
Characterization Of miRNAs In Full Grown Follicles In The Zebrafish 
Ovary  

by 

 Yash Badlani  

A Thesis 
presented to  

The University of Guelph 

In partial fulfilment of requirements 
for the degree of 

 Master of Science  
in 

Integrative Biology (Toxicology) 

Guelph, Ontario, Canada 

© Yash Badlani, September, 2021 



ABSTRACT 

CHARACTERIZATION OF MIRNAS IN FULL GROWN FOLLICLES IN THE 

ZEBRAFISH OVARY 

Yash Badlani      Advisor(s): 

University of Guelph, 2021    Glen Van Der Kraak 

 

Numerous studies have shown that microRNAs (miRNAs) are important regulators of ovarian 

development in mammals but by comparison there is limited information on the role of miRNAs 

in ovarian physiology of teleost fishes. This study set out to examine dynamically expressed 

miRNAs in full grown (FG) zebrafish follicles when treated with the steroid hormone 17α, 20β-

dihydroxy-4-pregnen-3-one (17α,20βP) which promotes oocyte maturation and ovulation. Using 

microarray analysis, 256 known zebrafish and the greatest changing mammalian miRNAs were 

identified in 17α, 20βP treated FG follicles with 18 upregulated and 6 downregulated. In vitro 

and in vivo experiments coupled with RT-qPCR demonstrated dre-miR-181a-5p, dre-miR-22a-3p 

and cgr-miR-1973 were differentially expressed in vitro while dre-miR-181a-5p and dre-miR-

181c were differentially expressed in vivo between control and 17α, 20βP treated follicles. This 

study provides evidence for the presence and hormonal regulation of miRNAs in the zebrafish 

ovary, but further investigation is required to understand their role.  
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Chapter 1: Introduction 

The discovery of microRNAs (miRNAs) in 1993 has opened new opportunities for 

expanding knowledge in the field of reproductive physiology as understanding miRNAs may 

provide the direction to unanswered questions in reproductive physiology. Several studies with 

mammalian species explore miRNAs and their role in gonadal physiology, however by 

comparison there is limited information on their role in ovarian physiology in teleost fishes and 

in the zebrafish (Danio rerio), in particular. The current research is specifically intended to 

identify miRNAs expressed in the zebrafish ovary and their regulation by the progesterone 

derivative 17α, 20β-dihydroxy-4-pregnen-3-one (17α, 20βP), which is an important regulator of 

oocyte maturation and ovulation. This work used in vitro and in vivo experiments coupled with 

microarray and RT-qPCR analyses to study ovarian miRNAs in the zebrafish. Identifying 

miRNAs in the ovarian follicle will contribute to our overall understanding of the regulation 

miRNAs may have in ovarian function in teleost fish.    

microRNAs: 

microRNAs (miRNAs), first discovered by Lee et al. (1993), are small non-coding single 

stranded RNA molecules 19-22 nucleotides long, which are highly conserved across many taxa 

(Baley and Li, 2012; Li et al., 2015). Researchers have found over 700 miRNAs in mammals,  

which are key regulators of gene expression (Baley and Li, 2012; Li et al., 2015; Zhao and 

Rajkovic, 2008). miRNAs post-transcriptionally modify the expression of genes by binding to 

untranslated regions and coding sequences of the target mRNAs, thereby regulating the function 

of the target mRNA (Baley and Li, 2012; Li et al., 2015; O’Brien et al., 2018).  

The biogenesis of miRNAs follows multiple complex steps before miRNAs exert their 

effects within a specific tissue (Figure 1). miRNAs are transcribed from DNA into small hairpin-
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like structures called primary miRNAs (pri-miRNAs) (O’Brien et al., 2018). From here Drosha, 

a ribonuclease III enzyme cleaves the pri-miRNA at the base of the hairpin structure, resulting in 

the formation of precursor miRNA (pre-miRNA) that will be subsequently transported to the 

cytoplasm by the exportin 5 complex (Li et al., 2015). Once out of the nucleus, pre-miRNAs are 

processed by the RNase III endonuclease Dicer that removes the terminal loop of the pre-

miRNA, resulting in a mature miRNA (Cuellar and McManus, 2005). At this stage, mature 

miRNAs are separated into single stranded miRNAs through the action of an Argonaute-

containing RNA Induced Silencing Complex (miRISC). The miRISC enables the mature miRNA 

to bind to a specific area on the 3’ or 5’ untranslated region (3’ UTR/ 5’ UTR) of the target 

messenger RNA (mRNA), also known as the seed region (Baley and Li, 2012; Li et al., 2015).  

The binding of miRNAs to the seed region of the target gene can either inhibit 

transcription or translation through silencing, initiate degradation of the mRNA or activate the  

translation of genes (Figure 1) (Baley and Li, 2012; Li et al., 2015; O’Brien et al., 2018; 

Vasudevan, 2012). It is suggested that the specificity of the miRNA to the target mRNA 

determines the resulting effect a miRNA may have on the mRNA (Jo et al., 2015). If the 

miRNAs are fully complementary to the mRNA, miRISC will cleave the mRNA resulting in the 

degradation of the target mRNA (Jo et al., 2015). However, silencing or activation of 

transcription and translation is seen when the match between miRNA and mRNA is not fully 

complementary (Krützfeldt et al., 2005; O’Brien et al., 2018).  
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Figure 1: Pathway describing the formation of mature miRNA ready to interact with targets. 

RNA polymerase II creates a hairpin structure that is cleaved by the enzyme Drosha to create 

pre-miRNA. Exportin-5 then transports pre-miRNA out of the nucleus to the cytoplasm where 

Dicer aids in the formation of double stranded mature miRNA by cleaving the hairpin loop. 

Lastly, miRNA strands separate and the complementary strand binds with miRISC, ready to bind 

to promoter regions of target genes. Modified from Baley and Li (2012). 
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miRNA nomenclature:  

To further understand miRNAs, it is necessary to consider the nomenclature used to 

describe miRNAs. This can be illustrated using the miRNA “dre-miR-22a-3p” as an example. 

The first three letters of a miRNA represent the species in which the miRNA was first identified 

and, in this case, “dre” represents Danio rerio (zebrafish) (Ambros, 2004). However, if the 

species of origin of a specific miRNA is unknown, the species designation is then omitted 

(Ambros, 2004). Following the species, the three letters “miR” identifies this is a mature miRNA 

as the “R” is capitalized, while a lowercase “r” would represent pre-miRNAs (Ambros, 2004). 

This identification is immediately followed by the specific miRNA that is being identified, in 

this case number 22. The numbering of a miRNA is simply sequentially based on when the 

specific miRNA was discovered (Ambros, 2004; Desvignes et al., 2014). The lettered suffix 

following the numeric identifier of the miRNA represents the closely related mature sequences 

from their precursor miRNA, which in this example is “a” (Ambros, 2004). If known, the ending 

of the name represents which pre-miRNA arm the mature miRNA originates from, either the 5’ 

or 3’ arm (Ambros, 2004). For dre-miR-22a-3p, this miRNA originates from the 3’ arm (3p) of 

pre-miRNA-22a (Table 1). 
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Table 1: Nomenclature of the same miRNA at different stages between different species.  

Type of miRNA Nomenclature Sequence (5’-3’) 

Pre-miRNA 

Zebrafish 

dre-mir-22a GCUGACCUGCAGCAGUUCUUCACUGGCAAGCU 

UUAUGUCCUUGUGUACCAGCUAAAGCUGCCA 

GCUGAAGAACUGUUGUGGUUGGC 

Mature miRNA 

Zebrafish 

dre-miR-22a-3p 

dre-miR-22a-5p 

AAGCUGCCAGCUGAAGAACUGU 
 
AGUUCUUCACUGGCAAGCUUUA 
 

Pre-miRNA 

Atlantic salmon 

ssa-mir-22a AGUUCUUCACUGGCAAGCUUUAUGUCCUUGUG 

UACCAACUAAAGCUGCCAGCUGAAGAACUGU 
 

Mature miRNA 

Atlantic salmon 

ssa-miR-22a-3p 

ssa-miR-22a-5p 

AAGCUGCCAGCUGAAGAACUGU 
 
AGUUCUUCACUGGCAAGCUUUA 

Pre-miRNA 

Sea lamprey 

pma-mir-22a CCCUGGCCGCCCCACUGCAGCCCUUCGCUGGCCA 

GCUUUAGUUCCGGCCGAGGCGAGUAAAGCUGCC 

AGUUGAAGAGCUAUAGUGGGCGGCCACGC 

Mature miRNA 

Sea lamprey 

pma-miR-22a-3p 

pma-miR-22a-5p 

AAGCUGCCAGUUGAAGAGCUAU 
 
AGCCCUUCGCUGGCCAGCUUUAG 
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Multiple miRNAs can be further categorized into groups referred to as families. These 

families of miRNAs are based on sequence similarity of pre-miRNAs or mature miRNAs 

(Kamanu et al., 2013). This identification of families of miRNAs is important as the families 

suggest common functionalities (Kamanu et al., 2013). A miRNA family may have similar 

targets or seed regions based on similarities in sequences (Kamanu et al., 2013). For example, 

dre-miR-181c and dre-miR-181a-5p are both of the same family but varies slightly in sequence: 

dre-miR-181c F: 5’-CACATTCATTGCTGTCGGTGGG-3’; dre-mir-181a-5p  

F: 5’-AACATTCAACGCTGTCGGTGAGT-3’. However, there are still segments that are the 

same and could target the same seed regions. 

 While there seems to be consensus in naming miRNAs, there are still many gaps due to 

the recent adoption of this nomenclature. There are some miRNAs that do not conform to this 

nomenclature and are named slightly differently. An example of this would be a miRNAs first 

discovered in nematodes, the Let-7 family (Ambros, 2004). New discoveries of Let-7 miRNAs 

are named as a sequential continuation with a lettered suffix added onto the end like Let-7e. One 

major gap in this naming approach is that a miRNA named in one species as miR-1 could very 

well have been identified in another species as miR-350. This creates a problem in specific 

identification of miRNAs and in origin tracing, which is why the publication of the sequence 

with the name is crucial. 

 

Involvement of miRNAs in mammalian reproduction: 

 There is considerable interest in understanding the effects of miRNAs on gonadal 

physiology. Research studying the role of miRNAs in mammalian reproduction was the first to 

flourish. This research is generally focused in three areas, including: 1) identifying the presence 
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of miRNAs in gonadal tissue, 2) comparing the presence of miRNAs across developmental 

stages and in response to hormone treatments to correlate with reproductive status, and 3) using 

manipulation studies to understand the consequences of miRNA actions. Manipulation 

experiments are done to control specific hormones or miRNAs in the ovaries to understand their 

impact in ovarian development. These experiments include methods like knockout of miRNAs or 

hormones involved in ovarian development and transfection of miRNAs into the ovaries or 

specific cells in culture. 

Microarrays, RT-qPCR, deep sequencing and whole genome sequencing have been used 

to identify miRNAs present in the ovary (Hossain et al., 2012; Maalouf et al., 2016; 

Toloubeydokhti et al., 2008). There have been over 700 mammalian miRNAs identified in 

multiple tissues to date with more being discovered every day (Baley and Li, 2012; Zhao and 

Rajkovic, 2008). One family of miRNAs that seems to be very prominent in ovarian reproductive 

research is the let-7 family. This family of miRNAs is very abundant in mammals and is 

predominantly identified in the ovaries and many other tissues (Ahn et al., 2010; Curell and 

Barron, 2018; Hackl et al., 2011; Hossain et al., 2012; Maalouf et al., 2016). Furthermore, miR-

17a, miR-21, miR-29, miR-143, miR-16, miR-23a, miR-188, miR-1973, miR-202 are some of 

the hundreds of other miRNAs that have been detected in ovaries of a variety of mammals 

including mice, cows, pigs and humans (Table 2) (Baley and Li, 2012; Cameron et al., 2016; 

Hackl et al., 2011; Hossain et al., 2012; Maalouf et al., 2016; O’Brien et al., 2018; Sharbati et al., 

2010; Toloubeydokhti et al., 2008; Toms et al., 2018; Zhao and Rajkovic, 2008).  

The majority of miRNA research now seems to be focused on the next step which is 

detecting miRNAs in the ovary at different stages of development. There have been miRNAs 

detected in association with specific events in the ovaries such as developmental changes that 
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occur during folliculogenesis, cellular apoptosis or during the production of specific steroids 

(Hossain et al., 2012; Maalouf et al., 2016; Toms et al., 2018; Zhao and Rajkovic, 2008). Studies 

in mammals suggest that miRNAs play an important role in steroidogenesis by regulating the 

function of both the granulosa cells and thecal cells (Hossain et al., 2012; Yao et al., 2010). By 

using microarrays analysis, Yao et al. (2010) identified 16 miRNAs associated with proliferation 

of granulosa cells and in the production of ovarian estrogens. A total of 3 miRNAs were 

upregulated while 13 were downregulated in mouse ovaries after being treated with transforming 

growth factor β-1 (TGF-β1) which facilitates the proliferation and differentiation of granulosa 

and thecal cells (Yao et al., 2010). Specifically, miR-22, miR-712, miR-764-3p all were 

upregulated while granulosa cells were undergoing active cell proliferation (Yao et al., 2010). 

Furthermore, during folliculogenesis and steroidogenesis the Let-7 family of miRNAs has been 

implicated as a key factor in the processes of oocyte recruitment, development, and maturation 

(Ahn et al., 2010; Maalouf et al., 2016; Zhao and Rajkovic, 2008). Through microarray analysis, 

Zhao and Rajkovic (2008) showed differential expression of miRNAs like the let-7 family and 

miR-199a through the development of a newborn mouse ovary. The research showed some let-7 

miRNAs including let-7c, let-7f and let-7e being detected during early folliculogenesis, while 

let-7a and let-7b being detected only in adult ovaries (Zhao and Rajkovic, 2008). Likewise, let-

7a has been identified in mouse ovaries and shows an increase in expression after follicle 

recruitment while being subjected to inhibitory control by follicle stimulating hormone (FSH) in 

cultured granulosa cells (Wong et al., 2017).  

Other researchers have shown miR-136-3p and miR-143 being upregulated at ovulation 

when FSH is high, and miR-224 and miR-383 being upregulated during follicular development 

post fertilization when progesterone is elevated (Toms et al. 2018). In other studies, it was shown 
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that as miR-375 is downregulated, the expression of a disintegrin and metalloproteinase with 

thrombospondin-like motifs (ADAMTS1) and the progesterone receptor (PGR) were upregulated 

in bovine cumulus cells (Zhang et al. 2019). Furthermore, Hu et al. (2019) also examined how 

miRNAs impact progesterone, prostaglandins and estradiol within the oocyte of female rabbits. 

Through RNA sequencing, this study showed 33 upregulated and 20 downregulated miRNAs 

following human chorionic gonadotropin (hCG) stimulation of ovarian follicles. In addition, the 

two most downregulated miRNAs, miR-205-1 and miR-34c, were predicted to target 

gonadotrophic hormones responsible for regulating progesterone, prostaglandins and estradiol in 

the ovaries (Hu et al., 2019). 

