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ABSTRACT 

 

THE TRANSCRIPTOMIC EFFECTS OF MICRORNA-29b-3p IN PORCINE 

GRANULOSA CELLS  

 

 Renée E. Hilker      Advisor: 

 University of Guelph, 2022     Dr. Julang Li 

 

MicroRNAs interfere with translation of mRNAs through complementary binding at the 3’ 

untranslated region (UTR). MicroRNA-29b-3p (miR-29b) is localized to the nucleus in 

porcine granulosa cells, but its function is unknown. We hypothesized miR-29b binds to 

nuclear DNA to regulate transcription. We analyzed genes regulated by miR-29b for 

potential binding sites in their promoter regions. MiR-29b may bind to the promoter 

regions of GLUL, CDKN2B, and NR2F2, but does not regulate NR2F2 transcription. We 

instead identified genes miR-29b may regulate via 3’ UTR repression. Through 

transcriptomic analysis, we found miR-29b reduces the expression of pro-proliferative 

genes. MiR-29b also enhances pro-autophagic gene expression while inhibiting 

granulosa cell apoptosis. Thus, miR-29b may regulate granulosa cell proliferation and 

apoptosis through the regulation of novel 3’ UTR interactions identified in this study. 

However, its specific nuclear function still requires further investigation. 
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1.0 INTRODUCTION - LITERATURE REVIEW 

1.1 Follicular Development 

 Female gametes (oocytes) in mammalian ovaries are surrounded by somatic 

granulosa cells in a structure known as the follicle 1. Regulation of granulosa cell 

proliferation, survival, and steroid production plays a crucial role in controlling follicle 

growth and ovulation. Since the granulosa cell transcriptome can be an indicator of 

pregnancy success during assisted reproductive technologies, characterizing granulosa 

cell gene expression can be used to help improve fertility (reviewed in 2).   

 The first stage of folliculogenesis is the formation of primordial follicles that are 

established in utero. The entire process of follicular development is summarized in 

Illustration 1. Primordial follicles consist of an oocyte surrounded by a single layer of 

squamous granulosa cells that remain quiescent until they are recruited for follicular 

growth. At the primary follicle stage, granulosa cells become cuboidal and proliferate to 

form a second layer. By the secondary follicle stage, granulosa cells slow proliferation 

and produce estradiol upon the establishment of a surrounding layer of theca cells. At 

this stage, the follicles become dependent on the gonadotropin, follicle stimulating 

hormone (FSH), for survival, growth, and steroid production (follicle development is 

reviewed in 3).  

 FSH receptors (FSHR) on granulosa cells increase in expression as the follicle 

grows from the preantral to antral stage (reviewed in 4). At the preantral stage, 

granulosa cells become dependent on FSH for survival and antrum formation 5,6. FSHR 

signaling regulates granulosa cell proliferation by promoting the expression of pro-

proliferative genes such as proliferating cell nuclear antigen (PCNA), cyclin B1 

(CCNB1), cyclin D2 (CCND2), and cyclin-dependent kinase 1 (CDK1) 7–9.  Regulation of 

granulosa cell proliferation is critical at all stages of follicular development. Inhibition of 

CCND2 or Kit ligand, a granulosa cell-derived pro-growth factor, can block follicular 

development and reduce fertility 9,10.  

 Between the secondary and antral follicle stage, many follicles will degenerate in 

a process known as atresia (reviewed in 11,12). The regulation of apoptosis in granulosa 

cells is vital, as this is often the first sign of atresia (reviewed in 13). The antral phase is 
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marked by the formation of a fluid-filled cavity within the follicle known as the antrum. 

Follicles will steadily produce more estradiol as they grow and mature 14 (reviewed in 

15). High levels of estradiol act positively in the hypothalamus to promote a large 

secretion of luteinizing hormone (LH) from the anterior pituitary gland known as the LH 

surge 16. In response to high FSHR signaling, granulosa cells will begin to express LH 

receptors (LHR) prior to the LH surge 17,18. The LH surge is critical for completing follicle 

maturation, ovulation, and luteinization 19,20.  

 In humans, only one follicle is ovulated with each cycle through dominant follicle 

selection. FSHR expression is highest in small antral follicles, but decreases thereafter 

14,17. Larger follicles will also produce inhibin to reduce FSH secretion from the anterior 

pituitary gland 14,21. Only follicles that can survive this reduction in FSH signaling are 

chosen for dominancy (reviewed in 22,23). A high output of estradiol may promote 

selection by transiently increasing FSHR and LHR expression in granulosa cells 14,17.  

 At ovulation, the oocyte is released with a surrounding layer of cumulus 

granulosa cells. The remaining mural granulosa cells differentiate into luteal cells to 

form the corpus luteum and produce progesterone to support pregnancy (reviewed in 3). 

Mural granulosa cells express steroidogenic acute regulatory protein (StAR) and 

p450scc (gene CYP11A1) but lack 17α-hydroxylase (gene CYP17A1), which will 

promote progesterone production and prevent androgen production (reviewed in 24).  

 Granulosa cells are indispensable for the production of healthy oocytes. Co-

ordination of granulosa cell proliferation, steroid production, and apoptosis all help to 

determine the fate of follicle growth and survival. Each process will now be reviewed in 

greater detail. 
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Illustration 1: Overview of follicular development. The first stage of follicular 

development begins with primordial follicles. Granulosa cells become cuboidal in shape 

around the oocyte in primary follicles. Granulosa cells will proliferate, and a theca cell 

layer develops during the secondary stage. The growth of these stages is controlled by 

intrinsic factors. The formation of the fluid-filled antrum is controlled by FSH. As the 

antrum grows, granulosa cells will form two populations: oocyte-surrounding cumulus 

cells, and peripheral mural cells. Upon ovulation, the cumulus-oocyte complex is 

released into the oviduct and the remaining mural and theca cells will differentiate into 

luteal cells. 

1.1.1 The Cell Cycle 

 Cells spend most of their time in the growth phase (G1) of the cell cycle, until a 

signal induces them to proliferate. Kit ligand and epidermal growth factor (EGF) 

signaling can activate cell division in granulosa cells and drive folliculogenesis 10,25. 

Granulosa cells will typically begin to proliferate in the secondary stage of follicle 

growth. Once an antrum forms, granulosa cells will slow proliferation and 

steroidogenesis will begin (reviewed in 3). 

 The entire process of the cell cycle is summarized in Illustration 2. The main 

proteins that push cell cycle progression are cyclin dependent kinases (CDK) 

complexed with cyclins (CCN). Distinct CDK-CCN complexes control each stage of the 

cell cycle. The protein expression of CDKs stays stable during the cell cycle and their 

activity is modulated by the fluctuation in CCN expression (reviewed in 26). Many CDK-

CCN complexes can fine tune their control over cell cycle progression by associating 

with PCNA and CDKN1A, a cell cycle promoter and inhibitor, respectively 27. If 
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irreparable DNA damage is detected at any point during division, p53 can incite cell 

cycle arrest or cell death (p53 is reviewed in 28).  

 The CDK2-CCNE complex controls advancement into the S phase from the G1 

phase. CDK2-CCNE activity is highest in the G1 phase but diminishes in the other 

phases, including the G0 phase 29. The main inhibitors of CDK2-CCNE are p27 

(CDKN1B) and p21 (CDKN1A) 30,31. Transforming growth factor beta 1 (TGFB) and p53 

can upregulate CDKN1B, CDKN1A, and p15 (CDKN2B) to inhibit CDK2-CCNE activity 

and induce cell cycle arrest 32–34. CDKN1A and CDKN1B are highly expressed in 

granulosa cells from preovulatory follicles to prevent entry into the cell cycle 35.  

 Activated CDK2-CCNE complexes phosphorylate and activate nuclear protein 

co-activator of histone transcription (NPAT) to push entry into S phase 36. Nuclear DNA 

is replicated during the S phase to prepare for cytokinesis. PCNA assists DNA 

polymerase activity to enhance DNA synthesis (reviewed in 37). CDKN1A is also able to 

inhibit PCNA to abate DNA replication 38. In the S phase, CDK2 instead associates with 

CCNA to ensure successful DNA synthesis 39.  

 After DNA replication, the cell goes through a second growth period, the G2 

phase, before mitosis occurs. CCNA controls the progression into M phase by 

complexing with CDK1 40,41. CDK2-CCNA complexes can induce G2/M arrest, thus 

CCNA must be bound by CDK1 to advance the cell cycle 40. However, CDK1-CCNB 

also aids the progression into M phase. Depleting both CCNB1 and CCNB2 significantly 

prevents cells from entering the M phase, causing an increase in G2-arrested cells 42. 

The cellular localization of CCNB can also modulate CDK1-CCNB activity; if CCNB1 is 

sequestered in the nucleus, cells will progress through the G2/M checkpoint even when 

DNA is damaged 43,44. 

 Control through the M phase is then maintained by CDK1-CCNB and has many 

checkpoints throughout each subphase of mitosis. If DNA damage is detected by p53, 

growth-arrest and DNA damage-inducible 45 (GADD45) is activated to inhibit CDK1-

CCNB activity 45. If unreplicated DNA is detected, the kinases checkpoint kinase 1 

(CHEK1) and checkpoint kinase 2 (CHEK2) phosphorylate cell division cycle 25 

(CDC25) to prevent it from activating the CDK1-CCNB complex 46,47.  
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 After completion of mitosis, a new cell cycle is initiated through CDK4/6-CCND 

complexes. CDK4 is degraded during mitosis, but reaccumulates during the G1 phase 

48. CDK4 is required for CCND to be imported into the nucleus; prevention of CCND 

nuclear import induces a G1/G0 arrest in cells 48. CDK4-CCND activity may also be 

repressed by CDKN1B, CDKN2B, CDKN1A, and indirectly by p53 30,31,49.  

 

Illustration 2: Overview of the mitotic cell cycle. Cells will remain in G1 phase until 

DNA replication is initiated in S phase, or cells are induced into the non-proliferative G0 

phase. Once DNA replication is complete, the cell will enter the G2 phase until mitosis 

and cytokinesis begin in the M phase. Many factors control the progression of the cell 

cycle, but typically distinct CDKs will associate with CCNs to push the progress of 

specific phases. P53, p21 (CDKN1A), p15 (CDKN2B), and p27 (CDKN1B) are well-

known inhibitors of CDK-CCN complexes, and therefore inhibitors of cell cycle 

progression. 

1.1.2 Steroidogenesis 

 Steroids are produced in a co-operative effort by theca and granulosa cells 

known as the two-cell model of steroidogenesis 50. Ovarian steroidogenesis is depicted 

in Illustration 3 (steroidogenesis is reviewed in 24,51,52). In response to LH-mediated 
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signaling in theca cells, cholesterol is transported into the mitochondrial matrix via StAR 

where the side chain is cleaved by p450scc to produce pregnenolone 53,54. FSH and LH 

can increase p450scc expression and progesterone production in cultured granulosa 

cells 53. Besides FSH and LH, EGF can also stimulate steroidogenesis 55. Pregnenolone 

can then be catalyzed into dehydroepiandrosterone (DHEA) by 17α-hydroxylase or into 

androstenedione by 3β-hydroxysteroid dehydrogenase (3β-HSD) which are then 

transported into granulosa cells. Alternatively, in granulosa cells, pregnenolone can be 

catalyzed into progesterone by 3β-HSD 56.  

 Once androgens enter granulosa cells, they can be converted into estradiol 

through two pathways. The first is conversion of DHEA into testosterone by 17β-

hydroxysteroid dehydrogenases (17β-HSD, reviewed in 57) and then catalyzed into 

estradiol by aromatase (gene CYP19A1) 58,59. Or androstenedione can be converted 

into estrone by aromatase and then catalyzed into estradiol by 17β-HSDs 60,61.  

 Estradiol produced by granulosa cells stimulates proliferation 62, FSHR 

expression, and estradiol secretion in an autocrine fashion (reviewed in 24). Mice with a 

knockout to both estrogen receptors are infertile due to anovulation and diminished 

granulosa cell growth 63. Furthermore, mice with a knockout to aromatase fail to ovulate 

64. Thus, estradiol production by granulosa cells is crucial for successful follicle growth 

and ovulation. 
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Illustration 3: The two-cell model of ovarian steroidogenesis. Enzymes are shown 

in yellow boxes while steroids are shown without boxes. Steroids are produced in a co-

operative effort between theca and granulosa cells. In response to LHR signaling, 

cholesterol is actively imported into mitochondria via StAR. Cholesterol side chain 

cleavage is achieved by p450scc (CYP11A1). Pregnenolone is converted into the 

androgen DHEA by 17α-hydroxylase (CYP17A1). DHEA may be further metabolized 

into androstenedione by 3β-HSD. Both androgens can diffuse into granulosa cells to be 

converted into estradiol by 17β-HSD and aromatase (CYP19A1) amidst FSHR 

signaling. Upon luteinization, granulosa cells can also produce pregnenolone and 

convert it into progesterone via 3β-HSD. 

1.1.3 Apoptosis & Atresia 

 Apoptosis is a form of programmed cell death in response to cellular stress or 

extrinsic signaling factors such as tumor necrosis factor (TNF), Fas ligand, and TNF-

related apoptosis inducing ligand (TRAIL) (apoptosis is reviewed in 65). Anti-apoptotic 

signals in granulosa cells can include FSH, LH 66, estradiol, bone morphogenetic 

proteins (BMPs), insulin growth factor (IGF), and EGF (reviewed in 13). Apoptotic 

granulosa cells often lead to atresia, thus regulation of apoptosis is important to 
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maintain follicle health 67, select dominant follicles, and determine the success of in vitro 

fertilization (IVF) (atresia is reviewed in 13,68). Granulosa cell apoptosis increases with 

age, causing a decrease in the ovarian follicle reserve and possibly promoting the onset 

of menopause 69,70. Apoptosis is quite low in preantral and preovulatory follicles, but 

high in antral follicles before the LH surge 66,71. During dominant follicle selection, 

apoptosis is enhanced due to a decrease in BMP receptor type 1B (BMPR1B) and 

FSHR; only follicles that can resist apoptotic induction are selected for ovulation 71–73. 

 The most common forms of apoptosis, including intrinsic and extrinsic pathways, 

rely on caspase activation and mitochondrial outer membrane permeabilization (MOMP) 

(reviewed in 65,74). The pore-forming proteins Bax and Bak cause MOMP. Depletion of 

Bax can reduce granulosa cell apoptosis and increase the follicular reserve 70. 

Formation of pores is inhibited by Bcl-2 and BCL2L1 (Bcl-xl) and promoted by BH3-only 

proteins such as Bim, Bad, and Bid (reviewed in 74,75). FSH can preclude apoptosis in 

granulosa cells by dampening Bim expression 76. The ratio of Bcl-2 to Bax protein can 

determine a cell’s apoptotic state, where Bax > Bcl-2 can prompt apoptosis 77. Several 

factors, such as p53, can influence the expression of Bcl-2 related genes. As seen in 

section 1.1.1, p53 is activated upon DNA damage to promote apoptosis by increasing 

the expression of pro-apoptotic genes such as Bad, Bid, and caspases (reviewed in 28).  

 Upon MOMP, several factors are released from the mitochondrial intermembrane 

space into the cytosol such as apoptosis inducing factor (AIF), cytochrome c (CYCS), 

and endonuclease G (EndoG). AIF and EndoG can trigger apoptosis in a caspase-

independent manner (reviewed in 78,79). After MOMP, AIF and EndoG are translocated 

to the nucleus to induce DNA fragmentation and degradation 80–82. CYCS does not 

translocate to the nucleus, but instead associates with apoptotic peptidase activating 

factor 1 (APAF-1) and caspase-9 to form the apoptosome. CYCS and APAF-1 activate 

caspase 9, which then activates caspase 3 to trigger apoptosis 83. Caspases are 

proteases that are pro-apoptotic. The initiator caspases 8 and 9 can trigger apoptosis 

through activation of caspase 3, but induction of apoptosis can still be prevented at this 

stage (caspases are reviewed in 84). Caspase 9 activity can be inhibited by active 

CDK1-CCNB1 to protect actively cycling cells against apoptosis 85.  
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 Once MOMP occurs and effector caspases are activated, cells reach a point of 

“no return” where the cell is destined for apoptosis (reviewed in 74,84). Effector caspases 

such as caspases 3, 6, and 7 degrade major cellular macromolecules and induce the 

formation of apoptotic bodies. Caspase 3/7 can also amplify the activities of caspase 

8/9, creating a positive feedback loop 86. Apoptosis in granulosa cells is largely 

caspase-dependent (reviewed in 13). 

 Another form of caspase-independent cell death is through lysosomal membrane 

permeabilization (LMP). Stress upon the lysosomal membrane can induce LMP, 

however Bax and Bak may also provoke LMP in a mechanism similar to MOMP 87. LMP 

causes the release of acidic contents (pH 4 - 5) and lysosomal proteases into the 

cytosol. The main mediators of LMP-associated cell death are cathepsin proteases. 

Cathepsins B, D, and L maintain proteolytic activity in cytosolic pH and can induce 

apoptosis (LMP is reviewed in 88). Once in the cytosol, cathepsin B can induce MOMP 

by activating Bid and removing BCL2L1 89. The highly glycosylated lysosomal-

associated membrane protein 2 (LAMP2) can guard against LMP by protecting the 

membrane from stressors and internal acid hydrolases 90. LMP can also be prevented 

by enhancing lysosomal biogenesis or autophagy 91. 

 1.1.4 Autophagy 

 Autophagy is the process of recycling worn down proteins or organelles for use 

as accessible energy. Autophagosomes form around Lys63-ubiquitin tagged organelles 

and fuse with lysosomes for degradation 92. Autophagy can be initiated by nutrient 

stress due to rising levels of AMP-activated protein kinase (AMPK). IGF1R can also 

stimulate autophagy during nutrient stress by activating insulin receptor substrate 1 

(IRS1) and IRS2 (autophagy is reviewed in 65,93). IRS1 and IRS2 activate Akt to dampen 

the mechanistic target of rapamycin kinase (mTOR) pathway, a major inhibitor of 

autophagy 94. EndoG released into the cytosol can also trigger autophagy by supressing 

the inhibitory mTOR pathway 95.  

 AMPK can enhance while mTOR inhibits the unc-51 like autophagy activating 

kinase (ULK) complex that consists of ULK1, autophagy related 13 (ATG13), ATG101, 

and RB1CC1 (FIP200) 94,96. This complex aids the initial formation of the 
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autophagosome. SNARE proteins are also required for autophagosome formation 97. 

Nucleation of the autophagosomal membrane is mediated by PIK3C3 (VPS34) and 

Beclin-1 98,99. Bcl-2, Mcl-1, and BCL2L1 can bind to and inactivate Beclin-1 to prevent 

autophagosome formation 100–102. 

 A key marker of autophagosomes is the presence of LC3 (MAP1LC3A) in the 

membrane with a phosphatidylethanolamine (PE) moiety. LC3 is originally present in 

the cytosol but is then cleaved by ATG4 to produce LC3-I 103. ATG3 transfers the PE 

moiety from ATG7 to LC3-I, forming LC3-II 104. LC3-II is then added to the 

autophagosome membrane by ATG5, ATG12, and ATG16. The action of these ATGs is 

mediated by the activated ULK complex (reviewed in 105). LC3-II recognizes Lys63-

proteins tagged for degradation and designated docking proteins such as p62 

(SQSTM1) (p62 is reviewed in 106). Autophagosomes will then fuse with lysosomes to 

degrade their contents. This fusion is mediated by SNARE-like proteins and LAMPs 

107,108. Lysosomes are acidic organelles that contain many hydrolases and proteases to 

break down cellular content, release energy for the cell, and remove damaged 

organelles and proteins (reviewed in 109,110). 

 Autophagy’s role in apoptosis is controversial. Autophagy is mostly a defensive 

mechanism to protect against cell death (reviewed in 65). The upregulation of ATG12 

can enhance mitophagy to clear damaged mitochondria and prevent apoptosis, even 

after MOMP has occurred 111. Inhibition of autophagy can also trigger MOMP, leading to 

caspase activation and apoptosis 112. Impeding the fusion of autophagosomes with 

lysosomes reduces Bcl-2 abundance, leading to enhanced caspase 3 activity and 

apoptosis 113. Enhanced autophagy can also prevent LMP, promoting survival 91. 

