of ROS occurs, the accumulation of oxidants exceeds the 65 

cell's ability to clear them, and the oxidation system and antioxidant system become 66 

unbalanced. A sharp increase in ROS will lead to oxidative stress, causing cell damage 67 

and apoptosis 11. In the process of cell apoptosis, the ratio of BAX/BCL2 12,13 directly 68 

determines the degree of opening of various channels in the mitochondrial outer 69 

membrane, and BAX and BCL2 represent a regulatory hub of cell apoptosis, while 70 

caspase 3 usually co-regulates apoptosis with BAX  and BCL2 14. In addition, 71 

preferential autophagy of damaged or excess organelles such as peroxisomes, the 72 

endoplasmic reticulum, and mitochondria can occur in response to ROS 15. ROS-73 

mediated autophagy and apoptosis of cumulus cells will affect their secretory functions, 74 

thus potentially affecting the development and quality of oocytes 16-18. 75 

T-box gene family is a phylogenetically conserved family of genes that share a 76 

common DNA-binding domain 19 and is important in the regulation of body 77 

development. Research has shown that TBX2 functions as a transcriptional repressor 78 

during germ layer formation, and this activity is mediated in part through repression of 79 

target genes stimulated in the mesendoderm by transactivating T-box proteins 20. In 80 

addition, TBX2, as a transcription factor, is involved in embryonic development and cell 81 

cycle regulation and inhibits the cycle regulation factors p21 and p14 to make cells 82 

resist senescence 21-23. Recent research also showed that after the TBX2 gene was 83 

knocked down, cell proliferation and invasion were significantly decreased; after TBX2 84 

was overexpressed, cyclin E and the phosphorylated extracellular signal-regulated 85 

kinase levels were upregulated 24. 86 

Although TBX2 has been extensively studied in cancer cells 25, its biological 87 

functions in bovine cumulus cells remains unclear. This study investigated the effects 88 



of TBX2 on ROS levels, mitochondrial function, and cell proliferation in cumulus cells 89 

by inhibiting the expression of TBX2. The results will provide a new basis for 90 

understanding the biological roles of TBX2 as well as cumulus cells. 91 

 92 

 93 

Result 94 

Inhibition of TBX2 reduces cell proliferation and disrupts the cell cycle in bovine 95 

cumulus cells.  Three pairs of TBX2-specific siRNAs were designed. After 96 

comparison, the most effective and stable siRNA (siRNA-708) was selected for 97 

subsequent experiments (Supplementary Figure 1). As shown in Fig. 1A, the cell cycle 98 

was significantly changed after TBX2 inhibition, and the proportion of G1 phase cells 99 

in the TBX2-inhibited group increased to 1.38 ± 0.05 times that in the control group 100 

(P<0.01). The proportion of S phase cells decreased to 0.51 ± 0.04 times that in the 101 

control group (P<0.01). The proportion of G2 cells increased to 1.76 ± 0.07 times that 102 

in the control group (P<0.01). The expression levels of CDK1 and CDK4 genes 103 

increased to 1.77 ± 0.20 (P<0.01) and 2.09 ± 0.23 times (P < 0.01) that in the control 104 

group, respectively. The CDK6 gene was downregulated 0.64 ± 0.11 times (P < 0.01), 105 

while the expression of the CDK2 gene was upregulated 1.08 ± 0.21 times (P > 0.01, 106 

Fig. 1B). In addition, the cell index in the TBX2-inhibited group was lower than that of 107 

the control group after approximately 5 h, and this effect lasted for at least 40 h (Fig. 108 

1C). After TBX2 inhibition, the apoptosis rate of cumulus cells increased from 12.48 ± 109 

2.50% to 19.61 ± 1.95% (Fig. 1D). Compared with the control group, the BAX/BCL2 110 

level in the TBX2 inhibition group increased by 1.53 ± 0.11 times (Fig. 1E). 111 

 112 

TBX2 inhibition leads to an increase in ROS accumulation in bovine cumulus cells. 113 

ROS are important factors that induce apoptosis in cells. Therefore, we tested whether 114 

TBX2 regulates apoptosis by affecting intracellular ROS accumulation. As shown in Fig. 115 