Lastly, researchers are starting to directly understand miRNA targets by manipulation 

studies in the ovaries. One approach researchers have taken is to knock out the enzyme Dicer 

involved in the production of mature miRNAs and examine downstream effects of this knockout 

on transcription and translation (Ahn et al., 2010; Curell and Barron, 2018; Hossain et al., 2012; 

Nagaraja et al., 2008). Research has shown that when Dicer is knocked out, mice were infertile 

due to many ovarian functional defects (Hossain et al., 2012). Furthermore, the knockout of 

Dicer resulted in increased recruitment of primordial follicle pool endowment which led to more 

follicle degradation in knocked out ovarian granulosa cells (Hossain et al., 2012). Liu et al. 

(2010) and Murchison et al. (2007) further examined the effects of Dicer knockout on mouse 

ovaries. Both studies showed ovaries had reduced maturation rates due to inhibition of follicular 

growth, increased spindle and chromosomal arrangement defects and reduced miRNA synthesis 

including the formation of functional argonaute 2 (Ago2) crucial in the synthesis of miRISC (Liu 

et al., 2010; Murchison et al., 2007).  
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In addition, other researchers have cultured granulosa cell lines in vitro in the presence of 

specific miRNAs in order to determine their function. Cao et al. (2015) used this technique to 

identify the impact of Let-7 family members on apoptosis in the granulosa cells. The researchers 

transfected miRNA let-7g into cultured granulosa cells demonstrating an increased apoptotic rate 

in atretic porcine follicles and eventually death of the cells (Cao et al., 2015). In the case of 

bovine cumulus cells mentioned above, the suppressive effect of miR-375 on cumulus formation 

was confirmed in studies when miR-375 was overexpressed (Zhang et al. 2109).  

 

Involvement of miRNAs in teleost fish reproduction: 

Most research in teleost fish has combined the aspect of identification of miRNAs in 

gonadal tissues while examining different developmental stages, however the depth of 

knowledge is limited compared to the research in mammals. Identification of miRNAs in the 

tissues of teleost fish include work on the marine medaka (Oryzias melastigma) (Bouchareb et 

al., 2017; Gay et al., 2018; Qiu et al., 2017), olive flounder (Paralichthys olivaceus) (Gu et al., 

2014), yellow catfish (Pelteobagrus fulvidraco) (Jing et al., 2014), rainbow trout (O. mykiss) and 

zebrafish (Danio rerio) (Juanchich et al., 2013; Qiu et al., 2017; Wong et al., 2017; Zheng et al., 

2016) (Table 2). Similar to the research in mammals, miRNAs were identified using microarrays, 

high throughput sequencing, RT-qPCR and whole genome sequencing (Bouchareb et al., 2017; 

Gay et al., 2018; Jing et al., 2014; Juanchich et al., 2013).  

Over 500 teleost specific miRNAs have been identified, with similar miRNAs being 

detected in teleost fish tissues as have been identified in mammals (Bouchareb et al., 2017; Gay 

et al., 2018; Pinhal et al., 2018). The let-7 family, miR-17a, miR-21, miR-143, family of miR-

181 and miR-202 were all identified in the ovaries of teleost fish (Table 2) (Bouchareb et al., 
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2017; Gay et al., 2018; Gu et al., 2014; Jing et al., 2014; Juanchich et al., 2013; Presslauer et al., 

2017; Qiu et al., 2017; Wong et al., 2017; Zheng et al., 2016).  

As miRNAs are known to be conserved across taxa, it is assumed that many of the 

miRNAs found in mammalian ovaries will also have similar effects in ovaries of fish (Baley and 

Li, 2012; Bouchareb et al., 2017; Juanchich et al., 2013). Due to this, there have been studies 

examining the presence of similar miRNAs in relation to folliculogenesis, steroidogenesis, 

maturation and ovulation (Gay et al., 2018; Gu et al., 2014; Jing et al., 2014; Juanchich et al., 

2013; Wong et al., 2017; Zheng et al., 2016). Research suggests that during folliculogenesis 

miRNAs might be important in the regulation of vitellogenesis as there was increased expression 

of miR-202 and miR-101 in mid-vitellogenic follicles in female rainbow trout (Juanchich et al., 

2013). In addition, after the completion of vitellogenesis, miRNAs may aid in oocyte maturation 

and miR-301 has been shown to have binding sites to steroidogenic acute regulatory protein 

(StAR) however, this is yet to be examined thoroughly to understand the correlation (Juanchich 

et al., 2013).  

The role of miRNAs in steroidogenesis has also been examined in teleost fish. A 

bioinformatic approach identified seed regions on key genes of interest, suggesting that in marine 

medaka, miR-202-5p may regulate key genes like StAR and other genes found in the early 

process of follicular development (Bouchareb et al., 2017; Li et al., 2016; Wong et al., 2017). 

miR-202-5p, also detected in mammalian ovaries, was highly expressed in early stages of 

follicular growth in marine medaka and decreased in detection as the follicle developed. With the 

use of fluorescence in situ hybridization (FISH) and RT-qPCR, researchers suggested mir-202-

5p may regulate genes involved in early development within the ovary as researchers saw a 

decrease of expression as follicles developed (Qiu et al., 2017).  
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Understanding miRNA targets by manipulating the different pathways of the ovaries in 

teleost fish is a developing area of research. The knockout of miR-202 by CRISPR/Cas9 

technology was used to demonstrate the miRNA’s impact on the ovaries of marine medaka (Gay 

et al., 2018). Fish that had miR-202 knocked out resulted in sterility in female fish as no egg 

production was detected (Gay et al., 2018). Another study examined the impact miRNAs have on 

steroidogenesis in the ovary of female marine medaka during exposure to hypoxic conditions 

(Lai et al., 2015). The study used deep sequencing to show the expression levels of 43 miRNAs 

that significantly changed after fish were exposed to hypoxic conditions for one month (Lai et 

al., 2015). Through bioinformatic approaches, the researchers used an algorithm to predict many 

hypoxia-supressed miRNAs targeted steroidogenic enzymes including StAR  and CYP19a1a by 

aligning whole length miRNA to their seed regions on target mRNA (Lai et al., 2015). These 

studies also used RT-qPCR to validate the bioinformatic results by showing expressions of miR-

9-5p and miR-21-3p were reduced by 2-fold while star and cyp19a1a both showed a 3-fold and 

2-fold expression increase in hypoxic fish, respectively (Lai et al. 2015). 

 

miRNA in Zebrafish: 

There are only a handful of studies that have examined miRNA in the zebrafish ovary.  

Most of these studies have focused on the identification of miRNAs in the ovaries during 

different stages of ovarian development (Presslauer et al., 2017; Vaz et al., 2015; Wong et al., 

2017; Zayed et al., 2019) (Table 2). Through the use of small RNA sequencing, these studies 

identified between 200-500 different miRNAs expressed in the ovaries as the follicles developed 

(Presslauer et al., 2017; Vaz et al., 2015; Wong et al., 2017; Zayed et al., 2019). Let-7, a family 

of miRNAs first identified in nematodes, appears to have some association with folliculogenesis 
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in zebrafish (Wong et al., 2017). The research suggests that members of the let-7 family 

participate in follicle recruitment and early follicle development as let-7a and let-7d-5p increased 

in expression as follicles developed from primary growth to pre-vitellogenic stage. miR-202 is 

another miRNA that has been identified to have a connection with folliculogenesis in zebrafish 

(Presslauer et al., 2017; Wong et al., 2017). When examining the miRNAs present between 

primordial growth stage to pre-vitellogenic stages, ovarian follicles showed an upregulation of 

miR-202 (Wong et al., 2017). 

A recent publication by Zayed et al. (2019) identified several miRNAs in zebrafish 

ovarian follicles. The research examined vitellogenic and full-grown follicles in zebrafish. Zayed 

et al. (2019) identified 11 upregulated and 13 down regulated miRNAs in relation to the previous 

stage through next-generation sequencing, while specifically validating the expression of dre-

miR-22a-3p, dre-miR-16a, dre-miR-181a-3p and dre-miR-29 through RT-qPCR. The research 

found that the expression of dre-miR-22a-3p and dre-miR-29b increased, while dre-miR-16a and 

dre-miR-181a-3p decreased when comparing vitellogenic follicles to full grown follicles. The 

specific role of these miRNAs in folliculogenesis and maturation is still unknown, however the 

authors suggest these miRNAs play a crucial role in development of follicles and maturation as 

differential expression of the miRNAs during ovarian development was detected (Zayed et al., 

2019). 

It is still not known which specific miRNAs are expressed in the zebrafish ovaries during 

maturation, ovulation and spawning. Furthermore, specific targets of miRNAs and how they 

interact within the ovary are also unknown. It is also not known if expression of specific 

miRNAs is correlated with the development of the follicle in the zebrafish or if changes in their 

expression affects overall reproductive success of the oocyte. Lastly, if miRNAs do have a role 
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in ovarian physiology, it is unknown how these miRNAs are influencing the genes of interest 

involved in the development of the ovary. 

 

Thesis Objective: 

This study set out to identify and examine how miRNAs are dynamically expressed in 

zebrafish full grown follicles after treatment with the progestin derivative 17α, 20βP. This was 

done using multiple methods including microarray analysis, in vitro and in vivo experiments 

coupled with RT-qPCR analysis. Comparisons were made between the expression of miRNA 

and the expression of key genes like star, cyp19a1a, cPLA2, ptgs2a and ptgs2b controlling 

ovarian development in the zebrafish. These genes of interest were chosen as these genes play a 

crucial role in the maturation and ovulation of the oocyte (Baker and Van Der Kraak, 2019; 

Clelland and Peng, 2009; Ings and Van Der Kraak, 2006; Nagahama and Yamashita, 2008; 

Tokarz et al., 2013). 

 17α, 20βP is critical in oocyte maturation and ovulation within zebrafish ovaries 

(Nagahama and Yamashita, 2008). Once zebrafish are sexually mature and ready to reproduce, a 

surge of luteinizing hormone (LH) activated by the hypothalamic–pituitary–gonadal axis is sent 

to the follicular layer (containing thecal and granulosa cells) on the oocyte where a steroidogenic 

shift occurs to synthesise the progesterone derivative 17α, 20βP (Nagahama and Yamashita, 

2008). Once 17α, 20βP is synthesized by the thecal and granulosa cells responsible for 

steroidogenesis, 17α, 20βP moves to the oocyte surface where it binds to either membrane-bound 

progestin receptors (mPR) or nuclear progesterone receptors (nPR) (Baker and Van Der Kraak, 

2019; Knight and Van Der Kraak, 2015; Nagahama and Yamashita, 2008). Binding to mPR, 

causes a cascading event to synthesize maturation promoting factor that promotes the resumption 
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of meiosis, geminal vesical breakdown leading to oocyte maturation (Baker and Van Der Kraak, 

2019; Nagahama and Yamashita, 2008). Furthermore, binding to the n causing a separate 

cascading event to synthesize prostaglandins in the oocyte as well as prime the follicle for 

ovulation (Knight and Van Der Kraak, 2015). At this stage of development, 17α, 20βP directly 

stimulates the synthesis of prostaglandins, a group of molecules mediating inflammation, are 

synthesized to aid in ovulation of the oocyte (Figure 2) (Hanna and Zhu, 2011; Knight and Van 

Der Kraak, 2015).  

Since 17α, 20βP has a crucial role in maturation and ovulation, this hormone was chosen 

in order to understand how miRNAs impact FG follicles undergoing maturation after hormone 

treatment with 17α, 20βP. Furthermore, there is evidence in mammals that miRNAs regulate 

many genes involved in folliculogenesis and steroidogenesis during maturation and ovulation in 

the ovaries (Hossain et al., 2012; Hu et al., 2019; Maalouf et al., 2016; Toms et al., 2018; Yao et 

al., 2010; Zhang et al., 2019). For example, miR-375 and miR-205-1 regulate prostaglandin 

synthesis, while other miRNAs from the let-7 family and miR-224 have been shown to be 

differentially expressed during the development of the ovaries (Hu et al., 2019; Maalouf et al., 

2016; Toms et al., 2018; Zhang et al., 2019). There is also evidence in mammals that miRNAs 

and progesterone have been shown to regulate one another, resulting in the regulation of key 

genes involved in maturation and ovulation (Hu et al., 2019; Zhang et al., 2019). However, the 

depth of understanding is still limited in teleost fish, especially in zebrafish. Therefore, 

understanding the role of miRNAs in the ovaries of zebrafish after exposure to 17α, 20βP is 

important in understanding how miRNAs impact the overall development of the ovaries.  
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Figure 2: Diagram portraying how progesterone derivative 17α, 20β-dihydroxy-4-pregnen-3-one 

(17α,20βP) impacts maturation and ovulation in full grown (FG) follicles of zebrafish. Luteinizing 

hormone (LH) stimulates the synthesis of 17α,20βP in the follicular layer of the FG follicles. 

17α,20βP either binds to membrane-bound progestin receptors (mPR) signaling a cascading 

event resulting in germinal vesical breakdown and oocyte maturation or binds to nuclear 

progesterone receptors (nPR) stimulating prostaglandin synthesis and priming the follicle for 

prostaglandins leading to ovulation. 
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Table 2: Examples of miRNAs and their suspected roles in the ovaries of mammals and teleost 

fish.  

miRNA Presence in 
animals Potential role/targets Literature 

Let-7 family - Mammals 
- Teleost fish  

- Early follicle development  
- spermatogenesis  
- potential interaction with 
StAR 

Li et al. 2015 
Hossain et al. 2012 
Toms et al. 2019 
Zhao & Rajkovic 2008 
Qui et al. 2017 
Presslauer et al. 2017 
Wong et al. 2017 

miR-17a - Mammals 
- Teleost fish  

- follicle development and 
maturation  
- migration of primordial 
germ cells (PGCs) 
Potential target: dmrt1 
and Fox12 

Zhao et al. 2017 
Abramov et al. 2013 
Wong et al. 2017 

miR-21 - Mammals 
- Teleost fish 

- may protect from 
apoptosis 
- potential role in LH/HCG 
regulation 
- somatic and granulosa 
cell proliferation  

Hossain et al. 2012 
Maalouf et al. 2016 
Jing et al. 2014 
Wong et al. 2017 
Qui et al. 2017 
 

 
miR-132 

 
- Mammals - Potential in LH regulation  Li et al. 2015 

miR-143 - Mammals  
- Teleost fish 

- role in early oocyte 
development  
- Potential role inhibiting 
primordial follicles 
- regulator in the 
endocrine system in 
mammalian gonads  

Hossain et al. 2012 
Li et al. 2015 
Maalouf et al. 2016. 
Zhao et al. 2017 
Qui et al. 2017 
Xiao et al. 2014 
Jing et al. 2014 

miR-181 Family - Mammals  
- Teleost fish 

- involvement in PGCs 
- high expressions in 
previtellogenic follicle 
stage 
- potential target: activin 
receptors IIA/Smad2, 
Aromatase 

Jaunchich et al. 2013 
Xiao et al. 2014 
Lai et al. 2015 
Gu et al. 2014 
Presslauer et al. 2017 
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miR-202 - Mammals  
- Teleost fish 

- strong detection in the 
early stages of follicle 
development  
- may have role in 
spermatogenesis  
  

Bouchared et al. 2017 
Gay et al. 2018 
Qui et al. 2017 
Xiao et al. 2014 
Presslauer et al. 2017 
Wong et al. 2017 
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Chapter 2: Methods 

Experimental animals: 

Zebrafish were purchased from both Big Al’s (Kitchener, ON) and AQUAlity Tropical 

Fish Wholesalers (Mississauga, ON) and were housed in the Hagen Aqualab (University of 

Guelph, ON). Fish were placed in one of three aquatic habitat containment units (Aquatic 

Ecosystems, Apopka, FL) with recirculating well water and multiple 10L tanks. Tanks contained 

artificial substrate with plastic plants and marbles (known as a breeder) to aid in follicular 

development and spawning. Tanks were siphoned daily and fish were fed to satiation with frozen 

brine shrimp (AQUAlity) in the morning and Gemma 300 pellets (Skretting, Westbrook, Maine) 

in the afternoon. The room was maintained at 28℃ and a photoperiod of 12 hours of light:12 

hours of darkness. Fish were euthanized by placing them in 0.3g/L tricaine methanesulfonate 

solution (MS-222) (Syndel Laboratories Inc, Vancouver, BC) and sodium bicarbonate (1:2 ratio), 

followed by transcervical severance. All experiments were conducted following protocols 

approved by University of Guelph Animal Care Committee. 