 Typically apoptosis and autophagy inhibit each other, since caspases can 

inactivate several autophagic proteins such as Beclin-1 and ATG3 (reviewed in 65). 

However, while rare, exacerbated autophagy can predate cell death. P53 can enhance 

both autophagy and apoptosis under stressful conditions (reviewed in 65). Knocking 

down LAMPs can cause an aggregation of autophagosomes and possibly drive 

autophagic-induced cell death (reviewed in 114,115). A total reduction of Mcl-1 in neurons 

causes an extreme flux in autophagy, leading to apoptosis 102. In granulosa cells, 
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autophagy and apoptosis were both inhibited by FSH due to activation of the mTOR 

pathway 116,117. FSH could also reduce a deadly flux in autophagy during oxidative 

stress by inhibiting FOXO1, which promotes autophagy via ATG7 118,119. However, 

another study found FSH encourages antrum formation by promoting autophagy in 

mouse granulosa cells 120. Although the relationship between autophagy and atresia is 

not completely clear, over-enhanced autophagy may portend apoptosis during times of 

extreme cellular stress. In general, low levels of autophagy are a protective measure to 

ensure follicle survival (reviewed in 65,93). 

1.2 MicroRNAs 

 MicroRNAs (miRNAs) are short, single-stranded, non-coding RNAs that typically 

repress gene expression by binding to the 3’ untranslated region (UTR) of messenger 

RNAs (mRNAs) 121. This action prevents translation by interfering with ribosome binding 

or by promoting transcript instability (reviewed in 122).  

 MiRNAs are products of distinct genes that contain promoter sequences and are 

transcribed by RNA polymerase II into long, single-stranded, stem-loop primary miRNAs 

(pri-miRNAs) 123. Alternatively, miRNAs can also be located within intronic sequences or 

the 3’ UTR of protein coding genes 124,125. MiRNA biogenesis is depicted in Illustration 

4. Pri-miRNAs are spliced, polyadenylated, capped, and then further cleaved by Drosha 

into 70 nucleotide long precursor miRNAs (pre-miRNAs) 125,126. Drosha is accompanied 

by the RNA binding protein DGCR8 in a complex known as the microprocessor 127.  

 Pre-miRNAs are exported from the nucleus via exportin-5 for final processing in 

the cytoplasm 128. Dicer1 associates with transactivation response element RNA-binding 

protein (TRBP) which together recruit Argonaute 2 (Ago2) to form the RNA-induced 

silencing complex (RISC) 129–131. RISC binds pre-miRNAs and Dicer 1 cleaves the stem-

loop to create double-stranded mature miRNAs that are about 22 nucleotides in length 

131,132. One of these strands is degraded while the other is incorporated with Ago2 to 

create a functional RISC 131,133. Both strands may join with the RISC, denoted as -5p for 

the 5’ arm or -3p for the 3’ arm. Most miRNAs predominately exist as either -5p or -3p 

and rarely do both forms contribute equally.  
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 The functional RISC binds target mRNAs through Watson & Crick base pairing at 

a seed region located at positions 2 - 8 from the 5’ end of the miRNA 121,134. G : U base 

pairing is also tolerated within the seed region 135. Moreover, additional targets not 

mediated by the seed region have also been revealed 136. MiRNAs can target mRNAs 

for degradation or only repress their translation, with incomplete base pairing resulting 

in the latter 137. MiRNAs have also been found to bind sites in the 5’ UTR, coding 

sequences, or within promoter regions on DNA 136,138–140. Several databases are 

dedicated to predicting miRNA-mRNA targets typically through complementarity at the 

seed region (reviewed in 141).  

 Many miRNAs have been revealed to be important in follicle development and 

oocyte maturation (reviewed in 142,143). Furthermore, several miRNAs have been found 

to be downregulated in cancers, implicating a potential role in cell differentiation, 

proliferation, or apoptosis 144. Therefore, characterizing the role of miRNAs in granulosa 

cells will reveal their importance on fertility and cancer. 
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Illustration 4: MicroRNA biogenesis. MicroRNAs are encoded in the genome and are 

transcribed by RNA Polymerase II. The primary (pri) miRNA strand then forms a hair-pin 

loop structure. A 5’ 7-methylguanosine cap and 3’ poly(A) tail are added, just like with 

mRNAs. DGCR8/Drosha cleaves the unbound ends of the pri-miRNA to create a 3’ 

overhang forming pre-miRNA which is then exported into the cytosol via exportin-5. Pre-

miRNA is recognized by Dicer1/Ago2 and the loop is cleaved to form 2 separate 

strands. One strand is preferentially loaded onto the RISC. MiRNAs then bind 

complementary mRNA sequences on their 3’ UTR to repress translation, either by 

blocking ribosomal RNA (rRNA) processing or through mRNA degradation depending 

on the binding strength between the miRNA and mRNA. Figure is adapted from Figure 

1 in Baley & Li, 2012 142. 

1.2.1 Nuclear MicroRNA 

 MiRNAs traditionally act in the cytoplasm, however, increased interest has been 

placed on determining the function of miRNAs in the nucleus. Ohrt et al were the first to 

find miRNAs are shuttled with Ago2 into the nucleus to regulate target mRNA 

biogenesis 145. Nuclear miRNAs may also regulate miRNA biogenesis; miR-709 binds to 

pri-miR-15a to prevent Drosha processing 146.  



14 
 

 

 Numerous studies have also shown miRNA binding to DNA in the nucleus. Small 

double-stranded RNAs are able to alter histone acetylation/methylation in 

complementary promoter sequences to affect gene transcription 147. Small RNAs can 

also activate enhancers to promote transcription 148. MiR-15a and miR-498 bind DNA 

not to affect transcription, but to induce transcript truncation preventing protein 

translation and function 149. MiR-373 binds to the genome in exonic, intronic, and 

intergenic regions to regulate target gene transcription 138,150. Chromatin 

immunoprecipitation sequencing (ChIP-seq) revealed that 50 % of all genomic sites 

bound by miR-373 were intergenic 150. Paugh et al found that miRNA can form triplexes 

with double-stranded DNA to potentially promote gene transcription 151. MiRNAs with 

high purine or high pyrimidine content were more likely to be involved in these 

interactions; however, miR-373 has a balanced purine to pyrimidine ratio 151. Thus, 

DNA-miRNA triplexes may only be one way miRNAs can interact with DNA to influence 

transcription. 

 Small RNA-DNA interactions are mediated by a seed region, similar to miRNA-

mRNA interactions 152. Hence, seed region complementarity to target DNA may be a 

good indicator of miRNA-DNA binding sites. The data base microPIR2 is a useful tool 

for predicting potential miRNA binding sites in promoter regions based on seed 

sequence complementarity 153. However, microPIR2 does not consider non-seed region 

mediated binding or epigenetic modifications that could alter miRNA-DNA binding 

(reviewed in 154).  

1.2.2 MiR-29b 

 With an increased interest in miRNA-DNA interactions, miR-29b-3p (referred to 

herein as miR-29b) may bind to DNA since it is highly abundant in the nucleus of 

several different cell types, including granulosa cells 155–158. MiR-29b is processed in the 

cytoplasm like all miRNAs, but is imported back into the nucleus via importin-8 158. This 

process is mediated by the 6-nucleotide motif “AGUGUU” located at its 3’ end 155,158. 

Importin-8 directly interacts with Ago2 to import miR-29b into the nucleus, although it is 

unknown what recognizes “AGUGUU” to direct nuclear import 157–159.  
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 One possible nuclear role of miR-29b is regulation of nuclear morphology and 

mitotic spindle formation through interaction with Ant2, a protein in the MMXD complex 

that is required for chromosomal segregation 157,160. A knockdown of miR-29b in HeLa 

cells resulted in aberrant nuclear morphology and a delay in cell cycle progression, but 

the mechanism behind this is unknown 157. Interestingly, this interaction with Ant2 

occurs just outside the nucleus at the centrosome and is not dependent on Ago2 157. 

However, knocking down Ant2 did prevent miR-29b from translocating into the nucleus 

during early mitosis 157. The authors also observed miR-29b associating with proteins 

involved in gene regulation, implying a potential function in transcriptional control 157. 

Another study confirms that miR-29b does not bind to mRNAs in the nucleus, indicating 

its nuclear role is separate from its cytosolic one 161.  

 MiR-29b is downregulated in several types of cancers, including ovarian, and is 

widely regarded as anti-proliferative and pro-apoptotic (reviewed in 162). MiR-29b 

decreases proliferation and induces apoptosis in prostate cancer by promoting Bim 

expression 163. Tumor metastasis is enhanced by a suppression of miR-29b in 

hepatocellular carcinoma due to an upregulation of matrix metallopeptidase 2 (MMP2) 

164. MiR-29b was found to be a tumor suppressor in leukemia by downregulating the 

expression of pro-proliferative genes like Mcl-1 and CDK6 165. MiR-29b also inhibits 

proliferation and migration of vascular smooth muscle cells (VSMC) by targeting CDC7 

166. In colorectal cancer, circulating miR-29b is significantly reduced, providing a 

potential biomarker of cancer 167. GATA3 can suppress breast cancer metastasis by 

enhancing miR-29b expression, leading to reduced expression of many pro-metastatic 

genes such as PDGF, LOX, MMP, and TGFB 168. Overall, miR-29b suppresses tumor 

growth by inhibiting proliferation and migration. 

 Outside of cancer, miR-29b can alter extracellular matrix (ECM) organization and 

prevent fibrosis by decreasing collagen type I alpha 1 chain (COL1A1), COL1A2, and 

COL3A1 expression 169. MiR-29b may repress cell migration by reducing the expression 

of these ECM-related genes along with MMP2. Glutathione peroxidase 7 (GPX-7) is 

also targeted by miR-29b in adipocytes, although it is still unclear how this affects 
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adipogenesis 170. However, miR-29b was found to promote fatty acid synthesis and be 

upregulated in the adipocytes of diabetic rats, leading to insulin resistance 171,172.  

 A recent study from our group revealed that miR-29b is the most enriched 

miRNA in the nucleus of porcine granulosa cells from small (0.5 - 3 mm in diameter) 

and large (4 - 6 mm) antral follicles, but its function remains elusive 156. One study has 

shown that miR-29b can promote progesterone production and luteal cell proliferation 

by inhibiting oxytocin receptor expression 173. Another study reported that miR-29b is 

upregulated in the granulosa cells of dominant follicles compared to subordinate follicles 

in cattle, but the reason behind this is unknown 174. MiR-29b was also found to be 

higher in mural granulosa cells than cumulus cells in humans 175,176. However, miR-29b 

is higher in cumulus cells after cumulus cell expansion has occurred 177. Microcystin, a 

toxin known to induce female subfertility, caused a reduction in miR-29b expression in 

mice granulosa cells 178. On the contrary, miR-29b expression was increased in the 

granulosa cells from IVF patients with fluoride poisoning-induced infertility 179.  

 MiR-29c inhibits pentraxin 3 (PTX3) expression in goat granulosa cells to 

enhance proliferation but inhibit apoptosis and steroidogenesis 180. Additionally, reduced 

levels of miR-29a enhanced proliferation and estradiol production in the granulosa cells 

of polycystic ovary syndrome (PCOS) patients 181. PCOS is a disorder where follicles 

are arrested in the small antral phase of growth (reviewed in 182). The follicles are 

resistant to ovulation and atresia, resulting in reduced fertility (reviewed in 183). The miR-

29 family shares identical seed sequences and may inhibit some of the same mRNAs 

(reviewed in 184). In fact, miR-29b decreases MMP2 and MMP9 expression in rats to 

ameliorate PCOS-like symptoms 185. The upregulation of MMP2 and MMP9 has been 

previously associated with PCOS and reduced fertility 186,187.  

 These studies suggested an important role of miR-29b in granulosa cells, 

potentially in the nucleus. To our knowledge, it is unknown if and how nuclear miR-29b 

regulates transcription. Characterizing miR-29b’s role in granulosa cells will provide 

insights into fully understanding follicle growth and development. MiR-29b could be a 

potential biomarker or therapeutic target for treating diseases such as PCOS or 
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improving the efficiency of pork production, since 64 % of sows that are culled each 

year exhibit reproductive failure 188.  

2.0 RESEARCH OBJECTIVES 

 MiR-29b has been extensively studied as an anti-tumorigenic agent. However, 

it’s role in the nucleus and granulosa cells has not been fully elucidated. This study 

aimed to understand the effect miR-29b has in granulosa cells, as well as any nuclear 

function it may have. We hypothesized that miR-29b may regulate the transcription of 

genes that are important in granulosa cell proliferation, apoptosis, or steroidogenesis by 

interacting with their regulatory regions on genomic DNA. To test this hypothesis, we 

aimed to achieve three main objectives. 

 Objective 1: Identify genes that may be regulated by miR-29b in granulosa cells.  

 Objective 2: Identify potential miR-29b binding sites on the regulatory region of 

miR-29b responsive genes. 

 Objective 3: To elucidate which genes miR-29b may target via 3’ UTR inhibition 

and its potential impact on follicular development.  

3.0 MATERIALS & METHODS 

3.1 Ovarian Granulosa Cell Culture 

3.1.1 Primary Granulosa Cell Isolation and Culture 

 All animal procedures were performed in accordance with the guidelines 

established by and with the approval of the Animal Care Committee at the University of 

Guelph. Porcine ovaries were collected from gilts at a local slaughterhouse and kept in 

room temperature 1 x phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 

mM Na2PO4, 1.8 mM KH2PO4). Once in the lab, ovaries were rinsed three times with 1 x 

PBS and granulosa cells were aspirated from small (SGC; 0.5 - 3 mm in diameter) and 

large (LGC; 4 - 6 mm in diameter) follicles using a 10 mL syringe fitted to an 18-gauge 

needle. Follicular fluid from multiple ovaries were pooled together and incubated at 

room temperature for > 10 minutes then the cell pellet was washed with a large volume 

of DMEM media (cat. 319-005-CL, Wisent, Saint-Jean-Baptiste, QC, CA) supplemented 

with 1 x antibiotic/antimycotic (cat. 15240-062, Gibco, Carlsbad, CA, USA). Cell-cell 

junctions were disrupted by vigorous pipetting and washed two additional times. 
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 Granulosa cells were seeded at 0.6 x 106 cells/mL in 6-well tissue culture-treated 

plates (cat. EP0030720130-100EA, Eppendorf, Mississauga, ON, CA) in DMEM/F12 

media (cat. 319-085-CL, Wisent) with 10 % (v/v) Fetal Bovine Serum (FBS) (cat. 080-

450, Wisent) and 1 % (v/v) penicillin/streptomycin (PS) (cat. 450-201-EL, Wisent). 

Granulosa cells were cultured at 95 % relative humidity and 5 % CO2 at 37 °C. Media 

were removed after 24 hours and replaced with fresh DMEM/F12 supplemented with 10 

% FBS and 1 % PS and transfected with miRNA (see section 3.2.1). After an additional 

48 hours of incubation, cells were collected using Trypsin with 0.25 % EDTA 0.53 mm in 

HBSS (cat. 325-045-EL, Wisent) or lysed directly on the plate.  

3.1.2 Conditional Immortalized Porcine Granulosa Cell Culture 

 A conditional immortalized porcine granulosa cell line (CIPGC), used for selected 

experiments, has been described previously 189. CIPGCs were maintained in 

DMEM/F12 media supplemented with 10 % FBS, 1 % PS, and 5 µg/ml doxycycline 

(DOX; cat. D9891-1G, Sigma-Aldrich, Oakville, ON, CA). CIPGCs were differentiated by 

incubating in media described in section 3.1.1 without DOX for at least 24 hours. 

CIPGCs were passaged using Trypsin with 0.25 % EDTA 0.53 mm in HBSS (Wisent) 

and washed with DMEM. Cells were passaged up to 20 times (P20) after which they 

were discarded, and a new aliquot kept at -80 °C was started. 

3.1.3 Nuclei and Cytoplasm Isolation & miRNA Sequencing 

 The miRNA sequencing data used in this study has been published previously 

156. Isolation of nuclear and cytoplasmic fractions was performed as indicated in Toms et 

al 156. Nuclei and cytoplasm were separated from fresh LGCs and SGCs using the 

Nuclei Isolation Kit: Nuclei EZ Prep according to the manufacturer’s instructions (cat. 

NUC101-1KT, Sigma-Aldrich). Nuclei purity was confirmed using Hoechst 33342 

staining as described in section 3.6. Purity was also confirmed by Western blotting 

using anti-lamin B1 antibody for nuclei (cat. ab16048, Abcam, Cambridge, MA, USA) 

and anti-GAPDH antibody for cytoplasm (cat. ab8245, Abcam) as demonstrated 

previously 156.    

 Total RNA from frozen nuclei and cytoplasm were isolated using the Total RNA 

Purification kit (cat. 17200, Norgen Biotek, Thorold, ON, CA) as described by Toms et al 
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156. Library preparation and sequencing were performed by Personalized Genomics and 

Innovative Medicine in Toronto, Canada. Sequencing and differential expression 

analysis of miRNAs were all previously described by Toms et al 156. MiRNA expression 

is represented as the reads per kilobase of transcript, per million mapped reads 

(RPKM). Fold change was calculated by dividing the RPKM in the nucleus by the RPKM 

in the cytoplasm. 

3.2 RNA sequencing 

3.2.1 MicroRNA Transfection & Culture 

 Specific anti-miRNA LNA Power inhibitor of hsa-mir-29b-3p (miR-29b siRNA, cat. 

YI04101843-DDA), hsa-miR-29b-3p miRCURY LNA miRNA Mimic (miR-29b mimic, cat. 

YM00473486-ADA (339173/NMOD); with 5’ FAM label, cat. YM00473486-ADB 

(339173/5FAM)), AllStars Negative Control (NC) sequence (cat. 1027281), and 

Negative Control 5 miRCURY LNA miRNA Mimic with 5' FAM label (cat. YM00479904-

ADB (339173/5FAM)) sequences were purchased from Qiagen (Qiagen, Toronto, ON, 

CA). Primary granulosa cells and CIPGCs were transfected with the Lipofectamine 

RNAimax reagent (cat. 13778150, Invitrogen, Burlington, ON, CA) in Opti-MEM media 

(cat. 11058021, Gibco) using 25 - 60 nM of oligo RNA according to the manufacturer’s 

instructions. Twenty-four hours after transfection, the medium was replaced with fresh 

medium described in section 3.1.1. Cells were cultured for an additional 24 hours after 

which the cells were harvested and used for RNA isolation or stored at -80 °C. CIPGCs 

were cultured in a similar manner, but incubation times may vary (see other sections for 

specific culture conditions). 

3.2.2 RNA isolation 

 Total RNA was isolated from cultured granulosa cells using the Total RNA 

Purification Kit in accordance with the manufacturer’s instructions (cat. 37500, Norgen 

Biotek). The supplied lysis buffer was used to lyse cells kept frozen at -80 °C or lyse 

alive cells still adhered to the 6-well plates. The RNase-free DNase I Kit (cat. 25720, 

Norgen Biotek) was applied to minimize amounts of genomic DNA contamination. The 

RNA quality was measured using a NanoDrop-8000 (cat. ND8000, Thermo Fisher 
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Scientific, Mississauga, ON, CA) and only RNA with A260/280 values between 1.8 - 2.2 

were used. 

3.2.3 Library Preparation & Analysis 

 RNA quality from nine samples was assessed prior to total RNA sequencing 

(RNA-seq) using the Agilent TapeStation 4150 (Agilent Technologies, Santa Clara, CA, 

USA) and performed by the staff at the Genomics Facility located at the University of 

Guelph. Results were analyzed using the TapeStation Analysis Software 3.1 (Agilent 

Technologies). RNA integrity, quality, and concentration are displayed in Appendix 

Table A 1. 

 Two thousand nanograms of total RNA were sent to Novogene Corporation 

(Sacramento, CA, USA) for mRNA sequencing. Library preparation, sequencing, and 

bioinformatic analysis of differentially expressed genes (DEGs) were performed by 

Novogene. Poly(A) capture was performed to isolate mRNA, then mRNA was 

fragmented and reverse transcribed into complementary DNA (cDNA). The Illumina 

NovaSeq 6000 Sequencing System using the PE150 strategy was employed to 

sequence cDNA libraries in 150 bp paired-end reads with > 20 million read pairs per 

sample. Differentially expressed genes were determined by comparing all groups to 

each other in separate t-tests (NC vs mimic, mimic vs siRNA, and NC vs siRNA). 