2A and B, the DCFH fluorescence levels in the TBX2 inhibition group were 1.37 ± 0.09-116 

fold higher than those in the si-NC group. Furthermore, flow cytometry analysis (Fig. 117 

2C) indicated that the intracellular ROS levels of the TBX2 inhibition group were 118 

significantly increased to 1.46 ± 0.12 times (P < 0.01) those of the si-NC group. These 119 

suggested that inhibition of TBX2 caused ROS stress in bovine cumulus cells. 120 

 121 

Inhibition of TBX2 disrupts mitochondrial function.  As shown in Fig. 3A and B, 122 

the ΔΨm of the average cell was calculated as a ratio of red fluorescence intensity (J-123 

aggregates; corresponding to activated mitochondria) to green fluorescence intensity 124 

(J-monomers; corresponding to inactive mitochondria). The results showed that after 125 

inhibition of TBX2, the ΔΨm decreased to 0.38 ± 0.05 times compared to those in the 126 

si-NC group (P < 0.01). In addition, the ATP level (Fig. 3C) in TBX2-inhibited cumulus 127 

cells decreased to 0.56 ± 0.04 times compared to those in the si-NC group (P < 0.01). 128 

These results suggested that the mitochondrial activity and function in cumulus cells 129 

decreased significantly after the inhibition of TBX2. 130 

 131 

Inhibition of TBX2 increases autophagy levels.  Autophagy, which is usually 132 



measured by the levels of LC3B, maintains microenvironment stability in vivo, thereby 133 

reducing damage to the cells. After inhibition of TBX2, the immunofluorescence results 134 

showed a significant increase in number of cytoplasmic LC3B dot (Fig. 4A). The 135 

Western blot results were also consistent with this finding. The relative protein levels 136 

of LC3B in the TBX2-inhibited group were 1.38 ± 0.09-fold higher than those in the si-137 

NC group (P < 0.01, Fig. 4B). 138 

 139 

TBX2 inhibition prevents cumulus cell expansion.  As shown in Fig. 5A and B, the 140 

total width of the scratches decreased with time. cumulus cells began to exhibit 141 

considerable expansion from 12 h to 36 h. The relative expansion widths in the si-NC 142 

group were 12.43 ± 3.45%, 39.58 ± 3.52%, and 80.54 ± 3.98% at 12 h, 24 h, and 36 h, 143 

respectively, while the relative expansion widths in the TBX2-inhibited group were 144 

11.98 ± 2.86%, 24.86 ± 2.54% (P<0.01), and 51.11 ± 7.79% (P<0.01) at 12 h, 24 h, and 145 

36 h, respectively. Meanwhile, the mRNA expression levels of the cumulus cell 146 

expansion-related genes PTGS2, PTX3, and HAS2 were also significantly decreased by 147 

0.72 ± 0.14, 0.43 ± 0.08, and 0.63 ± 0.11 times, respectively, in the si-TBX2 group 148 

compared with the si-NC group (P < 0.01, Fig. 5C). In addition, relative cholesterol 149 

levels were significantly reduced by 0.58 ± 0.02-fold in the TBX2 inhibition group 150 

compared with the si-NC group (P < 0.01. Fig. 5D). 151 

 152 

Discussion 153 

In this study, we inhibited the expression of the TBX2 gene to explore the 154 

physiological role of TBX2 in bovine cumulus cells. In general, after TBX2 was 155 

inhibited, the cell cycle was disrupted, the intracellular oxidative stress and autophagy 156 

levels were increased, and the rate of cell apoptosis was also increased, suggesting that 157 

TBX2 can regulate the physiological functions of bovine cumulus cells. 158 

The cell cycle plays an important role in cell proliferation and apoptosis 26,27. 159 

Previous studies had shown that inhibition of TBX2 resulted in an increase in G1 phase 160 

cells and a decrease in S phase cells 28,29. Changes in CDK2 expression may regulate 161 

the G1/S phase transition, as well as DNA synthesis and replication in S phase 30,31. 162 

However, the expression of CDK2 did not change significantly. This may be because 163 