 

Experimental design: 

Microarray: 

An initial experiment was conducted to identify miRNAs present in the zebrafish ovaries. 

A group of 3 female zebrafish was euthanized at 9:30 am and their ovaries were removed and 

placed into 60% L-15 culture medium (Invitrogen, Carlsbad, CA). Full grown (FG) follicles 

were manually separated from other follicular stages while making sure the follicular layer was 
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not disrupted. Follicles were pooled and split into one control and one treatment group each 

containing 20 FG follicles and placed in a 24 well plate containing 500 µl of 60% L-15 culture 

medium with either 10 nM 17α, 20βP (Sigma Aldrich, Oakville, ON) or the equivalent volume 

of solvent control of ethanol (final concentration = 0.0033%). The plate was then wrapped in 

aluminum foil and placed in an incubator at 28℃. After 1 hour of incubation, follicles were 

placed into 1.5 ml Eppendorf tubes and immediately snap frozen on dry ice without the presence 

of any medium. 

A microarray analysis was done by the Centre for Applied Genomics (Sick Kids, 

Toronto, ON). miRNAs were extracted from two pools of 20 FG follicles (one control and one 

17α, 20βP treated; n=1) sent by the Van Der Kraak lab using the mirVana miRNA isolation kit 

(Thermofisher Scientific. Waltham, MA). Furthermore, miRNA expressions were measured 

using the Advanced Taqman kit (Thermofisher Scientific. Waltham, MA). The quality and purity 

of the samples were tested using Agilent RNA Screen Tape (Thermofisher Scientific. Waltham, 

MA). The samples had an RNA integrity number (RIN) of 8.4 and 8.5 (1-10 scale, 10 being 

completely intact) in the control and treatment, respectively (Schroeder et al., 2006). The 

microarray was run using 10 ng/ul of RNA. The microarray tested all known probes contained in 

the Advanced Taqman kit, including plant, mammalian, and teleost probes. Results were 

calculated as the difference in expression between control and 17α, 20βP treated follicles. The 

miRNAs identified by the microarray were normalized using the RMA-DABG (detection above 

background) algorithms from the Transcriptome analysis console (TAC) software (Thermofisher 

Scientific, Waltham, MA). RMA-DABG analyzes miRNAs by combining RMA (Robust 

Multichip Analysis) and DABG to examine the distribution of signal values of antigenomic 

probes and compares them to the signal value for the targeted probe (Clark et al., 2007). Once 



 

 21 

miRNAs were identified between the control and treated follicles, a more lenient threshold of 

1.8-fold change was used to filter out some miRNAs as other microarray studies often use a 2-

fold threshold change (Bouchareb et al., 2017; Lai et al., 2015; Qiu et al., 2017; Wang et al., 

2017; Wong et al., 2017; Zhang et al., 2018; Zhao et al., 2017).  

  

Ranking system:  

Owing to the large numbers of miRNAs detected in the zebrafish ovary prior to the 1.8 

fold threshold, it was necessary to prioritize which miRNAs would be subject to more detailed 

analysis. A literature review was conducted to further investigate miRNAs that showed a greater 

than 1.8-fold change following 17α, 20βP treatment in the microarray. Emphasis was placed on 

miRNAs identified previously in studies within the ovaries from mammalian and teleost fish.  

TargetScanFish 6.2 (Ulitsky et al. 2012, www.targetscan.org/fish_62/ ) was used to 

identify seed regions for miRNAs on selected genes involved in reproduction. Seed regions are a 

specific sequence of nucleotides on the 3’ untranslated region (3’ UTR) or the 5’ untranslated 

regions (5’UTR) of the target mRNA which are predicted to bind miRNAs (Baley and Li, 2012; 

Li et al., 2015). TargetScanFish 6.2 predicts binding sites for miRNAs based on the presence of 

8mer and 7mer sites in the promoter region of selected genes (Lewis et al., 2005). 8mer sites 

contain an exact match of nucleotides that fall between positions 2-8 of the mature miRNA 

followed by an adenine. 7mer sites include two different categories: 7mer-m8 and 7mer-A1 

containing higher binding affinity respectively. The 7mer-m8 site has an exact match to positions 

2-8 of the mature miRNAs without an adenine group and 7mer-A1 is an exact match to positions 

2-7 of the mature miRNA. Seed region affinity was ranked based on 8mer having the highest 

affinity to bind miRNA to the seed region followed by 7mer-m8 and lastly 7mer-1A. Priority 
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was placed on miRNAs that contained seed regions of miRNAs identified in the microarray 

compared to the absence of seed regions.  

Genes of interest involved in maturation, steroidogenesis, and follicular development 

were scrutinized for potential seed regions of known miRNAs identified in the literature. Given 

the importance of steroidogenesis and prostaglandin (PG) synthesis in maturation and ovulation, 

a total of five genes were examined: star, cyp19a1a, cPLA2, ptgs2a and ptgs2b, which are crucial 

in the development of the ovarian follicle (Baker and Van Der Kraak, 2019; Clelland and Peng, 

2009; Ings and Van Der Kraak, 2006; Nagahama and Yamashita, 2008; Tokarz et al., 2013).. 

Seed regions for miRNAs found on key genes of interest were compared to miRNAs identified 

in the literature prior to the results of the microarray. This was done to confirm if key miRNAs 

identified in zebrafish ovaries by the literature review targeted key genes of interest. 

Furthermore, the 256 specific zebrafish and top mammalian miRNAs were also scrutinized for 

seed regions on the promoter regions for key genes of interest. 

A ranking system was developed to select miRNAs for further analysis. This was based 

on: 1) miRNA that showed the largest changes in expression following 17α, 20βP treatment as 

determined by the microarray analysis, 2) the presence of potential seed regions for specific 

miRNA on genes of interest involved in fish reproduction and 3) miRNAs that were previously 

characterized in the ovaries of mammals and teleost fish (Table 2) were used to identify which 

miRNAs would be targeted for further investigation. Primary importance was given to miRNAs 

showing the greatest fold change in the microarray analysis. This was followed by the presence 

or absence of seed regions on genes of interest and lastly the presence in the literature. A higher 

ranking was given to a miRNA or a family of miRNA depending on how many criteria were met. 

If a family of miRNA or a specific miRNA met all three criteria, they receive a higher rank than 



 

 23 

miRNAs that only met one or two of these criteria.  The objective was to select a minimum of 10 

miRNAs for more extensive analysis.   

 

In vitro follicle incubations: 

In vitro follicle incubation experiments were conducted to examine the changes in 

expression of miRNA and mRNA in response to 17α,20βP. Prior to in vitro experiments, 

breeders (artificial substrate) were removed from tanks to reduce female zebrafish spawning 

early in the morning. Groups of 4-10 female zebrafish were sampled at 9:30 am, euthanized and 

ovaries were removed and placed into 60% L-15 culture medium (Invitrogen, Carlsbad, CA). 

Ovarian follicles were visualized with the aid of a dissecting microscope and using fine forceps 

FG follicles were manually separated from other follicular stages while making sure the 

follicular layer was not disrupted. Once separated, all FG follicles were pooled (unless 

examining follicles from an individual fish), mixed and further scrutinized for any damaged 

follicles. Groups of 30 FG follicles were placed in a 24 well plate containing 500 µl of 60% L-15 

culture medium and either 10 nM 17α, 20βP (Sigma Aldrich, Oakville, ON) or the equivalent 

volume of solvent control of ethanol (final concentration = 0.0033%). A concentration of 10 nM 

of 17α, 20βP was used for all in vitro experiments as previous research has shown this 

concentration results in an increase in ovulation and spawning in zebrafish (Knight and Van Der 

Kraak, 2015). There were three replicates per treatment used in each in vitro experiment. The 

plate was then wrapped in aluminum foil and placed in an incubator at 28℃ for 1-5 hours 

depending on the experiment. Immediately after treatment, FG follicles were placed in 1.5 ml 

Eppendorf tubes and snap frozen on dry ice without any medium present. Samples were stored at 

-80℃ until miRNA extraction. Experiments conducted included: 1) a comparison of incubations 
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containing 30 or 60 follicles per well; 2) a comparison of follicles from individual fish or pools 

of follicles from multiple fish and c) a time series comparison of follicles incubated with 17α, 

20βP for 1, 3 and 5 hours.  

 

In vivo experiments:  

In vivo experiments were conducted to investigate the changes in miRNA expression in 

live fish treated with 17α, 20βP in the tank water. Fish were separated into sex specific tanks 24 

hours prior to treatment to reduce the numbers of female fish spawning. This was done to lower 

sex specific cues from male fish which would cause females to release FG follicles prior to 

exposure. A total of ten 4L tanks (5 control and 5 treatment) were set up 24 hours prior to 

exposure. Each tank contained an air stone, artificial substrate with 2 plastic plants and 15 

marbles (known as a breeder) and 3.5L of well water. Approximately 15 minutes prior to fish 

being placed into tanks, air stones were turned on to provide ample oxygen. 

At 10:00 am on the day of the treatment, 3 females and 2 male fish were placed into each 

tank. Fish were acclimated to the tank for 2 hours to reduce handling stress. At 12:00 pm, 

following a 15-minute staggered approach, each pair of treatment and control tanks received 

either 17α, 20βP (Sigma Aldrich, Oakville, ON) to achieve a final concentration of 10 nM or the 

equivalent volume of solvent control of ethanol (final concentration = 0.0033%). Starting at 2:00 

pm, all fish from each pair of treatment and control tanks were euthanized following the 

procedure described above. Ovaries from female fish were removed and placed in individual 

petri dishes containing 60% L-15 media containers (n=30). A total of 30 FG follicles from each 

individual fish were separated and placed in Eppendorf tubes and snap frozen on dry ice without 

any medium. Follicle collection was successfully done within the 15 min time interval after the 
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2-hour incubation period for each set of tanks. Samples were stored at -80℃ until miRNA 

extraction. 

 

miRNA and mRNA extraction: 

TRIzol: Chloroform RNA extraction of miRNA was performed using the mirVana 

miRNA isolation kit and trizol (Thermofisher Scientific. Waltham, MA) following the protocol 

provided by the manufacturer. Briefly, a cocktail containing lysis buffer (10x the volume of 

tissue mass) and 1.6x108 copies/µl of mature miR-39-3p C. elegans spike-in control (Qiagen, 

Hilden, Germany) was added to frozen FG ovarian tissue samples. Spike-in control was added to 

serve as a normalization control to account for technical changes in the sample through 

extraction. Samples were homogenized using a 3 ml syringe with 21G needle, followed by the 

addition of 1:10 total volume of homogenate additive solution to each sample and incubated on 

ice for 10 minutes. TRIzol reagent (Invitrogen, Carlsbad, CA) was added equal to the volume of 

lysis buffer in each sample. Chloroform equal to 10% of total volume of samples was added 

followed by samples being centrifuged at 10,000g for 5 minutes at room temperature. The upper 

aqueous solution was then transferred to a fresh tube followed by multiple ethanol washes 

through a filter as indicated by the protocol. Total RNA was then collected by running 100 µl of 

95℃ preheated RNase-free water through the filter into a fresh collection tube. Samples were 

reprecipitated at -20℃ overnight with 400 µl of 100% ethanol and 1 µl of 20 mg/ml glycogen 

(Thermofisher Scientific. Waltham, MA). RNA was then pelleted by centrifugation at 12,000g 

for 10 minutes at room temperature, followed by a wash of 75% ethanol and reconstitution in 15 

µl of RNase-free water. 
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The concentration and quality of RNA was quantified using a Nanodrop 2000 

spectrophotometer (Thermofisher Scientific. Waltham, MA). The ratios of 260/280 and 260/230 

for each sample was evaluated and a threshold of 2.0 and 1.5 respectively was required for 

further processing as it confirmed the purity of the samples. Samples were diluted to 1000 ng/µl 

and reverse transcribed using a MiScript II kit (Qiagen). The protocol outlined by the 

manufacturer was followed using a Hiflex buffer to reverse transcribe both mature miRNA and 

mRNA. A no template control sample was also created by omitting RNA to serve as a 

contamination control. Samples were incubated for 60 minutes at 37℃ followed by 5 minutes at 

95℃ to create cDNA. Samples were directly placed on ice or stored at -20℃ if next steps could 

not be done immediately.  

	

Quantitative real-time PCR: 

 Quantitative real-time PCR was used to identify the changes in miRNA and mRNA 

between samples. Qiagen miScript SYBR Green PCR kit (Qiagen, Hilden, Germany) was used 

to amplify miRNA in a 10 µl reaction. A cocktail containing 2x QuantiTect SYBR master mix, 

500 nM QuantiTect Primer assay (proprietary universal reverse primer), 500 nM of forward 

primer, and 2 µl of RNase-free water were placed in a 96 well plate with 1 µl of 320x diluted 

cDNA. Forward primers for miRNAs were created through Sigma (Aldrich, Oakville, ON) using 

sequences identified by the microarray by The Centre for Applied Genomics (Sick Kids, 

Toronto, ON, Table 3). miR-39-3p C. elegans spike in sequence used for normalization was 

based on Johnston et al. (2019), while the miR-22a-3p sequence was from Zayed et al. (2019) 

(Table 3). miRNAs were normalized using CFX-manager and miR-39-3p C. elegans using a 
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modified reference residual normalization method developed by Edmunds et al. (2014). A 

universal primer provided by Qiagen was used for all miRNA amplification. The universal 

primer is not mentioned below as the sequence is proprietary.  

Reactions were run using a CFX96 RT-qPCR machine (Bio-Rad) under the following 

conditions: 95℃ for 15 minutes, 94℃ for 15 seconds and 55℃ for 30 seconds for 40 cycles 

sequentially and 70℃ for 30 sec. Cycling conditions were adjusted to have a ramp rate of 

1℃/sec. Standard curves of cDNA were constructed to examine the abundance of miRNA and 

mRNA. A four-time serial dilution of pooled cDNA was used to determine the efficiency of 

miRNA and mRNA primers used for RT-qPCR were run following the same cycling conditions 

(Table 3).  