Significance was determined using the adjusted p-value as described in section 3.9. 

Genes were considered to be DEGs if their adjusted p-value was < 0.05 in at least one 

comparison group, regardless of their respective fold changes. 

3.2.4 Pathway, KEGG, and GO Analyses 

 Pathway and word enrichment analyses were performed using pathDIP 

(http://ophid.utoronto.ca/pathDIP/ ) by cross-referencing genes that are significant (p-

value < 0.05) in all 3 comparison groups (NC vs mimic, NC vs siRNA, mimic vs siRNA; 

Appendix Figure A 1, 153 genes) against all pathway sources for pigs 190. Genes that 

had higher/lower expression with the miR-29b mimic and siRNA compared to the NC 

were excluded. The 132 genes used for this analysis are listed in the file 

“29bDEGall3_oppositedirection.txt” available on Github: 

http://ophid.utoronto.ca/pathDIP/
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https://github.com/rehilker/Hilker_miR-29b. Only pathways with a false discovery rate 

(FDR) q-value < 0.05 were analyzed further. Redundant pathways were removed.  

 GO enrichment analysis was performed using the Gene Ontology Resource 

database (http://geneontology.org/) 191. Genes that were significantly downregulated (p 

< 0.05) in NC vs mimic and mimic vs siRNA but upregulated in NC vs siRNA were 

considered genes to be downregulated by miR-29b. A total of 106 genes were used for 

this analysis (available under “29bdownmimupsiall3.txt”). Genes that were significantly 

downregulated (p < 0.05) in NC vs siRNA but upregulated in mimic vs siRNA were 

considered to be upregulated by miR-29b. Note, not enough genes were also 

significantly upregulated in NC vs mimic to be used for GO analysis. The 1163 genes 

used for this analysis are available in the file “29bdownsi_mimvssiup.txt”. The list of 

genes mentioned above can be found on Github: https://github.com/rehilker/Hilker_miR-

29b. Significantly upregulated or downregulated genes were analyzed using the 

PANTHER Overrepresentation Test using a Fisher test with FDR correction. The results 

report the -log value of the FDR corrected p-value. Only the most specific terms are 

kept to avoid over-repetition 191. Upregulated and downregulated DEGs were then 

compared to specific KEGG database pathways 

(https://www.genome.jp/kegg/pathway.html). Specific pathways accessed were 

ssc04110 (cell cycle), ssc04140 (autophagy), ssc04142 (lysosome), ssc04210 

(apoptosis), ssc04512 (ECM), and ssc04913 (ovarian steroidogenesis). Genes outlined 

in Zhang et al as being differentially expressed in atresia were also cross-referenced 

with miR-29b DEGs 192. 

3.2.5 MiR-29b binding site prediction analysis 

 Possible promoter targets of miR-29b were determined by cross-referencing 

DEGs against predicted miR-29b targets in humans using the microPIR2 database 153. 

Only binding sites conserved in Sus scrofa were considered for further investigation. 

Conservation was determined using the Ensembl 2020 database 

(https://useast.ensembl.org/index.html) 193. Potential 3’ UTR targets were identified by 

cross-referencing DEGs against TargetScan (http://www.targetscan.org/vert_72/), 

and/or miRDB (http://mirdb.org/), and/or miRDIP (https://ophid.utoronto.ca/mirDIP/) 194–

https://github.com/rehilker/Hilker_miR-29b
http://geneontology.org/
https://github.com/rehilker/Hilker_miR-29b
https://github.com/rehilker/Hilker_miR-29b
https://www.genome.jp/kegg/pathway.html
https://useast.ensembl.org/index.html
http://www.targetscan.org/vert_72/
http://mirdb.org/
https://ophid.utoronto.ca/mirDIP/
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196. Genes with a “low” score class on miRDIP were not considered. Only DEGs that 

exhibited decreased expression with the miR-29b mimic, increased expression with the 

miR-29b siRNA, and had conserved binding sites in Sus scrofa were included. 

Predicted promoter and 3’ UTR binding sites in Sus scrofa were confirmed using 

RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) and/or rna22 

(https://cm.jefferson.edu/rna22/Interactive/) 197,198. 

3.3 Real-Time qPCR 

3.3.1 mRNA Reverse Transcription 

 For each sample, 500-1000 ng of total RNA were used for first-strand cDNA 

synthesis using the SuperScript II System (cat. 18064, Invitrogen) or QuantiNova 

Reverse Transcription Kit (cat. 205413, Qiagen) according to the manufacturer’s 

instructions and conducted in a T100TM Thermal Cycler (Bio-Rad, Mississauga, ON, 

CA).  

3.3.2 cDNA qPCR 

 The cDNA was diluted 4 to 10-fold in molecular grade water for use in qPCR. 

The primers used for qPCR are shown in Appendix Table A 2. All the primers were 

designed using the Primer-BLAST program and, where possible, designed to span an 

exon-exon junction to guarantee the cDNA template was free of contaminating genomic 

DNA 199. Real-Time qPCR was performed on the Bio-Rad CFX ConnectTM Real-Time 

System (Bio-Rad) using the Sso-AdvancedTM Universal SYBR Green Supermix (cat. 

1725275, Bio-Rad). Each reaction was performed at least in duplicate. Primer specificity 

was confirmed by melting curve analysis following the qPCR, and PCR product size 

was confirmed by gel electrophoresis with no visible primer-dimer products. The 

expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), YWHAZ, and 

ubiquitin B (UBB) were used as references. The geometric mean of their Ct values was 

used as an internal control to calculate the relative expression level of the target gene 

using the 2(-∆∆Ct) method 200.  

3.3.3  MiRNA qPCR 

 MiRNA first strand synthesis and qPCR were performed using the miRCURY 

LNA RT kit (cat. 339340, Qiagen). MiR-29b-3p was amplified using hsa-miR-29b-3p 

https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
https://cm.jefferson.edu/rna22/Interactive/
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primers (cat: YP00204679, Qiagen) and normalized to the reference genes U6 snRNA 

(cat: YP00203907, Qiagen) and/or 5s rRNA (cat. YP00203906, Qiagen) using the 2(-

∆∆Ct) method 200. Real-Time qPCR was performed as per the manufacturer’s instructions. 

3.4 Proliferation Assays 

3.4.1 CCK-8 

 CIPGCs were passaged at 0.035 x 106 cells per well onto a 48-well plate (cat. 

3548, Corning Inc., Corning, NY, USA) and cultured in media without DOX as described 

in section 3.1.2. CIPGCs were then transfected with 50 nM of negative control 

sequence, 50 nM of miR-29b mimic, or 10, 25, or 50 nM of miR-29b targeted siRNA as 

described in section 3.2.1. The media were replaced 4 hours after transfection and 

cultured for an additional 24 hours. Twenty microlitres of CCK-8 reagent (WST-8) (cat. 

B34302, Bimake, Houston, TX, USA) were added to each well and incubated at 37 oC 

for 1 hour. Living cells produce dehydrogenases to convert the yellowish WST-8 into the 

orange-coloured formazan. Absorbance of formazan was then measured at 450 nm 

using the Cytation 5 system and Gen5 software (BioTek, Winooski, VT, USA). Cell 

viability was calculated as ( 
𝐴𝑡𝑟𝑒𝑎𝑡− 𝐴𝐵𝑙𝑎𝑛𝑘

𝐴𝑁𝐶− 𝐴𝐵𝑙𝑎𝑛𝑘
) × 100 % where A is absorbance, treat is 

treatment, and NC is negative control. 

3.4.2 Cell Counting 

 CIPGCs were passaged onto a 6-well culture plate at 0.3 x 106 cells and cultured 

with (-DOX) media for at least 48 hours as described in section 3.1.2. Differentiated 

CIPGCs were then transfected with 50 nM negative control sequence, 50 nM miR-29b 

mimic, or 25 nM miR-29b siRNA as described in section 3.2.1. Twenty-four hours later, 

cells were collected using Trypsin with 0.25 % EDTA 0.53 mm in HBSS (Wisent) and 

spun at 600 x g for 5 minutes. Pelleted cells were resuspended in 1 ml of DMEM 

(Wisent) and counted using the Bio-Rad TC20TM Automated Cell Counter and in 0.4 % 

Trypan Blue solution (cat. 1450102, Bio-Rad). Data are presented as the mean total 

number of cells in 1 ml over four independent replicates. 
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3.5 Apoptosis Assay 

 The same cells described in section 3.4.2 were then used to assess apoptotic 

activity. Collected CIPGCs were spun at 600 x g for 5 minutes and lysed in 50 - 70 µl of 

1 x lysis buffer supplied with the Caspase 3 Assay Kit (cat. CASP3C-1KT, Sigma-

Aldrich) for 20 minutes on ice. Lysates were spun at > 16 000 x g for 10 minutes at 4 °C 

and the pellet was discarded. Ten microlitres of lysate were combined with 10 µl of 

caspase 3 substrate (Acetyl-DEVD p-nitroanilide) and with 80 µl of 1 x Assay Buffer. A 

separate sample also had 10 µl of caspase 3 inhibitor (Ac-DEVD-CHO) added as a 

negative control. A sample of isolated caspase 3 enzyme was used as a positive 

control. Samples were then incubated at 37 °C for 22 - 24 hours. Absorbance was then 

read in duplicate at 405 nm using the Cytation 5 system and Gen5 software (BioTek). 

The amount of p-nitroaniline (pNA) in each sample was calculated using a pNA 

standard curve shown in Appendix Figure A 2. Caspase 3 activity in nmol of pNA / min 

/ 106 cells was calculated as 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
(𝑛𝑚𝑜𝑙 𝑝𝑁𝐴)

(𝑡)(# 𝑐𝑒𝑙𝑙𝑠)
 where t is the time of the reaction in 

minutes and # cells is the number of 106 cells in 10 µl of lysate used per reaction.  

3.6 Fluorescent Microscopy 

 CIPGCs were passaged onto 4-well Lab-Tek chamber slides (cat. 154526, 

Thermo Fisher Scientific) and grown in media described under section 3.1.2 until a 

confluency of 70 % was achieved. Cells were then transfected with 60 nM of FAM 

labelled negative control or miR-29b mimic as described in section 3.2.1. Transfected 

CIPGCs were cultured for 24 hours. Media were removed and cells were washed once 

with 1 x PBS. CIPGCs were fixed using 2 % paraformaldehyde (PFA; w/v; cat. 158127-

100G, Sigma-Aldrich) in 1 x PBS for 1 minute, then 4 % PFA in 1 x PBS for 10 minutes 

in the dark. Fixed cells were washed once with 1 x PBS then stained with 5 µg/ml 

Hoechst 33342 (cat. H1399, Invitrogen) for 10 minutes in the dark. Slides were then 

washed three times with 1 x PBS. Cover slips were mounted to the slides using PBS 

and imaged under 400 x magnification using a GFP filter, a DAPI filter, and no filter. 

Images were processed and analyzed using ImageJ with the Fiji plugin 201,202. 
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3.7 Chromatin Immunoprecipitation 

3.7.1 Cell Culture & Fixation 

 CIPGCs were passaged up to 20 times onto 10 cm2 culture dishes (cat. 10861-

680, VWR, Mississauga, ON, CA) in media without DOX as described in section 3.1.2. 

Differentiated CIPGCs were transfected at around 80 - 90 % confluency with 50 nM 

negative control sequence or miR-29b-3p mimic both with a FAM label as described in 

section 3.2.1. Samples that were immunoprecipitated with the anti-Ago2 antibody were 

transfected with unlabelled miRNA. After 6 hours, cells were washed once with 1 x PBS 

and removed using Trypsin-EDTA (Wisent). Cells were counted using the Bio-Rad 

TC20TM Automated Cell Counter and in 0.4 % Trypan Blue solution (Bio-Rad).  

 Collected cells were cross-linked using 1 % PFA made in 1 x PBS for 10 

minutes. Glycine (cat. BP381-1, Thermo Fisher Scientific) was added to a total 

concentration of 125 mM and cells were incubated for 5 minutes to abrogate cross-

linking. Cells were spun for 5 minutes at 2000 x g and washed three times with ice cold 

1 x PBS. Cross-linked cells were then frozen at -80 oC. 

3.7.2 Lysis & Sonication 

 Cells were thawed and spun at 2000 x g for 3 minutes at 4 oC to remove all PBS. 

The cell membrane was lysed using Cell Lysis Buffer (5 mM HEPES, 85 mM KCl, 0.5 % 

Triton X-100) for 15 minutes on ice. Nuclei were collected by spinning at 4000 rpm for 5 

minutes at 4 oC. The nuclei pellet was lysed using Nuclear Lysis Buffer (50 mM Tris-Cl 

pH 8.0, 10 mM EDTA, 1 % SDS) supplemented with 1 x protease inhibitor cocktail (PIC; 

cat. P8340-1ML, Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride (PMSF; cat. 

TBS5017, Tribioscience, Sunnyvale, CA, USA), and 1 x RNase inhibitor (cat. EO0381, 

Thermo Fisher Scientific). Lysates were sonicated using the Microson ultrasonic cell 

disruptor XL (Misonix, Farmingdale, NY, USA) on power level 6 in cycles of 15 seconds 

sonicated, 45 seconds on ice for 20 - 25 cycles. Sonicated lysate was spun at 16 100 x 

g for 10 minutes and the pellet was discarded. 

 DNA fragment sizes between 200 - 600 bp were confirmed using agarose gel 

electrophoresis. Fifty microlitres of chromatin were mixed with 70 µl of elution buffer (0.1 

M NaHCO3, 1.0 % SDS), 4.8 µl of 5 M NaCl, and 2 µl of 10 mg/ml RNase A. The 
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mixture was incubated overnight at 65 oC. Two microlitres of 20 mg/ml proteinase K 

were then added and incubation continued for 1 hour at 60 oC. DNA was then purified 

using phenol/chloroform/isoamyl alcohol as indicated in section 3.7.4. Purified DNA was 

mixed to a final solution of 0.15 % sucrose using 1 % sucrose (w/v), and 1 x loading dye 

using 6 x Purple Gel Loading Dye (cat. B7024S, New England Biolabs, Ipswich, MA, 

USA). DNA was then separated on a 1.5 % agarose gel in 1 x SB buffer (0.01 M NaOH, 

0.038 M Boric Acid) with a 1 : 2000 dilution of RedSafe Nucleic Acid Staining Solution 

(cat. 21141, FroggaBio, Concord, ON, CA) and run for 60 minutes at 100 volts. 

Fragment size was compared to the 100 bp H3 RTU ladder (cat. DM003-R500, 

GeneDireX, Zhunan, Miaoli, TW). DNA was then imaged using the ChemiDoc XRS+ 

System (cat. 1708265, Bio-Rad) and Image Lab 6.1 Software. Optimization of 

sonication and subsequent confirmation of DNA fragment size is shown in Appendix 

Figure A 3. 

3.7.3 Immunoprecipitation 

 Freshly sonicated lysates were used for ChIP. Lysates from about 4 x 106 cells 

were diluted 1 : 10 with RIPA buffer (cat. R0278, Sigma-Aldrich) supplemented with 1 x 

PIC, 1 x PMSF, and 1 x RNase inhibitor. Ten percent of the total lysate volume was 

frozen at -20 oC as an input control. Two to three micrograms of anti-fluorescein 

antibody (cat. GTX26644, Genetex, Irvine, CA, USA), normal goat IgG antibody (cat. 

CLGT00, Cedarlane laboratories, Burlington, ON, CA), anti-Ago2 antibody (cat. 

ab32381, Abcam), or normal rabbit IgG antibody (cat. sc-2027, Santa Cruz 

Biotechnology, Dallas, TX, USA) were added to the RIPA diluted lysates and incubated 

at 4 oC overnight. Fifty microlitres of Protein A/G PLUS-Agarose beads (cat. sc-2003, 

Santa Cruz Biotechnology) were added to the lysates and incubated for > 2 hours at 4 

oC.  

 Beads were collected by spinning at 2000 x g for 1 minute. Beads were washed 

in the following order: 2 x 1 ml Low Salt (20 mM Tris-Cl pH 8.0, 2 mM EDTA, 150 mM 

NaCl, 1 % Triton X-100, 0.1 % SDS), 2 x 1 ml High Salt (20 mM Tris-Cl pH 8.0, 2 mM 

EDTA, 500 mM NaCl, 1 % Triton X-100, 0.1 % SDS), 1 ml LiCl (10 mM Tris-Cl pH 8.0, 1 

mM EDTA, 250 mM LiCl, 1 % Triton X-100, 1 % SDS), and 1 ml TE (10 mM Tris-Cl pH 
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8.0, 1.0 mM EDTA). DNA was eluted from the beads using 150 µl of elution buffer and 

incubated at 65 oC for > 2 hours, mixing occasionally. The beads were spun down at 

2000 x g for 1 min and discarded. To the supernatant, 6 µl of 5 M NaCl and 2 µl of 10 

mg/ml RNase A were added and continued to incubate at 65 oC overnight. Two 

microlitres of 20 mg/ml proteinase K were added and incubated at 60 oC for 1 hour. 

3.7.4 DNA purification & qPCR  

 Isolated ChIP DNA was purified using phenol/chloroform/isoamyl alcohol (25 : 24 

: 1, v/v; cat. 15593-031, Invitrogen) as per the manufacturer’s protocol. Purified DNA 

was resuspended in 50 µl TE buffer and used for qPCR analysis as indicated in section 

3.3.2. All primers used for qPCR are shown in Appendix Table A 2. For ChIP, ΔCt 

values were calculated by subtracting the Ct of the input sample from the anti-FAM, 

anti-Ago2, or IgG Ct. Then, ΔΔCt was calculated by subtracting the ΔCt of the control 

IgG from the ΔCt of the anti-FAM or anti-Ago2 samples. Data are represented as the 

fold enrichment using the 2(-∆∆Ct) method 203. 

3.8 Dual Luciferase Assay 

3.8.1 Vector Construction 

 In silico analysis using microPIR2 (https://www4a.biotec.or.th/micropir2) rna22 

(https://cm.jefferson.edu/rna22/Interactive/), and RNAhybrid (https://bibiserv.cebitec.uni-

bielefeld.de/rnahybrid/) were employed to identify putative binding sites for miR-29b as 

described in section 3.2.5 153,197,198. Using ImiRP (https://imirp.org/), two sequences 

were generated containing the wild-type (WT) NR2F2 promoter (with the putative miR-

29b binding site) or the NR2F2 promoter with a mutated binding site (Mut) 204. Both 

sequences were cloned into the Sac1 and Nhe1 sites of the pGL3 Promoter Luciferase 

Reporter Vector (cat. E1761, Promega Corporation, Fitchburg, WI, USA). The map of 

the pGL3 vector is shown in Appendix Figure A 4A, obtained from Promega 

(https://www.promega.ca/products/luciferase-assays/genetic-reporter-vectors-and-cell-

lines/pgl3-luciferase-reporter-vectors/?catNum=E1751). These vectors were 

synthesized and purchased from Bio Basic (Bio Basic Inc, Markham, ON, CA). The full 

sequences of the wild-type and mutated pGL3 vectors are shown in Appendix Figure 

A 4B-C. 

https://www4a.biotec.or.th/micropir2
https://cm.jefferson.edu/rna22/Interactive/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
https://imirp.org/
https://www.promega.ca/products/luciferase-assays/genetic-reporter-vectors-and-cell-lines/pgl3-luciferase-reporter-vectors/?catNum=E1751
https://www.promega.ca/products/luciferase-assays/genetic-reporter-vectors-and-cell-lines/pgl3-luciferase-reporter-vectors/?catNum=E1751
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3.8.2 Luciferase Activity Assay 

 Luciferase reporter gene assay was performed as previously described 205. 