TBX2 promoted cell cycle progression through Cyclin D1 and RB‐E2F1 but not p21 164 

and CDK2 29. The differential expression of CDK1 indicates that inhibition of TBX2 165 

can promote entry into M phase and the transition from G2 to M phase, thus 166 

contributing to mitotic progression in cell division 32,33. In addition, inhibition of TBX2 167 

may also be associated with D-type cyclins (D1, D2, and D3) and CDK4/6 and disrupt 168 

the essential processes for entry into G1 phase 34. In the G1 phase, CDK4/6-cyclin D 169 

promotes cell cycle progression by means of retinoblastoma protein phosphorylation 170 

and sequestration of p21 and p27. This indicated that inhibition of TBX2 reduced the 171 

release of CDK2-cyclin E complexes as well as CDK2 kinase activity 35. In addition, 172 

these results are also consistent with existing reports and our subsequent findings that 173 

inhibition of TBX2 affects cell proliferation. Changes in cell proliferative capacity are 174 

influenced by nutrient utilization, mitochondrial function and the physiological state of 175 

cells and ultimately affect the biological functions of cells 36. Combined with the results 176 

https://journals.physiology.org/doi/full/10.1152/ajpcell.00012.2019?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#F0007
https://journals.physiology.org/doi/full/10.1152/ajpcell.00012.2019?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#F0007


of previous studies, our findings suggest that TBX2 may have a potential regulatory 177 

effect on the physiological and secretory functions of cumulus cells 37. 178 

Apoptosis can also be initiated by decreased mitochondrial activity and ROS-179 

induced oxidative stress in addition to abnormal changes in the cell cycle 38. In this 180 

study, inhibition of TBX2 significantly increased BAX/BCL2 levels and the apoptosis 181 

rate. This is in accordance with the findings of another study in which TBX2 182 

overexpression reduced caspase 3 cleavage and induced BCL2 and p-Drp1 183 

upregulation 39. In addition, ROS accumulation is associated with mitochondrial fission 184 

and affects cell proliferation and apoptosis 40-42. Given with the MMP and ROS assay 185 

results, we suspect that inhibition of TBX2 disrupts the mitochondrial fission/fusion 186 

balance in cumulus cells 28, which results in an increase in intracellular ROS levels and 187 

a decrease in mitochondrial function. Subsequently, the level of autophagy can be 188 

upregulated by cells to adapt to the adverse internal environment 43, which indicates 189 

that the level of TBX2 is important for maintaining environmental stability and 190 

generating the building blocks necessary for macromolecular synthesis, energy 191 

production, and cell survival 44. 192 

Finally, we examined the potential effects of TBX2 inhibition on the expansion and 193 

physiological function of cumulus cells. Although the expansion of monolayer cells on 194 

a hard surface does not fully reflect cumulus cell expansion, we hypothesized that TBX2 195 

would regulate the cumulus cell contact, as TBX2 has been shown to downregulate key 196 

factors affecting cumulus cell expansion, such as PTX3, PTGS2, and HAS2 45,46. 197 

Previous studies showed that oocytes are unable to synthesize cholesterol and require 198 

cumulus cells to provide products of the cholesterol biosynthetic pathway 47,48. The 199 

expansion of cumulus cells has a substantial regulatory effect on oocyte secretion, 200 

which is associated with metabolic processes in COCs, especially cholesterogenesis 201 
49,50. In this study, inhibition of TBX2 led to a decrease in the cholesterol level, which 202 

indicates that inhibition of TBX2 will lead to a decrease in precursor substances for the 203 

synthesis of steroid hormones 51. This also suggests that TBX2 may have a regulatory 204 

effect on the secretory function of cumulus cell and affect oocyte maturation and 205 

fertilization 52,53. 206 

 207 

5. Conclusions 208 

In conclusion, the results of this study showed that TBX2 has a regulatory role in 209 

maintaining the mitochondrial function and autophagy level of cumulus cells and in 210 

regulating the proliferation, apoptosis, and cholesterol generation of bovine cumulus 211 

cells, thus playing a potential role in oocyte development, maturation, and subsequent 212 

fertilization. 213 
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 230 

Material and method 231 

The chemicals and reagents that we used in the experiment were bought from 232 

Sigma-Aldrich (St. Louis, MO, USA) except expressly stated elsewise in the article. 233 

 234 

Isolation and culture of bovine cumulus cells.  Bovine ovaries without corpus 235 

luteum were collected from a local slaughterhouse and transported to the laboratory at 236 