Sso Advanced SYBR Green PCR kit (Quantabio, Boston, USA) was used to amplify 

mRNA in a 10 µl reaction. A cocktail containing both forward and reverse primers of interested 

mRNA and Sso Advanced was added to 2.5µl of 50x diluted cDNA. Forward and reverse 

primers for β-actin, EF1α and ptger4b primers were based on Baker and Van Der Kraak (2019) 

and were synthesized by Sigma (Aldrich, Oakville, ON). Forward and reverse primers for 

CYP19a1a were obtained from Ings and Van Der Kraak (2006) and was also created through 

Sigma (Aldrich, Oakville, ON). Normalization for ptger4b and cyp19a1a was done using the 

CFX-Manager Bio-Rad software with both β-actin (actb) and EF1α using a modified reference 

residual normalization method developed by Edmunds et al. (2014). Reactions were run using a 

CFX96 RT-qPCR machine (Bio-Rad) under the following conditions: 50℃ for 2 minutes, 95℃ 

for 5 minutes, followed by 95℃ for 1 sec and 60 for 30 secs for 40 cycles sequentially. With the 

same cycling conditions, a 4x serial dilution standard curve was created for mRNA. 
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Statistical analysis: 

All statistical analysis was done using the R program for statistical computing 

(v1.2.5033) with a significance level (a) of 0.05 for all analysis. A Shapiro-Wilk test was 

performed on all data to test for normality. Furthermore, Bartlett’s test was preformed to check 

for homogeneity of variance. Data that did not meet the assumptions of equal variance or 

normality were log transformed before carrying out further analysis. Linear mixed models were 

fit using ‘lme4’ package for all time series in vitro and in vivo data. Models for in vitro data 

included time and treatment and their interaction as fixed factors while experiment ID was used 

as a random factor to account for repeated experiments. Furthermore, models used for in vivo 

data included control and treatment interaction as fixed factors and tank interaction as a random 

factor. When models showed significance using the ANOVA function in the ‘car’ package, a 

Tukey’s HSD post hoc analysis was carried out using the ‘emmeans’ package for time series 

data. Individual versus pooled data and 30 versus 60 follicle data were analyzed using a paired t-

test after meeting the criteria for normality. All in vitro experiments were repeated a minimum of 

3 times to account for a sample size of n=3. 
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Table 3: Forward primer sequences used in amplification of miRNA for RT-qPCR. A Universal 

reverse primer from Qiagen was used, however the sequence is not listed as this is proprietary. 

Primers were created by Sigma (Aldrich, Oakville, ON) and primer efficiency was evaluated 

using a 4-times serial dilution standard curve created by pooling samples (NA indicates miRNAs 

that were not able to be amplified). R2 was evaluated through CFX manager (Bio-Rad) after 

standard curves were created.  

Target Sequence (5’-3’) Efficiency 
(%) 

R2 Reference 

C. elegans miR-
39-3p 

F: TATTACCAAGACGAAATCAGCT  
 

108.3 0.99 Johnson et al. 
(2019) 

dre-miR-181c F: CACATTCATTGCTGTCGGTGGG 
 

100.5 0.99 
 

Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 

dre-miR-181a-
5p 

F: AACATTCAACGCTGTCGGTGAGT 
 

101.9 0.99 Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 

cgr-miR-1973 F: TGACCGTGCAAAGGTAGC 
 

101.4 0.99 Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 

dre-miR-22a-3p F: AAGCTGCCAGCTGAAGAACTGT 
 

101.7 0.99 Zayed et al. 
(2019) 

dre-miR-430c F: TAAGTGCTTCTCTTTGGGGTAG 91.5 0.99 Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 

dre-miR-125a F: TCCCTGAGACCCTTAACCTGTG 101.0 0.99 Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 
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dre-miR-731 F: 
AATGACACGTTTTCTCCCGGATCG 

NA NA Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 

dre-miR-17a-5p F: CAAAGTGCTTACAGTGCAGGTA NA NA Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 

dre-miR-143 F: TGAGATGAAGCACTGTAGCTC NA NA Center of 
Applied 
Genomics 
(Sick Kids, 
Toronto, ON) 

Β-actin 
 

F: 
ACAGGGAAAAGATGACACAGATCA 
R: CAGCCTGGATGGCAACGTA 

100.0 0.99 
 

Baker and 
Van Der 
Kraak (2019) 

EF1α F: GATCACTGGTACTTCTCAGGCTG 
R: GGTGAAAGCCAGGAGGGC 

100.0 0.99 Baker and 
Van Der 
Kraak (2019) 

Ep4b (ptger4b) F: 
ATCGTTCTCATAGCCACGTCCACT 
R: 
CCGGGTTTGGTCTTGCTGATGAAT 

100.0 
 

0.99 Baker and 
Van Der 
Kraak (2019) 

Aromatase 
(cyp19a1a) 

F: AGTTCAACTGGCACACGCAG 
R: AGCTCTCCATGGCTCTGAGC 

100.1 0.99 Ings and Van 
Der Kraak 
(2006) 
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Chapter 3: Results 

Microarray analysis: 

A microarray analysis done by the Centre for Applied Genomics (Sick Kids Hospital, 

Toronto, ON) identified 36222 miRNAs with 1136 upregulated and 822 downregulated miRNAs 

(threshold of 1.8-fold change) in FG follicles treated with 17α, 20βP for 1-hour. When further 

refined to only examine identified zebrafish miRNAs and the highest expressed mammalian 

miRNA, the microarray analysis identified 256 miRNAs with 18 upregulated and 6 

downregulated (threshold of 1.8-fold change, Appendix A). Zebrafish and mammalian miRNA 

that changed with 17α, 20βP treatment (1.8-fold threshold) were identified and considered for 

further investigation (Table 4).  

 

Selection of target miRNAs: 

 The first criterion used to create the ranking system used for further analysis was 

differential regulation by 17α,20βP.  Secondly, the upstream promoter regions of genes involved 

in ovarian reproductive physiology including cyp19a1a, cyp19a1b, cPLA2, star and Ptgs2b were 

scrutinized for seed regions for the 256 zebrafish and mammalian miRNAs identified in the 

microarray. Both cyp19a1a and cPLA2 contain multiple seed regions for the miRNA families of 

dre-miR-181 and dre-miR-430 family while, cyp19a1b and star have potential seed regions for 

miRNA dre-miR-17a-5p. Other miRNAs identified by the microarray with potential seed regions 

to key genes of interests are identified below in Table 5. In addition, miRNA identified through 

the literature review that were present in the ovaries of mammals and teleost fish are also 

mentioned in Table 5. With the use of all 3 categories, miRNAs were ranked and chosen for 
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further investigation. The following miRNAs: miRNA family of 181, dre-miR-430c, dre-miR-

17a-5p and dre-miR-143 received the highest ranking for meeting all three of criteria. Even 

though both dre-miR-17a-5p and dre-miR-143 showed a fold change less than 1.8, these 

miRNAs were chosen as they contain seed regions on the genes of interest and were previously 

identified in mammalian and teleost fish ovaries. Furthermore, dre-miR-731, dre-miR-22a-5p, 

family of let-7, cgr-miR-1973 and dre-miR-22a-3p were ranked 5 to 9, respectively, as these 

miRNAs meet two out of three criteria. The miRNA cgr-miR-1973 was chosen for investigation 

as it showed one of the greatest fold changes from the microarray (Table 5). Furthermore, cgr-

miR-1973 has only previously been identified in the cell lines of the Chinese hamster ovaries and 

is a novel miRNA in zebrafish ovaries. In addition, dre-miR-22a-3p was selected for this ranking 

list as previous evidence identified this miRNA in the zebrafish ovaries and with seed regions on 

cPLA2, a key gene in PG synthesis. Lastly, dre-miR-125a was ranked 10th as it met one of the 

three criteria, however dre-miR-125a showed a 6.93-fold change (2nd highest) in the microarray 

qualifying this specific miRNA to the ranking list (Table 5). The other 14 miRNAs that were 

omitted from further investigation was due to no seed regions being detected in genes of interest 

as well as a lack of literature to support their presence in teleost ovaries. 

 

RT-qPCR validation of miRNAs:  

 Primers were developed and efforts were made to amplify the miRNAs listed in Table 5 

using RT-qPCR. The following miRNAs were successfully amplified and detected from a 1-hour 

17α, 20βP treatment in vitro: dre-miR-181c, dre-miR-181a-5p, dre-miR-430c, dre-miR-17a-5p, 

cgr-miR-1973, dre-miR-22a-3p and dre-miR-125a (Table 6). However, high quality standard 

curves were only able to be generated for the following miRNAs: dre-miR-181c, dre-miR-181a-
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5p, cgr-miR-1973, dre-miR-22a-3p and dre-miR-125a (Table 6). A high-quality standard curve 

was based on the ability to create a 4 times serial dilution curve. This validation helped narrow 

down miRNAs that would be focused on in further experiments.  

 

30 FG follicles vs 60 FG follicles comparison: 

 In vitro experiments using 30 and 60 follicles per well were conducted to find the optimal 

number of follicles to detect the presence of miRNAs in the samples for further in vitro 

experiments. Groups of 30 FG follicles and 60 FG follicles (3 replicates of 30 FG and 60 FG 

follicles) were treated with 17α, 20βP or a solvent control of ethanol for 1-hour. The experiment 

was then repeated a total of 3 times with 3 different pools of follicles (n=3). Both cgr-miR-1973 

and dre-miR-430c expressions were detected at both 30 and 60 FG follicle pools (Figure 2). 

However, both cgr-miR-1973 and dre-miR-430c showed no trends when comparing 30 FG 

follicles to 60 FG follicles and no significant difference was detected by treatment (Figure 2). 

This experiment confirmed 30 FG follicles were sufficient to detect the presence of miRNA in 

follicles. Groups of 60 FG follicles could also be used to detect the presence of miRNAs, 

however this design required more fish and increased sorting time, therefore experiments using 

30 FG follicles per well were chosen for further experiments. In addition, this experiment also 

identified unreliable amplification with dre-miR-430c resulting in the elimination of this miRNA 

from further experiments.  
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Individual fish follicle vs pooled fish follicles comparison: 

 A total of 30 FG Follicles from nine individual fish were compared to three groups of 30 

FG follicles (3 replicates of 30 FG, repeated 3 time with different pools of follicles) from 

multiple fish (10-12 fish per experiment) to determine the variation in miRNA expression 

between individual and pooled follicle groups. Both individual and grouped follicles were treated 

with 17α, 20βP for 1-hour and the expression of five miRNAs were examined. Additionally, 

ptger4b expression was analyzed to determine if 17α, 20βP had the expected stimulatory effect 

on FG follicles. 17α, 20βP significantly increased the expression of ptger4b in all individual fish 

(p=1.67e-4, Figure 3-F). Individual follicles showed a higher amount of variability in miRNA 

expression when compared to grouped follicles (Figure 4). When examining cgr-miR-1973 fish 

1-5 and 9 showed a decrease in expression after treatment while, fish 6-8 showed either an 

increase or no change, however this data showed close to significance (p=0.064, Figure 3-A). In 

addition, fish 1, 5, 6 and 8 showed an increase in expression after treatment, while fish 3, 4, 9 

showed a decrease in expression after treatment for dre-miR-181c. Fish 2 and 7 showed no 

change (Figure 3-C).  

The relative expression of miRNA varied quite a bit between individual fish. Fish 1-5 

showed relatively low expression of dre-miR-22a-3p when compared to fish 6-9 (Figure 3-D). 

When examining dre-miR-181a-5p, no amplification of the miRNA was detected in fish 6-9, 

while fish 1-5 showed dre-miR-181a-5p increasing and decreasing in miRNA expression (Figure 

3-B). 

 When comparing individual miRNA expression to pooled samples, the variation among 

pooled samples was lower than individual sample. Among the pooled samples, the standard 

deviation was relatively small between the control and treatment group (Figure 4) compared to 
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the same miRNA in the individual samples. Due to increased variability in miRNA expression 

between individual fish, miRNA trends between the control and treatments were not able to be 

detected (Figure 4). However, there also was no treatment effect detected in the pooled samples 

either (Figure 4). Therefore, further in vitro experiments were carried out with 30 FG follicles 

pooled from multiple fish rather than individual fish to reduce the variation detected with 

individual samples. 

 

Time series treatment with 17α, 20βP: 

 A times series treatment with 17α, 20βP was done to examine the dynamic expression of 

miRNAs at different times following treatment. The following miRNAs: cgr-miR-1973, dre-

miR-181a-5p, dre-miR-181c and dre-mi-22a-3p were all examined at 1-hour, 3-hours and 5-

hours after being treated with 17α,20βP as these miRNAs were able to be amplified in lab with a 

high-quality standard curve. In stimulated mature follicles cgr-miR-1973 showed a 1.5-fold 

decrease (p=0.034) in average miRNA expression after a 3-hour incubation period. Furthermore, 

a significant reduction in the expression of cgr-miR-1973 was detected between 1-hour and 5-

hour incubation periods (p=0.029). No change in significant miRNA expression was between 1-

hour and 3 hours, as well as at 3-hour or 5-hour post treatment (p=0.090, p=0.856) (Figure 5-A).  

17α, 20βP stimulated follicles showed a 2-fold increase in average miRNA expression 

after 5-hour of treatment for dre-miR-181a-5p (p=0.002). Furthermore, significant time 

differences between control 1-hour and 3-hour, as well as 1-hour and 5-hour were also detected 

respectively (p=0.056; p=0.007). However, no effect was detected between 3 and 5-hours of 

treatment (Figure 5-B). In addition, dre-miR-181c showed no significant changes with treatment 

and time over all three time periods (Figure 5-C), while dre-miR-22a-3p showed a 1.5-fold 
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increase in average miRNA expression after 1-hour of treatment (p<0.030, Figure 5-D). 

However, effect of treatment after 3 or 5-hours was not detected in expression of dre-miR-22a-

3p. Time of exposure did not influence expression of dre-miR-22a-3p (figure 5-D). 

 
In vivo 2-hour 17α, 20βP exposure:  

 Live zebrafish were exposed to 17α, 20βP to determine if miRNAs in FG follicles had 

similar responses to 17α, 20βP identified through in vitro treatments. When exposed to 17α, 

20βP for two hours, dre-miRNA-181a-5p showed a 2-fold increase (p=0.019) in average 

expression in while dre-miR-181c showed a 3-fold increase (p=0.010) in average miRNA 

expression. However, dre-miR-22a-3p and cgr-miR-1973 showed no significant change in 

expression after being exposure to 17α,20βP. ptger4b showed no changes in expression after 2-

hours of exposure, however cyp19a1a showed a 6-fold decrease after exposure to 17α, 20βP (p= 

2.43e-4, figure 6). 
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Table 4: A ranking list of the top 18 upregulated and 6 downregulated (1.8-fold threshold) 

miRNAs identified from the microarray analysis performed by The Genomics facility (Sick 

Kids, Toronto). Column 4 is a mention if the specific miRNA has been identified in mammalian 

or zebrafish ovaries. 