Briefly, 293FT cells were seeded onto a 24-well plate with DMEM/F12 supplemented 

with 5 % FBS and 1 % PS and grown to 40 - 50 % cell confluency. The culture medium 

was refreshed and cells were co-transfected with 50 nM of miRNA (miR-29b mimic, 

miR-29b siRNA, or negative control), 500 ng of WT or Mut pGL3 vector, and 5 ng of the 

pRL-SV40 Renilla luciferase vector (cat. E2231, Promega). Transfections were carried 

out using the PolyJet In Vitro Transfection Reagent (cat. SL100688, FroggaBio) 

following the manufacturer’s protocol. The luciferase assay was performed using the 

Promega Dual Luciferase Assay Kit (cat. E1980, Promega). Cell lysates were harvested 

using the Passive Lysis Buffer 24 hours after transfection. Luciferase activity was 

measured in triplicate as per the manufacturer’s instructions using the Cytation 5 

system and Gen5 software (BioTek). Firefly luciferase activity was normalized by 

Renilla luciferase activity. Each experiment was performed over at least three 

independent trials. 

3.9 Statistical Analysis 

 Data represent the mean ± standard error of the mean (SEM) of at least three 

independent experiments. Statistical analysis was performed using the GraphPad Prism 

7 Software (GraphPad Software, San Diego, CA, USA). Indication of the statistical test 

used for each result is mentioned in the figure description. P < 0.05 was the cut-off used 

to determine statistical significance. 

 Differential expression analysis from RNA-seq was performed entirely by 

Novogene using the DESeq2 R package 206. The Benjamini and Hochberg’s approach 

was used to adjust the p-values. Genes were considered to be differentially expressed 

by miR-29b if their adjusted p-value was < 0.05 in at least one of the comparison groups 

(NC vs mimic, mimic vs siRNA, NC vs siRNA). 

 For the pNA standard curve (Appendix Figure A 2), a Pearson’s correlation test 

was used to test correlation between absorbance at 405 nm and micromoles of pNA by 

calculating the R2 value. Linear regression analysis was also employed to calculate the 
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slope and expected y-intercept of the linear line of the standard curve. This analysis 

was performed using the GraphPad Prism 7 software. 

4.0 RESULTS  

4.1 MiR-29b is localized to the nucleus of granulosa cells 

 Previous work in the Li lab assessed the abundance of microRNAs in the nucleus 

vs the cytoplasm in porcine granulosa cells 156. From data obtained in this study, but not 

reported directly in the manuscript, the mean fold change of miRNA nuclear vs 

cytoplasmic abundance was calculated for both granulosa cells obtained from small 

follicles (SGC) and from large follicles (LGC). MiR-29b-3p had the highest nuclear vs 

cytoplasmic fold change in SGCs and LGCs out of all other miRNA assessed (Figure 

1A). In the SGCs, miR-29b was about 7-times higher in the nucleus than the cytoplasm 

(p = 0.0216); in the LGCs, miR-29b was 6.5-times higher in the nucleus (p = 0.0268, 

Figure 1B).  

 To confirm the nuclear localization of miR-29b, conditional immortalized porcine 

granulosa cells (CIPGCs) were transfected with a FAM labelled scrambled sequence 

oligo negative control (NC) or with FAM labelled miR-29b mimic. CIPGCs were then 

fixed and counterstained with Hoechst 33342 to stain the nuclei blue. Overlap of the 

FAM and Hoechst stain yields a turquoise color, indicating localization of the miRNA 

into the nucleus. Both the NC and the miR-29b could enter the nucleus. However, miR-

29b appeared to have brighter FAM signal in the nucleus (Figure 1C). Indeed, when the 

images were analyzed using the Fiji plug-in for ImageJ there was a significantly higher 

percentage of FAM localized to the nucleus in the miR-29b mimic group compared to 

the NC (2.2-fold, p = 0.0253, Figure 1D). Compared to other miRNAs, miR-29b is 

preferentially localized to the nucleus in porcine granulosa cells. Furthermore, the FAM-

labelled miR-29b can be successfully taken up into the nucleus. 
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Figure 1: MiR-29b is localized to the nucleus in granulosa cells. (A) Mean log2 fold 

change of the expression of miRNAs in the nucleus vs the cytoplasm of granulosa cells 

from small (SGC) and large (LGC) follicles. N = 7. (B) Expression in RPKM of mature 

miR-29b-3p in SGCs (N = 4) and LGCs (N = 3). A two-way ANOVA with a Sidak’s 

multiple comparisons test between the nucleus vs the cytoplasm was employed to 

determine statistical significance. (C) Fluorescent microscopy of CIPGCs transfected 

with 60 nM negative control (NC) or 60 nM miR-29b FAM labelled mimic and co-stained 

with Hoechst 33342. Magnification at 400x. Red arrows indicate areas where FAM and 

Hoechst fluorescence co-localize. (D) Percentage of CIPGCs with FAM fluorescence in 

the nucleus. N = 3 independent replicates. An unpaired t-test was performed to 

determine statistical significance. * indicates p < 0.05. 
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4.2 Verification of RNA-seq results 

 The next objective was to ascertain what genes miR-29b regulates in porcine 

granulosa cells, either through classical 3’ UTR inhibition or possibly by binding to 

nuclear DNA. To determine this, a gain/loss of function study and RNA sequencing 

were performed to assess which genes were being regulated by miR-29b at the mRNA 

level.  

 Porcine granulosa cells from large follicles (LGC) were isolated and cultured with 

a scrambled negative control oligo (NC), the miR-29b mimic (29b-mim), or a miR-29b 

targeted siRNA (29b-siR). Cells were cultured for 48 hours and then RNA was isolated. 

RNA quality was confirmed through Nanodrop A260/280 measurements, and more 

accurately, by measuring the RNA integrity number using the Agilent TapeStation 

Bioanalyzer (Appendix Table A 1). MiR-29b was first measured from the isolated RNA 

using qPCR to confirm efficient transfection. MiR-29b levels were 220-fold higher upon 

addition of the miR-29b mimic (Figure 2A). Due to the large variation between samples, 

this only approached statistical significance compared to the NC (p = 0.0615). 

Regardless, all samples had over a 60-fold increase in miR-29b expression. MiR-29b 

was significantly downregulated upon treatment with the siRNA by 97.4 % (p < 0.0001, 

Figure 2A). 

 Two micrograms of total RNA (nuclear and cytoplasmic RNA) from each sample, 

with a total of 3 independent replicates per treatment, were then sent to Novogene for 

total RNA-sequencing. Library preparation, sequencing, and differential expression 

analysis were performed entirely by Novogene. Genes with an adjusted p-value < 0.05 

in at least 1 comparison group (NC vs mimic, mimic vs siRNA, NC vs siRNA) were 

classified as differentially expressed genes (DEGs). The expression data in fragments 

per kilobase of transcript per million mapped reads (FPKM) and differential expression 

analysis between each treatment were then assessed. To confirm the validity of the 

RNA-seq results, the expression of several genes that were previously shown to be 

regulated by miR-29b through 3’ UTR targeted inhibition were investigated 164–166,168–

171,207. As shown in Table 1, most of the genes were significantly downregulated in the 

miR-29b mimic (mimic) and/or upregulated in the miR-29b targeted siRNA (siRNA) in 
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LGCs. COL3A1 and COL1A1 were downregulated in the mimic and siRNA compared to 

the NC, however their expression was not significantly different in the siRNA vs NC 

group. MMP2 was significantly downregulated with the miR-29b siRNA but was not 

significantly downregulated with the mimic. Regardless, all 3’ UTR targeted genes 

except MMP2 had a net decrease with the mimic compared to the siRNA (a negative 

log2 fold change).  

 To further confirm the validity of the RNA-seq results, qPCR of selected genes 

that showed altered expression by miR-29b was performed on the same RNA samples 

sent for sequencing. DEGs that have important functions in granulosa cells, showed a 

fold change > 2 in the mimic vs siRNA group, or genes with predicted miR-29b binding 

sites were chosen for confirmation by qPCR. Consistent with the RNA-seq results, 

CCNB1, ESPL1, PLK1, and ADAMTS17 all showed reduced expression with the mimic 

and enhanced expression with the siRNA (Figure 2B). PCNA was significantly 

increased with the siRNA in both RNA-seq and qPCR (1.9-fold, p = 0.0025). GLUL, 

NR2F2, RASGRP3, and PDCD4 all increased with the mimic and significantly 

decreased with the siRNA in RNA-seq and with qPCR (Figure 2B). Thus, every gene 

tested through qPCR exhibited similar trends to what was observed in RNA-sequencing, 

confirming the validity of the RNA-seq results. 
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Figure 2: Validation of RNA-seq results. (A) Expression of miR-29b-3p post-

transfection in LGCs normalized to U6 and 5s rRNA expression. LGCs were transfected 

with 50 nM of unlabelled negative control oligo (NC), miR-29b mimic (29b-mim) or a 

miR-29b targeted siRNA (29b-siR). An unpaired t-test was performed to determine 

significance. **** indicates p < 0.0001. (B) Relative mRNA expression from RNA-seq 

and qPCR analysis of selected genes in LGCs. A two-way ANOVA followed by Tukey’s 

multiple comparisons test was performed to determine significance. Groups that do not 

share the same letter are significantly different (p < 0.05). N = 3 independent replicates. 
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Table 1: Expression of genes previously known to be regulated by miR-29b 

  
  Log2 Fold Change   

Gene ID Gene Name 
siRNA 
vs NC 

Mimic vs 
NC 

Mimic vs 
siRNA 

Ref. Cell Type 

TGFB2 
transforming growth 
factor beta 2  

1.246 -0.4801 -1.999 168 4T1 

CAV2 caveolin 2 0.4421 -0.1774 -0.6798 171 Melanoma 

TGFB3 
transforming growth 
factor beta 3 

0.3770 -0.3947 -0.9409 168 4T1 

PDGFRA 
platelet derived growth 
factor receptor alpha 

0.3284 -0.0075 -0.3356 168 4T1 

NKRF 
NKFB repressing 
factor 

0.3101 -0.3064 -0.6796 207 Intestine 

GPX7 
glutathione peroxidase 
7 

0.3024 -0.6584 -1.080 170 Adipocyte 

COL1A2 
collagen type I alpha 2 
chain  

0.2818 -1.282 -1.736 169 COS 

LOXL4 lysyl oxidase like 4 0.1344 -0.6481 -0.9255 168 4T1 

CDC7 cell division cycle 7 0.1343 -0.2706 -0.4772 166 VSMC 

MCL1 
MCL1 apoptosis 
regulator, BCL2 family 
member 

0.1104 -0.1488 -0.2694 165 K562 

LOXL2 lysyl oxidase like 2 0.0918 -0.6346 -0.8240 168 4T1 

CDK6 
cyclin dependent 
kinase 6 

0.0632 -0.2289 -0.3223 165 K562 

COL3A1 
collagen type III alpha 
1 chain 

-0.0169 -0.5975 -0.8632 169 COS 

COL1A1 
collagen type I alpha 1 
chain 

-0.1062 -0.9941 -0.9799 169 COS 

MMP2 
matrix 
metallopeptidase 2 

-0.7834 -0.2481 0.3407 164 293 

Primary granulosa cells were transfected with 50 nM of a negative control scrambled 

sequence (NC), 50 nM miR-29b mimic (mimic) or 50 nM miR-29b targeted siRNA 

(siRNA) and sent for RNA-seq. Differential expression analysis was done between each 

treatment group and the log2 fold change was calculated. Bold indicates padj < 0.05. 

Log2 Fold Change is the mean of 3 independent replicates. Blue cells are genes that 

have enhanced expression, while red cells indicate reduced expression. 4T1 = mouse 

breast cancer, COS = simian fibroblast, K562 = human leukemia, VSMC = human 

vascular smooth muscle cells, 293 = human embryonic kidney. 
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4.3 MiR-29b may bind to the regulatory region of DNA 

4.3.1 Predicted miR-29b binding sites in promoter regions 

 The next objective was to identify potential genes regulated by miR-29b in the 

nucleus via transcription. Genes significantly differentially expressed in at least one of 

the comparison groups were examined to see if they contained predicted miR-29b 

binding sites in their 5’ regulatory region using microPIR2. Because the prediction 

database, microPIR2, uses human genome sequences, the predicted binding site was 

compared to the Sus scrofa genome using Ensembl to see if the site was conserved. 

The miR-29b-3p sequence has 100 % homology between humans (MIMAT0000100) 

and pigs (MIMAT0002137), thus it is expected the genomic binding sites between 

humans and pigs may be conserved. 

 Genes with conserved binding sites are shown in Table 2. Unfortunately, 136 out 

of 214 genes with predicted miR-29b binding sites in the human genome could not be 

checked for homology in pigs since the microPIR2 database was abruptly taken offline 

in 2020 and these predictions could not be retrieved. However, genes with the largest 

fold change or ones significant in all 3 of the comparison groups (centre group in 

Appendix Figure A 1) were retrieved before the database was taken down. Binding 

energy in the pig sites was calculated using RNAhybrid. TargetScan, miRDB, and 

miRDIP did not predict there to be a miR-29b binding site in the human 3’ UTR for any 

of the genes shown in Table 2, suggesting the altered expression by miR-29b is not via 

this traditional pathway. 

 NR2F2 (also known as COUP-TFII) contains perfect conservation and an 

extremely strong binding site (-32.5 kcal/mol), thus this gene was chosen for further 

analysis. NR2F2 is upregulated by the mimic and downregulated by the siRNA and 

lacks a miR-29b binding site in its 3’ UTR, suggesting that it’s regulation by miR-29b 

cannot be through 3’ UTR inhibition. GLUL and CDKN2B were also chosen for further 

analysis due to their relatively strong binding energies (-23.4 and -26.2 kcal/mol, 

respectively) and because they are significantly downregulated with the miR-29b siRNA. 

Despite being downregulated by the miR-29b siRNA, APBB1 was not chosen for further 

analysis due to the presence of several transcript isoforms. The miR-29b binding site is 

https://www.mirbase.org/cgi-bin/mature.pl?acc=MIMAT0000100
https://www.mirbase.org/cgi-bin/mature.pl?acc=MIMAT0002137
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at different locations depending on the isoform (promoter, intron, etc.). Due to this 

complexity, APBB1 was excluded. RECQL4, SPOCK2, and TOP1MT were excluded 

since they are significantly upregulated by the siRNA and could possibly be regulated 

via 3’ UTR repression, even though there were no predicted miR-29b binding sites. 
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Table 2: Genes with predicted miR-29b binding sites in their promoter region 

  Log2 Fold Change   

Gene ID Gene Name 
siRNA 
vs NC 

Mimic 
vs NC 

Mimic 
vs 
siRNA 

Conserved miR-29b binding site in Sus scrofa 
Folding 
Energy  

APBB1 
amyloid beta precursor 
protein binding family B 
member 1 

-0.5468 0.0352 0.5945 
5’ –-AGCTGGGCTCACAGCCTGGTGCTGG 3’ 

-24.7 
3’ UUGUGACUAAAGUUU---ACCACGAU- 5’ 

GLUL 
glutamate-ammonia 
ligase 

-0.4820 0.0379 0.5267 
5’ AAGCACATG-TTCTCTTGATGGTGCC- 3’ 

-23.4 
3’ -UUGUGACUAAAGU---UUACCACGAU 5’ 

NR2F2 
nuclear receptor 
subfamily 2 group F 
member 2 

-0.4636 0.1727 0.6513 
5’ TGGCACTGGTTGC-GATGGTGCTGG 3’ 

-32.5 
3’ -UUGUGACUAAAGUUUACCACGAU- 5’ 

CDKN2B 
cyclin dependent 
kinase inhibitor 2B 

-0.3946 0.0902 0.5048 
5’ AAGCGCTGTCC----ATGGTGCTAG 3’ 

-26.2 
3’ -UUGUGACUAAAGUUUACCACGAU- 5’ 

RECQL4 RecQ like helicase 4 0.6721 -0.5714 -1.639 
5’CGCGCTGCCCCGCATCAACCGTCTGGTGCTGT3’ 

-24.2 
3’UUGUGACUAA----AGUUU----ACCACGAU-5’ 

TOP1MT 
DNA topoisomerase I 
mitochondrial 

1.028 -0.0168 -1.106 
5’ TAAGGCTGGTTT--AATGGTGTTGA 3’ 

-29.1 
3’ -UUGUGACUAAAGUUUACCACGAU- 5’ 

SPOCK2 

SPARC (osteonectin), 
cwcv and kazal like 
domains proteoglycan 
2 

2.656 -0.1185 -3.146 
5’ TGCAGTTGGATTTAGAGGTGGTGCTGC 3’ 

-24.9 
3’ UUGUGA--CUAAAG-UUUACCACGAU- 5’ 

Log2 Fold Change is the mean of 3 independent replicates. Bolded fold change values indicate padj < 0.05. Blue cells 

indicate an increase in expression, while red indicates a decrease. MiR-29b-3p sequence is shown in blue, promoter 

sequence is shown in black. Bound nucleotides are bolded. Folding energy is shown in kcal/mol. The conserved site in 

pigs (Sus scrofa) was predicted using RNAhybrid. Genes chosen for further analysis are highlighted in red. 
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4.3.2 MiR-29b binds to the promoter region of predicted genes 

  NR2F2, GLUL, and CDKN2B were selected to be analyzed on the potential 

interaction between their 5’ regulatory region and miR-29b via chromatin 

immunoprecipitation (ChIP). CIPGCs, a pig granulosa cell line, were used for ChIP 

instead of the primary granulosa cells because of an inability to collect primary 

granulosa cells during the pandemic, and due to the immense amount of cells required 

for each ChIP reaction. CIPGCs were cultured with a NC sequence or miR-29b mimic to 

validate their suitability for this study. Real-Time qPCR was then performed on the 

isolated RNA to test the influence of miR-29b on the expression of selected genes. The 

same genes tested in Figure 2, as well as CDKN2B (Table 2) were selected for qPCR 

analysis. Genes that remained significantly downregulated by miR-29b in CIPGCs 

included CCNB1 (30 %, p = 0.001), ESPL1 (52 %, p = 0.0009), ADAMTS17 (78 %, p = 

0.0063), and PLK1 (47 %, p < 0.0001) (Figure 3). Similar to the LGCs, NR2F2 was 

significantly upregulated with the miR-29b mimic in CIPGCs by 1.8-fold (p = 0.0149). On 

the other hand, RASGRP3, PCNA, GLUL, and CDKN2B were not significantly changed. 

However, their expression was not significantly different with the miR-29b mimic in 

LGCs either (Figure 2, Table 2), thus the response of these genes to miR-29b is similar 

between CIPGCs and primary granulosa cells. PDCD4 was not significantly changed in 

CIPGCs but it was increased in LGCs (Figure 2). Thus, PDCD4 was not included in 

downstream ChIP analysis.  

 ChIP was performed using two different methods. The first was by using 

unlabelled miRNA and an anti-Ago2 antibody. Ago2 associates with DNA bound miRNA 

and has been used in other studies for miRNA-DNA ChIP to show their association 

149,208. However, using anti-Ago2 would also pull down any miRNA-DNA interactions 

and not specifically miR-29b. To increase specificity, FAM labelled miRNA was 

transfected into CIPGCs and pulled out using an anti-FAM antibody. This method has 

also been used previously and would specifically pull out miR-29b-DNA interactions 149. 

Isolated DNA was then analyzed using qPCR with primers designed to the region of the 

predicted miR-29b binding sites (Figure 4). Negative control scrambled sequence, with 

or without a FAM label, was used as a negative control (NC). Normal IgG was used as 

an antibody control (IgG). For qPCR, the GAPDH promoter, which does not contain a 
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predicted miR-29b binding site, was used as a negative control. For all samples, no 

significant amplification was noted in the GAPDH promoter when compared to the IgG 

control (data not shown). Amplification of sequences in qPCR was normalized to the 

IgG control. 

 As shown in Figure 4A with the less specific anti-Ago2 pulldown, GLUL and 

CDKN2B promoter regions were both somewhat enriched with the miR-29b mimic 

compared to the IgG control, but this was not significant. The NR2F2 promoter region 

was significantly enriched with the miR-29b mimic compared to the IgG control by 1.3-

fold (Figure 4A, p = 0.0303). When anti-FAM ChIP was performed, the GLUL promoter 

region was nearing significance in the miR-29b mimic samples (Figure 4B, p = 0.09) 

while the NC was unchanged. The CDKN2B promoter region was significantly enriched 

in the miR-29b mimic group compared to the IgG by 2.3-fold (p = 0.0371). NR2F2 again 

was significantly enriched in the miR-29b FAM group compared to the IgG by 1.2-fold (p 

= 0.0140). 