35 °C in saline supplemented with 75 mg/mL penicillin G and 50 mg/mL streptomycin 237 

sulfate. COCs were aspirated from follicles 3 to 8 mm in diameter using a 10-mL 238 

syringe with an 18-gauge needle. Then, COCs surrounded by a minimum of three 239 

cumulus cells were selected and washed three times in Tyrode’s lactate HEPES (TL-240 

HEPES) supplemented with 0.1% (w/v) PVA and gentamycin (0.05 g/L). Subsequently, 241 

COCs were dissociated with 1% hyaluronidase to separate cumulus cells and oocytes. 242 

After removing the oocytes, the cumulus cells were centrifuged, resuspended, and 243 

seeded into the culture plate with cell culture medium including DMEM/F12 (Gibco, 244 

Grand Island, NY, USA), 1% penicillin and streptomycin (HyClone, Logan, UT, USA) 245 

and 10% fetal bovine serum (Biological Industries, Kibbutz Beit Haemek, Israel) and 246 

cultured at 37℃ in 5% CO2. 247 

 248 

siRNA treatment.  A total of 1×105 cells were seeded into six-well plates containing 249 

cell culture medium for 24 h. Then, TBX2-specific siRNA (si-TBX2) and negative 250 

control scrambled siRNA (si-NC) (GenePharma Co., Ltd, Suzhou, China) were 251 

administered with RiboFECTCP (Guangzhou RiboBio Co., Ltd., Guangzhou, China) 252 

reagent into cells at a confluence of approximately 70% according to the manufacturers’ 253 

instructions and our previous study 16. Then, the cells were incubated for 48 h at 37 °C 254 

in a 5% CO2 incubator without changing the culture medium. The specific sequences 255 

of the siRNAs are shown in Supplementary Table 1. 256 

 257 

Cell cycle assay.  In brief, 1×105 cells were seeded in 6-well plates. After treatment 258 

with si-TBX2 or si-NC for 48 h, the cell cycle distribution was determined using a Cell 259 

Cycle and Apoptosis Analysis Kit (Beyotime, Shanghai, China) and a flow cytometer 260 

(Beckman Coulter, Brea, CA, USA) according to the manufacturers’ instructions. The 261 

data were processed by using MODFIT software (Verity Software House, Topsham, 262 

ME, USA). 263 

 264 



qRT-PCR assay.  Total RNA was extracted using Tripure Isolation Reagent (Roche, 265 

Basel, Switzerland). cDNA was synthesized from the extracted RNA with a reverse 266 

transcription kit (Tiangen, Beijing, China) according to the instructions. Gene 267 

expression was quantified with a Mastercycler ep realplex system (Eppendorf, 268 

Hamburg, Germany) and the 2−ΔΔCt method with β-actin as the standard using the 269 

following protocol: 95°C for 3 min; 40 cycles at 95°C for 30 sec, 60°C for 30 sec, and 270 

72°C for 30 sec. All primers used are listed in Supplementary Table 1. 271 

 272 

Cell proliferation assay.  The cell proliferation was assayed using xCELLigence 273 

system (Roche Applied Science and ACEA Biosciences, Mannheim, Germany) as 274 

described previously with some modifications 54,55. In brief, 50 μL of cell culture media 275 

with si-TBX2 or si-NC at room temperature was added into each well of E-plate 16. 276 

Then, the E-plate 16 was connected to the system and checked in the cell culture 277 

incubator for proper electrical-contacts and the background impedance was measured. 278 

Meanwhile, the cells were resuspended in cell culture medium with siRNAs. 100μL of 279 

each cell suspension containing 5×103cells was added to the 50 μL medium containing 280 

si-TBX2 or si-NC on E-plate 96 in order to determine the optimum cell concentration. 281 

After 30 min incubation at room temperature, E-plate 96 was placed into the cell culture 282 

incubator. Finally, cell proliferation was monitored every 30 min for a period of up to 283 

40 h via the incorporated sensor electrode arrays of the E-Plate 96. The electrical 284 

impedance was measured by the RTCA-integrated software of the xCELLigence 285 

system as a dimensionless parameter termed cell index. 286 

 287 

Apoptosis detection.  The apoptosis of cumulus cells was detected according to the 288 

instructions of the Annexin V-FITC Apoptosis Analysis Kit (Tianjin Sungene Biotech 289 