Rank 1. miRNA 2. fold change 3. Species identified 4. Previously found in 
the ovaries of teleost 
fish and mammals 

1 cgr-miR-1973 18.91 Chinese Hamster yes 
2 dre-miR-125a 6.93 Zebrafish yes 
3 dre-miR-731 2.92 Zebrafish no 
4 dre-miR-202-5p 2.63 Zebrafish yes 
5 dre-miR-181c 2.63 Zebrafish no 
6 dre-miR-122 -2.57 Zebrafish no 
7 dre-miR-187 -2.44 Zebrafish no 
8 dre-miR-18a -2.27 Zebrafish no 
9 dre-miR-31 2.25 Zebrafish no 

10 dre-miR-181a-5p 2.22 Zebrafish yes 
11 dre-miR-430c -2.18 Zebrafish yes 
12 dre-miR-141 2.15 Zebrafish no 
13 dre-miR-194b -2.11 Zebrafish no 
14 dre-miR-738 1.96 Zebrafish no 
15 dre-let-7j 1.95 Zebrafish yes 
16 dre-miR-222b 1.88 Zebrafish no 
17 dre-miR-218a 1.88 Zebrafish no 
18 dre-let-7f 1.84 Zebrafish yes 
19 dre-miR-92b 1.84 Zebrafish yes 
20 dre-miR-150 1.83 Zebrafish no 
21 dre-miR-34b 1.81 Zebrafish no 
22 dre-miR-454a 1.81 Zebrafish no 
23 dre-miR-2187-3p 1.81 Zebrafish no 
24 dre-miR-10b -1.81 Zebrafish no 
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Table 5: Selection of miRNA for further analysis. A ranking system for miRNAs was created 

based on three criteria. Firstly, the top 10 miRNAs or family of miRNAs that showed the largest 

fold change were given priority over other miRNAs from microarray analysis done by The 

Centre for Applied Genomics (Sick Kids, Toronto, ON) (*represents miRNA not seen previously 

in zebrafish ovaries). Secondly, if miRNAs have potential seed regions for genes of interest 

involved in folliculogenesis and maturation of zebrafish follicles with potential binding affinity 

ranks in brackets (8mer (1), 7mer-m8(2), 7mer-A1(3)). Lastly, if there is evidence in the 

literature of these specific miRNAs being detected in teleost fish or mammalian ovaries (1 

indicates mammalian literature, 2 indicates zebrafish literature, while others indicate fish ovarian 

literature). If a miRNA or miRNA family was present in all three criteria, it received a higher 

ranking than others that only met two or one of the criteria mentioned above.  

Ranking 
 

1. Microarray Data (fold 
change) 

2. Potential seed 
regions 
(ranking) 

3. Previously 
identified   

1 dre-miR-181c*       –       2.63 
dre-miR-181a-5p   –       2.22 

CYP19a1a (1), cPLA2 (2) 
CYP19a1a (1), cPLA2 (2) 

Presslauer et al. 
20172 

Xiao et al. 2014 

2 dre-miR-430c         –      -2.18 CYP19a1b (2/3), cPLA2 
(2) 

Vaz et al. 20152 

Zheng et al. 20162 
Wang et al. 2017 

3 dre-miR-17a-5p     –      -1.63 CYP19a1b (2), StAR (3) Abramov et al. 20132 
Wang et al. 2017 

4 dre-miR-143           –      -1.52 cPLA2 (1), Ptgs2b (1) 
Qui et al. 2018 
Xiao et al. 2014 
Jing et al. 2014 

 
5 cgr-miR-1973*      –    18.91 Not present Hackll et al. 20111 

 
6 dre-miR-731           –       2.92 Ptgs2b (2) 

 
Not Present 
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7 dre-miR-202-5p     –       2.63 Not present 

Presslauer et al. 
20172 
Wong et al. 20172 
Juanchich et al. 2013 

8 dre-miR-Let-7j       –       1.95 
dre-miR-Let-7f       –       1.84 Not present 

Qui et al. 2017 
Presslauer et al. 
20172 
Wong et al. 20172 

9 dre-miR-22a-3p   –    Not 
present   cPLA2(3) Zayed et al. 20192 

Wang et al. 2017 

10 
 
dre-miR-125a         –       6.93 

 
Not present 

 
Not present 
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Table 6: The development of RT-qPCR methods for the miRNA identified in Table 5. Target 

miRNAs were first amplified from an in vitro incubation of follicles treated with 17α, 20βP for 1 

hr. If amplification was successful a “Yes” was placed beside the target miRNA, while a “No” 

was placed if amplification was unsuccessful. In terms of amplification, a CT value of 35 was 

used as the cut off for a “Yes”. If a successful four-times dilution standard curve (minimum 

efficiency of 97%) was created a “Yes” was also recorded. Those miRNAs that were 

successfully amplified and for which a standard curve was generated were examined in further 

experiments. 

 
 
  

Ranking Target MiRNAs RT-qPCR Amplification Standard curve 

1 dre-miR-181c  
dre-miR-181a-5p 

Yes 
Yes 

Yes 
Yes 

2 dre-miR-430c  Yes No 

3 dre-miR-17a-5p  
Yes No 

4 dre-miR-731 No No 

 
5 cgr-miR-1973    

Yes Yes 

6 dre-miR-143 No No 

7 dre-miR-202-5p 
No No 

8 dre-miR-Let-7j    
dre-miR-Let-7f   

No 
No 

No 
No 

9 dre-miR-22a-3p  
Yes Yes 

10 
dre-miR-125a Yes Yes 
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Figure 3. Effects of a 1-hour in vitro incubation with 17α, 20βP (10nM) on the average 

expression of cgr-miR-1973(A) and dre-miR-430c(B) in pools of 30 or 60 full grown follicles of 

the zebrafish (n=3, three pseudoreplicates). Expression levels of miRNAs were normalized to C. 

elegans miR-39-3p. No significance was detected between control and treatment of either 

miRNA. Significance between control and treatment was determined using a paired t-test 

analysis.  
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Figure 4. Effects of a 1-hour in vitro incubation with 17α, 20βP (10nM) on the average 

expression of both miRNA and mRNA in 30 FG follicles from 9 individual zebrafish (n=9).  

Expression levels of miRNAs normalized to C. elegans miR-39-3p while ptger4b is normalized 

to β-actin (actb) and EF1α (ef1a). ptger4b showed a significant upregulation in FG follicles after 

exposure to 17α, 20βP (10nM) (p=1.67e-4). (G) represents the average expression of each 

individual target miRNA or mRNA and significance is indicated by an * and was determined 

using a paired t-test analysis.    
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Figure 5: Comparison of averaged expression of 30 FG follicles from 9 individual fish (n=9) (A) 

versus pooled samples (n=3, three pseudoreplicates) (B) of 30 FG follicles from multiple 

zebrafish after a 1-hour in vitro incubation with 17α, 20βP (10nM). Error bars represents 

standard deviation to display the variation between individual and grouped FG follicles. 

Individual fish follicles demonstrated higher variation when compared to pooled samples. Pooled 

data represents the average expression of each miRNA from three pseudoreplicates of 30 FG 

follicle pools in each control and treatment group. No significance between control and 17α, 

20βP (10nM) treated FG follicles for either individual or pooled groups was detected.  
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Figure 6. Time series of the effects of 17α, 20βP (10nM) on the average expression of cgr-miR-

1973 (A), dre-miR-181a-5p (B), dre-miR-181c (C) and dre-miR-22a-3p (D) in the zebrafish full 

grown follicles after a 1h, 3h and 5h incubation with 30 FG follicles per well (n=3, three 

pseudoreplicates). Expression levels of miRNAs normalized to C. elegans miR-39-3p. 

Significance was detected 1h for dre-miR-22a-3p (p<0.030), 3h for cgr-miR-1973 (p=0.034) and 

5h for dre-miR-181a-5p (p=0.002). Furthermore, significance was detected between 1h and 5h 

for cgr-miR-1973 (p=0.029) while dre-miR-181a-5p showed significant changes between 1h vs 

3h and 1h vs 5h respectively (p=0.056; p=0.007). Significance was determined using linear 

mixed models with a random experiment ID. * represents significance between control and 
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treatment of the same time points, while letters indicate significance between time points for 

either control or treated follicles.  
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Figure 7. Ovarian expression of dre-miR-181a-5p, dre-miR-181c, dre-miR-22a-3p and cgr-miR-

1973, ptger4b and cyp19a1a following two hours of exposure to 17α, 20βP (10nM). Expression 

was measured in 30 full grown follicles harvested from 30 individual zebrafish (n=15). 

Significance was detected between dre-miR-181a-5p, dre-miR-181c and cyp19a1a respectively 

(p=0.019, p=0.010, p=2.43e-4). Significance was determined through linear mixed models with a 

random factor of which tanks the fish originated from. * represents significance between control 

and treatment. 
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Chapter 4: General discussion  

 The current study contributes fundamental new information in relation to miRNAs in the 

zebrafish ovary and their regulation by the progesterone derivative 17α,20βP. A microarray 

analysis demonstrated several hundred known zebrafish miRNAs present in zebrafish ovarian 

follicles with many other species specific miRNAs being identified. Many of these transcripts 

were differentially regulated by 17α, 20βP following incubation of FG follicles in vitro 

(Appendix 1). Furthermore, using in vitro and in vivo experiments coupled with RT-qPCR, four 

specific miRNAs were shown to be differentially expressed in response to 17α,20βP, however 

this was not seen consistently. miRNAs have been shown to regulate physiological pathways 

through post-transcriptional and translational effects (Baley and Li, 2012; Li et al., 2015). These 

pathways could influence the abundance of specific genes involved in the development of 

follicles in the zebrafish.  

 The first objective in this study was to determine which miRNAs are expressed in the FG 

follicles after being treated with 17α, 20βP in the ovaries of zebrafish. Using similar techniques 

as previous research (Hossain et al., 2012; Maalouf et al., 2016; Toloubeydokhti et al., 2008), a 

microarray analysis was used to identify different miRNAs present in FG zebrafish follicles. The 

microarray analysis was carried out on FG follicles incubated for 1-hour in vitro with 17α, 20βP. 

The results showed 256 specific zebrafish miRNAs and top mammalian miRNA were present in 

control and treated FG follicles. Furthermore, a total of 18 miRNAs were upregulated and 6 

miRNAs were downregulated when treated with the progestin 17α, 20βP which is known to 

induce the resumption of meiosis in the ovarian follicle (Baker and Van Der Kraak, 2019). When 

running this specific microarray, all probes (plant, mammalian and teleost fish probes) available 

to the genomics facility at Sick Kids (Toronto, ON) were included in the analysis. When 
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examining the number of miRNAs found within the microarray, only the 256 specific zebrafish 

miRNAs and the highest expressed mammalian miRNA were focused on as many of the 36, 222 

miRNAs present in the FG follicle samples identified could be identical to one another due to the 

recent adoption of miRNA nomenclature. When examining the number of zebrafish miRNAs 

identified, other studies have identified similar numbers of miRNAs through microarrays and 

small RNA sequencing. Other studies have found between 150 to about 700 miRNAs in ovaries 

of multiple different teleost fishes (Desvignes et al., 2014; Jing et al., 2014; Li et al., 2016; Qiu et 

al., 2017; Vaz et al., 2015; Wong et al., 2017; Xiao et al., 2014; Zhang et al., 2018). In addition, 

research on mammalian ovaries found around 300-700 miRNAs using similar methods (Ahn et 

al., 2010; Baley and Li, 2012; Hu et al., 2019; Maalouf et al., 2016; Sharbati et al., 2010; 

Toloubeydokhti et al., 2008; Toms et al., 2018; Zhao and Rajkovic, 2008). The similarity of the 

numbers of miRNAs found between the microarray and that of other studies provides evidence 

that the microarray provides a good estimate of miRNAs present in the zebrafish ovary.  

 

Previously discovered miRNAs:  

 The miRNAs identified in the current study were compared to miRNAs that have 

previously been identified in the literature. Many of the miRNAs that were identified in this 

study have been seen by other researchers. miRNAs families such as miR-181, Let-7 and miR-

430 identified in the microarray (Appendix A) seem to be dominant miRNA families as multiple 

researchers have identified these families in ovarian tissue in both mammals and teleost fish 

(Hossain et al., 2012; Lai et al., 2015; Li et al., 2015; Presslauer et al., 2017; Vaz et al., 2015; 

Wong et al., 2017). The Let-7 family for example was reported in the ovaries of mammals 

(porcine, mouse, human) and teleost fish (marine medaka and zebrafish) (Hossain et al., 2012; Li 
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et al., 2015; Qiu et al., 2017; Toms et al., 2018; Zhao and Rajkovic, 2008). Furthermore, the 

family of miR-181 has also been identified in the ovaries of mouse, humans and teleost fish 

including the Nile tilapia and zebrafish although a specific role has not been identified 

(Juanchich et al., 2013; Presslauer et al., 2017; Sirotkin et al., 2009; Xiao et al., 2014). When 

comparing to previous microarray analyses on the zebrafish ovary there was overlap with many 

miRNAs that were identified in the current microarray. The following miRNAs were all 

identified previously in zebrafish ovaries: Let-7 family (7a, 7b, 7c-5p, 7d-5p, 7h, 7i), miR-21, 

miR-23, miR-27, miR-107, miR-145, miR-202, miR-27, miR-430c, miR-34c, miR-145, miR-

29a, miR-22a-3p, miR-16a, miR-181-3p, , dre-miR-29/a, dre-miR-126, dre-miR-143, dre-miR-

200b, dre-miR-212, dre-miR-301  (Vaz et al., 2015; Wong et al., 2017; Zayed et al., 2019). 

However, a study using microarray analysis failed to detect miRNAs like the Let-7 family in the 

zebrafish ovary, which is unique as this family is suggested to be dominant in the ovaries and 

was detected in the current microarray (Vaz et al., 2015). Due to the let-7 family being identified 

in multiple studies including the microarray done in the current study, it is likely that the study 

done by Vaz et al. (2015) may have missed the Let-7 family rather than not being present in the 

zebrafish ovaries. 

 While many miRNAs were expected based on previous studies, there were some 

miRNAs identified in the present study, notably cgr-miR-1973 and the specific dre-miR-181c, 

that have not been reported previously in zebrafish ovaries. The miRNA cgr-miR-1973 was 

previosuly identified in Chinese hamster ovaries, however no indication of its role or potential 

targets were suggested (Hackl et al., 2011). While other miRNAs like dre-miR-125a have not 

been reported in the literature however, this specific miRNA had the greatest increase (6.93-fold 

change, Table 4) in comparison to the other zebrafish specific miRNAs. The microarray analysis 
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demonstrated these miRNAs having the greatest fold changes compared to other miRNAs, 

suggesting potential importance during maturation and ovulation.  

 The next major step was to determine if there are potential binding sites for miRNAs 

identified in the microarray and literature on genes of interest. The promoter regions of genes 

that are critical to reproduction in terms of steroid biosynthesis and prostaglandin production 

were scrutinized for potential seed regions of miRNAs. In total five genes of interest were 

examined for seed regions for miRNAs: aromatase (cyp19a1a, cyp19a1b), cPLA2, ptgs4b and 

StAR. The genes were selected as they have important functions in the follicular development 

including roles in steroidogenesis, folliculogenesis, oocyte maturation, ovulation and spawning. 

StAR mediates the rate limiting step in steroidogenesis, as it is responsible for transporting 

cholesterol across the mitochondrial membrane of the thecal cell. Aromatase is responsible for 

the synthesis of estrogens by converting androgens like testosterone to estrogens like estradiol, 

which play a dominant role in follicle development and ovulation, as well as acting on the HPG-

axis as part of a negative feedback loop controlling LH and FSH release (Clelland and Peng, 

2009; Nagahama and Yamashita, 2008; Tokarz et al., 2013). There are two forms of aromatase, 

cyp19a1a primarily expressed in the ovaries, while cyp19a1b is primarily expressed in the brain 

(Lau et al., 2016). Both forms are present in the brain and ovaries of teleost fish therefore, both 

forms were scrutinized using targetscanfish (Lau et al., 2016). Phospholipase A2 (cPLA2) 

controls the release of arachidonic acid from membrane phospholipids which is the substrate for 

the formation of prostaglandins (PGs) which are mediators of ovulation and spawning behavior 

(Bobe et al., 2006; Knight and Van Der Kraak, 2015). EP4b is an ovarian PG receptor involved 

in ovulation in zebrafish ovaries (Baker and Van Der Kraak, 2019). Baker and Van Der Kraak 

(2019) showed when EP4b was blocked using EP4b inhibitors, zebrafish were unable to ovulate 
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in response to Ovaprim which activates the release of LH, demonstrating that EP4b plays a 

crucial role in ovulation of the oocyte.   