 While GLUL and CDKN2B displayed favorable results, only the NR2F2 promoter 

region was significantly enriched in both the Ago2 and FAM ChIP. This, coupled with it’s 

strong and well conserved binding site (Table 2) are why NR2F2 was focused on for 

further analysis as the first step of validation. 
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Figure 3: mRNA expression of selected genes in CIPGCs. Confirmation of gene 

expression using qPCR in CIPGCs after at least 24 hours of DOX withdrawal. CIPGCs 

were transfected with 50 nM of negative control oligo (NC, blue) or 50 nM miR-29b 

mimic (29b-mim, red). N = 6 for all except ADAMTS17 and PCNA where N = 3 

independent replicates. An unpaired t-test was performed to determine statistical 

significance. * is p < 0.05, ** is p < 0.01, *** is p < 0.001, and **** is p < 0.0001. 
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Figure 4: MiR-29b binds to predicted promoter regions. The relative fold enrichment 

of the immunoprecipitated promoter regions for GLUL, CDKN2B, or NR2F2 amplified 

using qPCR. (A) CIPGCs (-DOX) were transfected with 50 nM unlabelled miR-29b 

mimic (29-mim) or 50 nM unlabelled scrambled sequence (NC) and fixed DNA 

complexes were pulled down using an anti-Ago2 antibody (red). (B) CIPGCs (-DOX) 

transfected with 50 nM FAM labelled 29b-mim or 50 nM FAM-labelled NC. DNA was 

pulled down using an anti-FAM antibody (yellow). Non-immunogenic IgG was used as 

an antibody control (blue). N = 3 independent replicates. Multiple unpaired t-tests were 

performed to determine statistical significance. * is p < 0.05, *** is p < 0.001. 

A B 
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4.3.3 MiR-29b may not regulate NR2F2 by targeting its promoter region 

 A dual luciferase assay was performed to assess if miR-29b regulates 

transcription of NR2F2 by binding to the predicted site indicated in Table 2. Firefly 

reporter vectors with an SV40 promoter were constructed with the wild-type and 

mutated binding sites cloned in upstream of the promoter (Appendix Figure A 4). For 

the mutated group, mutations were generated in the predicted seed binding region 

using the program ImiRP to ensure the mutation did not cause the creation of new 

binding sites for other miRNAs. MiR-29b is predicted to bind to the anti-sense strand, 

shown in Figure 5A. If miR-29b is enhancing NR2F2 transcription at the proposed site, 

then the miR-29b mimic should increase luciferase activity in the wild-type, but not 

affect luciferase activity in the mutant. 

 293FT cells were co-transfected with either the wild-type (WT) or mutated (Mut) 

Firefly reporter vector, a Renilla reporter vector under constitutive expression (as a 

transfection efficiency control), and with the negative control sequence (NC), miR-29b 

mimic (29b-mim), or miR-29b siRNA (29b-siR). Cell lysates were analyzed for luciferase 

activity 24 hours later using the Promega Dual luciferase activity kit and the Firefly 

luciferase activity was normalized to Renilla luciferase. As shown in Figure 5B, 

luciferase activity did not significantly change in the WT or Mut vector with the addition 

or knockdown of miR-29b. While miR-29b does seem to bind to the NR2F2 promoter 

region as indicated in Figure 4, Figure 5 suggests miR-29b does not regulate its 

transcription through this site. 
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Figure 5: Dual luciferase assay for NR2F2 predicted binding site. (A) Predicted 

binding site for miR-29b-3p (blue) in the wild-type (WT) and mutated (Mut) NR2F2 

promoter sequence cloned upstream of the Firefly luciferase gene in the pGL3 vector. 

Mutated nucleotides are shown in red. Lines represent bound nucleotides (in bold) and 

dots represent G : U wobble sites. (B) Firefly/Renilla luciferase activity in 293FT cells 

transfected with 50 nM negative control (NC, blue), 50 nM miR-29b mimic (29b-mim, 

red), or 50 nM miR-29b siRNA (29b-siR, yellow). A paired one-way ANOVA was used to 

determine statistical significance; no treatments were significantly different. N = 3 

independent replicates. 

NR2F2 promoter 

5’ CCAGCACCATCGC-AACCAGTGCCA 3’ 

5’ –UAGCACCAUUUGAAAUCAGUGUU- 3’ 

3’ GGTCGTGGTAGCG-TTGGTCACGGT 5’ 

WT vector 

Mut vector 

Firefly 

Firefly 

A 

miR-29b-3p 

(+) 

(-) 

(+) 

(-) NR2F2 promoter 

miR-29b-3p 

B 

5’ CGGTATTGCGGCA-----AACCAGTGCCA 3’ 

5’ -----UAGCACCAUUUGAAAUCAGUGUU- 3’ 

3’ GCCATAACGCCGT-----TTGGTCACGGT 5’ 
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4.4 MiR-29b affects the granulosa cell transcriptome  

 We next investigated miR-29b’s general effect on the transcriptome and if the 

genes it upregulates or downregulates have distinct functions. A summary Venn 

diagram of miR-29b DEGs is shown in Appendix Figure A 1. A total of 5207 genes 

were differentially expressed. Only 153 genes were significantly differentially expressed 

(adjusted p-value < 0.05) between all three treatments. Summary volcano plots for each 

comparison group are shown in Appendix Figure A 5. As would be expected from 

classical miRNA function, miR-29b mimic downregulated more genes than upregulated, 

while miR-29b siRNA upregulated more genes than downregulated. When comparing 

the miR-29b mimic to the miR-29b siRNA, 2216 genes were upregulated while 2838 

genes were downregulated by miR-29b. A heat cluster map is shown in Appendix 

Figure A 6. Most genes that are highly expressed in the miR-29b siRNA LGCs (red) 

have low expression in the miR-29b mimic LGCs (blue) and vice versa. 

 The top 10 genes most differentially regulated by miR-29b as determined by their 

mimic vs siRNA fold change are shown in Table 3, separated by upregulated vs 

downregulated. These genes are all significantly differentially regulated in each 

comparison group (NC vs mimic, mimic vs siRNA, and siRNA vs NC). All genes were 

significantly differentially expressed by a log2 fold change > |1| in the mimic vs siRNA 

group. The top 15 genes with the largest fold changes in the mimic vs siRNA group are 

shown in Appendix Table A 3. Summary data for all DEGs in all comparison groups is 

available on Github: https://github.com/rehilker/Hilker_miR-29b. Unfortunately, none of 

the upregulated genes in Table 3 contain predicted miR-29b promoter region binding 

sites as predicted on microPIR2. Only one of the miR-29b mimic downregulated genes, 

ADAMTS17, contains a 3’ UTR binding site (Table 7). In addition, CCNB2, ESPL1, and 

PLK1 were significantly downregulated by miR-29b by > 1.7-fold, although no miR-29b 

binding site was identified in their 3’ UTR. All three genes are positive regulators of the 

cell cycle, suggesting miR-29b may repress proliferation via other regulatory 

mechanisms.  

 Pathway analysis was performed using pathDIP 

(http://ophid.utoronto.ca/pathDIP/), an integrated approach that combines several 

https://github.com/rehilker/Hilker_miR-29b
http://ophid.utoronto.ca/pathDIP/
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databases such as KEGG and Reactome 190. Analysis was done on genes that were 

differentially expressed in all 3 comparison groups (NC vs mimic, mimic vs siRNA, 

siRNA vs NC; centre group in Appendix Figure A 1). Genes that had higher or lower 

expression with both the miR-29b mimic and siRNA compared to the NC were not 

included. A total of 132 genes were used for pathway analysis. Word enrichment 

analysis reveals that processes in the cell cycle, DNA replication, the nucleus, meiosis, 

and expanded apoptosis are most likely regulated by miR-29b (Figure 6A, in red). 

Gene pathway analysis also revealed that miR-29b regulates genes involved in the cell 

cycle and apoptosis. (Figure 6B, in red). 
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Table 3: Genes most differentially regulated by miR-29b 

  Log2 Fold Change 

Gene ID Gene Name 
siRNA vs 
NC 

Mimic vs 
NC 

Mimic vs 
siRNA 

MTFR2 mitochondrial fission regulator 2 1.623 -0.7529 -2.846 

CCNB2 Cyclin B2 1.203 -0.7758 -2.410 

NCAPG2 
non-SMC condensin II complex 
subunit G2 

1.156 -0.6191 -1.984 

ADAMTS17 
ADAM metallopeptidase with 
thrombospondin type 1 motif 17 

1.011 -1.223 -2.632 

ESPL1 
extra spindle pole bodies like 1, 
separase 

0.9869 -0.8505 -2.257 

PLK1 Polo like kinase 1 0.9277 -0.8960 -2.082 

NEK2 NIMA related kinase 2 0.8682 -0.6911 -2.036 

UBE2C ubiquitin conjugating enzyme E2 C 0.8547 -0.9034 -2.034 

NID1 Nidogen 1 0.7649 -1.098 -2.216 

SHCBP1 
SHC binding and spindle 
associated 1 

0.7371 -0.8573 -1.981 

NOX4 NAPDH oxidase 4 -0.8325 0.3637 1.248 

PDCD4 Programmed cell death 4 -0.8240 0.4277 1.286 

RASGRP3 RAS guanyl releasing protein 3 -0.7933 0.5863 1.480 

NLGN1 Neuroligin 1 -0.7333 0.5742 2.024 

UNC5CL Unc-5 family C-terminal like -0.7286 0.8846 1.858 

CORO2B Coronin 2B -0.6870 0.4923 1.232 

SCUBE1 
Signal peptide, CUB domain and 
EGF like domain containing 1 

-0.6098 0.4968 1.230 

LIN7A 
lin-7 homolog A, crumbs cell 
polarity complex component 

-0.6071 0.3422 1.003 

NELL2 Neural EGFL like 2 -0.5998 0.3603 1.000 

PHYH phytanoyl-CoA 2-hydroxylase -0.5151 0.4435 1.030 

All log2 fold change values have padj < 0.05. NC is negative control, mimic is miR-29b 

mimic, and siRNA is miR-29b siRNA treated LGCs. N = 3 independent replicates. Blue 

cells indicate genes with increased expression, red indicates reduced expression. 
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Figure 6: Cellular pathways altered by miR-29b. All genes differentially expressed 

between all three miR-29b treatment groups were analyzed using pathDIP. (A) Word 

enrichment analysis, plotted against the –log of the p-value and (B) Gene Pathway 

enrichment analysis plotted against the –log p-value. Red bars indicate pathways of 

interest. 

A 

B 
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4.4.1 MiR-29b downregulates proliferative but upregulates autophagic genes 

 Since miR-29b seems to regulate the expression of many genes involved in the 

cell cycle, all DEGs that are significant in at least one comparison group were cross-

referenced with the list of genes involved in the cell cycle on the KEGG database and 

are tabulated in Table 4. The miR-29b siRNA seems to decrease the expression of 

several anti-proliferative genes such as ATM, CDKN2B, and CDKN1B. On the other 

hand, the miR-29b siRNA increases the expression of many pro-proliferative genes 

such as several types of cyclins (CCNs), cell division cycle genes (CDCs), and mini-

chromosome maintenance complex component genes (MCMs). It is thus hypothesized 

that miR-29b may repress granulosa cell proliferation. 

 Because apoptosis was a highly enriched pathway (Figure 6), we next 

investigated which apoptotic genes were regulated by miR-29b. Similar to Table 4, all 

DEGs that are significant in at least one comparison group were cross-referenced with 

the list of genes involved in apoptosis on the KEGG database. These genes are 

presented in Table 5. The miR-29b siRNA decreases the expression of some anti-

apoptotic factors such as AKT3, MAPK3, and PDCD4. The miR-29b siRNA also 

increases the expression of many pro-apoptotic genes such as BAK1, BID, caspase 7 

and 10, cytochrome c, and DIABLO. However, some anti-apoptotic genes are also 

increased such as BCL2L1, Mcl-1, and GADD45G. 

 Considering the miR-29b knockdown seems to upregulate many pro-proliferative 

and apoptotic genes (Table 4, Table 5), miR-29b may upregulate and downregulate 

genes with distinct functions. DEGs were analyzed using the GO database for the 

genes’ cell component, biological process, and cellular pathway in the Reactome 

database. The top 15 results, all with p value < 0.05, are compiled in Figure 7. 

Downregulated genes are mostly located in DNA complexes involved in replication such 

as the midbody, centrosome, and chromatin. According to the GO database, while 

downregulated genes are mainly present in the nucleus, upregulated genes are mostly 

located in the cytosol and are associated with intracellular vesicular trafficking 

organelles such as endosomes, lysosomes, and autophagosomes (Figure 7A).  
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 Downregulated genes are involved in the mitotic cell cycle, positive regulation of 

cytokinesis, and initiation of DNA replication. Upregulated genes were found to be 

negative regulators of proliferation, involved in lysosome organization, vesicle-mediated 

transport, and autophagy (Figure 7B). Again, Reactome pathways most affected by 

downregulated genes are involved in the S and M phase of the cell cycle. Upregulated 

genes primarily affected various metabolic pathways as well as mitosis and signaling 

pathways (Figure 7C). This all implicates that miR-29b may repress proliferation by 

downregulating cell-cycle associated genes. 

 Next, specific KEGG pathways were interrogated to see the number of 

upregulated or downregulated DEGs present in each. A relatively equal number of 

upregulated and downregulated genes are involved in steroidogenesis, apoptosis, and 

atresia (Figure 7D). More downregulated genes were involved in the cell cycle and 

ECM, as expected. As in Figure 7B, more upregulated genes are involved in the 

lysosome and autophagy.  

 Autophagy is typically considered a protective mechanism in cells to prolong the 

cell’s life and delay apoptosis. The specific DEGs involved in the KEGG autophagy 

pathway are outlined in Table 6. Knocking down miR-29b seems to reduce the 

expression of many pro-autophagic genes such as ATGs, cathepsins, and LAMPs. An 

inhibitor of Beclin-1 activity, BCL2L1, is upregulated with the miR-29b siRNA. The miR-

29b siRNA does increase the expression of a few pro-autophagic genes such as IRS1 

and ATG101. However, many more pro-autophagic genes are downregulated with the 

siRNA than upregulated. 
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Table 4: Cell cycle genes differentially regulated by miR-29b 

  Log2 Fold Change  

Gene ID Gene Name 
siRNA 
vs NC 

Mimic 
vs NC 

Mimic vs 
siRNA 

Pro or anti-
proliferative? 

RBL2 
RB transcriptional 
corepressor like 2 

-0.5276 0.0670 0.6028 anti 

CDKN2B 
cyclin dependent kinase 
inhibitor 2B 

-0.3946 0.0902 0.5048 anti 

CCND2 Cyclin D2 -0.3287 -0.2514 0.0534 pro 

CDKN1B 
cyclin dependent kinase 
inhibitor 1B 

-0.2819 -0.0453 0.2359 anti 

ATM 
ATM serine/threonine 
kinase 

-0.1712 0.1010 0.2827 anti 

TP53 tumor protein p53 -0.1523 -0.4002 -0.2850 anti 

GADD45A 
growth arrest and DNA 
damage inducible alpha 

-0.1342 0.3471 0.5382 anti 

CDC6 cell division cycle 6 1.292 -0.3613 -2.045 pro 

TGFB2 
transforming growth factor 
beta 2 

1.246 -0.4801 -1.999 anti 

CCNB2 Cyclin B2 1.203 -0.7758 -2.410 pro 

ORC1 
origin recognition complex 
subunit 1 

1.094 -0.5686 -1.905 pro 

ESPL1 
extra spindle pole bodies 
like 1, separase 

0.987 -0.8505 -2.257 pro 

PLK1 Polo like kinase 1 0.928 -0.8960 -2.082 pro 

MDM2 MDM2 proto-oncogene  0.919 -0.0869 -1.029 pro 

MCM5 
minichromosome 
maintenance complex 
component 5 

0.8388 -0.2901 -1.175 pro 

CCNB1 Cyclin B1 0.7026 -0.8564 -1.815 pro 

PKMYT1 
protein kinase, membrane 
associated 
tyrosine/threonine 1 

0.5918 -0.2203 -1.292 anti 

TTK TTK protein kinase 0.5721 -0.6713 -1.528 pro 

BUB1 
BUB1 mitotic checkpoint 
serine/threonine kinase 

0.5455 -0.6928 -1.529 anti 

MAD2L1 
mitotic arrest deficient 2 like 
1 

0.5164 -0.3200 -0.9492 pro 

MCM2 
minichromosome 
maintenance complex 
component 2 

0.4991 -0.6736 -1.300 pro 
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Table 4 continued     

CDC25C cell division cycle 25C 0.4948 -0.4279 -1.161 pro 

MCM7 
minichromosome 
maintenance complex 
component 7 

0.4925 -0.4683 -0.9994 pro 

MCM3 
minichromosome 
maintenance complex 
component 3 

0.4910 -0.8210 -1.508 pro 

CCNE2 Cyclin E2 0.4841 -0.5040 -1.291 pro 

PCNA 
proliferating cell nuclear 
antigen 

0.4810 -0.4916 -1.057 pro 

MCM4 
minichromosome 
maintenance complex 
component 4 

0.4796 -0.6040 -1.206 pro 

CDC45 cell division cycle 45 0.4290 -0.7425 -1.489 pro 

CCND1 Cyclin D1 0.3912 -0.3476 -0.8024 pro 

TGFB3 
transforming growth factor 
beta 3 

0.3770 -0.3947 -0.9409 anti 

E2F1 E2F transcription factor 1 0.3743 -0.5761 -1.268 pro 

MCM6 
minichromosome 
maintenance complex 
component 6 

0.3704 -0.3046 -0.7079 pro 

CDC25B cell division cycle 25B 0.3117 -0.4381 -0.8950 pro 

CDK2 cyclin dependent kinase 2 0.2585 -0.4816 -0.8982 pro 

ORC6 
origin recognition complex 
subunit 6 

0.2574 -0.1573 -0.4670 pro 

GADD45G 
growth arrest and DNA 
damage inducible gamma 

0.2507 -0.4282 -0.8939 anti 

CDKN2C 
cyclin dependent kinase 
inhibitor 2C 

0.1854 -0.6243 -1.079 anti 

CDC7 cell division cycle 7 0.1343 -0.2706 -0.4772 pro 

LGCs were transfected with negative control (NC), miR-29b mimic (mimic), or miR-29b 

siRNA (siRNA) and total mRNA expression was measured. Log2 fold change is the 

mean of 3 independent replicates. Bolded values have padj < 0.05. Cell cycle genes and 

functions were obtained from the KEGG pathway ssc04110. Blue cells indicate 

increased expression (positive fold change), while red indicates reduced expression. 
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Table 5: Apoptotic genes differentially regulated by miR-29b 

  Log2 Fold Change  

Gene ID Gene Name 
siRNA 
vs NC 

Mimic 
vs NC 

Mimic vs 
siRNA 

Pro or anti-
apoptotic? 