Co, Ltd, Tianjin, China). In brief, after treatment with si-TBX2 or si-NC, cells were 290 

treated with trypsin and washed twice with PBS. Then, the cells were centrifuged at 291 

800×g for 5 min at 4 °C and 3 times. Then, 100 μL of PBS was added to each centrifuge 292 

tube, followed by incubation for 15 min with 5 μL of FITC-labeled Annexin V solution 293 

and 5 μL of PI (20 μg/mL) in the dark. Apoptotic cells and dead cells were distinguished 294 

by staining with PI and FITC-labeled Annexin V. The cell samples were then analyzed 295 

using a flow cytometer (Beckman Coulter). 296 

 297 

Mitochondrial membrane potential (MMP) measurement.  Briefly, the cell culture 298 

slides were placed into the 6-well plate before the cells were cultured. After treatment 299 

with si-TBX2 or si-NC, the culture medium was removed, and the cell slides were 300 

washed twice with PBS. Then, 1 mL of PBS containing 2 μM JC-1 staining working 301 

solution was added to each of the wells, and the plates were incubated at 37°C for 30 302 

min. After incubation, the culture slides were washed twice with PBS and mounted onto 303 

glass slides. The red and green fluorescence intensities were observed with a 304 

fluorescence microscope (Olympus, Shibuya, Japan). Image-Pro Plus software was 305 

used to analyze the red and green fluorescence and compare the ratio between the 306 

average optical densities in each sample. The relative fluorescence intensity level was 307 

measured as the average fluorescence intensity of individual cells (JC-1red/JC-1green) 308 



from 3 independent experiments with 3 randomly selected observation images. 309 

 310 

Determination of ROS levels.  We first detected the level of ROS by microscopic 311 

fluorescence imaging. The cell culture slides were placed in a 6-well plate before the 312 

cells were cultured. After treatment with si-TBX2 or si-NC, the culture medium was 313 

removed, and the cell slides were washed twice with PBS. Subsequently, 1 mL 314 

DMEM/F12 culture medium containing 10 μM DCFH-DA, (Beyotime) was added to 315 

each well of a 6-well plate. After incubation for 30 min in a 38.5 ℃ incubator, the 316 

culture slides were washed 3 times with PBS and mounted onto glass slides. Finally, 317 

the fluorescence intensity of the cells was observed by a fluorescence microscope 318 

(Olympus). The level of ROS was assessed by comparing the fluorescence intensity 319 

among the different treatment groups. The relative fluorescence intensity level was 320 

measured as the average fluorescence intensity of individual cells from 3 independent 321 

experiments in 3 randomly selected fields. 322 

Meanwhile, the changes in the ROS level were also detected by a Reactive Oxygen 323 

Species Assay Kit (Beyotime). Briefly, the siRNA treatments were the same as those 324 

described above. After washing and removing the cell culture medium, 10 μM DCFH-325 

DA solution was added to each well of a six-well plate. After incubation for 30 min in 326 

a 38.5 ℃ incubator, the samples were washed three times with PBS. The samples were 327 

harvested and then analyzed by flow cytometry (Beckman Coulter). 328 

 329 

Immunofluorescence detection.  The cell culture slides were placed into the 6-well 330 

plate before the cells were cultured. After treatment with si-TBX2 or si-NC, the culture 331 

medium was removed, and the cells were washed twice with PBS. After being fixed 332 

with 4% paraformaldehyde for 30 min and being washed three times with PBS, the cells 333 

were permeabilized with 0.3% Triton X-100 in PBS for 30 min and blocked in an 334 

incubator at 38.5 °C for 1 h in PBS containing 3% BSA. Then, the cells were 335 

incubated at 4 °C with primary anti-LC3B antibody (Abcam, Cambridge, UK, 336 

#ab48394, 1:200) overnight. Subsequently, after being washed three times with PBS, 337 

the cells were incubated with secondary antibody (Abcam, #ab150077, 1:1000) at 338 