Targetscanfish 6.2 predicted the miR-181 family, dre-miR-430 and dre-miR-17a-5p had 

binding sites on the 3’ UTR region of cyp19a1a. Furthermore, Targetscanfish 6.2 predicted seed 

regions on cPLA2 for miR-181 family, miR-430, miR-143 and miR-22a-3p (Table 4). As 

Targetscanfish 6.2 has identified potential seed regions for key genes of interest like aromatase 

and cPLA2, it is suggested that miR-181 family, miR-430, miR-143, miR-22a-3p, dre-miR-430 

and dre-miR-17a-5p may regulate these genes during development of the oocyte. 

 

Identification of miRNAs for further examination: 

A ranking system was used to identify which miRNAs would be examined by RT-qPCR. 

The ranking system considered firstly, how big of a change was identified in the microarray 

(Appendix A), followed by if and how many seed regions on genes of interest were present and 

lastly if these miRNAs were identified in the literature. The importance was placed on the first 

two criteria (microarray data and seed regions on genes of interest) as they verified that these 

miRNAs are present and may regulate genes in maturation and ovulation. While the last criteria 

helped support the decision to pursue these miRNAs but did not exclude miRNAs that were not 

in the literature. 

 

RT-qPCR validation and assay development: 

Prior to conducting characterization experiments of miRNAs, RT-qPCR assays used to 

measure the expression of miRNAs in zebrafish ovaries needed to be developed and assessed. A 
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1-hour in vitro experiment treating FG follicles with 17α, 20βP was done to examine if we can 

amplify miRNAs using RT-qPCR. Efforts were made to amplify all 10 miRNAs identified by the 

ranking list (Table 5). As this was the first time amplifying miRNAs in lab, there were certain 

problems and pitfalls that had to be overcome. Initially, there was no amplification of miRNAs 

when RT-qPCR was first attempted. By increasing the amount of template cDNA to 1000ng/µL 

amplification was successful for some of the primers. However, even with an increased amount 

of template cDNA (1500 ng/µL), some miRNAs including dre-miR-731 and dre-miR-143 did 

not amplify. To resolve this issue new primers were developed to rule out that primers were not 

the issue. These miRNAs were finally eliminated once the new primers also did not show 

amplification of products.  

Once it was established that miRNAs could be amplified reliably, a standard curve was 

attempted for each miRNA. The 4x serial dilution standard curve was used to determine what 

dilution would be the best to examine changes in expression. The following miRNAs, dre-miR-

181a-5p, dre-miR-181c, dre-miR-22a-3p, dre-miR-125a and cgr-miR-1973 were amplified and 

reliable standard curves were developed. However, a reliable standard curve could not be 

generated for dre-miR-17a-5p and dre-miR-430c (Table 6). When examining dre-miR-17a-5p 

only some of the dilutions would amplify a product while the duplicates did not show the same 

amplification. For example, dilution factor of 4x may show an amplification at 26 CT while the 

duplicate may show an amplification at 34 CTs. Moreover, some dilutions would show no 

amplification, resulting in the elimination of the dre-miR-17a-5p from further investigation. The 

miRNA dre-miR-430c was a special case, where a standard curve was generated, but the product 

showed multiple melt curves. Upon further investigation, after running amplified dre-miR-430c 

product on a gel, it was confirmed that multiple products were amplified. This problem could not 
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be alleviated using new primers, and therefore dre-miR-430c was removed from further 

investigation.   

 To further investigate the regulation of miRNAs to genes of interest identified by the 

microarray, in vitro methods coupled with RT-qPCR were used to identify differential 

expression of miRNAs in FG zebrafish follicles. An experiment comparing expression levels in 

30 FG follicles vs 60 FG follicles was done to identify if miRNAs can be readily detected in both 

samples and if similar trends are identifiable. Through these experiments it was evident that 

miRNAs could be detected using both 30 and 60 FG follicles. These experiments permitted the 

use of 30 FG follicles for further in vitro experiments, which resulted in more replicates allowing 

for a more robust understanding of miRNA expressions. One thing to note is that no significance 

was detected between the control and treatment of cgr-miR-1973 which was not what we 

expected as we saw a huge 18.91-fold change occurring in the microarray. This could be due to 

only having an n=1 for the microarray. 

 Experiments comparing individual fish FG follicles against pooled FG follicles were also 

carried out to identify the most appropriate way to analyze miRNAs. The results from this 

experiment highlighted a problem with variability as not all miRNAs identified from FG follicles 

of individual fish behaved in a similar manner and some samples displayed opposing responses. 

This could be due to technical issues or that the individual follicles were not at the exact same 

stage of development compared to another sample as the rate at which a follicle develop may 

vary. To try and minimize this variation, all follicles were sampled at the same stage (FG) and 

exposed to 17α, 20βP at the same time of day. However, this limitation cannot truly be 

controlled. Fortunately, when follicles from different fish were pooled, the problem of variability 

was reduced and trends in the data were less variable. When comparing the results from Figure 4, 
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it is evident that the standard deviation between samples in the control and treatment was 

reduced due to the pooling of follicles from multiple fish. Therefore, all in vitro experiments 

were conducted with pooled follicles rather than individuals. However, when conducting in vivo 

experiments, it was decided to use individual fish FG follicles as collection time of FG follicles 

for multiple fish would have taken longer than extracting 30 FG follicles from each fish and 

quickly snap freezing the follicles. In addition, using individual fish in vivo also reduced the total 

number of fish required for the experiment as each fish represented a replicate resulting in 3 

replicates per tank, while if pooled, each tank would only represent 1 replicate.  

 

Characterization of miRNAs in the zebrafish ovaries: 

The final experiments examined the dynamic expression of miRNAs in vitro after 

treatment with 17α, 20βP and a 2-hour in vivo exposure to 17α,20βP. The current study showed 

dre-miR-181a-5p consistently increased expression after treatment while, other miRNAs were 

not and, in some cases, showed the opposite trend after exposure to 17α, 20βP (Table 7). The 

following miRNAs dre-miR-181a-5p, dre-miR-22a-3p and cgr-miR-1973 were all differentially 

expressed in vitro after FG follicles were treated with 17α,20βP, while dre-miR-181a-5p and dre-

miR-181c were differentially expressed in vivo after exposure to 17α,20βP. Unfortunately, due to 

Covid-19 time constraints dre-miR-125a and other mRNAs like cPLA2 and star were not 

examined during the time series treatment and in vivo exposure to 17α,20βP. 
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Table 7: Cumulative results of the four miRNAs chosen for analysis. Data obtained from the 

microarray analysis done by The Centre for Applied Genomics (Sick Kids, Toronto, ON), in 

vitro time series and in vivo 2h exposure to 17α, 20βP are displayed for comparison. 

Chosen miRNAs Microarray data In vitro time series 
results 

In vivo 2h 
exposure 
results 

cgr-miR-1973 18.91-fold increase Decrease at 3h No change 

dre-miR-181a-5p 2.22-fold increase 
 

Increase at 5h 1.5-fold increase 

dre-miR-181c 2.63-fold increase 
 

No change 3-fold increase 

dre-miR-22a-3p Not detected Increase at 1h No change 
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The current study found dre-miR-181a-5p showed a significant 2-fold increase in vitro at 

5 hours after FG follicles were treated with 17α, 20βP and showed a 2-fold increase in vivo after 

2 hours of exposure. In addition, this 2-fold change was also detected in the microarray where 

dre-miR-181a-5p showed a 2.22-fold increase after a 1-hour treatment with 17α,20βP. These 

results show dre-miR-181a-5p demonstrating a consistent increase in expression in treated 

follicles between in vitro and in vivo. However, the expression of dre-miR-181c was not 

consistent in both in vitro and in vivo experiment. The miRNA dre-miR-181c showed no 

significant change in vitro but showed a 3-fold increase in vivo. However, the increase in dre-

miR-181c expression supports the 2.63-fold increase detected in the microarray analysis. The 

presence of the miR-181 family in this current study is consistent with previous studies. Xiao et 

al. (2014) showed not only was miR-181a-5p present in the Nile tilapia ovaries but also that both 

miR-181a and miR-181a-5p were two of the most abundant miRNAs expressed in mature tilapia 

ovaries. The finding from Xiao et al. (2014) supports what was found in this study as presence of 

miR-181 family is shown in FG zebrafish follicles. In addition, a study also found miR-181a-5p 

being one of the top ten most abundant miRNA detected in FG follicles of zebrafish (Zayed et 

al., 2019). Furthermore, the miRNA family of 181 was identified in both the brain and ovaries of 

rainbow trout however, the study concluded that miR-181 had the highest expression in 

previtellogenic ovarian samples rather than mature follicles (Juanchich et al., 2013). 

Targetscanfish 6.2 provided evidence that that miRNAs in miR-181 family may regulate 

Cyp19a1a as these miRNAs have potential binding sites to promoter regions of aromatase. Ings 

and Van Der Kraak (2006) showed full grown follicles and mature follicles having the lowest 

aromatase expression compared to other stages of follicular growth. It is well established that as 

ovarian follicles complete vitellogenesis, the need for estrogen diminishes and thus aromatase 
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expression decreases (Ings and Van Der Kraak, 2006). In this study, as ovarian follicles 

progressed through maturation there was decrease in cyp19a1a expression, and a concurrent 

increase in dre-miR-181c and dre-miR-181a-5p expression after a 2-hour exposure to 17α, 20βP 

in vivo (Figure 6). This observation is consistent with the hypothesis that suggests both dre-miR-

181c and dre-miR-181a-5p may regulate the expression of aromatase and thereby reduce 

follicular estrogen production. Furthermore, this relation between miR-181 family and aromatase 

has also been seen in other studies. A study used a microarray analysis coupled with a 

bioinformatic approach to predict targets of miRNAs in the ovaries and testis of Amur sturgeon 

(Acipenser schrenckii) (Zhang et al., 2018). The study identified the presence of miR-181a-5p in 

both the ovaries and testis while also containing seed regions on Cyp19a1a in the gonads of 

Amur sturgeon (Zhang et al., 2018). While another study found in miR-181b-3p regulating 

androgen receptors in the ovaries of hypoxic female marine medaka by using high-throughput 

small RNA sequencing and gene ontology analysis (Lai et al., 2015). In mammals, the miR-181 

family has been linked with regulation of granulosa cells involved in steroidogenesis in both 

mice and porcine ovaries (Ahn et al., 2010; Wright et al., 2016; Zhang et al., 2019). 

 In addition, targetscanfish 6.2 predicted miR-181 family containing seed region on the 

3’UTR of cPLA2. PGs play a role in ovulation, therefore the increased expression of miR-181c 

and miR-181a-5p during ovulation could support a role in PGs synthesis. There has been 

previous research suggesting other miRNA families like miR-205-1 or miR-375 regulate PGs 

and estradiol in the oocytes of mammals (Hu et al., 2019; Zhang et al., 2019). However, the 

specific role of the miR-181 family has in PG regulation still requires further investigation to 

understand their impact in this pathway. 
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Within the in vitro experiments, dre-miR-22a-3p showed an increase in expression in 

response to 1-hour of 17α, 20βP exposure. This increase of expression found in this study is 

consistent with previous studies. Zayed et al. (2019) identified almost a 3-fold significant 

increase in expression of dre-miR-22a-3p in FG follicles when comparing between vitellogenic 

and FG follicles in zebrafish. The current study found an increase of expression at 1h rather than 

3h or 5h could suggest that dre-miR-22a-3p could play a role in preparing the follicle for 

maturation. Furthermore, targetscanfish 6.2 identified a binding site to cPLA2. Therefore, like 

miR-181c and miR-181a-5p, dre-miR-22a-3p could also be involved in regulating PG synthesis, 

thereby facilitating ovulation. 

Lastly, the novel cgr-miR-1973 was also detected in FG follicles treated with 17α, 20βP 

in the zebrafish. The current study reports that cgr-miR-1973 showed a significant reduction in 

expression in vitro after 3h of incubation with 17α,20βP. In addition, the microarray identified a 

fold change of 18.91 in cgr-miR-1973 expression after 1-hour treatment with 17α,20βP. Once 

17α, 20βP promotes the resumption of meiosis in the FG follicle, a period of time is required 

before the FG follicle reaches maturation as cascading processes are being completed like the 

synthesis of maturation promoting factors (Nagahama and Yamashita, 2008). This could suggest 

cgr-miR-1973 may be involved in later stages of maturation in the follicles, while not be as 

relevant in the earlier stages. Furthermore, there seems to be a higher relative abundance of cgr-

miR-1973 in the follicle compared to the other miRNAs as RT-qPCR results showed cgr-miR-

1973 appearing at 17-19 CT while the other miRNAs appeared between 28-32 CT values after 

being diluted 320x. However, it is important to note the decrease in differential expression 

between the in vitro, in vivo and the microarray. This drastic difference could be due to the low 

sample size of 1 control and treatment analyzed by the microarray due to the cost of the analysis. 
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In addition, cgr-miR-1973 has only previously been identified in the cell lines of the Chinese 

hamster ovaries (Hackl et al., 2011). The goal of Hackl et al. (2011) was to identify and annotate 

novel Chinese hamster ovary miRNAs found within these cell lines. It is important to note that 

only the presence of the novel cgr-miR-1973 was identified while no specific roles in relation to 

ovarian development was mentioned. 

The findings of the current study helped determine how the expression of miRNAs in the 

zebrafish full grown ovarian follicles differ after treatment with the progestin derivative 17α, 

20βP. The differential expression of the four targeted miRNAs implicated in regulation of 

follicular development show some association with genes of interest involved in folliculogenesis 

and maturation of the zebrafish ovaries after exposure to 17α,20βP. However, there is still much 

more to investigate to fully understand the impacts that these miRNAs (and others) have on the 

development of the ovaries. The presence of both dre-miR-181a-5p and dre-miR-22a-3p was 

identified post fertilization in oocytes of zebrafish (Presslauer et al., 2017). As the current study 

only examines these miRNAs during a small timeframe of follicular maturation, the finding from 

Presslauer et al. (2017) in relation to this study could suggest that miR-181a-5p and dre-miR-

22a-3p have multiple roles in the ovaries both before and after fertilization. 