PDCD4 Programmed cell death 4 -0.8240 0.4277 1.286 anti 

CTSB cathepsin B -0.6848 0.0402 0.7384 pro 

CTSD cathepsin D -0.6164 0.0229 0.6484 pro 

CTSZ cathepsin Z -0.5426 0.3064 0.8995 pro 

PARP3 
poly(ADP-ribose) 
polymerase family member 
3 

-0.4479 0.0559 0.5101 anti 

CAPN1 calpain 1 -0.4075 0.1265 0.5505 pro 

AKT3 
AKT serine/threonine kinase 
3 

-0.3979 0.0767 0.4866 anti 

MAPK3 
mitogen-activated protein 
kinase 3 

-0.3896 0.0065 0.3976 anti 

SPTA1 spectrin alpha, erythrocytic 1 -0.3555 0.5717 1.569 anti 

PARP4 
poly(ADP-ribose) 
polymerase family member 
4 

-0.3299 0.0516 0.3873 anti 

DFFA 
DNA fragmentation factor 
subunit alpha 

-0.3223 0.0460 0.3770 pro 

CTSV cathepsin V -0.2719 0.0441 0.3198 pro 

CASP9 caspase 9 -0.2674 0.1039 0.3846 pro 

ATM ATM serine/threonine kinase -0.1712 0.1010 0.2827 pro 

TP53 tumor protein p53 -0.1523 -0.4002 -0.2850 pro 

GADD45A 
growth arrest and DNA 
damage inducible alpha 

-0.1342 0.3471 0.5382 anti 

CTSS cathepsin S 0.9530 -0.0178 -1.056 pro 

LMNA lamin A/C 0.6753 -0.1851 -0.8784 anti 
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Table 5 continued     

BID 
BH3 interacting domain 
death agonist 

0.6454 -0.0414 -0.7053 pro 

CASP10 caspase 10 0.5853 -0.1021 -0.7171 pro 

MAP3K14 
mitogen-activated protein 
kinase kinase kinase 14 

0.5241 -0.3501 -1.026 anti 

BIRC5 
baculoviral IAP repeat 
containing 5 

0.5115 -0.9238 -1.717 anti 

LMNB1 lamin B1 0.4053 -0.6596 -1.136 anti 

BCL2L1 BCL2 like 1 0.3574 0.0887 -0.2675 anti 

CYCS cytochrome c 0.2766 -0.2312 -0.5266 pro 

GADD45G 
growth arrest and DNA 
damage inducible gamma 

0.2507 -0.4282 -0.8939 anti 

DIABLO 
diablo IAP-binding 
mitochondrial protein 

0.1943 -0.0752 -0.2794 pro 

MCL1 
MCL1 apoptosis regulator, 
BCL2 family member 

0.1104 -0.1488 -0.2694 anti 

BAK1 BCL2 antagonist/killer 1 0.0323 -0.4876 -0.5604 pro 

CASP7 caspase 7 0.0129 -0.4132 -0.4964 pro 

LGCs were transfected with negative control (NC), miR-29b mimic (mimic), or miR-29b 

siRNA (siRNA) and total mRNA expression was measured. Log2 fold change is the 

mean of 3 independent replicates. Bolded values have padj < 0.05. Apoptotic genes and 

functions were obtained from the KEGG pathway ssc04210. Blue cells indicate genes 

with enhanced expression (positive fold change), while red indicates reduced 

expression. 
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Figure 7: GO and pathway analysis of upregulated vs downregulated DEGs. (A) 

GO cell component, (B) biological process, and (C) Reactome analysis plotted against 

the –log p-value of genes upregulated (dark grey) or downregulated (light grey) by miR-

29b. Pathways of interest are highlighted in red. (D) Number of upregulated (blue) or 

downregulated (red) DEGs involved in selected KEGG pathways.  

A Downregulated Upregulated 

D 

B 

C 
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Table 6: Autophagic genes differentially regulated by miR-29b 

  Log2 Fold Change  

Gene ID Gene Name 
siRNA vs 
NC 

Mimic vs 
NC 

Mimic vs 
siRNA 

Pro or anti-
autophagic? 

CTSB cathepsin B -0.6848 0.0402 0.7384 pro 

CTSD cathepsin D -0.6164 0.0229 0.6484 pro 

ULK2 
unc-51 like autophagy 
activating kinase 2 

-0.5283 0.003863 0.5389 pro 

ATG10 autophagy related 10 -0.5217 -0.1017 0.3937 pro 

MRAS 
muscle RAS oncogene 
homolog 

-0.4890 0.07598 0.5810 pro 

IRS2 insulin receptor substrate 2 -0.4788 0.1750 0.7165 pro 

LAMP2 
lysosomal associated 
membrane protein 2 

-0.4549 0.1596 0.6260 pro 

DAPK1 
death associated protein 
kinase 1 

-0.4486 -0.06938 0.3817 pro 

RRAGD Ras related GTP binding D -0.4346 0.4065 0.9485 anti 

AKT3 
AKT serine/threonine 
kinase 3 

-0.3979 0.07668 0.4866 pro 

MAPK3 
mitogen-activated protein 
kinase 3 

-0.3896 0.0065 0.3976 pro 

LAMP1 
lysosomal associated 
membrane protein 1 

-0.3543 0.008409 0.3650 pro 

RRAGB Ras related GTP binding B -0.3413 0.2383 0.6025 anti 

EIF2AK4 
eukaryotic translation 
initiation factor 2 alpha 
kinase 4 

-0.3375 0.04795 0.3954 pro 

MAP1LC
3A 

microtubule associated 
protein 1 light chain 3 alpha 

-0.3233 -0.1954 0.1171 pro 

ATG2A autophagy related 2A -0.3219 0.01464 0.3386 pro 

ATG12 autophagy related 12 -0.2932 0.1762 0.4829 pro 

CTSV cathepsin V -0.2719 0.0441 0.3198 pro 

ATG13 autophagy related 13 -0.2493 -0.03874 0.2099 pro 

VAMP8 
vesicle associated 
membrane protein 8 

-0.2179 0.1248 0.3529 pro 
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Table 6 continued     

ULK1 
unc-51 like autophagy 
activating kinase 1 

-0.1416 0.09350 0.2407 pro 

ATG14 autophagy related 14 -0.1393 0.2477 0.4268 pro 

IGF1R 
insulin like growth factor 1 
receptor 

-0.04828 0.2992 0.3680 pro 

BCL2L1 BCL2 like 1 0.3574 0.0887 -0.2675 anti 

IRS1 insulin receptor substrate 1 0.2897 -0.1683 -0.4821 pro 

WIPI2 
WD repeat domain, 
phosphoinositide 
interacting 2 

0.2096 -0.1236 -0.3434 pro 

ATG101 autophagy related 101 0.1637 -0.2198 -0.4187 pro 

PIK3R3 
phosphoinositide-3-kinase 
regulatory subunit 3 

0.08364 -0.5307 -0.7493 pro 

LGCs were transfected with negative control (NC), miR-29b mimic (mimic), or miR-29b 

siRNA (siRNA) and total mRNA expression was measured. Log2 fold change is the 

mean of 3 independent replicates. Bolded values have padj < 0.05. Autophagic genes 

and functions were obtained from the KEGG pathway ssc04140. Blue cells indicate 

genes with enhanced expression (positive fold change) while red indicates reduced 

expression. 

4.5 MiR-29b regulates granulosa cell apoptosis 

 To validate the finding from the transcriptome analyses, we examined the effect 

of miR-29b on proliferation. CIPGCs (-DOX) were transfected with scrambled sequence 

negative control (NC), miR-29b mimic (29b-mim), or with varying concentrations of miR-

29b targeted siRNA (29b-siR) for 24 hours, then a cell counting kit 8 (CCK-8) 

colorimetric assay was performed. Activity from viable cells was normalized to the 

scrambled sequence NC as percentage of cell activity. The NC samples were 

normalized to 100 % viable cell activity. Cell activity was 20 % higher with the miR-29b 

mimic than the NC (p = 0.0006, Figure 8A). Cell activity decreased in a dose dependent 

manner in the miR-29b siRNA groups, with 10 nM siRNA not being significantly different 

from the NC. The percentage of cell activity was decreased by 61 % with 50 nM siRNA 

(p < 0.0001) and 25 nM siRNA had a 29 % decrease in cell activity (p < 0.0001) 
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compared to the NC. The results in Figure 8A suggest that miR-29b may promote cell 

proliferation, despite decreasing pro-proliferative gene expression shown in section 4.4.  

 CIPGCs were again transfected with 50 nM of negative control sequence (NC), 

50 nM of miR-29 mimic (29b-mim), or 25 nM of miR-29b siRNA (29b-siR) and cultured 

for 24 hours. To confirm the CCK-8 results, the number of cells was counted using 0.4 

% Trypan Blue and an automatic cell counter. While there was no significant difference 

in the percentage of viable cells (not shown), there was a reduction in the number of 

viable cells with the miR-29b siRNA by 57 % (p = 0.0434), but no change with the miR-

29b mimic (Figure 8B). Treated cells were then lysed and assessed for caspase 3 

activity, a marker of apoptosis. Caspase 3 activity was significantly lower by 72 % with 

the miR-29b mimic compared to the NC (p = 0.0357, Figure 8C). Caspase activity was 

quite variable and unchanged in the siRNA compared to the NC or the mimic (Figure 

8C). Figure 8 suggests miR-29b inhibits apoptosis.  

 To determine if miR-29b directly targets genes involved in granulosa cell 

function, we predicted novel miR-29b binding sites in the 3’ UTR of DEGs. Genes 

significantly downregulated by miR-29b were cross-referenced against the 3’ UTR 

prediction databases TargetScan, miRDB, and miRDIP. Genes that are predicted on 

two out of the three databases and have conserved sites in Sus scrofa are presented in 

Table 7. Binding site free energies were calculated using RNAhybrid. Genes that may 

be important for granulosa cell function include the ADAMTS family (ADAMTS2, 

ADAMTS17, ADAMTS18), CYCS, HEY2, HAS3, and HBEGF. The regulation of these 

genes and their potential roles in autophagy, apoptosis, the cell cycle, or 

steroidogenesis requires further investigation. 
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Figure 8: MiR-29b regulates apoptosis in CIPGCs. (A) Percentage of cell activity 

relative to the negative control (NC) in CIPGCs with DOX withdrawn for at least 24 

hours. CIPGCs were transfected with 50 nM of negative control (NC), 50 nM of miR-29b 

mimic (29b-mim), or 10 - 50 nM of miR-29b siRNA. N = 6 independent replicates. (B) 

Number of viable 10
5
 cells collected 24 hours after miRNA transfection in CIPGCs (-

DOX) used for the caspase 3 assay. Cells were seeded at a consistent number for each 

independent replicate, N = 4. (C) Caspase 3 activity in nmol of pNA produced per 

minute per million cells. CIPGCs were transfected with 50 nM NC, 29b-mim or 25 nM 

29b-siR. N = 4 independent replicates. A paired one-way ANOVA was performed to 

determine statistical significance for all figures. Samples that do not share the same 

letter are significantly different (p < 0.05). 

A 

B C 
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Table 7: DEGs with a predicted miR-29b binding site in their 3’ UTR 

  Log2 Fold Change  
 

Gene ID Gene name 
siRNA 
vs NC 

Mimic 
vs NC 

Mimic 
vs 
siRNA 

Binding site in Pig 3' UTR 
Folding 
Energy 
(kcal/mol) 

HAS3 hyaluronan synthase 3 1.663 -0.2014 -2.050 
5' AAACACUGGU----GGUGGUGCUGA 3' 

-30.1 
3' -UUGUGACUAAAGUUUACCACGAU- 5' 

FRAS1 Frasier Syndrome 1 1.133 -0.2301 -1.546 
5' --GACUGAAUAAAACAUCCGUGGUGCUGU 3' 

-23.2 
3' UUGUGACUAAA---GUU--UACCACGAU- 5' 

ADAMTS 
17 

ADAM metallopeptidase 
with thrombospondin type 
1 motif 17 

1.016 -1.223 -2.632 
5' AAGCGUUUCUUGAUUUAU--UGGUGCUGU 3' 

-23.8 
3' -UUGU----GACUAAAGUUUACCACGAU- 5' 

BDKRB2 bradykinin receptor B2 0.9267 -0.1484 -1.323 
5' UGACACAUGA-----AA-GGUGCUAU 3' 

-21.0 
3' -UUGUG-ACUAAAGUUUACCACGAU- 5' 

ADAMTS 
2 

ADAM metallopeptidase 
with thrombospondin type 
1 motif 2 

0.7429 -0.5809 -1.434 
5' -UCAUUGGUUGAACCCAUGGCAGCUGGUGCUAC 3' 

-24.9 
3' UUGUGACUAAA---------GUUUACCACGAU- 5' 

NFIB nuclear factor 1 B 0.7074 -0.1317 -1.105 
5' --UGCUGAAUACUUGCAUGGUGCUU 3' 

-22.0 
3' UUGUGACUAA--AGUUUACCACGAU 5' 

ZHX3 
zinc fingers and 
homeoboxes 3 

0.6027 -0.1552 -0.7795 
5' AGACGCCAAAGCCAUGGAUCUUCU--UGGUGCUAA 3' 

-23.1 
3' -UUGUGA---------CUA-AAGUUUACCACGAU- 5' 

TPK1 
thiamin 
pyrophosphokinase 1 

0.5950 -0.2320 -0.9522 
5' CAGCAGCUCUCUUCUUUUUGGUGCUAU 3' 

-21.2 
3' -UUGU-GACUAAAGUUU-ACCACGAU- 5' 

ADAMTS 
18 

ADAM metallopeptidase 
with thrombospondin type 
1 motif 18 

0.5286 -0.1079 -0.8084 
5' UAUACAGAUGCCAAAUGGUGCUC 3' 

-27.2 
3' UUGUGACUAAAGUUUACCACGAU 5' 

HBEGF 
heparin binding EGF like 
growth factor 

0.3389 -0.2564 -0.7040 
5' UACUCCUGCCAUUCUUCUGGUGCUAC 3' 

-20.9 
3' UUGU-GACUA-AAGUUUACCACGAU- 5' 

SLC25A 
22 

solute carrier family 25 
member 22 

0.3296 -0.2293 -0.5906 
5' UGAUGCUGA---CGUGCUGGUGCUGU 3' 

-23.9 
3' -UUGUGACUAAAGUUU-ACCACGAU- 5' 

CBX5 chromobox 5 0.3244 -0.2111 -0.5665 
5' UGC-CUGGUGCUUGCUUGUGCCAAGGUGCUAG 3' 

-20.3 
3' UUGUGACUAAA---GUUUA-----CCACGAU- 5' 
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Table 7 continued      

CYCS cytochrome c 0.2766 -0.2312 -0.5266 
5' UGUGAUUGAU----AAUGGUGCUU 3' 

-23.8 
3' -UUGUGACUAAAGUUUACCACGAU 5' 

ENTPD7 
ectonucleoside 
triphosphate 
diphosphohydrolase 7 

0.2692 -0.0925 -0.3768 
5' GAACUAAAUGAGA--GAUUGGUGCUAA 3' 

-21.8 
3' -UUGUG--ACUAAAGUUUACCACGAU- 5' 

DOT1L 
DOT1 like histone lysine 
methyltransferase 

0.2257 -0.4745 -0.7475 
5' CGCGCCUCCAUGUCCUCUUGGUGCUGA 3' 

-20.8 
3' UUGUGACUAA--AGUUU-ACCACGAU- 5' 

ERC1 
ELKS/RAB6-
interacting/CAST family 
member 1  

0.2042 -0.0156 -0.2229 
5' ---CCUGCC--CACUUGGUGCUAU 3' 

-20.1 
3' UUGUGACUAAAGUUUACCACGAU- 5' 

HEY2 
hes related family bHLH 
transcription factor with 
YRPW motif 2 

0.1677 -0.1003 -0.2784 
5' AGGCACUUUUUUUCAUGGCUCAAAAUAUGGUGCA- 3' 

-23.6 
3' -UUGUGACU-AAAGUU----------UACCACGAU 5' 

COMMD
2 

COMM domain containing 
2 

0.1661 -0.2125 -0.4095 
5' GAAGGCUAAGUAAAGUUUCUUUCCUGGUGCUAA 3' 

-20.8 
3' -UUGUGAC------UAAAGUUU--ACCACGAU- 5' 

FBXW9 
F-box and WD repeat 
domain containing 9 

0.1301 -0.5638 -0.8211 
5' --AACUUCCCCCAUGCUGGUGCUGC 3' 

-18.1 
3' UUGUGACUAAAGUUU-ACCACGAU- 5' 

TRAK2 trafficking kinesin protein 2 0.0746 -0.2740 -0.3747 
5' -UUACUUG-UUCAUUUUGGUGCUU 3' 

-22.5 
3' UUGUGACUAAAGUUU-ACCACGAU 5' 

ZBTB5 
zinc finger and BTB 
domain containing 5 

0.0290 -0.3516 -0.4214 
5' AGACACUGCACUUUGAUGGUGCUGA 3' 

-29.0 
3' -UUGUGACUAAAGUUUACCACGAU- 5' 

NAA40 
N-alpha-acetyltransferase 
40, NatD catalytic subunit 

0.0201 -0.2756 -0.3302 
5' --UGCUCAUGUCU--UGGUGCUGU 3' 

-20.8 
3' UUGUGACUAAAGUUUACCACGAU- 5' 

LGCs were transfected with 50 nM of negative control (NC), miR-29b mimic (mimic), or miR-29b siRNA (siRNA) and 

expression was measured during RNA-seq. Log2 Fold Change is the mean of 3 independent replicates. Bold indicates padj 

< 0.05. Blue indicates enhanced expression and red indicates reduced expression. MiR-29b-3p sequence is shown in 

blue, 3' untranslated sequence (UTR) is shown in black. Bound nucleotides are bolded. Binding sites and folding energies 

were predicted using RNAhybrid. Genes of interest are in red font.
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5.0 DISCUSSION 

 The hypothesis for this study was miR-29b may regulate the transcription of 

genes involved in granulosa cell function. At this point, our data on NR2F2 does not 

support this hypothesis. However, the possible regulation of CDKN2B and GLUL 

expression at their 5’ regulatory regions should be investigated in the future. Despite 

miR-29b appearing to bind to the promoter region of NR2F2, the luciferase reporter 

assay failed to show that miR-29b was indeed regulating NR2F2 transcriptional activity 

by binding to this site.  

 MiR-29b did seem to bind to the promoter regions, as investigated using ChIP 

(Figure 4), however the dual luciferase results remained inconclusive. The pGL3 vector 

promoter region is not entirely representative of the state within a granulosa cell. 

Epigenetic factors, binding site proximity to the transcriptional start site, and presiding 

enhancers were not accounted for in the dual luciferase assay 154. MiR-29b has been 

shown to alter DNA and histone methylation previously, thus consideration of epigenetic 

factors is paramount to examining miR-29b’s effect on transcription 209,210. Additionally, 

the mutated version still had considerable binding at the 3’ end of the miRNA. Emerging 

evidence suggests that miRNA binding may not be so reliant on the seed region as 

previously thought 136. Thus, miR-29b may still have been able to bind to the mutated 

site. 

 On the other hand, we found miR-29b to suppress apoptosis in granulosa cells, 

although it is unclear how this is achieved. MiR-29c downregulates PTX3 in goat 

granulosa cells to repress apoptosis; PTX3 was enhanced with the miR-29b knockdown 

in our study (Appendix Table A 4) 180. We also found that MiR-29b downregulated 

several pro-proliferative genes, while upregulating pro-autophagic genes. However, the 

percentage of active cells was enhanced with the miR-29b mimic, suggesting an 

increase in proliferation. A CCK-8 assay was not sufficient to accurately measure 

proliferation, since the increase in active cells may have been due to a decrease in 

apoptosis. Future experiments could measure DNA replication through 

bromodeoxyuridine (BrdU) staining, or DNA staining paired with flow cytometry to 

measure the percentage of actively replicating cells. By potentially repressing apoptosis 
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and proliferation, miR-29b may play a role in preventing atresia and promoting dominant 

follicle selection, but this would require further investigation to prove. In support of this, 

miR-29b expression is highest in the granulosa cells of dominant follicles compared to 

subordinate follicles 174. Additionally, FSHR and BMPR1B expression were significantly 

lower with the miR-29b knockdown, although the mechanism behind this regulation is 

not clear (Appendix Table A 4). Therefore, a reduction in miR-29b may prevent 

dominant follicle selection by reducing FSHR/BMPR1B and possibly promoting atresia. 

 Given the high distribution of miR-29b in the nucleus, other nuclear miR-29b 

roles should also be explored. Recently, Santovito et al showed that miR-126 was also 

shuttled into the nucleus 211. Once in the nucleus, miR-126 bound to caspase 3 to 

inactivate its activity and reduce apoptosis. Considering caspase 3 activity reduced with 

the miR-29b mimic, it is possible miR-29b may also be inactivating caspase 3 in the 

same manner. This represents an entirely novel function of miRNAs, and miR-29b-

protein interactions should be investigated further. MiR-29b could also be interacting 

with nuclear membrane proteins to affect proliferation, as suggested in Kriegel et al 157. 

Future experiments could attempt to disseminate the nuclear vs cytoplasmic role of 

miR-29b by separating the nuclear and cytosolic components and examining total RNA 

content or miR-29b-protein interactions. 