38.5 °C for 1 h, washed three times and stained with Hoechst 33342 for 10 min. Finally, 339 

after being washed 3 times with PBS, the culture slides were mounted onto glass slides. 340 

A Zeiss LSM 510 confocal microscope (Carl Zeiss, Jena, Germany) and Image-Pro Plus 341 

software were used to detect and analyze the images, respectively. The relative 342 

fluorescence intensity level was measured as the average fluorescence intensity of 343 

individual cells from 3 independent experiments in 3 randomly selected fields. 344 

 345 

Cell expansion detection.  The cells were cultured and treated with si-TBX2 or si-NC 346 

into the 6-well plates. After removing the culture medium, the middle area of the 6-well 347 

plate was scraped with a cell-free knife, and serum-free DMEM/F12 medium was added 348 

for culture. The width of the cell scratches was detected at 0, 12, 24, and 36 h through 349 

optical microscopy (Motic, Xiamen, Fujian, China). Image-Pro Plus software was used 350 

to calculate the average width of the scratch, which was used to determine cell 351 

expansion. 352 



 353 

Western blotting analysis.  The cells were cultured and treated with si-TBX2 or si-354 

NC in 6-well plates as described above. After removing the culture medium, cell lysis 355 

buffer containing protease inhibitors (Beyotime) was added to the well and the samples 356 

were ultrasonicated for 60 s (3 times per sec) with an ultrasound transducer. After 357 

sonication, the cell sample mixtures were harvested and were placed on ice for 30 min. 358 

Then, the mixtures were centrifuged for 60 min at 13,000×g, and the protein-containing 359 

supernatant was collected. Subsequently, protein samples were separated by SDS-360 

PAGE electrophoresis and then transferred to a 0.45-μm PVDF membrane (Millipore, 361 

Bedford, MA, USA). Next, the membrane was transferred to 5% BSA blocking solution 362 

and placed on an oscillator for 2 h at room temperature and then incubated with specific 363 

primary antibodies (anti-LC3B, Abcam, #ab48394, 1:1,000; and anti-actin, Cell 364 

Signaling Technology, Beverly, MA, USA, #4970, 1:1,000) overnight at 4 °C. After 365 

being washed with TBST, the membranes were incubated with related horseradish 366 

peroxidase-conjugated secondary antibodies (Cell Signaling Technology, #7074, 367 

1:5000) at 37 °C for 1 h. The membranes were then incubated in enhanced 368 

chemiluminescence reagents (Thermo, Waltham, MA, USA), and images were captured 369 

by a Tanon 5200 chemiluminescence imaging analyzer (Tanon Science & Technology 370 

Co., Ltd., Shanghai, China). Finally, grayscale analysis was performed using Image-371 

Pro Plus software. 372 

 373 

Statistical analysis.  The results were obtained from three repeated independent 374 

experiments, and were expressed as mean ± SD. Data obtained from two groups were 375 

compared using the Student's t-test. All statistical analyses were performed using SPSS 376 

version 22.0 (IBM, IL, USA) software. P < 0.05 and P < 0.01 were considered to 377 

indicate significant differences. 378 

 379 

 380 
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 538 

Figure legend 539 

 540 

Fig. 1. TBX2 inhibition affects the cell cycle, proliferation, and apoptosis. 541 

(A) The percentage of cells in each phase of the cell cycle with or without TBX2 542 

inhibition. (B) Differential expression of CDK1, CDK2, CDK4, and CDK6 in the si-NC 543 

and TBX2 inhibition groups. (C) Cell index in the si-NC and TBX2 inhibition groups. 544 

(D) Percentage of apoptotic cells in the si-NC and TBX2 inhibition groups. Significant 545 

differences are represented with ** (P < 0.01). (E) Changes in BAX/BCL2 mRNA levels. 546 

Significant differences are represented with ** (P < 0.01). 547 

 548 

Fig. 2. ROS levels in the si-TBX2 and si-NC groups. 549 

(A) Representative fluorescence images of DCFH staining of cumulus cells. (B) 550 