Combining both the understanding of potential seed regions and differential expression of 

miRNAs after a treatment with 17α, 20βP aids in our understanding that miRNAs provide yet 

another level of regulation on genes that are important in reproductive biology. The promoter 

regions of key mRNAs involved in reproduction containing binding sites for miRNAs like dre-

miR-181 family would suggest that miRNAs are important and may function in modulating the 

regulation of gene expression. 
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Limitations and future directions: 

 This study increases the current knowledge of miRNAs in the zebrafish ovaries; however, 

there are some limitations to our understanding of miRNAs that need to be acknowledged. Since 

miRNAs research is relatively new and our understanding of the specific roles of miRNAs is 

limited, this creates a problem in identifying important miRNAs that could be regulating 

processes in ovarian development. Using RT-qPCR, miRNAs have become much easier to 

identify, however understanding the specific impact a miRNA has on a target is still quite 

challenging. As identified through targetscanfish 6.2, a miRNA could have multiple binding 

sites, meaning that a specific miRNA may have a wide range of potential roles. Furthermore, 

targetscanfish 6.2 only identified potential binding sites and may miss other sites as this 

technology is limited due to the current available miRNA information. Due to our current 

knowledge, targetscanfish 6.2 may indicate certain miRNAs containing seed regions for the 

promoter region for a gene, however with time new miRNAs will likely be sequenced and the 

specific seed regions may show binding for other miRNAs as well. While such programs provide 

a great starting point for research, focusing solely on this approach may cause researchers to miss 

other important targets of the specific miRNAs. To translate this to the current study, the 

miRNAs identified within the study may in fact have other targets that are regulated by or 

involved with ovarian development but were missed due to the lack of knowledge of other 

potential seed regions. 

 Another limitation to our understanding of miRNAs is that it is unknown if there is a 

correlation between the abundance of a miRNA and its overall function in ovarian development. 

It is unclear if a certain concentration of a specific miRNAs is required to regulate the target 

gene. This limitation reduces the ability of researchers to place importance on specific miRNAs 
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depending on abundance identified in specific tissues leading a researcher to ignore miRNAs that 

are less abundant due to the belief that lower abundance may corelate to a less important role in 

ovarian development.   

 In terms of technical limitations, a caveat to this study is that all miRNA expressions 

were examined using RT-qPCR. Forward primers were created to target specific miRNAs to 

show differential expression after follicles are exposure to 17α,20βP. Unfortunately, with RT-

qPCR it is not 100% certain that the primers are specifically targeting the desirable miRNAs. As 

the primers do match the full sequence of the miRNAs, it can be assumed that the primers will 

target the specific miRNA however, these primers could bind and amplify other products in the 

sample. One quick way to identify that the primers are targeting the miRNA would be to 

examine the melt curve generated by the RT-qPCR product. If only one melt curve peak is 

identified, it can be assumed that the primers are binding to one target. Unfortunately, this was 

not the case with dre-miR-430c as there were multiple peaks were detected by the melt curves 

within the samples. Additionally, with the creation of new primers we could not seem to only 

target one product, therefore it was necessary to eliminate the miRNA from further investigation. 

Another way to check that the products being amplified are the correct miRNAs would be to 

sequence the products of RT-qPCR and compare the sequence to the target miRNA. This would 

improve our ability to show the changes in expression relate to the target miRNA. 

When comparing between experiments, the expressions of miRNAs differ between in 

vitro and in vivo exposure. This could be due to the technical aspects of the in vitro experiment. 

As follicles are removed from the female zebrafish, they were manually separated to isolate for 

FG follicles. During this process, the FG follicles could have been potentially damaged, or the 

follicular layer could have been altered resulting in a physiological change of the zebrafish 
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follicles. This change could potentially result in the follicles reacting differently to the treatment 

of 17α, 20βP compared to in vivo exposure as the in vitro follicles are treated after the manual 

separation of follicles while live fish were exposed to 17α, 20βP in the water column before 

dissection and the collection of FG follicle. 

 The differential expression of miRNAs found after exposing FG follicles to 17α, 20βP 

suggest that miRNAs play some role in preparing the follicle for maturation and ovulation. This 

study identified four different miRNAs changing between FG and 17α, 20βP treated follicles. To 

further our understanding of these miRNAs, a direction for future studies would be to examine 

all stages of follicular growth and compare the expression of miRNAs between stages. This 

would provide more information about when and how these specific miRNAs might be 

contributing to follicular development. In the case of the miR-181 family, it would be interesting 

to check vitellogenic follicles as it is known aromatase is involved in the induction of estradiol, 

which in turn promotes the synthesis of vitellogenin (Ings and Van Der Kraak, 2006). Since 

aromatase plays a crucial role during this follicular stage, it would be interesting to see if the 

expression of the miR-181 family is lower than that of the maturation phase. This would support 

the hypothesis that one role of the miR-181 family is to regulate aromatase. Furthermore, 

examining the expression of cgr-miR-1973 during these other follicular stages would also help 

increase our understanding of potential roles that cgr-miR-1973 may have in ovarian 

development; especially since this is the first time cgr-miR-1973 has been identified in the 

zebrafish ovary.  

 Another direction would be to identify other genes (StAR, cPLA2) that change during 

these different phases and try to identify a correlation between these genes and expression of 

miRNAs. Once this has been identified, like in the case of miR-181 family to aromatase it would 
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be important to try a knockout or transient transfection to confirm the link between the miRNA 

and the gene on interest. In addition, while knocking out miRNA like dre-miR-181c coupled 

with the measurement of aromatase or estradiol would provide evidence that miRNAs are 

regulating translation of the target mRNAs in the ovarian follicle.  

 In addition, reexamining the other miRNAs mentioned in the ranking list may lead to 

other important miRNAs that are impacting the development of the ovaries. Reexamining these 

miRNAs could be conducted the same way as the miRNAs analyzed in this study, while also 

looking at other stages of development. Furthermore, selecting other miRNAs that were 

identified through the microarray may also help increase our overall understanding of miRNAs 

in the zebrafish ovaries. Examining the top 50 miRNAs that showed a change of expression in 

the microarray could be a great starting point to expand the ranking list. Moreover, since this 

study only performed a microarray with one control and treatment, another aspect would be to 

run another microarray with additional samples to confirm the miRNAs identified. Furthermore, 

performing a microarray with different time points and different development stage follicles 

would also provide a better insight as to which miRNAs are involved in follicular development. 

 Lastly, the current study only exposed FG follicles to 17α,20βP. A future progression 

may be to treat follicles with other steroids or hormones to examine other pathways in which 

miRNAs might be affected. This would also improve our understanding of where in the follicular 

developmental pathway the miRNAs may be regulating genes of interest. For example, it is 

established that surge of LH results in an the steroidogenic shift to synthesize 17α, 20βP 

resulting in ovulation and maturation of the oocyte (Baker and Van Der Kraak, 2019; Nagahama 

and Yamashita, 2008). Examining LH would provide insight on the same pathway 17α, 20βP, 

providing another point of view on how the miRNAs that changed in this study are specifically 
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linked to maturation and ovulation or if there are other pathways involved with miRNAs 

regulating specific genes. This would help examine changes in miRNAs from a different starting 

point in the ovarian development pathway. 

 

Conclusion: 

The results of the current study have provided a glimpse into how the dynamics of 

miRNA expressions in FG zebrafish follicles change after being treated with 17α,20βP. Firstly, a 

total of 256 zebrafish specific miRNAs were identified in ovarian follicles of zebrafish with 18 

being upregulated and 6 downregulated after being treated with progesterone derivative 

17α,20βP. Only dre-miR-181a-5p showed an increase in expression between the microarray, in 

vitro and in vivo experiments. While other miRNAs showed similar trends as dre-miR-181c 

showed increased expression from the microarray and in vivo. Furthermore, cgr-miR-1973 

showed a decrease in expression in vitro however demonstrated the highest increase in the 

microarray analysis. Lastly, dre-miR-22a-3p showed an increase expressed between the control 

and treated FG follicles in vitro. These changes provide evidence that miRNAs are facilitating 

the development of the oocyte, however further investigation of target genes is required to 

identify the roles of these miRNAs. Collectively, this thesis set out to identify and characterize 

miRNAs present in the zebrafish ovaries. Through the results of this study, there is evidence that 

miRNAs are dynamically regulated by 17α, 20βP in follicular maturation in the zebrafish. 

However, there are many steps to be taken to fully understand the different roles miRNAs may 

play in the ovaries of zebrafish. 
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Appendix A: The 256 identified Zebrafish miRNAs and top 5 mammalian miRNA expressed in 

zebrafish ovarian follicles. Zebrafish ovarian follicles were treated with 17α, 20βP for 1-hour, 

while the microarray analysis was completed by the Centre for Applied Genomics at Sick Kids 

Hospital in Toronto, ON.  