5.1 Potential roles of miR-29b via its regulation of NR2F2 expression 

 NR2F2 is a transcription factor that regulates the expression of a multitude of 

genes. In our study, NR2F2 was significantly downregulated with the miR-29b 

knockdown by 27 % (Table 2). Thus, a knockdown to miR-29b may indirectly regulate 

several genes by reducing NR2F2 expression. In breast cancer cells, NR2F2 represses 

CDK2 to delay G2/M progression and hinder proliferation 212. CDK2 expression was also 

28 % lower with the miR-29b mimic in our study (Table 4). Reduced miR-29b 

expression could promote proliferation by decreasing NR2F2, leading to an increase in 

CDK2.  

 In ovarian cancer cells, NR2F2 was positively associated with NEK2 to inhibit 

apoptosis 213. While apoptosis was reduced with the miR-29b mimic in our study, NEK2 

was also lowered (Table 3). Another study observed NR2F2 to induce apoptosis by 
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inhibiting BRCA1 in renal carcinoma 214. BRCA1 was 1.42-fold lower with the miR-29b 

mimic, as expected (Appendix Table A 4), however apoptosis was also reduced in our 

study. Due to the differences between our own observations and other studies, NR2F2’s 

influence on gene expression and apoptosis may be cell-type specific. Many of these 

studies use cancer cells and it is possible that due to epigenetic changes, NR2F2 

targets a different set of genes in cancerous cells than in normal granulosa cells. 

 While miR-29b may play a role in apoptosis, autophagy, and proliferation, it could 

also affect progesterone synthesis. NR2F2 represses CYP17A1 in theca cells to 

promote progesterone production 215. In porcine granulosa cells, NR2F2 enhanced 

progesterone synthesis and was associated with increased expression of StAR and 

CYP11A1 216. NR2F2 can directly enhance StAR expression in Leydig cells 217. There 

was no significant change in StAR mRNA expression with miR-29b in our study (not 

shown), however there was an increase in CYP17A1 by 1.5-fold and a decrease in 

CYP11A1 by 1.4-fold with the miR-29b knockdown (Appendix Table A 4). As per 

Illustration 3, CYP11A1 (p450scc) increases the processivity of cholesterol into 

pregnenolone, the first intermediate for steroid production. Pregnenolone can then be 

converted into androgens via CYP17A1 (17α-hydroxylase) or into progesterone through 

3β-HSD, although there was no change in 3β-HSD with miR-29b (data not shown). 

Therefore, a knockdown to miR-29b may decrease progesterone production while 

increasing androgen production by increasing CYP17A1 expression. To test this 

hypothesis, progesterone secretion can be measured from granulosa cells treated with 

miR-29b mimic or siRNA using a progesterone enzyme-linked immunosorbent assay 

(ELISA). Accordingly, Xu et al also previously observed miR-29b to enhance 

progesterone secretion in bovine luteal cells 173. 

 Since miR-29b was not shown to directly increase NR2F2 promoter activity in our 

reporter assay, miR-29b may regulate NR2F2 expression indirectly. FBXO21 was also 

found to downregulate NR2F2 in gastric cancer, however there was no change in 

expression in FBXO21 with miR-29b (data not shown) 218. Sox7 and Sox18 can directly 

upregulate NR2F2, but neither were upregulated by miR-29b in this study (data not 
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shown) 219. Therefore, the pathway for miR-29b to regulate NR2F2 expression requires 

further elucidation.  

5.2 MiR-29b’s potential role in autophagy and apoptosis 

 Our study indicated that miR-29b significantly upregulates pro-autophagic genes. 

By upregulating autophagy, miR-29b may protect granulosa cells from apoptosis, thus 

decreasing caspase 3 activity. Future experiments should investigate if a gain/loss of 

function of miR-29b alters autophagy. This can be done by measuring the relative 

amount of LC3-II protein between samples with or without a lysosome inhibitor 220. 

 A recent study by Du et al may be the first to suggest that miR-29b regulates 

autophagy in non-cancerous cells 221. They observed that miR-29b directly inhibits 

HDAC4 expression to enhance autophagy in trophoblasts, although HDAC4 was 

unaffected in our study (not shown). This coincides with our observation of miR-29b 

enhancing expression of pro-autophagic genes. However, Du et al observed that miR-

29b increased caspase 3 activity, while it was repressed in our study 221. MiR-29b’s 

regulation of major cellular pathways may thus be cell-type specific. This could also 

explain why we observed miR-29b to repress apoptosis, although miR-29b is largely 

pro-apoptotic in cancers (reviewed in 162). Accordingly, miR-29b is also anti-apoptotic in 

bovine luteal cells 173. 

 MiR-29b may promote autophagy by reducing expression of Mcl-1, a known 3’ 

UTR target 165. We also observed Mcl-1 mRNA to be downregulated by miR-29b (Table 

1). Mcl-1 is an inhibitor of Beclin-1; reducing Mcl-1 expression can promote Beclin-1 

activity and enhance autophagy 102. Similar to Mcl-1, BCL2L1 can also interfere with 

Beclin-1 activity to repress autophagy 101. BCL2L1 was 1.3-fold higher with the miR-29b 

siRNA (Table 6). DAPK1 promotes autophagy by enhancing PKD and Beclin-1 98,222. 

DAPK1 was significantly reduced by the miR-29b siRNA by 1.36-fold (Table 6), 

potentially leading to reduced autophagy. It is possible that Beclin-1 activity is enhanced 

through miR-29b’s regulation of Mcl-1, BCL2L1, and DAPK1, leading to a promotion of 

autophagy. 
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 The release of cathepsin B from the lysosomes into the cytosol can promote 

apoptosis by activating Bid and removing BCL2L1 89. In our study, cathepsin B 

decreased by 1.6-fold while Bid and BCL2L1 increased with the miR-29b siRNA (Table 

5). Since caspase activity is reduced with the miR-29b mimic, cathepsin B is likely held 

within the lysosome rather than in the cytosol. Hence, a downregulation of cathepsin B 

with the miR-29b siRNA may not necessarily indicate a decrease in apoptosis, but could 

instead indicate a reduction in autophagy 223. 

 MiR-29b may be able to promote autophagy by enhancing LAMP2 expression, 

which was 1.54-fold higher with the miR-29b mimic compared to the knockdown (Table 

6). LAMP2 is a lysosomal membrane protein that is required for the fusion of the 

autophagosome to the lysosome (reviewed in 114,115). Due to this function, LAMP2 has 

been proven to promote autophagy and prevent apoptosis by stabilizing the lysosome 

membrane 224. NR2F2 is known to promote the expression of LAMP2 225. Yang et al 

also showed that upregulating NR2F2 and LAMP2 caused an increase in autophagy 

and a decrease in apoptosis 225. By upregulating NR2F2, miR-29b may be able to 

increase LAMP2 expression to enhance autophagy and impede apoptosis. 

5.3 MiR-29b’s possible implication in PCOS 

 PCOS is a disease typified by enlarged antral follicles called “cysts” that fail to 

ovulate (reviewed in 183). Polycystic ovaries have also been observed in several animal 

species, including sows (reviewed in 226). Chen et al observed enhancing miR-29b lead 

to reduced MMP2 and MMP9 expression and alleviated PCOS symptoms 185. This 

suggests reduced levels of miR-29b may be associated with PCOS by increasing MMP 

expression. In fact, miR-29a expression was significantly downregulated in the 

granulosa cells from PCOS patients, and its downregulation was enough to diagnose 

patients with PCOS 181.  

 Ki-67 was increased in PCOS granulosa cells, suggesting proliferation was 

enhanced 227. PCOS is usually associated with excess androgen, which promotes 

proliferation in the granulosa cells of small antral follicles (reviewed in 228). In PCOS, 

proliferation may be enhanced in early follicle development, since PCOS patients have 

an increase in the number of antral follicles 181. Thus, enhanced miR-29b may repress 
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granulosa cell proliferation to prevent early follicle growth and alleviate PCOS, as 

suggested with Chen et al 185. Li et al also proposed miR-29a could hinder granulosa 

cell proliferation to ameliorate PCOS symptoms 181. This change in proliferation was 

associated with a decrease in CDK2, CCNB1, and CCND1, which are also 

downregulated by miR-29b in our study (Table 4). Ergo, miR-29b could be a therapeutic 

target for PCOS by reducing proliferation. 

 Chen et al observed AMPK to be enhanced while mTOR was repressed in 

metformin-treated granulosa cells, leading to an increase in miR-29b expression and 

suggesting an elevation in autophagy 185. Metformin was also found to enhance 

autophagy in melanoma cells 229. Chen et al suggests metformin, via miR-29b, may 

promote autophagy by repressing mTOR and activating AMPK 185. Additionally, Yaba 

and Demir suggested increased mTOR signaling could disrupt dominant follicle 

selection, aggravating PCOS 230. Furthermore, higher TUG1 expression was associated 

with PCOS and reduced autophagy, although TUG1 was unaffected by miR-29b in our 

study (data not shown) 231. Thus, lower miR-29b could be associated with PCOS by 

enhancing mTOR activity thereby reducing autophagy. This coincides with our 

observation of miR-29b enhancing the expression of pro-autophagic genes. Through its 

regulation of proliferation and autophagy, miR-29b may play an important role in PCOS, 

but this would undoubtedly require further investigation. 

5.4 MiR-29b’s 3’ UTR targets   

 In our miR-29b 3’ UTR target analysis, one predicted gene that stands out is 

ADAMTS17, as this gene is significantly decreased by the miR-29b mimic by 2.33-fold 

and increased by the miR-29b siRNA by 2.02-fold (Table 7). The ADAMTS group of 

genes are metallopeptidases that process collagen and cleave matrix proteoglycans 

such as versican (reviewed in 232). Despite ADAMTS17 being highly expressed in adult 

ovaries, not much is known about the function of this gene 233. ADAMTS1, another 

member of the ADAMTS family, promotes cumulus cell expansion 205. Whether 

ADAMTS17 poses a similar function requires further investigation. Jia et al observed 

that a knockdown to ADAMTS17 in breast cancer cells reduces cell number and 

enhances apoptosis 234. In our study, ADAMTS17 and apoptosis both reduced with the 
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miR-29b mimic, contrary to Jia et al. Thus, ADAMTS17’s function may differ between 

cell types. Accordingly, ADAMTS17 knockdown had little effect on apoptosis in HeLa 

and 293T cells 234. Jia et al did however observe that ADAMTS17 is higher in cancer, 

which fits with previous observations of miR-29b being lower 234. Sp1 enhances 

ADAMTS17 expression in response to estrogen in breast cancer 234. ADAMTS17 

activation by estrogen in normal granulosa cells may help drive cumulus cell expansion 

or maturation in preovulatory follicles when estrogen production is highest, similar to 

ADAMTS1. Thus, it is possible that miR-29b inhibiting ADAMTS17 in turn could repress 

cumulus cell expansion. While it seems probable that miR-29b inhibits ADAMTS17 by 

targeting its 3’ UTR, future experiments are required to verify this relationship.  

 Besides ADAMTS17, ADAMTS2 and ADAMTS18, from the same family, are also 

miR-29b responsive genes that have predicted miR-29b binding sites in their 3’ UTR 

(Table 7). ADAMTS18 and ADAMTS2 have been suggested to be miR-29b targets in 

human cumulus cells 177. ADAMTS2 processes pro-collagens into mature collagens 235. 

The expression of ADAMTS2 has been documented in the ovary, but it’s importance in 

follicle development remains to be investigated 236.  ADAMTS18 and ADAMTS17 have 

very similar structures and may serve similar purposes 233. ADAMTS18 cleaves 

membrane-bound fibronectin in the mouse mammary gland 237. During folliculogenesis, 

fibronectin deposition increases in the follicular fluid and is associated with an increase 

in follicle size 238,239. Downregulation of ADAMTS18 via miR-29b could reduce the 

release of fibronectin into the follicular fluid and influence follicular development. On the 

contrary, miR-29b expression was higher while ADAMTS18 and ADAMTS2 were lower 

in cumulus cells after cumulus cell expansion 177. However, it is possible miR-29b could 

be upregulated to prevent over-expansion. The downregulation of the ECM-altering 

ADAMTS family gene expression fits with miR-29b’s regulation of other ECM genes 

such as type 1 collagens and MMP2 (Table 1).  

 Hyaluronan, along with COL1A1 and COL3A1, are all prominent components of 

the follicle ECM and the follicular fluid 240. Hyaluronan synthase 3 (HAS3) is upregulated 

with the miR-29b siRNA by 3.2-fold and has a predicted 3’ UTR binding site (Table 7). 

Interestingly, miR-29a was previously observed to target HAS3 expression in gastric 
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cancer cells to repress proliferation and migration, similar to what miR-29b is predicted 

to affect in this study 241. COL3A1 and COL1A1 are known to be repressed by miR-29b, 

and in the current study they decreased with the miR-29b mimic as well by 1.5-fold and 

2.0-fold, respectively (Table 1). Estradiol and LH enhance HAS3 expression in ovine 

granulosa cells 242 to increase hyaluronan synthesis and potentially drive cumulus cell 

expansion prior to ovulation (reviewed in 243). The expression of ECM altering enzymes, 

such as ADAMTS proteins, can also help promote cumulus cell expansion 205. MiR-29b 

could be fine-tuning cumulus cell expansion in follicles by repressing the expression of 

ADAMTS genes, collagens, and HAS3. Additionally, miR-29b was found to exhibit 

higher expression in mural granulosa cells compared to cumulus cells 175,176. Thus, miR-

29b could prevent expansion in mural cells by repressing ECM-protein expression. 

However, if miR-29b does indeed affect cumulus cell expansion requires further 

verification. 

 Another interesting gene predicted to be targeted by miR-29b is HBEGF, which is 

an EGF-like growth factor (Table 7). EGF and oocyte-produced HBEGF could stimulate 

granulosa cell proliferation, although HBEGF can also be produced in cultured 

granulosa cells 25,244. It’s receptor, EGFR, is also expressed on granulosa cells and is 

required for proper oocyte maturation 55. In human luteinized granulosa cells, HBEGF is 

highly expressed and promotes mitosis 245. Intriguingly, the soluble form is anti-

apoptotic, while the membrane-anchored form is pro-apoptotic 245. Treatment of luteal 

cells with CRM197, an inhibitor of the interaction between HBEGF and EGFR, inhibited 

apoptosis 245. In this regard, miR-29b may play a role in inhibiting granulosa cell 

proliferation and apoptosis by downregulating HBEGF expression.  

 In our study, miR-29b inhibited caspase 3 activity, but caspase 3 mRNA levels 

did not change with miR-29b (data not shown). However, there is a predicted miR-29b 

3’ UTR binding site on the CYCS transcript (Table 7). A decrease in CYCS may delay 

apoptosis, since less CYCS can be released into the cytosol during MOMP. Increased 

levels of CYCS have been associated with increased apoptosis 246. It is tempting to 

speculate that miR-29b’s inhibition of apoptosis may be associated with a 

downregulation of CYCS expression  
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 Hey2 was significantly downregulated by the miR-29b mimic compared to the 

siRNA by 1.2-fold and has a predicted binding site in its 3’ UTR (Table 7). Hey1 and 

Hey2 are key transcription factors downstream of the Notch pathway, but Hey1 was 

unaffected by miR-29b (data not shown) 247. Additionally, Notch signaling via Hey1 and 

Hey2 downregulates NR2F2 247. If a knockdown to miR-29b enhances Hey2, NR2F2 

would be expected to decrease in expression, as was seen in our study. Moreover, 

Hey2 is highly expressed in granulosa cells and promotes their proliferation 248. As in 

this study, Hey2 was decreased, and pro-proliferative gene expression was also 

reduced with the miR-29b mimic. We propose miR-29b does not increase NR2F2 

expression directly but may be through the downregulation of Hey2. Another target for 

downregulation by Hey2 is CDKN1B 247. In our study, CDKN1B was significantly 

reduced with the miR-29b siRNA by 1.2-fold (Table 4). A knockdown to miR-29b may 

thus promote proliferation by increasing Hey2 expression and reducing CDKN1B. It 

would be of interest to test these notions in future studies. 

6.0 CONCLUSION 

 We demonstrated that miR-29b is preferentially localized to the nuclei of 

granulosa cells and that CIPGCs could be an alternative substitute to primary porcine 

granulosa cells. MiR-29b may bind to the promoter regions of GLUL, CDKN2B, and 

NR2F2, however we cannot conclude that miR-29b regulates NR2F2 transcription. It is 

still unclear what is miR-29b’s nuclear role in granulosa cells.  

 Based on the miR-29b gain/loss of function transcriptome response and the in 

silico 3’ UTR binding site predictions, a summary of the predicted miR-29b interactions 

and effects on granulosa cell function is shown in Figure 9. MiR-29b represses 

apoptosis via inhibiting caspase 3 activity. We have proposed several pathways that 

miR-29b may prevent apoptosis. The first is by directly inhibiting CYCS or HBEGF 

expression. The second is by repressing Hey2; this increases NR2F2 which other 

studies have shown to have anti-apoptotic activities. The third is by potentially 

enhancing autophagy via stimulation of autophagic gene expression. This is supported 

by our finding that miR-29b suppressed BCL2L1 and Mcl-1 and enhanced LAMP2 

expression. We also predict that miR-29b may inhibit proliferation by indirectly 
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repressing the expression of pro-proliferative genes, enhancing CDNK2B expression, or 

through direct regulation of Mcl-1, Hey2, and HBEGF. Future experiments are required 

to investigate miR-29b’s effect on the cell cycle. MiR-29b could also modulate cumulus 

cell expansion by directly inhibiting the expression of ECM-related genes such as 

ADAMTS genes and HAS3. And lastly, we predict miR-29b to promote progesterone 

production by increasing CYP11A1 and repressing CYP17A1 expression via NR2F2. 

 To our knowledge, this is the first study to investigate miR-29b’s function in 

granulosa cells through gain/loss of function analysis. This is also the first study to show 

miR-29b binding to DNA, as shown through our ChIP assay, although we could not 

conclude if miR-29b regulates transcription based on the current data. This is the first 

study to associate miR-29b expression with several genes such as NR2F2, Hey2, 

CYCS, and LAMP2. MiR-29b may inhibit proliferation, apoptosis, and cumulus cell 

expansion in granulosa cells, while promoting autophagy and progesterone production. 

Thus, miR-29b may facilitate dominant follicle selection or luteinization in porcine 

follicles. MiR-29b could thus play an important role in sow fertility or in reproductive 

disorders similar to PCOS. 
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Figure 9: Potential genes and pathways regulated by miR-29b in granulosa cells. 

Potential genes and phenotypes regulated by miR-29b. Grey arrows indicate that the 

mechanism of regulation is unknown. Blue indicates the gene/phenotype is positively 

regulated by miR-29b, while red indicates the gene/phenotype is negatively regulated 

by miR-29b. 
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APPENDIX 

 

Table A 1: Quality of RNA sent for RNA sequencing 

 

Sample RINe 28s/18s [RNA] (ng/µl) 

Negative Control 1 10.0 2.8 228 

miR-29b mimic 1 10.0 2.8 174 

miR-29b siRNA 1 9.9 2.6 139 

Negative Control 2 10.0 2.8 191 

miR-29b mimic 2 10.0 2.8 233 

miR-29b siRNA 2 10.0 2.8 195 

Negative Control 3 9.9 3.0 371 

miR-29b mimic 3 9.8 3.4 372 

miR-29b siRNA 3 10.0 3.0 260 

RINe refers to the RNA integrity number as assessed using the Agilent TapeStation. 