Differences in DCFH levels between the si-NC and TBX2-inhibited groups. (C) ROS 551 

levels in the si-NC and TBX2-inhibited groups as detected by flow cytometry. 552 

Significant differences are represented with ** (P < 0.01). 553 

 554 

Fig. 3. Changes in mitochondrial membrane potential and ATP levels after 555 

inhibition of TBX2. 556 

(A) Representative fluorescence images of JC-1 staining in the TBX2 inhibition group 557 

and si-NC group. (B) Relative fluorescence intensity of JC-1red/JC-1green in the si-NC 558 

and TBX2-inhibited groups. (C) Relative ATP levels in the si-NC and TBX2-inhibited 559 

groups. Significant differences are represented with ** (P < 0.01). 560 

 561 

Fig. 4. Autophagy level changes after inhibition of TBX2. 562 

(A) Representative LC3B staining images in the si-NC and TBX2-inhibited groups 563 

analyzed by immunofluorescence. (B) Protein expression of LC3B in the si-NC (left 564 

side) and si-TBX2 groups (right side) come from the same gel. Significant differences 565 

are represented with ** (P < 0.01). 566 

 567 

Fig. 5. Inhibition of TBX2 reduces cumulus cell expansion and inhibits cholesterol 568 

synthesis. 569 

(A) Representative images of cumulus cell expansion at 0, 12, 24, and 36 h with or 570 

without TBX2 inhibition. (B) Compared with the si-NC group, the TBX2 inhibition 571 

group showed significantly lower cell expansion levels over time, especially at 24 h 572 



and 36 h. (C) Relative PTGS2, PTX3, and HAS2 expression changes between the si-NC 573 

and TBX2-inhibited groups. (D) The relative level of cholesterol was decreased in the 574 

TBX2-inhibited group compared with the si-NC group. Significant differences are 575 

represented with ** (P < 0.01). 576 

 577 



Figures

Figure 1

TBX2 inhibition affects the cell cycle, proliferation, and apoptosis. (A) The percentage of cells in each
phase of the cell cycle with or without TBX2 inhibition. (B) Differential expression of CDK1, CDK2, CDK4,
and CDK6 in the si-NC and TBX2 inhibition groups. (C) Cell index in the si-NC and TBX2 inhibition groups.
(D) Percentage of apoptotic cells in the si-NC and TBX2 inhibition groups. Signi�cant differences are
represented with ** (P < 0.01). (E) Changes in BAX/BCL2 mRNA levels. Signi�cant differences are
represented with ** (P < 0.01).



Figure 2

ROS levels in the si-TBX2 and si-NC groups. (A) Representative �uorescence images of DCFH staining of
cumulus cells. (B) Differences in DCFH levels between the si-NC and TBX2-inhibited groups. (C) ROS
levels in the si-NC and TBX2-inhibited groups as detected by �ow cytometry. Signi�cant differences are
represented with ** (P < 0.01).



Figure 3

Changes in mitochondrial membrane potential and ATP levels after inhibition of TBX2. (A) Representative
�uorescence images of JC-1 staining in the TBX2 inhibition group and si-NC group. (B) Relative
�uorescence intensity of JC-1red/JC-1green in the si-NC and TBX2-inhibited groups. (C) Relative ATP
levels in the si-NC and TBX2-inhibited groups. Signi�cant differences are represented with ** (P < 0.01).

Figure 4

Autophagy level changes after inhibition of TBX2. (A) Representative LC3B staining images in the si-NC
and TBX2-inhibited groups analyzed by immuno�uorescence. (B) Protein expression of LC3B in the si-NC
(left side) and si-TBX2 groups (right side) come from the same gel. Signi�cant differences are
represented with ** (P < 0.01).



Figure 5

Inhibition of TBX2 reduces cumulus cell expansion and inhibits cholesterol synthesis. (A) Representative
images of cumulus cell expansion at 0, 12, 24, and 36 h with or without TBX2 inhibition. (B) Compared
with the si-NC group, the TBX2 inhibition group showed signi�cantly lower cell expansion levels over time,
especially at 24 h and 36 h. (C) Relative PTGS2, PTX3, and HAS2 expression changes between the si-NC
and TBX2-inhibited groups. (D) The relative level of cholesterol was decreased in the TBX2-inhibited
group compared with the si-NC group. Signi�cant differences are represented with ** (P < 0.01).

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryMaterial.docx

https://assets.researchsquare.com/files/rs-333712/v1/14fe2c69e0cc0940996d5129.docx