 
Microarray ID Transcript 

ID(Array Design) 
Fold Change Species Scientific 

Name 
Probe Set Name 

20523142 cgr-miR-1973 18.91 Cricetulus griseus MIMAT0023835_st 
20504806 bta-miR-125a 17.85 Bos taurus MIMAT0013897_st 
20514264 ssc-miR-125a 17.85 Sus scrofa MIMAT0003538_st 
20525124 mmu-miR-6538 10.51 Mus musculus MIMAT0025583_st 
20500765 hsa-miR-125a-5p 8.81 Homo sapiens MIMAT0000443_st 
20502702 dre-miR-125a 6.93 Danio rerio MIMAT0001820_st 
20504835 dre-miR-731 2.92 Danio rerio MIMAT0003761_st 
20502753 dre-miR-202-5p 2.63 Danio rerio MIMAT0003406_st 
20502741 dre-miR-181c 2.63 Danio rerio MIMAT0001852_st 
20504443 dre-miR-31 2.25 Danio rerio MIMAT0003347_st 
20502065 dre-miR-181a-5p 2.22 Danio rerio MIMAT0001623_st 
20502725 dre-miR-141 2.15 Danio rerio MIMAT0001837_st 
20504843 dre-miR-738 1.96 Danio rerio MIMAT0003769_st 
20504034 dre-let-7j 1.95 Danio rerio MIMAT0003015_st 
20511787 dre-miR-222b 1.88 Danio rerio MIMAT0011303_st 
20502759 dre-miR-218a 1.88 Danio rerio MIMAT0001868_st 
20502636 dre-let-7f 1.84 Danio rerio MIMAT0001764_st 
20502691 dre-miR-92b 1.84 Danio rerio MIMAT0001809_st 
20502735 dre-miR-150 1.83 Danio rerio MIMAT0001846_st 
20504442 dre-miR-34b 1.81 Danio rerio MIMAT0003346_st 
20502768 dre-miR-454a 1.81 Danio rerio MIMAT0001877_st 
20511782 dre-miR-2187-3p 1.81 Danio rerio MIMAT0011297_st 
20504068 dre-miR-212 1.79 Danio rerio MIMAT0003049_st 
20526856 dre-miR-7148-5p 1.76 Danio rerio MIMAT0028206_st 
20504826 dre-miR-724 1.76 Danio rerio MIMAT0003752_st 
20511775 dre-miR-2185-3p 1.75 Danio rerio MIMAT0011290_st 
20502689 dre-miR-30e-3p 1.75 Danio rerio MIMAT0003402_st 
20504842 dre-miR-737 1.72 Danio rerio MIMAT0003768_st 
20502690 dre-miR-92a 1.66 Danio rerio MIMAT0001808_st 
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20502707 dre-miR-128 1.65 Danio rerio MIMAT0001824_st 
20502051 dre-miR-181b 1.63 Danio rerio MIMAT0001270_st 
20526854 dre-miR-7146-3p 1.6 Danio rerio MIMAT0028204_st 
20502666 dre-miR-20a-3p 1.51 Danio rerio MIMAT0003400_st 
20502048 dre-miR-10a-3p 1.5 Danio rerio MIMAT0003391_st 
20504836 dre-miR-732 1.5 Danio rerio MIMAT0003762_st 
20502720 dre-miR-135c 1.5 Danio rerio MIMAT0001833_st 
20502635 dre-let-7e 1.49 Danio rerio MIMAT0001763_st 
20502061 dre-miR-204 1.49 Danio rerio MIMAT0001279_st 
20502752 dre-miR-200c 1.48 Danio rerio MIMAT0001863_st 
20502658 dre-miR-18c 1.48 Danio rerio MIMAT0001781_st 
20511788 dre-miR-2196 1.48 Danio rerio MIMAT0011304_st 
20526853 dre-miR-7146-5p 1.48 Danio rerio MIMAT0028203_st 
20502677 dre-miR-27b 1.47 Danio rerio MIMAT0001797_st 
20502724 dre-miR-140-3p 1.46 Danio rerio MIMAT0003159_st 
20502057 dre-miR-196a 1.46 Danio rerio MIMAT0001276_st 
20504840 dre-miR-735 1.45 Danio rerio MIMAT0003766_st 
20502727 dre-miR-142a-3p 1.44 Danio rerio MIMAT0003160_st 
20502068 dre-miR-216a 1.44 Danio rerio MIMAT0001284_st 
20502780 dre-miR-461 1.44 Danio rerio MIMAT0001889_st 
20502653 dre-miR-17a-3p 1.44 Danio rerio MIMAT0003396_st 
20502059 dre-miR-199-3p 1.43 Danio rerio MIMAT0003155_st 
20502686 dre-miR-30c 1.42 Danio rerio MIMAT0001805_st 
20526852 dre-miR-7145 1.42 Danio rerio MIMAT0028202_st 
20504833 dre-miR-34c 1.4 Danio rerio MIMAT0003759_st 
20502685 dre-miR-30b 1.4 Danio rerio MIMAT0001804_st 
20502657 dre-miR-18b-3p 1.39 Danio rerio MIMAT0003397_st 
20502723 dre-miR-140-5p 1.39 Danio rerio MIMAT0001836_st 
20502754 dre-miR-202-3p 1.36 Danio rerio MIMAT0001864_st 
20502058 dre-miR-199-5p 1.36 Danio rerio MIMAT0001277_st 
20511774 dre-miR-2185-5p 1.32 Danio rerio MIMAT0011289_st 
20502631 dre-let-7a 1.31 Danio rerio MIMAT0001759_st 
20502054 dre-miR-183 1.31 Danio rerio MIMAT0001273_st 
20504838 dre-miR-15c 1.28 Danio rerio MIMAT0003764_st 
20502663 dre-miR-19c 1.24 Danio rerio MIMAT0001784_st 
20502704 dre-miR-125c 1.23 Danio rerio MIMAT0001822_st 
20502709 dre-miR-129-3p 1.23 Danio rerio MIMAT0003158_st 
20502730 dre-miR-144 1.23 Danio rerio MIMAT0001841_st 
20502760 dre-miR-218b 1.23 Danio rerio MIMAT0001869_st 
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20511786 dre-miR-455b 1.23 Danio rerio MIMAT0011302_st 
20502779 dre-miR-460-3p 1.23 Danio rerio MIMAT0001888_st 
20502641 dre-miR-9-5p 1.23 Danio rerio MIMAT0001769_st 
20504051 dre-miR-135b 1.22 Danio rerio MIMAT0003032_st 
20502746 dre-miR-193b 1.22 Danio rerio MIMAT0001857_st 
20502060 dre-miR-203a 1.22 Danio rerio MIMAT0001278_st 
20502764 dre-miR-338 1.22 Danio rerio MIMAT0001873_st 
20504831 dre-miR-728 1.22 Danio rerio MIMAT0003757_st 
20511781 dre-miR-2187-5p 1.22 Danio rerio MIMAT0011296_st 
20502719 dre-miR-133c 1.22 Danio rerio MIMAT0001832_st 
20502743 dre-miR-190a 1.22 Danio rerio MIMAT0001854_st 
20502777 dre-miR-459-3p 1.21 Danio rerio MIMAT0003408_st 
20502676 dre-miR-27a 1.21 Danio rerio MIMAT0001796_st 
20504841 dre-miR-736 1.2 Danio rerio MIMAT0003767_st 
20503958 dre-miR-489 1.2 Danio rerio MIMAT0002940_st 
20504844 dre-miR-740 1.2 Danio rerio MIMAT0003771_st 
20502742 dre-miR-184 1.2 Danio rerio MIMAT0001853_st 
20504839 dre-miR-734 1.2 Danio rerio MIMAT0003765_st 
20502669 dre-miR-22b 1.2 Danio rerio MIMAT0001789_st 
20502644 dre-miR-10d-5p 1.19 Danio rerio MIMAT0001771_st 
20502680 dre-miR-27d 1.19 Danio rerio MIMAT0001799_st 
20502683 dre-miR-29a 1.19 Danio rerio MIMAT0001802_st 
20502715 dre-miR-133a-3p 1.19 Danio rerio MIMAT0001830_st 
20502734 dre-miR-148 1.19 Danio rerio MIMAT0001845_st 
20502745 dre-miR-193a 1.19 Danio rerio MIMAT0001856_st 
20511773 dre-miR-2184 1.19 Danio rerio MIMAT0011288_st 
20511796 dre-miR-2192 1.19 Danio rerio MIMAT0011312_st 
20502436 dre-miR-429a 1.19 Danio rerio MIMAT0001624_st 
20502062 dre-miR-205 1.17 Danio rerio MIMAT0001280_st 
20504823 dre-miR-499 1.17 Danio rerio MIMAT0003749_st 
20511794 dre-miR-2188-3p 1.17 Danio rerio MIMAT0011310_st 
20511795 dre-miR-2189 1.15 Danio rerio MIMAT0011311_st 
20502670 dre-miR-23a 1.13 Danio rerio MIMAT0001790_st 
20502637 dre-let-7g 1.1 Danio rerio MIMAT0001765_st 
20502667 dre-miR-21 1.03 Danio rerio MIMAT0001787_st 
20502671 dre-miR-23b 1.02 Danio rerio MIMAT0001791_st 
20502673 dre-miR-25 1.02 Danio rerio MIMAT0001793_st 
20502648 dre-miR-15b 1.01 Danio rerio MIMAT0001773_st 
20502047 dre-miR-10a-5p 1 Danio rerio MIMAT0001267_st 
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20502643 dre-miR-10c 1 Danio rerio MIMAT0001770_st 
20502647 dre-miR-15a-3p 1 Danio rerio MIMAT0003395_st 
20502661 dre-miR-19b-5p 1 Danio rerio MIMAT0003399_st 
20502678 dre-miR-27c-5p 1 Danio rerio MIMAT0003401_st 
20502681 dre-miR-27e 1 Danio rerio MIMAT0001800_st 
20502682 dre-miR-29b 1 Danio rerio MIMAT0001801_st 
20502693 dre-miR-96 1 Danio rerio MIMAT0001811_st 
20502705 dre-miR-126a-5p 1 Danio rerio MIMAT0003157_st 
20511790 dre-miR-126b-5p 1 Danio rerio MIMAT0011307_st 
20502714 dre-miR-132-3p 1 Danio rerio MIMAT0001829_st 
20502718 dre-miR-133b-3p 1 Danio rerio MIMAT0001831_st 
20502717 dre-miR-133b-5p 1 Danio rerio MIMAT0003405_st 
20504445 dre-miR-139 1 Danio rerio MIMAT0003349_st 
20502732 dre-miR-146a 1 Danio rerio MIMAT0001843_st 
20502736 dre-miR-152 1 Danio rerio MIMAT0001847_st 
20502737 dre-miR-153b 1 Danio rerio MIMAT0001848_st 
20502739 dre-miR-153c 1 Danio rerio MIMAT0001850_st 
20502740 dre-miR-155 1 Danio rerio MIMAT0001851_st 
20502066 dre-miR-181a-3p 1 Danio rerio MIMAT0001282_st 
20502052 dre-miR-182-5p 1 Danio rerio MIMAT0001271_st 
20502749 dre-miR-196b 1 Danio rerio MIMAT0001860_st 
20511797 dre-miR-196d 1 Danio rerio MIMAT0011313_st 
20502069 dre-miR-217 1 Danio rerio MIMAT0001285_st 
20502073 dre-miR-223 1 Danio rerio MIMAT0001290_st 
20502761 dre-miR-301a 1 Danio rerio MIMAT0001870_st 
20502762 dre-miR-301b 1 Danio rerio MIMAT0001871_st 
20502765 dre-miR-363 1 Danio rerio MIMAT0001874_st 
20502766 dre-miR-365 1 Danio rerio MIMAT0001875_st 
20502767 dre-miR-375 1 Danio rerio MIMAT0001876_st 
20511776 dre-miR-429b 1 Danio rerio MIMAT0011291_st 
20502769 dre-miR-454b 1 Danio rerio MIMAT0001878_st 
20504825 dre-miR-723-3p 1 Danio rerio MIMAT0003751_st 
20504824 dre-miR-723-5p 1 Danio rerio MIMAT0003750_st 
20504827 dre-miR-725 1 Danio rerio MIMAT0003753_st 
20504828 dre-miR-726 1 Danio rerio MIMAT0003754_st 
20504832 dre-miR-729 1 Danio rerio MIMAT0003758_st 
20504834 dre-miR-730 1 Danio rerio MIMAT0003760_st 
20504837 dre-miR-733 1 Danio rerio MIMAT0003763_st 
20511780 dre-miR-1788-3p 1 Danio rerio MIMAT0011295_st 
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20511784 dre-miR-2191 1 Danio rerio MIMAT0011300_st 
20511801 dre-miR-2197 1 Danio rerio MIMAT0011317_st 
20511789 dre-miR-2198 1 Danio rerio MIMAT0011305_st 
20518424 dre-miR-3906 1 Danio rerio MIMAT0018177_st 
20526855 dre-miR-7147 1 Danio rerio MIMAT0028205_st 
20526857 dre-miR-7148-3p 1 Danio rerio MIMAT0028207_st 
20526859 dre-miR-7149-3p 1 Danio rerio MIMAT0028209_st 
20502703 dre-miR-125b -1.02 Danio rerio MIMAT0001821_st 
20502632 dre-let-7b -1.03 Danio rerio MIMAT0001760_st 
20502668 dre-miR-22a -1.04 Danio rerio MIMAT0001788_st 
20502649 dre-miR-16a -1.07 Danio rerio MIMAT0001774_st 
20502651 dre-miR-16c -1.09 Danio rerio MIMAT0001776_st 
20502674 dre-miR-26a -1.11 Danio rerio MIMAT0001794_st 
20502773 dre-miR-457a -1.12 Danio rerio MIMAT0001883_st 
20502771 dre-miR-430i -1.13 Danio rerio MIMAT0001880_st 
20502675 dre-miR-26b -1.14 Danio rerio MIMAT0001795_st 
20502072 dre-miR-222a -1.15 Danio rerio MIMAT0001289_st 
20502770 dre-miR-455a -1.15 Danio rerio MIMAT0001879_st 
20526858 dre-miR-7149-5p -1.15 Danio rerio MIMAT0028208_st 
20502710 dre-miR-130a -1.15 Danio rerio MIMAT0001826_st 
20502744 dre-miR-462 -1.16 Danio rerio MIMAT0001855_st 
20502706 dre-miR-126a-3p -1.17 Danio rerio MIMAT0001823_st 
20502659 dre-miR-19a-5p -1.17 Danio rerio MIMAT0003398_st 
20502716 dre-miR-133a-5p -1.17 Danio rerio MIMAT0003404_st 
20502758 dre-miR-216b -1.17 Danio rerio MIMAT0001867_st 
20502733 dre-miR-146b -1.17 Danio rerio MIMAT0001844_st 
20502701 dre-miR-124 -1.18 Danio rerio MIMAT0001819_st 
20502750 dre-miR-200a -1.18 Danio rerio MIMAT0001861_st 
20502071 dre-miR-221 -1.18 Danio rerio MIMAT0001288_st 
20511778 dre-miR-1388-3p -1.18 Danio rerio MIMAT0011293_st 
20502634 dre-let-7d -1.19 Danio rerio MIMAT0001762_st 
20504444 dre-miR-135a -1.19 Danio rerio MIMAT0003348_st 
20526860 dre-miR-1306 -1.19 Danio rerio MIMAT0028210_st 
20502640 dre-miR-1 -1.19 Danio rerio MIMAT0001768_st 
20504829 dre-miR-727-5p -1.2 Danio rerio MIMAT0003755_st 
20502660 dre-miR-19a-3p -1.2 Danio rerio MIMAT0001782_st 
20511791 dre-miR-126b-3p -1.21 Danio rerio MIMAT0011306_st 
20502696 dre-miR-101a -1.21 Danio rerio MIMAT0001814_st 
20502070 dre-miR-219 -1.21 Danio rerio MIMAT0001286_st 
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20502763 dre-miR-301c -1.21 Danio rerio MIMAT0001872_st 
20511799 dre-miR-2194 -1.21 Danio rerio MIMAT0011315_st 
20502697 dre-miR-101b -1.21 Danio rerio MIMAT0001815_st 
20502738 dre-miR-153a -1.21 Danio rerio MIMAT0001849_st 
20511792 dre-miR-2186 -1.21 Danio rerio MIMAT0011308_st 
20502731 dre-miR-145 -1.21 Danio rerio MIMAT0001842_st 
20502679 dre-miR-27c-3p -1.22 Danio rerio MIMAT0001798_st 
20502450 dre-miR-451 -1.22 Danio rerio MIMAT0001634_st 
20502721 dre-miR-137 -1.22 Danio rerio MIMAT0001834_st 
20502645 dre-miR-10d-3p -1.22 Danio rerio MIMAT0003394_st 
20502056 dre-miR-192 -1.22 Danio rerio MIMAT0001275_st 
20502656 dre-miR-18b-5p -1.22 Danio rerio MIMAT0001780_st 
20511798 dre-miR-2193 -1.22 Danio rerio MIMAT0011314_st 
20502712 dre-miR-130c -1.23 Danio rerio MIMAT0001828_st 
20502775 dre-miR-458 -1.23 Danio rerio MIMAT0001885_st 
20511779 dre-miR-1788-5p -1.23 Danio rerio MIMAT0011294_st 
20511800 dre-miR-2195 -1.23 Danio rerio MIMAT0011316_st 
20502046 dre-miR-7a -1.23 Danio rerio MIMAT0001266_st 
20502757 dre-miR-206 -1.23 Danio rerio MIMAT0001866_st 
20502250 dre-miR-430b -1.23 Danio rerio MIMAT0001424_st 
20504822 dre-miR-722 -1.24 Danio rerio MIMAT0003748_st 
20502249 dre-miR-430a -1.25 Danio rerio MIMAT0001423_st 
20511785 dre-miR-107b -1.25 Danio rerio MIMAT0011301_st 
20511793 dre-miR-2188-5p -1.26 Danio rerio MIMAT0011309_st 
20502698 dre-miR-103 -1.26 Danio rerio MIMAT0001816_st 
20502687 dre-miR-30d -1.26 Danio rerio MIMAT0001806_st 
20502646 dre-miR-15a-5p -1.28 Danio rerio MIMAT0001772_st 
20502774 dre-miR-457b -1.29 Danio rerio MIMAT0001884_st 
20502633 dre-let-7c -1.3 Danio rerio MIMAT0001761_st 
20502639 dre-let-7i -1.31 Danio rerio MIMAT0001767_st 
20502692 dre-miR-93 -1.33 Danio rerio MIMAT0001810_st 
20511777 dre-miR-1388-5p -1.33 Danio rerio MIMAT0011292_st 
20502654 dre-miR-20b -1.34 Danio rerio MIMAT0001778_st 
20502650 dre-miR-16b -1.35 Danio rerio MIMAT0001775_st 
20511783 dre-miR-196c -1.35 Danio rerio MIMAT0011298_st 
20502772 dre-miR-456 -1.35 Danio rerio MIMAT0001882_st 
20502662 dre-miR-19b-3p -1.35 Danio rerio MIMAT0001783_st 
20502064 dre-miR-210-3p -1.35 Danio rerio MIMAT0001281_st 
20502063 dre-miR-210-5p -1.37 Danio rerio MIMAT0003392_st 
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20502699 dre-miR-107a -1.37 Danio rerio MIMAT0001817_st 
20502045 dre-miR-7b -1.39 Danio rerio MIMAT0001265_st 
20502642 dre-miR-9-3p -1.39 Danio rerio MIMAT0003156_st 
20502728 dre-miR-142b-5p -1.39 Danio rerio MIMAT0001839_st 
20504821 dre-miR-190b -1.39 Danio rerio MIMAT0003747_st 
20502638 dre-let-7h -1.41 Danio rerio MIMAT0001766_st 
20502688 dre-miR-30e-5p -1.42 Danio rerio MIMAT0001807_st 
20502695 dre-miR-100 -1.42 Danio rerio MIMAT0001813_st 
20502672 dre-miR-24 -1.42 Danio rerio MIMAT0001792_st 
20502711 dre-miR-130b -1.43 Danio rerio MIMAT0001827_st 
20502694 dre-miR-99 -1.44 Danio rerio MIMAT0001812_st 
20502053 dre-miR-182-3p -1.44 Danio rerio MIMAT0001272_st 
20502756 dre-miR-203b-3p -1.44 Danio rerio MIMAT0001865_st 
20502776 dre-miR-459-5p -1.46 Danio rerio MIMAT0001886_st 
20502713 dre-miR-132-5p -1.46 Danio rerio MIMAT0003403_st 
20502684 dre-miR-30a -1.48 Danio rerio MIMAT0001803_st 
20502050 dre-miR-34a -1.48 Danio rerio MIMAT0001269_st 
20502708 dre-miR-129-5p -1.48 Danio rerio MIMAT0001825_st 
20502726 dre-miR-142a-5p -1.48 Danio rerio MIMAT0001838_st 
20502755 dre-miR-203b-5p -1.48 Danio rerio MIMAT0003407_st 
20502747 dre-miR-194a -1.48 Danio rerio MIMAT0001858_st 
20504830 dre-miR-727-3p -1.49 Danio rerio MIMAT0003756_st 
20502664 dre-miR-19d -1.51 Danio rerio MIMAT0001785_st 
20502729 dre-miR-143 -1.52 Danio rerio MIMAT0001840_st 
20502751 dre-miR-200b -1.53 Danio rerio MIMAT0001862_st 
20502665 dre-miR-20a-5p -1.53 Danio rerio MIMAT0001786_st 
20502652 dre-miR-17a-5p -1.63 Danio rerio MIMAT0001777_st 
20502722 dre-miR-138 -1.68 Danio rerio MIMAT0001835_st 
20502778 dre-miR-460-5p -1.68 Danio rerio MIMAT0001887_st 
20502067 dre-miR-214 -1.79 Danio rerio MIMAT0001283_st 
20502049 dre-miR-10b -1.81 Danio rerio MIMAT0001268_st 
20502748 dre-miR-194b -2.11 Danio rerio MIMAT0001859_st 
20502251 dre-miR-430c -2.18 Danio rerio MIMAT0001425_st 
20502655 dre-miR-18a -2.27 Danio rerio MIMAT0001779_st 
20502055 dre-miR-187 -2.44 Danio rerio MIMAT0001274_st 
20502700 dre-miR-122 -2.57 Danio rerio MIMAT0001818_st 

 