The 28s/18s is the ratio of the 28s rRNA subunit to the 18s rRNA subunit. Concentration 

of RNA ([RNA]) is in nanograms per microlitre. 
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Table A 2: Primers used for qPCR 

 
  

Gene ID Sequence 
Amplicon 
size (bp) 

Sequence ID 

GAPDH 
TCGGAGTGAACGGATTTGGC 

147 NM_001206359.1 
TGCCGTGGGTGGAATCATAC 

UBB 
GGTGGCTGCTAATTCTCCAG 

127 NM_001105309.1 
TTTTGGACAGGTTCAGCTATTAC 

YWHAZ 
TGATGATAAGAAAGGGATTGTGG 

203 NM_001315726.1 
GTTCAGCAATGGCTTCATCA 

NR2F2 
GGACCACATACGGATCTTCCA 

144 NM_001190252.1 
AAGCTTTCCACATGGGCTACA 

ESPL1 
CGACGTTGACCTCTGTCAGT 

120 XM_013986230.2 
CCCTTCTGCAAGTGGACCTT 

PLK1 
TGGACGTGTGGTCTATTGGG 

181 XM_021086465.1 
GCAGTGGGATCCGTCTGAAG 

GLUL 
CTGGATTGACGGTACGGGAG 

90 NM_213909.1 
TTCCACTCGGGCAACTCTTC 

CDKN2B 
GACACTTTGGTGGCTCTCCG 

117 NM_214124.1 
CAGAAACCGGGCAACGTCAC 

ADAMTS17 
GGAAATGTGTGCTTGCCGAG 

99 XM_013993230.2 
AGTGGTCGTCGTCATGGTTC 

CCNB1 
CCAACTGGTTGGTGTCACTG 

194 NM_001170768.1 
GCTCTCCGAAGAAAATGCAG 

PCNA 
ACGCTAAGGGCAGAAGATAATG 

190 NM_001291925.1 
CTGAGATCTCGGCATATACGTG 

PDCD4 
CCAACCAGTCCAAAGGGAAGG 

107 XM_021073216.1 
GGTGTACCCCAGACACCTTTG 

RASGRP3 
TGCAAAGACTGTGGAGCCAA 

165 XM_021087646.1 
AACGCCAGGGAACTCAAACA 

NR2F2 
(ChIP) 

CGGAGGAACCTGAGCTACAC 
145 NC_010449.5 

GGGGTAGAAATGAGAGGCCG 

GLUL 
(ChIP) 

AACCTCACCACGTATACCCA 
200 NC_010451.4 

AACCTTCCTGGCAGCTTATTCAT 

CDKN2B 
(ChIP) 

CCCAATCTGGAGTGGGTTAGG 
70 NC_010443.5 

TTACTAGCACCATGGACAGCG 

GAPDH GCACCACGTTTACAGGGTCT 
167 NC_010447.5 

(ChIP) ACGCAGTCTGCTGTTGTCAT 

Sequences are in 5’ to 3’ direction. The first line is the forward primer, the second line is 

the reverse primer. Amplicon size is in nucleotide base pairs (bp). Sequence identity 

(ID) is the NCBI accession number. 
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Table A 3: Genes with largest log2 fold change between miR-29b mimic vs siRNA 

  Log2 
Fold 
Change 

 Expression (FPKM) 

Gene ID Gene Name Padj Mimic siRNA 

ANGPT4 angiopoietin 4 2.516 2.71E-15 1.337161 0.118692 

NLGN1 neuroligin 1 2.024 3.01E-09 1.090969 0.137172 

UNC5CL 
unc-5 family C-
terminal like 

1.858 6.74E-19 9.844644 2.505984 

FSTL5 follistatin like 5 1.746 1.36E-10 1.458603 0.358694 

DEFB1 defensin beta 1 1.696 3.18E-07 20.00912 4.033127 

PSAT1 
phosphoserine 
aminotransferase 1 

1.655 1.34E-35 56.98959 18.4001 

PCDH15 
protocadherin related 
15 

1.606 1.62E-15 2.624847 0.822946 

SPTA1 
spectrin alpha, 
erythrocytic 1 

1.569 8.48E-08 0.828364 0.225352 

SLC29A4 
solute carrier family 
29 member 4 

1.514 3.45E-19 11.28922 3.923031 

TARSL2 
threonyl-tRNA 
synthetase 3 

1.504 6.87E-10 2.060645 0.662932 

RASGRP3 
RAS guanyl releasing 
protein 3 

1.480 2.58E-19 17.27268 6.157091 

ACSS3 
acyl-CoA synthetase 
short chain family 
member 3 

1.354 5.12E-25 30.57847 12.24538 

SLC6A4 
solute carrier family 6 
member 4 

1.340 6.23E-06 17.00196 5.711133 

CERS6 ceramide synthase 6 1.318 2.48E-12 2.42057 0.960317 

GASK1A 
golgi associated 
kinase 1A 

1.320 7.76E-07 4.68042 1.68522 

ACE 
angiotensin 1 
converting enzyme 

-5.758 1.70E-226 0.657885 53.73338 

KCNH6 

potassium voltage-
gated channel 
subfamily H member 
6 

-5.349 2.75E-64 0.012951 16.15546 



99 
 

 

Table A 3 continued     

SLC25A34 
solute carrier family 
25 member 34 

-4.902 2.81E-79 0.075653 5.912892 

TG thyroglobulin -4.774 1.99E-53 0.001931 1.599536 

GP5 
glycoprotein V 
platelet 

-4.725 3.50E-51 0.009101 8.299997 

AMPD1 
adenosine 
monophosphate 
deaminase 1 

-4.686 1.91E-64 0.061237 4.826054 

OPALIN 
oligodendrocytic 
myelin paranodal and 
inner loop protein 

-4.664 3.13E-49 0.005675 5.481624 

CDH16 cadherin 16 -4.615 4.06E-48 0.010071 4.935941 

PABPC1L 
poly(A) binding 
protein cytoplasmic 1 
like 

-4.600 7.61E-53 0.058993 8.350556 

EBF3 
EBF transcription 
factor 3 

-4.411 1.47E-66 0.080121 3.74056 

FAM83E 
family with sequence 
similarity 83 member 
E 

-4.396 2.38E-44 0.012251 2.959938 

SERPINC1 
serpin family C 
member 1 

-4.344 1.21E-49 0.145346 10.63238 

CDKL2 
cyclin dependent 
kinase like 2 

-4.324 7.98E-89 0.288345 9.241668 

TMEM236 
transmembrane 
protein 236 

-4.270 1.68E-43 0.026256 3.150589 

CUBN cubilin -4.262 3.55E-84 0.086243 2.673715 

Expression represents the mean of 3 independent replicates and is expressed in FPKM, 

fragments per kilobase of exon per million mapped fragments. Mimic refers to miR-29b 

mimic LGCs and siRNA are miR-29b siRNA treated LGCs. Padj is the adjusted p-value 

of the gene’s log2 fold change between mimic and siRNA. Blue indicates genes that 

have higher expression with the miR-29b mimic, while red indicates lower expression. 
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Table A 4: Expression of additional genes of interest 

  Log2 Fold Change 
Mean Expression 

(FPKM) 

Gene ID Gene name 
siRNA 
vs NC 

Mimic 
vs NC 

Mimic vs 
siRNA 

siRNA Mimic NC 

PTX3 pentraxin 3 0.6268 -0.03558 -0.7714 5.132 2.674 2.777 

CYP17A1 

cytochrome P450 
family 17 
subfamily A 
member 1 

0.5997 N/A N/A 0.2470 0 0.01452 

BRCA1 
BRCA1 DNA 
repair associated 

0.5095 -0.5108 -1.199 3.688 1.455 2.351 

BMPR1B 

bone 
morphogenetic 
protein receptor 
type 1B 

-0.4547 0.2494 0.7227 332.1 399.0 255.1 

CYP11A1 

cytochrome P450 
family 11 
subfamily A 
member 1 

-0.5085 0.3429 0.8796 284.4 504.9 388.4 

FSHR 

Follicle 
stimulating 
hormone 
receptor 

-1.295 0.03465 1.170 17.94 46.30 45.11 

Bolded log2 fold change values have a padj < 0.05. Expression represents the mean of 3 

independent replicates and is expressed in FPKM, fragments per kilobase of exon per 

million mapped fragments. Mimic refers to miR-29b mimic LGCs, siRNA are miR-29b 

siRNA treated LGCs, and NC are negative control treated LGCs. N/A is not applicable, 

since FPKM values cannot be divided by zero. Blue cells indicate an increase in 

expression while red indicates decreased expression. 
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Figure A 1: Number of Shared DEGs from each comparison group. Venn diagram 

of the number of DEGs generated from RNA-seq data for each comparison group using 

Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/index.html). NC are the negative 

control LGCs, Mimic are the miR-29b mimic treated LGCs, and siRNA are the miR-29b 

siRNA treated LGCs. A total of 5207 genes were differentially expressed in at least one 

comparison group. 

 

https://bioinfogp.cnb.csic.es/tools/venny/index.html
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Figure A 2: pNA standard curve used for caspase 3 activity assay. Various 

amounts of pNA in µmol and it’s absorbance at 405 nm (A405). R2
 value is 0.998 with p 

< 0.0001. The slope of the linear regression line is y = 55.84x – 0.0009 where y is the 

absorbance in 405 nm and x is the µmol of pNA. Micromoles of pNA in samples were 

calculated from their absorbance using x = (A405 + 0.0009) / 55.84. 
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Figure A 3: Agarose gel electrophoresis confirmation of DNA fragmentation. 

Sonicated DNA was run on a 1.5 % agarose gel for 60 minutes at 100 volts. DNA was 

sonicated at various cycles. One cycle was considered 15 seconds on, 45 seconds on 

ice. The ladder is in number of base pairs. Image was exposed for 1.5 seconds. Twenty 

to twenty-five cycles were considered optimal for ChIP. 
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Figure A 4: Map of vectors used for dual luciferase assay. (A) Map of pGL3 vector. 

(B) Sequence of the Wild-type and (C) Mutated putative miR-29b binding sites in the 

NR2F2 promoter (in bold and red) cloned into the Sac1 and Nhe sites of the pGL3 

vector. 

A 

>pGL3-Promoter-NR2F2-RC-29bWT 

GGTACCGAGCTCTCGACCAGCACCATCGCAACCAGTGCCAGTACGCTAGCCCGGGCTCGAGATCTGCGATCTGC

ATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCC

CATTCTCCGCCCCATCGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATT

CCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTTGGCATTCCGGTACTGTTGGTAA

AGCCACCATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCGCTGGAAGATGGAACCGCTG

GAGAGCAACTGCATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATC

GAGGTGGACATCACTTACGCTGAGTACTTCGAAATGTCCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCT

GAATACAAATCACAGAATCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGCGCGTTAT

TTATCGGAGTTGCAGTTGCGCCCGCGAACGACATTTATAATGAACGTGAATTGCTCAACAGTATGGGCATTTCG

CAGCCTACCGTGGTGTTCGTTTCCAAAAAGGGGTTGCAAAAAATTTTGAACGTGCAAAAAAAGCTCCCAATCAT

CCAAAAAATTATTATCATGGATTCTAAAACGGATTACCAGGGATTTCAGTCGATGTACACGTTCGTCACATCTC

ATCTACCTCCCGGTTTTAATGAATACGATTTTGTGCCAGAGTCCTTCGATAGGGACAAGACAATTGCACTGATC

ATGAACTCCTCTGGATCTACTGGTCTGCCTAAAGGTGTCGCTCTGCCTCATAGAACTGCCTGCGTGAGATTCTC

GCATGCCAGAGATCCTATTTTTGGCAATCAAATCATTCCGGATACTGCGATTTTAAGTGTTGTTCCATTCCATC

ACGGTTTTGGAATGTTTACTACACTCGGATATTTGATATGTGGATTTCGAGTCGTCTTAATGTATAGATTTGAA

GAAGAGCTGTTTCTGAGGAGCCTTCAGGATTACAAGATTCAAAGTGCGCTGCTGGTGCCAACCCTATTCTCCTT

CTTCGCCAAAAGCACTCTGATTGACAAATACGATTTATCTAATTTACACGAAATTGCTTCTGGTGGCGCTCCCC

TCTCTAAGGAAGTCGGGGAAGCGGTTGCCAAGAGGTTCCATCTGCCAGGTATCAGGCAAGGATATGGGCTCACT

GAGACTACATCAGCTATTCTGATTACACCCGAGGGGGATGATAAACCGGGCGCGGTCGGTAAAGTTGTTCCATT

TTTTGAAGCGAAGGTTGTGGATCTGGATACCGGGAAAACGCTGGGCGTTAATCAAAGAGGCGAACTGTGTGTGA

GAGGTCCTATGATTATGTCCGGTTATGTAAACAATCCGGAAGCGACCAACGCCTTGATTGACAAGGATGGATGG

CTACATTCTGGAGACATAGCTTACTGGGACGAAGACGAACACTTCTTCATCGTTGACCGCCTGAAGTCTCTGAT

TAAGTACAAAGGCTATCAGGTGGCTCCCGCTGAATTGGAATCCATCTTGCTCCAACACCCCAACATCTTCGACG

CAGGTGTCGCAGGTCTTCCCGACGATGACGCCGGTGAACTTCCCGCCGCCGTTGTTGTTTTGGAGCACGGAAAG

ACGATGACGGAAAAAGAGATCGTGGATTACGTCGCCAGTCAAGTAACAACCGCGAAAAAGTTGCGCGGAGGAGT

TGTGTTTGTGGACGAAGTACCGAAAGGTCTTACCGGAAAACTCGACGCAAGAAAAATCAGAGAGATCCTCATAA

AGGCCAAGAAGGGCGGAAAGATCGCCGTGTAATTCTAGAGTCGGGGCGGCCGGCCGCTTCGAGCAGACATGATA

AGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGA

TGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGT

TTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAAAATCGATAAG

GATCCGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCG

TCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTC

GCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGT

TATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAA

AAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCA

GAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTG

TTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCA

CGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCC

CGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAG

CAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAAC

TACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGG

TAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCA

GAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGT

TAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAA

ATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAG

CGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTA

CCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCA

GCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCC

GGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTG

TCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCAT

GTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCAC

TCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAG

TACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAA

TACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGA

TCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTC

ACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATG

TTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACA

TATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGCG

CCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCT

AGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATC

GGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGT

TCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG

ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGA

TTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTT

ACAATTTGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACG

CCAGCCCAAGCTACCATGATAAGTAAGTAATATTAAGGTACGGGAGGTACTTGGAGCGGCCGCAATAAAATATC

TTTATTTTCATTACATCTGTGTGTTGGTTTTTTGTGTGAATCGATAGTACTAACATACGCTCTCCATCAAAACA

AAACGAAACAAAACAAACTAGCAAAATAGGCTGTCCCCAGTGCAAGTGCAGGTGCCAGAACATTTCTCTATCGA

TA 

B C 
>pGL3-Promoter-NR2F2-RC-29bMut 

GGTACCGAGCTCTCGACGGTATTGCGGCAAACCAGTGCCAGTACGCTAGCCCGGGCTCGAGATCTGCGATCTGC

ATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCC

CATTCTCCGCCCCATCGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATT

CCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTTGGCATTCCGGTACTGTTGGTAA

AGCCACCATGGAAGACGCCAAAAACATAAAGAAAGGCCCGGCGCCATTCTATCCGCTGGAAGATGGAACCGCTG

GAGAGCAACTGCATAAGGCTATGAAGAGATACGCCCTGGTTCCTGGAACAATTGCTTTTACAGATGCACATATC

GAGGTGGACATCACTTACGCTGAGTACTTCGAAATGTCCGTTCGGTTGGCAGAAGCTATGAAACGATATGGGCT

GAATACAAATCACAGAATCGTCGTATGCAGTGAAAACTCTCTTCAATTCTTTATGCCGGTGTTGGGCGCGTTAT

TTATCGGAGTTGCAGTTGCGCCCGCGAACGACATTTATAATGAACGTGAATTGCTCAACAGTATGGGCATTTCG

CAGCCTACCGTGGTGTTCGTTTCCAAAAAGGGGTTGCAAAAAATTTTGAACGTGCAAAAAAAGCTCCCAATCAT

CCAAAAAATTATTATCATGGATTCTAAAACGGATTACCAGGGATTTCAGTCGATGTACACGTTCGTCACATCTC

ATCTACCTCCCGGTTTTAATGAATACGATTTTGTGCCAGAGTCCTTCGATAGGGACAAGACAATTGCACTGATC

ATGAACTCCTCTGGATCTACTGGTCTGCCTAAAGGTGTCGCTCTGCCTCATAGAACTGCCTGCGTGAGATTCTC

GCATGCCAGAGATCCTATTTTTGGCAATCAAATCATTCCGGATACTGCGATTTTAAGTGTTGTTCCATTCCATC

ACGGTTTTGGAATGTTTACTACACTCGGATATTTGATATGTGGATTTCGAGTCGTCTTAATGTATAGATTTGAA

GAAGAGCTGTTTCTGAGGAGCCTTCAGGATTACAAGATTCAAAGTGCGCTGCTGGTGCCAACCCTATTCTCCTT

CTTCGCCAAAAGCACTCTGATTGACAAATACGATTTATCTAATTTACACGAAATTGCTTCTGGTGGCGCTCCCC

TCTCTAAGGAAGTCGGGGAAGCGGTTGCCAAGAGGTTCCATCTGCCAGGTATCAGGCAAGGATATGGGCTCACT

GAGACTACATCAGCTATTCTGATTACACCCGAGGGGGATGATAAACCGGGCGCGGTCGGTAAAGTTGTTCCATT

TTTTGAAGCGAAGGTTGTGGATCTGGATACCGGGAAAACGCTGGGCGTTAATCAAAGAGGCGAACTGTGTGTGA

GAGGTCCTATGATTATGTCCGGTTATGTAAACAATCCGGAAGCGACCAACGCCTTGATTGACAAGGATGGATGG

CTACATTCTGGAGACATAGCTTACTGGGACGAAGACGAACACTTCTTCATCGTTGACCGCCTGAAGTCTCTGAT

TAAGTACAAAGGCTATCAGGTGGCTCCCGCTGAATTGGAATCCATCTTGCTCCAACACCCCAACATCTTCGACG

CAGGTGTCGCAGGTCTTCCCGACGATGACGCCGGTGAACTTCCCGCCGCCGTTGTTGTTTTGGAGCACGGAAAG

ACGATGACGGAAAAAGAGATCGTGGATTACGTCGCCAGTCAAGTAACAACCGCGAAAAAGTTGCGCGGAGGAGT

TGTGTTTGTGGACGAAGTACCGAAAGGTCTTACCGGAAAACTCGACGCAAGAAAAATCAGAGAGATCCTCATAA

AGGCCAAGAAGGGCGGAAAGATCGCCGTGTAATTCTAGAGTCGGGGCGGCCGGCCGCTTCGAGCAGACATGATA

AGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGA

TGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGT

TTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAAAATCGATAAG

GATCCGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCG

TCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTC

GCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGT

TATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAA

AAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCA

GAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTG

TTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCA

CGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCC

CGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAG

CAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAAC

TACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGG

TAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCA

GAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGT

TAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAA

ATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAG

CGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTA

CCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCA

GCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCC

GGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTG

TCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCAT

GTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCAC

TCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAG

TACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAA

TACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGA

TCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTC

ACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATG

TTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACA

TATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGCG

CCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCT

AGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATC

GGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGT

TCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG

ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGA

TTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTT

ACAATTTGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACG

CCAGCCCAAGCTACCATGATAAGTAAGTAATATTAAGGTACGGGAGGTACTTGGAGCGGCCGCAATAAAATATC

TTTATTTTCATTACATCTGTGTGTTGGTTTTTTGTGTGAATCGATAGTACTAACATACGCTCTCCATCAAAACA

AAACGAAACAAAACAAACTAGCAAAATAGGCTGTCCCCAGTGCAAGTGCAGGTGCCAGAACATTTCTCTATCGA

TA 
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Figure A 5: Summary volcano plots from each comparison group. Volcano plots 

generated from RNA-seq data for each comparison group. NC are the negative control 

LGCs, Mimic are the miR-29b mimic treated LGCs, and siRNA are the miR-29b siRNA 

treated LGCs. Each point represents a distinct gene whose log2 fold change (x axis) is 

plotted against the –log of its adjusted p-value (y axis). Green points are upregulated 

genes, red are downregulated genes, and blue points are genes that did not 

significantly differ. “Upregulated” and “Downregulated” refers to the number of genes 

significantly upregulated or downregulated, respectively. Data analysis and volcano 

plots were done by Novogene. 
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Figure A 6: Heat cluster map of DEGs from each treatment group. The expression 

of each gene (in rows) obtained from RNA-seq was graded as -1 for the lowest 

expression (dark blue), zero for the average expression (white), and as +1 for the 

highest expression (red). NC refers to the negative control transfected LGCs, Mimic are 

the miR-29b mimic samples, and siRNA are the miR-29b targeted siRNA samples. N = 

3 independent replicates. Heat map was generated by Novogene. 

siRNA Mimic NC 


